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Abstract 

Since the introduction of insulin almost a century ago, the use of peptides as therapeutics has 

evolved and improved but, even though the number of drugs based on peptide structures is growing 

every year, for this to happen there is a need to modify the native structure to make it administrable 

and effective through the design of peptidomimetics. 

In the contest of a modern green chemistry approach, we firstly tried to substituent the classic 

peptide synthesis approach with the use of N-carboxyanhydrides in the presence of Hydroxyapatite, 

a high biocompatible inorganic base. Despite the great results, further developments are necessary 

for a daily use in laboratory and for our research, we decided to proceed with solid phase or liquid 

phase synthesis, focusing our attention on selectivity, permeability, and stability as fundamental 

parameters for creating safe and effective medicines. 

In the first chapter, the treatment of pain with the use of opioids is introduced. The abuse and 

misuse of these kind of potent analgesics, led to the necessity of developing new drugs with less 

side effects. In fact, nowadays, just MOR selective ligands are approved for medicinal treatment, 

because they are very potent and able to activate antinociception but unfortunately severe 

unwanted effects. One solution to this problem, is the development of KOR opioid receptor selective 

partial agonist, or molecules able of activate G-protein pathway without the recruitment of the β-

arrestin. Starting from a previous study, where the introduction of a lactam-like structure in the 

place of the proline of Endomorphine1, switched the selectivity from MOR to KOR, we designed and 

synthetized three different libraries by placing a different trans inducer element to gain the desired 

selectivity and activity forcing the structure to adopt a linear rather than folded position. 

In the second chapter, we focused on lactate dehydrogenase, an enzyme overexpressed when the 

cells in hypoxia conditions, like in a tumour mass, need to produce energy through the 

transformation of pyruvate into lactate.  We synthetized different cyclic peptidomimetics, designed 

to be inhibitors, as powerful tool to contrast cancer cells growing. Biological assays produced 

satisfactory preliminary results, but further studies are necessary for a definitive output. 

Finally in the last chapter, the cancer treatment problem is also approached through the design of 

nanoparticles, self-assembled chemical platforms able to deliver a drug with efficacy and selectivity.  

We firstly synthetized silica core nanoparticles, built with toxic peptide sequences conjugated 

through click chemistry with Pluronic acid and then, in collaboration with Miriam Royo’s research 

group, we synthetized multivalent platforms for the simultaneous administration of two of the most 

widely used drugs for the treatment of advanced colorectal cancer.
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Introduction 

Since the introduction of insulin almost a century ago1 the use of peptides as therapeutic has 

evolved resulting in the approval of more than 80 peptide drugs worldwide. The technology has 

made substantial progress and has continued to evolve with changes in drug development that bring 

to the use of synthetic peptide in addition to natural ones. 

Therapeutic peptides have found widespread development in medicinal chemistry because they can 

bind cell surface and trigger intracellular actions with high affinity and specificity although they show 

less immunogenicity and higher costs2,3compared to classic drugs like small molecules. 

In fact, small molecules drugs are known to have low production costs, good permeability and ease 

oral administration but unfortunately, most of the time, they lack selectivity and their small size also 

provides them with the characteristic of not being able to interact with large surfaces, like in the 

protein-protein interaction (PPI),4 which is by contrast, an activity well covered by peptide drugs 

thanks to their large size and flexible backbone.5 

Despite their great benefits, peptide drugs suffer two major drawbacks represented by poor 

membrane permeability and lack of in vivo stability conferred by secondary and tertiary structures. 

The limitation of endogenous peptides provided motivation for researchers to create analogues like 

peptidomimetics to improve drug properties6 and thanks to medicinal chemistry techniques, it is 

possible to make some adjustments to mimic, stabilize or create a secondary structure that can 

provide the structure with ideal biological activity, desired properties, and better delivery.7 

 
Fig.1 Examples of strategies for peptidomimetic approaches. 

These changes include backbone modifications, like the insertion of D-amino acids, methyl amino 

acids or β-amino acids as effective strategies to extend the plasma half-life, postpone enzymatic 

degradation and mime β-sheets or β strands. To improve binding affinity and binding selectivity 

instead, it is recommended to make side chain modifications that include variation in the structure 

or in the position of the functional group. Furthermore, as already mentioned, it is important to 
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create a secondary structure to increase stability and permeability.8 This important task can be 

reached with peptide cyclization, like macrolactamization, or by mimicking peptide α-helices.9 They 

are the most common type of secondary structure, and they are formed with intramolecular 

hydrogen bonds that can be substituted by building cross-link between side chains like lactam 

bridge, disulfide bonds, or with covalent bond.10  

Synthesis of peptides in most cases is possible with the use of solid phase synthesis, introduced for 

the first time by Merrifield in 1963.11This approach has the advantages of allowing quick synthesis 

of large sequences, which, if desired, can also be automated, with easy purification steps.12 

Unfortunately, it also has high costs due to the large excess of coupling reagents, amino acids and 

toxic solvents necessary for the synthesis and for this reason, especially when a short to medium 

peptide is needed, enzyme synthesis or liquid phase synthesis is adopted. Certainly, the latter allows 

lower costs due to the stoichiometric use of almost all reagents but in contrast, it loses the 

advantage of easy purification using tedious isolation steps. Furthermore, it must be considered that 

in both cases, the formation of amide bond is still lacking a general catalytic method therefore the 

use of benzotriazole derivatives is necessary to provide high coupling efficacy and low racemization 

with the consequence of having a bad atom economy which worsens due to the forced use of 

protection and deprotection steps.13
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CHAPTER 1 

Green Chemistry for peptide synthesis 

With the aim of providing a viable alternative to the classic method of peptide synthesis in a green 

chemistry prospective, we decided to reconsider the use of N-carboxyanhydrides (NCAs), generated 

for the first time by Leuchs in 19061 using phosgene and firstly coupled with amino acids in 19662. 

We also wanted to take advantages of mechanochemical activation for the substantial reduction of 

the amount of solvent employed. In fact, this kind of approach, virtually allows to operate under 

solvent-free conditions3 with the complete preservation of the stereochemistry4, particularly 

important aspect in the chemistry of the peptides, often sensitive to epimerization. In many cases, 

to improve the yield and decrease the reaction time, small number of solvents can be added, 

resulting in liquid-assisted grinding condition (LAG).5 

In terms of atom economy, unprotected NCAs represent the most convenient amino acid derivative 

to perform peptide synthesis, because they are designed to protect the α-amino group and activate 

the carboxy group of an amino acid at the same time and all the molecular bulk remains inside the 

product. Unfortunately, they are also prone to polymerization in a neutral or acidic environment, 

due to the decarboxylation of the intermediate carbamic acid and hence the reaction conditions to 

the synthesis must be carefully controlled.6 

 

Fig.1 Mechanism of action of N-carboxyanhydrides 

Hence, the reaction conditions to the synthesis of a dipeptide must be strictly controlled and, in our 

work, we tried different approaches in order to identify the one that would provide the best result. 

The original Hirschmann’s NCA process involved the batch reaction of α-amino carboxylates with 

solid NCAs in 1M sodium borate buffer. The pH was maintained at 10.2 by addition of 6M KOH. 

Hirschmann recognized the need for high shear mixing to rapidly disperse the highly reactive solid 

NCA. To solve this practical aspect, solid NCA was added portion wise to the reaction into a kitchen 

blender, and temperature was kept at 0°C by adding ice into the shake.7  
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Several modifications of this original procedure have been proposed, including the use of organic 

acids and bases. NCAs were also utilized in solid phase peptide synthesis on PEG-based 

ChemMatrix® resins under controlled aqueous conditions and thanks to this procedure, a sufficient 

yield and purity of short peptide amide was produced, without the need of coupling reagents or    

protecting groups.8  

A more recent study analyzed in details the mechanisms, the kinetics, and the many parameters, 

like the stirring, the fluid velocity, the particle shape and size, the temperature, and the pH, of the 

coupling reactions in the liquid boundary layer and bulk solution during dissolution of the solid NCA, 

responsible for dimerization or polymerization, or by-product formation.9 This comprehensive study 

underline the importance of controlling the reaction conditions to prevent side reactions and led to 

the construction of a continuous flow stirred tank reactor designed to control, within a narrow 

range, operating conditions that favor the reaction of NCA with an amino acid and minimize side 

reactions.  

Unfortunately, the complex control of the reaction parameters necessary to avoid polymerization 

strongly diminishes the practical utility of NCAs in peptide synthesis. As a matter of fact, NCAs are 

more frequently utilized for the fabrication of high molecular weight polypeptides via ring-opening 

polymerization.10,11 In order to definitively prevent the risk of polymerization, but at the 

disadvantage of atom economy, Fuller et al. proposed N-protection of NCAs with Boc or Fmoc to 

give UNCAs.12 and recently, Lamaty and coworkers, utilized UNCAs counterparts in the presence of 

NaHCO3, for the solvent-free preparation of dipeptides, into a steel high-frequency ball-mill.13 The 

same authors also improved the previously reported procedure by adding minimal amounts of 

environmentally benign solvents. Subsequently, Juaristi et al. successfully utilized N-Boc-UNCAs 

derived from β-amino acids to perform the solvent-free coupling with different α- and β-amino ester 

hydrochlorides under ball-milling activation.14 

 

1.1 – Synthesis of NCAs  

In this context, we reconsidered the reaction of unprotected NCAs for peptide synthesis in liquid 

assisted grinding (LAG) conditions in amalgam with nanocrystalline hydroxyapatite (HAp)15, a 

common form of calcium phosphate (Ca10(PO4)6(OH)2), highly biocompatible thanks to the structural 

similarity to the mineral phase of bone tissues. 

Furthermore, because of its great features that include high affinity for amino acids, low solubility, 

high stability, and relatively weak basic character, it can prevent unwanted reactions by stabilizing 
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the intermediate carbamic acid.16It could also be reused without substantial loss of efficacy after 

easy regeneration and precipitation from ethanol.  

Unfortunately, different studies suggest that the properties of Hap, strictly depends on the methods 

of preparation thus also preventing its use as nanomaterials and its applications in biological field.17 

Apart from pay attention to the preparation of Hap, initially, we also explored the reaction 

conditions for optimization using as the model partners D-Val-OMe HCl and the NCA of Trp 

(TrpNCA). The latter was prepared by means of a modified version of the Fuchs-Farthing method,18 

that consist in combine a  limp mixture of the amino acid with one third of OC(OCCl3)2 (triphosgene) 

under MW irradiation while gently blowing with nitrogen.19 Triphosgene was used because, though 

included in the  hazardous compounds (GHS05, GHS06), is regarded as a convenient alternative to 

phosgene, provided that it was properly handled20 and it is really useful for the introduction of a 

carbonyl group. 

Not only the preparation of the Hap affects the good result of the reaction, but it appears that, also 

several authors pointed at the purity and the crystallinity of the NCAs as fundamental issues for  

increasing the quality of their reactions.21–25In fact, typically, NCAs contain traces of water, acid, acid 

chlorides, or isocyanates and the presence of these minute impurities can cause problems by 

promoting side reactions. 

Because initially, as already mentioned, the reaction conditions were explored for optimization 

using as the model partners D-Val-OMe HCl and the NCA of Trp, we decided to deeply explore this 

aspect by using diverse batches of TrpNCA isolated according to alternative protocols that resulted 

in diverse crystalline forms of the samples. TrpNCA-A19, isolated by precipitation from THF and 

hexane, showed disordered aggregates with no regular morphology and dimensions, which may be 

presumably due to the fast phase separation. In contrast, TrpNCA-B24 and TrpNCA-C, obtained with 

repeated crystallization from THF and hexane upon slow decrease in solubility at low temperature, 

presented well-defined separate crystals with different morphologies. The resulting samples were 

analyzed by 1H NMR spectroscopy, which confirmed the higher purity of TrpNCA-B and TrpNCA-C. 

Accordingly, we also decided to analyze the NCA powders as obtained by the diverse protocols 

according with the procedure indicated by Schäfer and collaborators.21 Although this method does 

not provide structural information, sharp peaks characteristic for a crystalline phase are indicative 

of the crystalline state of the NCAs. The Powder X-ray diffraction patterns of the diverse samples of 

NCA are shown in the following figure where it is possible to distinguish the three preparations by 

color and where the TrpNCA-A is red, the TrpNCA-B is in green, and TrpNCA-C is in blue.  
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Fig. 2 Powder X-ray diffraction patterns of TrpNCA isolated by precipitation (TrpNCA-A, red),Errore. Il segnalibro non 

è definito. by the Semple’s procedure (TrpNCA-B, green),25and by Semple’s procedure/crystallization upon slow 
decrease of solubility (TrpNCA-C, blue).  
 
The crystal shapes of the NCA prepared by the three protocols were also analyzed by SEM and the 

comparison of the images confirmed the diverse crystalline forms of the samples. TrpNCA-A, 

isolated by precipitation, showed disordered aggregates with no regular morphology and 

dimensions, which may be presumably due to the fast phase separation. In contrast, TrpNCA-B and 

TrpNCA-C presented well-defined separate crystals with different morphologies.  

 
Fig. 3. Scanning electron microscopy of TrpNCA-A, TrpNCA-B, TrpNCA-C showing alternative structures. 

In particular, TrpNCA-B displayed rod-like particles composed by smaller aligned crystals elongated 

along a preferential direction; the rod-like particles were arranged from a common center to form 

spherulites. TrpNCA-C instead, sample obtained through crystallization by slow decrease of 

solubility, was composed of long and flexible needle-like crystals with a very high length/width ratio. 

 

1.2 – Application tests for the use of NCAs in peptide synthesis 

In a set preliminary experiment, a sample of TrpNCA from each batch A-C (50 mg) was made to react 

with 1 equiv. of D-Val-OMe HCl in the presence of HAp (100 mg). The mixture was grinded into a 

low-frequency planetary ball mill, consisting of an agate jar equipped with three balls of the same 

material. The milling system (jar and balls) was precooled at +3°C into a regular fridge26 to avoid 

excessive heating of the system and to increase the homogeneity of the mixture, the reaction was 
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conducted in liquid-assisted grinding (LAG) conditions, hence in the presence of a minimal amount 

(0.1 mL) of solvent. Green solvents, as γ-valerolactone (GVL)27–29 , were preferred during the tests 

to choose which solvent was most suitable. 

After 30 min, the milling was stopped, the mixture was diluted with ethanol, and the suspension 

was separated by centrifugation in order to recover the HAp crystals, which being of inorganic 

nature, are insoluble in this solvent, unlike the product and the starting materials. In the event that 

residual carbamate intermediates were present, the collected organic layers were treated with 1M 

HCl in ethanol (50 µL),26 and stirred for 30 min at RT. The solvent was removed at reduced pressure, 

and the resulting dipeptide-HCl salt was triturated with EtOAc. The residue was then acetylated with 

an excess of Ac2O in a mixture of dioxane and saturated aqueous solution of NaHCO3. We opted for 

this extra derivatization step for the convenience of the analysis of the mixtures, which was 

thereafter performed by RP HPLC in neutral conditions.  

Table 1. LAG of the NCAs and the amino ester/amide partners (HCl salts) in the presence of HAp and a green 
solvent. The crude reaction mixtures were acetylated prior to analysis. 

 
a x = mg HAp/mg NCA. b y = L solvent/mg NCA. c Determined by RP HPLC. d Reutilized for up to 5 overall cycles. 
e Analysis of the 5th cycle. f 92:8 Ac-Phg-D-Val-OMe/Ac-D-Phg-D-Val-OMe. g Mixture of diasteroisomers. 
Traces, ≤ 4%. Nd=not detected. 
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As we can see in the previous table, where all the results are reported, the RP HPLC analyses of the 

acetylated reaction mixtures confirmed that in all cases the conversion was almost quantitative but 

with different results depending on the type of NCA. 

In fact, for the reaction of TrpNCA-A, reported in the first entry, the mass analysis confirmed the 

presence of the dipeptide Ac-Trp-D-Val-OMe as the major product (65%) but accompanied by a 

significant amount of the tripeptide Ac-(Trp)2-D-Val-OMe (24%), and even of the tetrapeptide Ac-

(Trp)3-D-Val-OMe. The acetylated reactant Ac-D-Val-OMe was also detected. Besides, the reaction 

gave rise to the formation of a number of minor by-products, possibly arising from decomposition 

and/or reactions of the NCA. Better results were observed in the reactions of TrpNCA-B or TrpNCA-

C (entry 2 and 3), under the same conditions described above, plausibly due to their higher purity 

as compared to TrpNCA-A. Interestingly, the best results were observed with TrpNCA-B. After 

acetylation, the analysis of the reaction revealed a higher yield of the dipeptide (79%), and reduced 

amounts of the acetylated reagent Ac-D-Val-OMe, of the tripeptide, and of the other by-products, 

while TrpNCA-C gave slightly inferior results. 

The dependence of NCA reactivity in LAG conditions on a combination of purity and crystallinity was 

not completely unexpected. In fact, as already mentioned, Schäfer et al. analyzed batch of NCAs 

obtained by different methods to underline different crystalline state, and consequent purity, linked 

to their reactivity. They indeed observed that highly crystalline NCA monomers gave higher mw 

chains by nucleophilic ring-opening polymerization.21 Furthermore, Kanazawa et al. analyzed the 

crystal structure of amino acid NCAs by X-ray analysis to explain the reactivity in the solid state. 

Reproducibility could not be warranted in the polymerization of amino acid NCAs even when highly 

purified NCA crystals were used and so the reactivity in the solid state was considered to depend 

also on crystal structure and density.30 

To corroborate these theories, we repeated the reaction with TrpNCA-B using this time a double 

amount of HAp (200 mg) and solvent (0.2 mL). These new conditions, inserted in entry 4, allowed to 

further increase the yield of principal product, being the amounts of by-products almost negligible, 

plausibly due to an improved mixing of the reagents in the mill and a more homogeneous dough.  

We also wanted to test the actual efficacy of the solvent and we replace GVL with other solvents, 

obtaining interesting and diverse results. While EtOH gave the desired dipeptide in modest yield 

and purity (Entry 5), DMSO gave a result comparable to GVL (entry 6). Even though not included 

among the prominent green solvents, DMSO is regarded as an acceptable greener alternative for 
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hazardous dipolar aprotic such as DMF.31However, due to the superior classification in the green 

solvent lists, and the comparable results, GLV was designed as the solvent of choice. 

Subsequently, using the TrpNCA-B/GVL combination under the best-performing conditions, HAp 

was replaced in the model reaction by other inorganic bases,32,33 as we can see from entry 7 to entry 

11, where Cs2CO3, Al2O3, Al(OH)3 and carbonate buffer , were tested in LAG conditions; in all cases, 

the reaction gave comparatively inferior results.  

After each reaction, the mineral HAp powder was recovered almost quantitatively by centrifugation, 

then it was cleaned up by washes with EtOH, and dried for 6 h at 50◦C. The powder was reutilized 

for 4 further reactions cycles of the reaction between TrpNCA and D-Val-OMe, giving comparable 

results (Entry 12). The X-ray diffraction analysis (Figure 4A) of recovered HAp showed the same 

patterns as the pristine powder, and TEM (Figure 4B) confirmed that the nanocrystals maintained 

the original shape and dimensions.34    

 
Fig. 4 Characterization of HAp nanocrystals after five cycles of peptide bond formation. (A) Powder X-ray 
diffraction patterns. (B) TEM image. 
 

To confirm the amino acid scope of the procedure, the conditions reported in entry 4 were exploited 

for the preparation of various dipeptides by reaction of amino amides or esters with diverse NCAs, 

prepared in turn by MW activation, and subsequently isolated according to the Semple’s protocol 

(B).25In all cases, after acetylation the coupling reactions gave results comparable to that of TrpNCA 

as reported in Entry 4 (Entries 13-21). Notably, the NCAs of Glu (entry 17) and Tyr (entry 19) have 

been utilized without protection at the side chain. The reaction between TrpNCA and Pro-OBn gave 

an outstanding 98% conversion to dipeptide (entry 19). Possibly, the almost complete lack of by-

products arising from NCA polymerization can be correlated to the higher nucleophilicity of the 

pyrrolidine ring of Pro-OBn respect to the primary amine of the dipeptide product H-Trp-Pro-OBn.35 

In general, the peptide-forming reactions discussed above proceeded without appreciable 

epimerization, as determined on the basis of RP HPLC/ESI MS analyses, which is in line with 

observations reported in the literature.Errore. Il segnalibro non è definito.,Errore. Il segnalibro non è definito.,Errore. Il 



New Syntheses and Derivatizations of Peptidomimetics and Peptide -Conjugates for Theranostic Applications 

17 
 

segnalibro non è definito.,Errore. Il segnalibro non è definito. To assess the potential epimerisation of sensitive amino 

acids, the reaction was repeated on the racemisation vulnerable residue phenylglycine (Phg).36L-

PhgNCA was prepared according to the literature,37 and utilized for reaction with D-Val-OMe under 

the usual conditions (entry 21). After acetylation, the analysis of the mixture revealed an amount of 

dipeptide in line with the other NCAs (93%), albeit in the form of a 92:8 mixture of the 

diasteroisomers Ac-Phg-D-Val-OMe / Ac-D-Phg-D-Val-OMe, while the tripeptide was also detected 

in traces as mixture of diastereoisomers Ac-(L/D-Phg)2-D-Val-OMe.  

 

1.3 - Conclusions 

In conclusion, the protocol discussed herein represents a convenient method for the synthesis of 

oligopeptides, coherent to the principles of Green Chemistry because the use of NCAs allowed to 

avoid the recourse to protecting and activating agents and the reactions were conducted by grinding 

the reagents with the aid of a minimal amount of the green solvent GVL. The only solvents utilized 

in large amount were EtOH and EtOAc, ranked as “recommended” in the solvent selection 

guides.Errore. Il segnalibro non è definito.,Errore. Il segnalibro non è definito. On the other hand, an excess of HAp powder 

was utilized as base. However, this fully biocompatible base was easily recycled and reutilized, 

making the entire process convenient. HAp has also proved to be more efficient as compared to 

other inorganic bases in preventing NCA polymerization, generally regarded as the fundamental 

caveat to the use of NCAs for peptide synthesis. Interestingly, the analyses of diverse batches of 

NCA suggested that NCA purity and crystalline form significantly influenced the outcome of the 

reactions in terms of dipeptide versus polymer and by-products formation.  

Despite these great preliminary results, subsequent tests are necessary to make the procedure truly 

feasible in the laboratory, and we decided to proceed with the synthesis of peptidomimetics, which 

we will analyse in the following chapters, using classical methods.  

 

1.4 - Experimental Procedure 

General information 

All commercially available reagents purchased from Merck (Darmstadt, Germany) were used 

without further purification. The synthetic procedures under MW irradiation were performed with 

a Microwave Labstation for Synthesis (Micro-SYNTH, Bergamo, BG, IT) equipped with a built-in ATC-

FO advanced fiber-optic automatic temperature control. Ball milling was carried out in a low-
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frequency PlanetaryMill Pulverisette (Fritsch GmbH, Idar-Oberstein, Germany), mounting an agate 

jar (ø = 7.5 cm) equipped with three balls of the same material (ø = 2.0 cm). Purities were assessed 

by analytical reverse phase high-performance liquid chromatography (RP HPLC) on a 1100 series 

apparatus (Agilent, CA, USA), using a XSelect Peptide CSH C18 column (Waters, Milford, MA, USA), 

4.6 mm × 100 mm, 130 Å, 3.5 m; DAD 210 nm; mobile phase: from 8:2 water/CH3CN to 2:8 

water/CH3CN, in 8 min, at a flow rate of 0.5 ml min-1, followed by 10 min at the same composition. 

ESI-MS was done on a MS single quadrupole HP 1100 MSD detector (Agilent). UPLC analysis was 

performed on an Acquity UPLC H-Class Plus apparatus, using a Acquity C18 BEH column, 1.7 m and 

2.1 x 100 mm; mobile phase: from 3:1 H2O/0.1% HCO2H//CH3CN/0.1% HCO2H to 1:1 H2O/0.1% 

HCO2H //CH3CN/0.1% HCO2H, in 1.5 min at a flow rate of 0.5 mL/min, followed by 1.0 min at the 

same composition, then to 1:4 H2O/0.1% HCO2H//CH3CN/0.1% HCO2H in 0.5 min, followed by 1.0 

min at the same composition. High resolution mass spectrometry (HRMS) was performed with a 

Xevo G2XS QTof apparatus.  1H NMR was performed at 400 MHz on a Varian Gemini 400 (Agilent) 

in 5 mm tubes in DMSO-d6 at rt; chemical shifts are reported as δ values relative to residual H peak 

( H = 2.50 ppm). NCAs morphology was observed using a Zeiss Leo1530 Gemini field-emission 

scanning electron microscope (SEM) equipped with InLens detector and operating at 5kV. Samples 

were sputter coated with gold before observation. Powder X-ray diffraction patterns were recorded 

using a PANalytical-X’Pert PRO powder diffractometer (Malvern Panalytical-Spectris, Egham, UK) 

equipped with a fast X’Celerator (Malvern Panalytical-Spectris) detector (  = 0.154 nm, 40 mA, 40 

kV). For phase identification, the 2 range was investigated from 10 to 60 2 ° with a step size of 

0.1° and time/step of 100 s.  

 

General synthesis for peptide bond formation 

 The NCA (0.2 mmol) was mixed with the amino partner.HCl (0.2 mmol), HAp powder (100 mg) and 

-valerolactone (GVL) (0.2 mL). The mixture was milled at 10 Hz frequency into agate jar equipped 

with three balls. The milling system (jar and balls) was precooled at +3°C into a regular fridge. After 

30 min, milling was stopped, the mixture was diluted with ethanol (5 mL), and the suspension was 

separated by centrifugation. The HAp crystals were washed twice with ethanol (5 mL) and collected 

by centrifuge and dried at 50°C for 6h. The collected organic layers were treated with 1M HCl in 

ethanol (50 L), and stirred for 30 min at RT, the solvent was removed at reduced pressure, and the 

resulting dipeptide.HCl salt was triturated with EtOAc.  
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CHAPTER 2 

K opioid receptor ligands 

Opioids receptors are G-protein-coupled receptors (GPCR) and they are part of the superfamily of 

seven transmembrane spanning receptors (7TM). Being a very large family, receptors capable of 

modulating many neuronal and hormonal responses are responsible for antinociception and 

analgesic action in general, but as they are present in both central and peripheral nervous system, 

depending on the receptor subtype their action results in different effects. 

Since the discovery of opioids binding sites in 1950s1numerous pharmacological studies have 

followed, leading to the identification of four opioids receptor subtypes. MOR (µ for morphine), the 

first one to be isolated and the most studied, capable of provoking a great analgesic action but with 

it also numerous side effects like addiction, respiratory depression and reduced gastrointestinal 

mobility; KOR (κ for ketocyclazocine) an antipruritic also capable of analgesic action but causing less 

severe unwanted effects like dysphoria and anhedonia; DOR (δ for deference, because it was first 

identified by executing the electrically stimulated mouse vas deference) the only one unable of 

analgesic action but with interesting anxiolytic and antidepressant functions and NOR (initially called 

ORL-1, or nociception/orphanin FQ receptor) particularly linked to emotional behaviour, has 

generated interest in recent years as a possible alternative to treating pain without causing side 

effects. In fact, since the isolation of morphine in 18052 as the most active component of opium, 

pharmaceutical companies have developed a wide variety of painkillers and currently most of them 

are MOR agonist. Over the last two decades, opioids overdoses have dramatically increased, 

particularly in north America3, as a result of misuse and over prescription for pain relief. This opioid 

crisis has encouraged interest in developing better opioids to treat pain. 

In this context, selective KOR activation has attracted a lor of attention. Not only its activation 

produces a high antinociception effect with low abuse potential, but KOR selective ligands could 

also be used as a powerful weapon for the treatment of abuse conditions, pruritis, multiple sclerosis 

and immune mediated disease.4 

Nevertheless, despite their great potential, no KOR agonists are currently used for the therapeutic 

treatment of pain in humans, mostly due to the relevant side effects but a lot of efforts are being 

made for the development of safer analgesics. 
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2.1 - KOR agonists  

The endogenous ligand of KOR are dynorphins5, discovered in the late 1980s when the gene PDYN 

encoding peptide precursor preprodynorphin6, was isolated. Since then, a lot of natural, naturally  

derived, and synthetic KOR selective ligand have been isolated and tested. 

The κ receptor owes its name to ketocyclazocine, the first selective KOR ligand7, which elicited 

analgesia and sedation and belongs to the benzomorphans class, obtained by morphine skeleton 

reduction. Despite ketocyclazocine resulted to be less potent than morphine, Benzomorphans were 

studied for many years for their interesting mixed KOR agonist/MOR antagonist profile, but their 

clinical development was precluded because they also induce respiratory depression and other side 

effects. 

 
Fig.1 Structures and Ki values (expressed in nM) of ketocyclazocine and pentazocine. 

Another morphine derivative though, Pentazocine is still under investigation, and recent studies 

showed that it was more potent in activating p38 MAPK mediated by h-KOR than the rat KOR and it 

also resulted to be a potent promoter of β-arrestin 2 recruitment8. Studies on Pentazocine also led 

to the identification of Bremazocine as a potent KOR agonist. Despite its activity profile, it doesn’t 

seem to elicit morphine-like adverse actions, and it was thought, it could be used for its analgesic 

and diuretic activity. Its psychotomimetic side effects, however, have curbed its use as a therapeutic, 

not eliminating the possibility of its use in the treatment of addictions9. 

Another important class of KOR-selective ligands are the Arylacetamide derivatives, described for 

the first time in 198210. Among them, U50,488 emerged for novel structure, potency, and selectivity, 

with analgesic, antipruritic, and other effects. Unfortunately, U50,488 and its subsequent 

derivatives showed all the side effects correlated to the activation of KOR, and also a modest 

permeability of the Blood Brain Barrier (BBB). 

Subsequent studies on Arylacetamides led to the discovery of Asimadoline that was found to inhibit 

nociception via activation of KORs expressed on the peripheral endings of nociceptors in the colon, 

suggesting a peripherally restricted action which might be useful for a variety of painful conditions 

in the viscera. 
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With the attempt to further improve the structure of U50,488, a spiroester was added to the 

cyclohexane ring, leading to a special branch of the Arylacetamide family, of which U69593 was the 

precursor. U69593 produced antinociception without affecting GIT mobility, suggesting, in contrast 

to Asimadoline, a central but not a peripheral activity.  

Further modifications lead to Spiradoline (U62-066) and Enadoline (CI-977), molecules capable of 

crossing the BBB with reasonable efficacy with an analgesic potency comparable with morphine, 

with reduced respiratory depression11. Unfortunately, they still have dose related central effects 

like anhedonia, dysphoria, and hallucination-like effect so it was impossible to carry on further 

clinical investigations12. 

 
Fig. 2 Examples of Arylacetamide KOR agonists with related Ki values expressed in nM. 

As a result of two different screenings, in 2013 Zhou et al. discovered two new classes of KOR 

selective agonists: triazoles and isoquinolines13. Both showed high binding affinity with a 

preferential activation of G-protein and minimal effect on β-arrestin recruitment and downstream 

ERK1/2 activation.  

 
Fig. 3 Structures of triazoles and isoquinolines with related Ki values expressed in nM. 

Further studies revealed that triazole is able to induce antinociception, without altering locomotion 

nor provoking dysphoria or aversion. Triazole 1.1 retained the antinociceptive and antipruritic 

efficacies of conventional KOR agonists, yet it did not induce sedation or reductions in dopamine 

release in vivo, nor did it produce dysphoria as determined by intracranial self-stimulation in rats14.  

In 1978 Diphenethylamines were firstly described, as potentially anti-Parkinson’s drug15. The first 

synthetized molecule was RU24213, which was followed, through extensive studies, by diverse 

libraries of molecule with suitable modification of substituent to increase KOR affinity, selectivity,  
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agonist potency and efficacy.16,17  

 
Fig.4 Structures and relative Ki values (expressed in nM) of Diphenethylamines. 

Considering the inclusion in recent years of fluorine in drug candidates, in 2017 Erli et al. expanded 

the SAR studies on the original series and demonstrated that some analogues gained subnanomolar 

affinity and excellent KOR selectivity, acting as full or partial agonists or as antagonists15.  

Salvinorins, on the other hand, are the only k-selective small molecules of natural origin. Salvinorin 

A (SalA) is a terpenoid isolated in 1982 by Ortega et al. from Salvia Divinorum, an herbal plant native 

to the SW region of Mexico18. Two years later, Valdes et al. extracted Salvinorin B19 and in 2001 also 

Salvinorin C20. These compounds resulted to be selective KOR agonists with analgesic and 

hallucinogen effects and immediately rouse interest because of their lack of structural similarity to 

the other psychotomimetic substances. Indeed, unlike the conventional opioid ligands, salvinorins 

do not contain any nitrogen atoms. 

 
Fig. 5 Salvinorins family structures with related Ki values expressed in nM. 

Unfortunately, these natural molecules suffered from short half-life and rapid onset of action, 

therefore a large number of analogues was prepared to improve the pharmacokinetics profile, 

generally by modifying the positions at C2, C4 of furan ring but unfortunately this did not translate 

to increased brain residence time even if they seem to have a biased G-protein activity and to be 

very effective for reduce cocaine primed – induced reinstatement.21,22 

In addition to many small molecules, some of which have just been mentioned, peptides and  

peptidomimetics can also be selective towards the κ receptor. 

Dynorphin is the endogenous 17-mer neuropeptide ligand of KOR. Other peptides with KOR activity 
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 have been identified in fungi and invertebrates and several others have been obtained by chemical 

synthesis23. Native peptides such as dynorphin have the potential to powerfully activate opioid 

receptors but their clinical use is hampered by poor pharmacokinetic properties. Consequently, 

starting from the native sequences, a variety peptidomimetics was designed in the perspective to 

increase enzymatic stability and bioavailability24,25. 

Several research groups designed oligopeptides comprising D-amino acid, and these studies yielded 

molecules which appeared suitable for assessment peripherally acting analgesics. Most of these 

oligopeptides shared a common N-terminal D-Phe-D-Phe5,26–28 including Difelikefalin like CR845, an 

all-D-amino acid tetrapeptide developed by Cara Therapeutics with high selectivity for KOR that has 

been shown to be effective in the treatment of chronic pruritus29 and post-operative pain after 

abdominal surgery30. Unfortunately, due to its hydrophilic properties, transport across the blood–

brain barrier is limited, and its intravenous delivery remains a key obstacle for its widespread use. 

 
Fig. 6 Structure of CR845 a peptidomimetic KOR agonists with related Ki value. 

Bedini et al. synthesized a mini-library of diastereomeric and constrained analogues of the 

endogenous, highly selective MOR agonist Endomorphin-1 (EM1)31,32, H-Tyr-Pro-Trp-PheNH2 by 

introducing a β2-homo-Freidinger lactam-like scaffolds in position 233. The 5-(aminomethyl) 

oxazolidine-2,4-dione (Amo) scaffolds were obtained by side chain cyclization of isoserine-Trp34. 

Intriguingly, the all-(S) configured H-Tyr-Amo-Trp-PheNH2 displayed high KOR affinity (Ki 9.8 nM) 

and high selectivity with a partial agonist profile. 

 
Fig. 7 Structure of selective K ligand obtained from EM1. 

In the tail-immersion test, the peptidomimetic determined a relevant analgesic effect (20 mg/kg, ip:  

60% MPE at 15 min, and still 42% MPE at 30 min), and the effects were counteracted by the pre- 
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emptive administration of the KOR selective antagonist nor-BNI, thus confirming also in vivo a KOR-

mediated activity. 

In 2004, Saito et al. isolated from the fermentation broth of the fungus Ctenomyces serratus 

ATCC15502 the cyclotetrapeptide c[Phe-D-Pro-Phe-Trp] known as CJ-15,208 with a modestly 

selective KOR/MOR activity35. Following numerous biological tests, it was confirmed its antagonist 

behaviour and furthermore the Ala-scan highlighted the importance of the residues Phe3 and Trp4; 

indeed, c[Ala-D-Pro-Phe-Trp] showed low nanomolar affinity for KOR and MOR, while the other Ala 

derivatives suffered a substantial loss in binding affinity36. 

Numerous studies have followed by making changes in the original structure but all of the 

derivatives of CJ-15,208 maintained the same mixed KOR >MOR affinity profile, albeit with different 

Ki values, and did not exhibit any agonist activity in vitro. 

Unexpectedly, in vivo tests showed contrasting activities when compared to the parent peptides: as 

expected, c[Phe-D-Pro-Phe-D-Trp] behaved as a KOR antagonist also in vivo and prevented the 

stress-induced reinstatement of extinguished cocaine-seeking behavior37, but, the natural isomer 

CJ-15,208, exhibited robust antinociceptive activity in the warm-water tail withdrawal test following 

icv administration, it was found to be orally active and appeared to penetrate the BBB38–40. 

Intriguingly, also the Ala analog c[Ala-D-Pro-Phe-D-Trp] produced potent OR-mediated 

antinociception in vivo41.  

 
Fig. 8 CJ-15,208 and some relevant derivatives with related Ki values expressed in nM. 

The structures of CJ-15,208 and all its derivatives appear clearly correlated to that of c[Phe-Gly-Tyr-

D-Pro-D-Trp]42, a cyclopentapeptide (CPP) discovered independently from CJ-15,208, designed as a 

cyclic analogue of the EM1. The CPP was found to be a MOR ligand (Ki 10−8 M), partial agonist in the 

cAMP functional assay and after systemic administration, it produced antinociception in a mouse 

model of visceral pain, while the parent EM1 was completely ineffective43. The introduction of 

different substituents at the indole of D-Trp influenced BBB permeability, allowing a measurable 

MOR-mediated central antinociception in the mouse warm-water tail withdrawal test after 
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administration44. 

These Trp-containing macrocycles are clearly alternative respect the classic opioid peptides, as they 

lack in the protonable amino group of Tyr1, commonly regarded as the fundamental “message” 

pharmacophore45,46. Despite the close structural similarities, the two families of opioid peptides 

showed distinct receptor selectivity and in vivo activity and this assumption led to presume a 

correlation between bioactivity and 3D displays of the pharmacophores, which depend in turn on 

ring size, stereochemistry, and secondary structures. 

More recently, the same authors designed and synthetized the analogue c[Phe-Gly-β-Ala-D-Trp] 

(LOR17). The peptide showed a KOR selective agonist activity in different cell models with nM 

affinity (Ki 1.19 nM)47and also, in contrast to U50,488, LOR17 displayed functional selectivity toward 

G-protein signaling and provoked antinociceptive/antihypersensitivity effects in different in vivo 

models, including neuropathy by oxaliplatin. 

 

2.2 - Ligand- receptor interactions 

When a GPCR is activated by an agonist, its action is to activate Gα and Gβγ subunits to initiate a 

signalling and provoke the phosphorylation with consequent desensitization and internalization 

process. The activation of GPCRs also include the recruitment of β-arrestins that are considered 

signalling molecules in their own right.48 

GPCR mediated signalling is dependent on the conformation of the receptor. That means that 

agonists are defined for their abilities to shift the inactive conformation towards the one that 

promotes signalling. Because a receptor has a three-dimensional structure, it is also possible to have 

a shift just in one area with no change in the others, and this is the case of biased agonists. In fact, 

a biased signalling refers to the ability of a ligand to activate only one preferential pathway and for 

GPCRs, this subset activation means that it is either the β-arrestin mediated signalling or Gα and 

Gβγ events but not both of them. Because traditionally, when a ligand is studied, just the Gα-Gβγ 

mediated events are examined, when an agonist only activates the β-arrestin pathway results to be 

an antagonists otherwise, when it activates just G-protein is called biased agonists and in the last 

decades the development of this kind of molecules has been the leading trend in opioid fields to 

reach benign drugs with reduced side effects.49 

The first G protein biased opioid ligand reported in the literature with limited β-arrestin recruitment 

was the MOR ligand (R)-TRV130 (oliceridine)50 that seemed to elicit potent antinociception in vivo 

without inhibiting GIT transit or causing respiratory depression51. Unfortunately, TRV130 initially 
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failed in clinical trials52 due to side effects comparable to that of morphine, but recently it was 

reconsidered and approved for moderate and severe pain in adults.53 After TRV130, other G-protein 

biased agonists have been identified, like the MOR ligand PZM21 which was discovered by in-silico 

screening54and was proposed as an analgesic with unprecedented profile and reduced side effects 

in the hot-plate assay, but not in the tail-flick test. 

Interestingly, experiments with a non-phosphorylatable version of MOR knock-out-mice55 showed 

that total abolishment of β-arrestin binding improved analgesia, reduced tolerance, but worsened 

other opioid side effects so doubts began to be cast on the practical usefulness of biased agonism 

in MOR.56,57  

Although most biased agonists at MOR have failed so far as therapeutics into the market, functional 

selectivity at KOR is still considered interesting and potentially promising. There is evidence that 

KOR signaling through G-protein pathways (including adenylyl cyclase inhibition and early ERK1/2 

phosphorylation) mediates the antinociceptive and anti-pruritic effects of KOR agonists, whereas β-

arrestin-2-dependent signaling (including p38MAPK activation) mediates the dysphoric effects as 

well as sedation and motor incoordination58. 

 
Fig. 9 Activation and linked effects of G-protein and β-arrestin. 

The 1-pyrazole methyl ester MPCI was shown to elicit KOR-mediated antinociception without 

sedation, constipation, or motor impairment in different models of inflammatory and neuropathic 

pain59and, as mentioned before many research group have also focused their attention on biased 

agonism in search for new KOR ligands13,15,17,60 and all their results support the idea that functionally 

selective KOR agonists may activate G protein-mediated signaling, to produce antinociception, over 

β-arrestin 2-dependent induction of p38MAPK, which preferentially contributes to adverse effects. 
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The alternative profiles just mentioned can actually also be explained with the drug efficacy of the 

molecules. In fact, signaling bias can also be linked to a partial agonist profile, and thus be provoked 

by a good therapeutic index but low efficacy, stimulus amplification and receptor reserve56,61. In 

other words, KOR partial agonists may allow an analgesic response to be produced at dosages lower 

than those required to produce the adverse effects. A G-protein-dependent output (e.g.: inhibition 

of cAMP accumulation) encompasses high amplification, while arrestin recruitment at the receptor 

has little or no amplification. 

Partial agonists may hold potential for the treatment of depression, mood disorders, psychiatric 

comorbidity, and specific drug addictions. Besides, some partial KOR agonists display anti-

inflammatory and neuroprotective effects, and they suppress the rewarding effects of opioids and 

cocaine. Such compounds may restore homeostatic control of dopaminergic function underlying 

mood and reward and may also diminish severity of relapse/re-escalation. Furthermore, they could 

also be beneficial in promoting more prolonged abstinence, as well as decreasing the severity of 

relapse episodes. Mixed agonists/partial agonists/antagonists at different OR subtypes are 

employed to treat alcohol dependence and cocaine craving62. As for KOR antagonists, these are 

already used to treat opioid dependence and withdrawal63,64.  

Unfortunately, owing to lack of KOR>MOR selectivity in known ligands, these therapeutic 

opportunities have been not clinically exploited, so far. In this respect, it is worth to mention the 

peptide Tyr-Amo-Trp-PheNH2. This peptide was a selective ligand of KOR with nanomolar affinity 

and behaved as a partial agonist in the functional test, since it inhibited forskolin-induced cAMP 

accumulation in HEK cells stably expressing hKOR, with IC50 0.22 nM and Emax 40%, as compared to 

U50,488 (IC50 1.2 nM and Emax 90%). When 1μM of the peptide was administered together with 

U50,488, 40% inhibition of forskolin-induced cAMP accumulation was observed and U50,488 

concentration-response curve was shifted rightward, thus, confirming a partial agonist activity for 

the peptide33. 

As mentioned before, KOR agonists do not induce euphoria/addiction, respiratory depression, or 

GIT transit inhibition and therefore, they were initially viewed as an attractive alternative strategy 

to design potent and safer analgesics. Indeed, small-molecules KOR agonists of the first generation, 

were orally active, brain penetrating, and lacked morphine-like side effects, but unfortunately, these 

molecules also displayed unwanted neuropsychiatric effects, such as sedation and dysphoria. 

Therefore, subsequent studies have been conducted to achieve analgesia without triggering the side 

effects and it was realised that also peripheral KORs are able to induce analgesia particularly after 
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tissue injury and inflammation, and because they avoid CNS penetration, they don’t allow the arising 

of unwanted effects. 

Asimadoline was the first molecule to enter clinical trials with the hopes that it might treat 

peripheral pain. In fact, it appears to inhibit nociception via activation of KORs expressed on the 

peripheral endings of colonic nociceptors, suggesting a peripherally restricted KOR agonist might be 

useful treatment for a variety of visceral pain conditions including irritable bowel syndrome (IBS)65. 

Unfortunately, asimadoline still produced central adverse effects and also hyperalgesia in non-

visceral postoperative pain. 

The goal to avoid penetration across BBB to reduce central effect66, could be easily achieved through 

structural modifications leading to decreases in lipophilicity for example by switching to peptide-

base compounds. Indeed, peptides are known to have limited ability to cross BBB67. This opportunity 

yielded peptidic KOR ligands such as the all-D configured sequence Difelikefalin (CR845)29,30, which 

compared with many other opioids, exhibits a minimal effect on the CNS and does not cause 

respiratory depression or sedation, somnolence or paresthesia, and not even euphoric effect. 

Because of its many benefits, in 2021, Difelikefalin was approved by the Food and Drug 

Administration (FDA) and in 2022 by European Medicines Agency (EMA) as a first drug for the 

treatment of CKD-aP in adult, hemodialysis patients.  

It is important to mention however that, in contrast to linear peptides, cyclic peptides might show 

some ability to cross the BBB24,25. For instance, the macrolactam peptide LOR17, already mentioned, 

was a full KOR agonist with significant antinociception both in the acetic acid-induced writhing assay 

and in the warm water tail-withdrawal assay, when administered in the same range of doses, thus, 

suggesting that LOR17 may distribute to the CNS47. 

 

2.3 - Structural insights in ligand-receptor interactions for KOR agonists 

MOR, DOR, and KOR, exhibit remarkably conserved amino acid sequences, with a 70% sequence 

identity in their seven transmembrane domains, particularly in the orthosteric binding pocket. 

However, KOR is different from the other opioid receptors in terms of tissue expression patterns, 

functional properties, and side effect profile upon activation. A detailed analysis of the inactive and 

active-state structures revealed structural determinants that can be exploited for specificity68. In 

particular KOR binding pocket is comparatively much narrower and deeper and partially capped by 

the ECL2 β-hairpin, the region between TM2-TM3 of KOR is more hydrophobic and has a number 

non-conserved “address” residues69. 
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A breakthrough in the GPCRs field was the disclosure of the crystal structure of a truncated version 

of human KOR, in complex with the selective antagonist JDTic at 2.9Å resolution. 

T4L phage lysozyme was inserted to replace highly mobile intracellular loop 3 (ICL3), hence 

stabilizing overall KOR structure70 and the receptor was crystallized in a cholesterol-doped 

monoolein lipidic cubic mesophase. The JDTic-KOR complex shows the ligand in a V-shaped 

conformation into the bottom of the binding cleft, stabilized by salt bridges, polar and hydrophobic 

interactions with the receptor. The protonated amines in both piperidine and isoquinoline moieties 

of the ligand form ionic bonds with Asp138(3.32) carboxylate (in brackets, the Ballesteros–

Weinstein nomenclature). 

The hydroxy group at position 6 of isoquinoline scaffold forms a hydrogen bond with conserved 

crystallographic water, mediating an interaction with H291(6.52), while the other phenoxy group 

interacts with structured water mediating a contact with V118(2.63). Besides, JDTic interacts with 

four residues in the binding pocket that differ in other closely related ORs, i.e., Val 108(2.53), Val 

118(2.63), Ile 294(6.55), and Tyr 312(7.35). 

In 2018, information on KOR was greatly expanded by the determination of an active-state crystal 

structure of KOR in complex with the potent morphinan agonist MP1104 and the nanobody Nb3971. 

The shape of MP1104 partially overlaps with the isoquinoline moiety of JDTic and also forms a 

similar salt-bridge to the Asp138(3.32). The MP1104-KOR complex is characterized by a ~10% 

contraction in the volume of the orthosteric site as compared to antagonist-bound inactive state, 

and a slightly deeper binding of the agonist ligand, likely connected to conformational changes in 

Met142(3.36) and Trp287(6.48). 

Similarly, to other GPCRs, the active structure of KOR differs from the inactive one by a ~10Å 

outward movement in the intracellular end of TM6 and a ~3Å inward movement of TM7. The 

structure of the complex was utilized for molecular docking of other several other important KOR 

ligands sharing epoxymorphinan scaffold, including guanidinonaltrindoles (5’-GNTI, 6’-GNTI), and all 

compounds maintained a similar binding pose. 

Despite the progress made in these important studies, a deep knowledge of KOR specificities is 

fundamental for the identification and development of subtype-selective agonists and antagonists. 

Starting from the inactive and active models of the receptor, several research groups have envisaged 

in silico virtual ligand screening to identify novel lead compounds72–75. In general, the effort led to 

the identification of active KOR ligands characterized by high diversity of bioactive poses among the 

diverse ligands.  
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Following this approach, Zheng et al exploited the crystal structure of JDTic-KOR for a virtual 

screening campaign aimed at identifying new chemotypes of KOR ligands. After optimization of the 

receptor model, the screening of millions of commercially available compounds gave a bunch of hits 

in submicromolar affinity range, including compd. 81, a potent Gi biased agonist for KOR with 

minimal β-arrestin recruitment60. 

 
Fig. 10 Structures of KOR ligands used for structural studies: JDTic, MP1104 and comp. 81. 

This kind of virtual approach was also used for molecule already mentioned and studied for a better 

understanding of their behavior. Guerrieri et al. for example, performed docking studies for 

diphenethylamines, and the simulations predicted that the interaction of the ligand to the 

hydrophobic pocket formed by Val108, Ile316 and Tyr320 influenced ligand binding. Moreover, the 

phenolic 3-OH group allowed the stabilizing interaction with His291. The docking was fundamental 

for structural modification, because predicted that bulky N-substituents increased selectivity and 

affinity, and the introduction of a second hydroxyl group in position 3’ resulted in the identification 

of potent KOR partial agonists76.  

Even De Marco et al. used molecular modeling and docking analysis to shed light into the bioactive 

structure of their EM1 analogue33. Molecular docking computations in the X-ray structure of the 

active conformation of KOR (PDB ID: 6B73) supported the role of Amo in orienting the 

pharmacophores for optimal receptor fitting. Together with the C-terminal portion, the scaffold 

itself appeared to belong to the “address” of the ligand, being responsible of interactions with 

residues which are not conserved across the other ORs. 

The protonated amine of Tyr1 forms the salt bridge with Asp138(3.32) carboxylate, while the 

phenolic side chain shows interactions with Tyr320 and Trp287. Albeit not totally unusual for KOR 

ligands77, Tyr1 appeared to adopt a disposition alternative to that of tetrahydroisoquinoline ring of 

JDTic70and to the tyramine portion of MP110471. 
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Fig. 11 Comparison of the ligand-receptor complexes as extracted from (a) the X-ray crystal structures of 
antagonist JDTic-KOR (inactive), (b) of agonist MP1104-KOR (active) and (c) docked structure of Tyr-Amo-Trp-
PheNH2-KOR (active) (Figure obtained with PacDOCK web server78). 

 

2.4 - Design of biased KOR ligands 

As for MOR, starting from the ligand-receptor models discussed above, some research groups were 

able to identify structural specificities to rationally design functionally selective KOR agonists. Very 

recently, Uprety et al. studied the biased behavior at MOR and KOR of diverse analogues of the 

unbiased morphinan MP1104 by means of a combination of SAR studies, receptor mutagenesis and 

molecular docking.79 

These studies led to identify sub-pockets of the orthosteric site as the hot spots for functional 

selectivity. Ligands capable to place morphinan-amidophenyl “address” in contact with the TM2-

TM3 transmembrane domains were shown to maintain balanced G-protein and arrestin signaling, 

while morphinan derivatives directing the amidophenyl group towards the TM5-ECL2 region 

specifically led to the recruitment of G protein. The differences between KOR and MOR were 

explained in terms of the different composition of their TM2/TM3 sub-pockets, which accommodate 

the hydrophobic amidophenyl arm of the ligands. This sub-pocket is more hydrophobic in KOR due 

to the presence of the non-conserved V118(2.63) residue and a conformational change in the 

conserved Q115(2.60) residue. 

Based on the above analysis, the authors proposed that a rational design of MP1204 analogs that 

are G protein biased at MOR or KOR would require a switch of amidophenyl arm from the TM2-TM3 

sub-pocket to the TM5-ECL2 one for both receptors. To verify this conjecture, polar or charged 

substituents were introduced at the amidophenyl to disfavor the interactions at the hydrophobic 

TM2-TM3 pocket of KOR, while basic moieties were introduced for improving the interactions 

toward the TM5-ECL2 pocket, since the latter includes acidic residues Asp223(5.35) and 

Glu209(ECL2). 
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The conclusions of those studies were in part confirmed by the docking analyses of Tyr-Amo-Trp-

PheNH2 in KOR. In fact, in the bioactive conformation the C-terminal address section of the peptide 

made interactions with residues of EL2 (Glu209, Ser211, Leu212), and of TM7 (Tyr313, Tyr312), with 

His304(EL3), and with Lys227(TM5), while having no interaction with TM2-TM3.  

 

2.5 – Synthesis of KOR selective ligands 

Taking all this information into account, we decided to design a small library of compounds starting 

from the structure and the encouraging results of modified EM1.33 

We decided to replace the lactam like scaffold with diverse oxopirrolidine heterocycles that could 

be obtained by the cyclization of the side chain of an amino acid and could retain the proline like 

profile that forced the conformation to switch from cis to trans and gain the KOR selectivity. 

We therefore introduced in the place of the proline of EM1, serine, glutamic acid and diamino 

propionic acid to obtain a heterocycle containing an oxygen, a carbon, and an amine in addition to 

the alpha-carbonyl amine respectively. 

 
Fig.12 Synthesis of L-stereochemistry library of pseudoprolines. 

Once it was synthetized the peptidic sequence with liquid phase conditions, the cyclization was 

performed as last synthetic steps in presence of DIPEA and DSC (N,N-Disuccinimidyl carbonate), a 

carbonate able to link together the alpha amine and the heteroatom of the side chain and guarantee 

a good yield of cyclization. 

After the purification, all the final products were analysed with mono and bi dimensional NMR in 

order to verify the presence of the extended structure and the trans bond formation.  
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We also decided to introduce a cysteine and deeply study the presence of sulphur and the formation 

of thiazolidines. In fact, this structure has attracted a lot of interest because of its potential as 

therapeutic agent and as intracellular delivery system for cysteine80, fundamental in the synthesis 

of the glutathione, a potent antioxidant. 

 
Fig. 13 Synthesis of thiazolidine derivative in the L-Stereochemistry library of pseudoprolines. 

Because of the great instability of the cysteine, this analogue had to be synthetized starting from 

the heterocycle. Once we obtained the oxothiazolidine by means of the reaction with triphosgene, 

we reacted the acid that was readily available with the diamino acids portion, and then forced the 

amide of the heterocycle to couple with tyrosine using HBTU.  

Once the L-stereochemistry compounds of the library were all completed, we decided to invert the 

stereocentre of the pseudoprolines, following the studies already mentioned on this subject28 that 

the insertion of an inverted stereocentre improves the in vivo characteristics of the drug and the 

selectivity. 

Fig. 14 Synthesis of D-stereochemistry analogues with serine and glutamic acid. 

The introduction and the final cyclization of the analogue with D-serine and D-glutamic acid 

proceeded exploiting the same synthetic steps of the L-counterparts. Nonetheless, we discovered 
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that the insertion of a different stereocentre brings instability to the final structure and in the case 

of D-serine, we were able to isolate together with the desired product, the dehydroalanine product, 

result from the decarboxylation of the oxazolidinone. This behaviour is actually theorised for all 

heterocycles of this type81, with both stereochemistry, and it is especially used in solid-phase 

peptide synthesis as a cleavage strategy. The other compounds, however, were found to be very 

stable, whereas this last one gave elimination product at a different point from the theorised one, 

not at the amide position but at the alpha carbonyl one. 

The D-cysteine compound instead was found to be completely unstable and after a couple of hours 

from the formation of the final product, the amide of the thiazolidine eliminate the tyrosine. 

 
Fig. 15 Attempt introduction of D-cysteine inside the sequence with related instability. 

D-amino propionic acid is very difficult to obtain, and it is not commercially available unless 

prohibitive prices. To synthetize this moiety, we took advantages of the Hoffmann’s rearrangement 

of the primary amide of glutamine that in the presence of PIDA (Diacetoxyiodo)benzene resulted in 

the formation of a primary amine. 

 
Fig. 16 Synthetic steps for the synthesis of D- Imidazolidinone compound. 

The D-amino propionic acid synthetized it was then coupled with the amino acids necessary for the 

formation of the right sequence, and cyclization was performed as last synthetic steps after the 

removal of benzyl chloroformate protecting group from the side chain. 
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2.6 – Introduction of 1,2,3-triazole 

Considering that the presence of heteroatoms is one of the factors most influencing the reactivity 

of compounds, we thought of replacing proline with 1,2,3-triazole synthetized with a Cu(I)-catalyzed 

Huisgen 1,3-dipolar cycloaddition better known as Click reaction82. This kind of Huisgen reaction, as 

described by Sharpless, is modular, give high yield, generate only inoffensive byproducts that can 

be easily removed, and it is stereospecific. Furthermore, it has simple reaction conditions and simple 

product isolation and because of that it could be broadly used especially in peptide-based drug 

discovery as a potent tool to increase stability83. 

In fact, this kind of scaffold is being increasingly used in modern drug development as a bioisostere 

replacement of amide bond moiety of peptides and because of its possibility to form CH-π 

interactions that can strongly modify biological interactions.84 The physicochemical similarities 

between the 1,2,3 triazole and a peptide bond includes the distance between substituents that is 

3.8-3.9 Å in amides and 5.0–5.1 Å in 1,2,3-triazoles and the dipole moment that is  almost the same 

( 4 Debye in amide, 5 Debye in 1,2,3-triazole). Furthermore, the 1,2,3-triazole rings, with sp2-

hybridized nitrogen atoms N (2) and N (3), can function as weak hydrogen-bond acceptors as well 

as a donor similar to amide because of the strong dipole moment that polarized the C (5) proton 

and can align with that of the other amides in a soldi secondary structure. 

In addition to being used as surrogates of amide, 1,4 disubstituent they also have been proved by 

Horne and collaborators85 to fix trans amide bonds configuration, characteristic that in our case can 

be exploited, as already tried with pseudoprolines, to obtain a more stretched structure that will be 

more selective towards the KOR receptor. 

The two partners required for a click reaction are an azide and a terminal alkane. We decided to 

modify the acid portion of tyrosine to obtain the terminal alkyne by synthesising the desired ester 

or amide using propargyl amine or propargyl alcohol.  

In order to reduce the synthetic steps and make the synthetic route more convenient, although not 

very well described, it was decided to synthesise the azide portion directly on the already coupled 

amino acids and not on the single tryptophan. To do this, the diazotransfer reagent imidazole-1-

sulfonyl azide was previously synthesised in hydrochloride salt form, so as to be stable and perfectly 

manageable. This intermediate was then reacted with the acidic diamine under basic conditions and 

in the presence of copper sulphate and the reaction results in excellent yields without changing the 

stereochemistry of the compound. 
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Once the alkyne and the azide moiety were obtained as pure product, it was possible to get them 

react with the Click reaction. Instead of using the classic Sharpless’s conditions involving the 

formation in situ of the active catalyst Cu(I) from Cu (II) salts using sodium ascorbate as reducing 

agents, we decided to place directly a Cu(I) salt in presence of DIPEA, that helps the solubilization in 

organic solvent. Because we didn’t use an organic basic solvent, we also added 2,6 lutidine as it is 

proven to produce the minimum amount of side products in the presence of amino acids.86 

 
Fig.17 Synthetic scheme of Click Reaction analogues. 

After having obtained the first two compounds where the triazole was linked to the tyrosine with 

and amide and an ester, we decide to also reduce these two functional groups and thus change the 

possible interactions within the receptor pocket and the stability, especially in the case of the ester 

which is easily hydrolysed. 

 
Fig.18 Synthetic steps for ester and ether derivatives. 
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For the formation of the ether, we couldn’t directly use the ester previously synthetized so as not 

to risk the reduction of alkynic function, which is also sensitive to the action of LiAlH4. We then 

synthesised a benzyl ester and used this as a substrate for reduction to alcohol, which in turn was 

allowed to react with propargyl bromide to obtain the desired product. We also use the same benzyl 

ester as substrate for the synthesis of the amine of the tyrosine. For this purpose, instead of using 

LiAlH4, we used DIBAL-H at a controlled temperature to achieve reduction to aldehyde and, and then 

performed reductive amination with propargyl amine. 

 
Fig.19 Reduction of Tyrosine to achieve the double amine derivative. 

This intermediate will completely disrupt the interaction within the receptor because the acceptor 

hydrogen-bonding point, a function previously performed by the carbonyl due to the presence of 

oxygen, will be totally absent and a donor hydrogen-bonding point will be inserted instead. 

 

2.7 – Introduction of coumarin  

As previously mentioned, there are not many natural products with the characteristic of being active 

and selective towards the KOR receptor, but one of these is Salvinorin, and with the aim of 

mimicking its structure, we decided to include coumarin in our sequence instead of tyrosine. 

Coumarins are easy to synthesize and are also known to perform many biological functions and to 

be useful pharmacophores for UV-VIS analyses. 

 
Fig.20 Synthetic steps for the introduction of coumarin inside the desired sequence. 
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We decided to synthetize the 7-hydroxycoumarin-3-carboxylic acid in order to have a structure easy 

to conjugate with the rest of the molecule. The carbonylic in fact, can be easily modified in order to 

obtain an amide or an ester. For this library, introduce again the terminal alkyne moiety because we 

didn’t want to make any further changes apart from the substitution of tyrosine, so we decide to 

maintain the triazole structure before the tryptophane and the phenylalanine amide. 

The synthesis of 7-hydroxycoumarin-3-carboxylic acid was carried out by sonicating Meldrum’s acid 

and 2,4-dhydroxybenzaldehyde in the presence of a 4.5 pH buffer. After a few minutes, the 

phosphorescent yellow product is precipitated and easily recovered by filtration. A normal coupling 

reaction can be performed over this intermediate with the desired amine to obtain the alkyne 

moiety, for the synthesis of the ester derivative instead the other functional group must be 

considered and the coumarin must be previously treated with SOCl2 in toluene in order to enhance 

the reactivity of the carboxyl acid, and then make it react with propargyl alcohol to obtain the 

desired product. 

 
Fig.21 Synthesis of the ester derivative of 7-hydroxycoumarin-3-carboxyl acid. 

After the two alkynes moiety were obtained, they have been made to react with the azide portion 

as previously described. Once again, the stereocentre of the tryptophane was changed for both final 

products in order to obtain four derivatives and start a little library of compounds. The idea is to 

continue this library with the reduction of the carboxylic acid in position three of the coumarin and 

produce similar, perfectly comparable, compounds to the previous library. Unfortunately, a 

synthetic route that takes into account the co-presence in coumarin's structure of so many 

functional groups sensitive to the action of reducing agents has yet to be devised. 

 

2.8 – Conclusions 

Following a careful analysis carried out on the k selective agonist discovered until now, the research 

group was able to modify the structure of the Endomorphine-1 with the introduction of a lactam 

like scaffold in place of the proline, that switch the selectivity from MOR to KOR. Starting from this 

encouraging result, we design and synthetize three libraries of compounds with the aim of introduce 

a trans conformation inductor moiety to tackle the k selectivity. In the first library we introduced 

four different amino acids in position three and we performed a cyclization on their side chain to 
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form a pseudoprolines heterocycle. In the second library instead, we completely removed an amino 

acid with the introduction of a triazole on the behave of a peptidic bond and in the last library we 

introduce a coumarin scaffold instead of the tyrosine with the attempt to mime the structure of 

salvinorin, a well-known natural k selective agonist. All the compounds were furthermore 

synthetized with the inverted stereocentre of the tryptophane to give more stability of all 

structures. Binding tests and functional assays are still ongoing, and we are still waiting for the result 

for further investigations. 

 

2.9 – Experimental procedures 

General information 

All purchased reagents were used without further purifications. RP HPLC: Agilent 1100 series 

apparatus, with a RP column Phenomenex mod. Gemini 3μ C18 110 Å 100 × 3.0 mm, stationary 

phase octadecyl carbon chain-bonded silica with trimethylsilyl end-capping, fully porous organo-

silica solid support, particle size 3 μm, pore size 110 Å, length 100 mm, internal diameter 3 mm, DAD 

210 and 254 nm, mobile phase from 8:2 to 1:9 water/CH3CN, in 20 min, at a flow rate 

of 0.5 mL/min, followed by 10 min at the same composition. 

Semipreparative RP-HPLC: Agilent 1100 series, RP column Waters XSelect Peptide CSHTM C18 OBDTM 

Prep Column 19 × 150 mm 5 μm, stationary phase octadecyl carbon chain bonded silica, double 

endcapped, particle size 7 mm, pore size 130 Å, length 150 mm, internal diameter 19 mm, DAD 210 

nm; mobile phase from H2O/ CH3CN (8:2) to CH3CN (100%) in 10 min at a flow rate of 10 mL/min. 

1H-NMR (400 MHz) and 13C-NMR (101 MHz) spectroscopies were performed on a Varian Gemini 400 

MHz instrument using the solvents CDCl3, or DMSO-d6. Chemical shifts (δ) are expressed in ppm 

and referenced to the appropriate NMR solvent peak(s). The following abbreviations are used to 

indicate multiplicity: s: singlet, d: doublet, t: triplet, m: multiplet. 

Water suppression was achieved by the PRESAT procedure implemented in Varian. Proton 

resonance assignment was accomplished through gCOSY. VT 1H NMR experiments were recorded 

over the range of 298−348 K; temperature calibration was done with the ethylene glycol OHCHn 

chemical shift separation method. 2D ROESY experiments were done at rt, phase-sensitive mode, 

spin-locking field (γb2) = 2000 Hz, mixing time = 250 ms; spectra were processed in the 

hypercomplex approach; peaks were calibrated on solvent. Only ROESY-derived constraints were 

included in the restrained molecular dynamics (MD). Cross-peak intensities were ranked and 

associated to the distances (Å): very strong = 2.3, strong = 2.6, medium = 3.0, weak = 5.0. The 
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intensities of the cross peaks arising from protons separated by known distances (e.g., geminal) 

were found to match with these associations, but were discarded. 

 

General synthesis of solution peptide synthesis 

The general procedure is as follows: a mixture of Boc-amino acid ( 0.3 mmol) and 1-

Hydroxybenzotriazole hydrate (HOBt*H2O) (1.2 eq., 0.36 mmol) was stirred in 5mL of 3:1 DCM/DMF 

at rt, and after 10 minutes, the amino ester counterpart ( 1 eq., 0.3 mmol), N-Ethyl-N′-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC*HCl) ( 1.2 eq., 0.36 mmol) and 

triethylamine (TEA) (3 eq., 0.9 mmol) were added in sequence  and the reaction was allowed to stir 

at room temperature. After 6 hours the solvent was removed, the residue was diluted with ethyl 

acetate and extracted with HCl 0.5M (2x), saturated NaHCO3 (2x) and brine (1x). The organic phase 

was dried over MgSO4, filtered, and evaporated under vacuum. The intermediate crude peptide 

sequences, obtained in quantitative yield, were analysed by RP HPLC, and used without further 

purifications.  

Boc deprotection was accomplished by stirring the crude peptides in 1:3 TFA/DCM for 1 hour. Then 

the mixture was concentrated at reduce pressure and the crude triturated in Et2Ox2. The peptide-

TFA salts precipitate and were used without further purification for the next coupling. 

Benzyl ester deprotection was accomplished by stirring the crude peptides in a mixture of EtOH with 

10% of Pd/C overnight under hydrogen atmosphere at a pressure of 1atm. The catalyst was removed 

by filtration though celite and washed with methanol and DCM. The product was recollected and 

concentrated under vacuum. 

 

General procedure for side-chain cyclization in solution 

The general procedure is as follows: the peptide sequence with the free functional group ready to 

react was dissolved in a solution 3:1 DCM: DMF. N,N′-Disuccinimidyl carbonate (DSC) (2eq.) and 

DIPEA (2eq.) were added and the reaction was allowed to stir at room temperature for four hours. 

The solvent was then removed, and the residue was diluted with ethyl acetate and extracted with 

HCl 0.5M (2x), saturated NaHCO3 (2x) and brine (1x). The organic phase was dried over MgSO4, 

filtered, and evaporated under vacuum. The residue was purified by semipreparative RP HPLC on a 

C18 column with an isocratic program of 45% H2O/ 55% ACN of 10 minutes at a flow rate of 10 

mL/min and purity was confirmed by RP HPLC. 

Boc deprotection of Tyrosine was always performed at the end following the general procedure. 



K opioid receptor ligands 

44 
 

TFA*H2N-Tyr-(S)-Oxa-Trp-Phe-NH2 (FS50) 

Cyclization of FS28 (50 mg, 0.071 mmol), according to the general procedure, gave FS50 (46.6 mg, 

0.06mmol, Y=100%). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (8.3 mg, 0.01 mmol, Y=20%). The Boc 

protection was removed before the final characterization. 

1H NMR (DMSO-d6, 400MHz): δ 10.84 (s,1H), 9.4 (s, 1H), 8.58-8.56 (d, 1H), 8.19 – 8.17 (m, 2H), 7.60 

– 7.58 (d, 1H), 7.36 – 7.31 (m, 2H), 7.22 – 7.02 (m, 11H), 6.99 – 6.96 (m, 2H), 6.74 – 6.72 (d, 2H), 

5.023 – 4.99 (dd, 1H), 4.94 – 4.92 ( dd, 1H), 4.68 – 4.63 (t, 1H), 4.57 – 4.52 (ddd, 1H), 4.48 – 4.43 

(ddd, 1H), 4.21 – 4.18 (dd, 1H), 3.20 – 3.17 (dd, 1H), 3.09 – 3.04 (dd,1H), 3.01 – 2.97 (dd,1H), 2.94 – 

2.88(dd, 1H), 2.83 – 2.78 (dd, 1H), 2.72 – 2.65 (dd, 1H); 13C NMR : δ 172.62, 170.35, 168.73, 167.34, 

156.80, 152.90, 137.71, 136.03, 130.52, 129.24, 129.21, 128.02, 127.96, 127.34, 126.19, 124.32, 

123.71, 120.88, 118.45, 118.35, 115.57, 111.25, 109.56, 109.37, 80.52, 77.93, 66.72, 55.19, 53.90, 

53.59, 37.69; HPLC-MS: [M+1] = 727, [M+1-Boc] = 627, [2M+Na] = 1476 

 

TFA*H2N-Tyr-(S)-Imi-Trp-Phe-NH2 (FS113) 

Cyclization of FS97 (114 mg, 0.2 mmol), according to the general procedure, gave FS113 (56.8 mg, 

0.08mmol, Y=40%). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (7.8 mg, 0.01 mmol, Y= 12.5%). The Boc 

protection was removed before characterization. 

1H NMR (DMSO-d6, 400MHz): δ 10.81 (s,1H), 9.36 (s,1H), 8.44 – 8.42 (d,1H), 8.13 (s,1H), 8.08 – 8.06 

(d, 1H), 8.02 (s,2H), 7.60 – 7.58 ( d, 1H), 7.33 – 731 (d, 1H), 7.28 (s,1H), 7.24 – 7.18 (m,4H), 7.16 – 

7.14 (d, 2H),  7.12 – 7.07 (t, 2H), 7.06 – 6.98 (t , 1H), 6.72 – 6.70 (d, 2H), 5.05 (s, 1H), 4.87 – 4.83 

(ddd, 1H), 4.55 – 4.49 (ddd, 1H), 4.46 – 4.41 (ddd, 1H), 3.66 – 3.61 ( t, 1H), 3.22 – 3.19 (dd, 1H), 3.13 

– 3.08 (dd, 1H), 3.01 – 2.96 (dd, 1H), 2.94 – 2.91 (dd, 1H), 2.83 – 2.76 (m, 2H), 2.66 – 2.63 (m , 1H); 

13C NMR : δ 172.98, 171.25, 158.70, 144.83, 138.18, 136.62, 135.42, 131.11, 129.76, 128.45, 127.72, 

118.81, 115.90, 109.98, 93.14, 91.10, 84.46, 72.50, 69.17, 68.43, 53.89, 36.92; HPLC-MS: [M+1] = 

726, [M+1-Boc] = 626, [2M+Na] = 1475 

 

2-oxothiazolidine-4-carboxylic acid (FS180) 

Cysteine (500mg, 4.11 mmol) was dissolved in 12.3 mL of NaOH 1M and at 0°C triphosgene (1.2g, 

4.11 mmol) dissolved in 8.2 mL of dioxane, was slowly added. The reaction was allowed to stir at 

room temperature for three hours. The solvent was removed under vacuum and the residue is 
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washed with hot ACN. The solvent is filtrate and evaporated to give the pure product as a 

transparent oil (327.8 mg, 2.21 mmol, Y= 54%). 

1H NMR (DMSO-d6, 400MHz): δ 8.435 (s,1H), 4.409 – 4.376 (dd, 1H), 3.74 – 3.69 (dd, 1H), 3.46 – 

3.43 (dd, 1H); HPLC-MS: [M+1] = 149 

 

TFA*H2N-Tyr-(S)-Thiazo-Trp-Phe-NH2 (FS216) 

The general procedure of coupling reaction in solution on compound FS181 (50mg, 0.1 mmol) with 

the use of HBTU ad coupling reagent instead of HOBt*H2O and EDC*HCl gave compound FS216 

(59.44 mg, 0.08mmol). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (6.3 mg, 0.008 mmol, Y= 11%). The Boc 

protection was removed before characterization. 

1H NMR (DMSO-d6, 400MHz): δ 10.78 (s,1H), 9.29 (s,1H), 8.55 – 8.53 (d, 1H), 8.14 – 8.09 (m, 4H), 

7.59 – 7.57 (d, 1H), 7.31 – 7.28 (m, 3H), 7.22 – 7.13 (m, 8H), 7.11 – 7.02 ( m, 7H), 6.98 – 6.94 ( t, 2H), 

6.71 – 6.68 (d, 2H), 5.24 – 5.21 (ddd, 1H), 4.89 – 4.81 (m, 1H), 4.55 – 4.51 (dd, 1H), 4.47 – 4.42 ( dd, 

1H), 3.82 – 3.77 (dd, 1H), 3.25 – 3.21 (dd, 1H), 3.12 – 3.04 (m, 2H), 3.0 – 2.9 ( m, 3H), 2.83 – 2.78 ( 

dd, 1H), 2.65 – 2.6 ( m, 1H); 13C NMR : δ 175.2, 174.9, 171.7, 165.3, 155.7, 136.5, 130.2, 129.5, 128.3, 

127.7, 125.9, 123, 121.7, 119.7, 118.8, 115.6, 11.1, 109.7, 59.4, 54.8, 51.02, 38.7, 37.1, 35.8, 27.9; 

HPLC-MS: [M+1] = 644 

 

TFA*H2N-Tyr-Piro-Trp-Phe-NH2 (MF58) 

Cyclization of MF53 (70 mg, 0.094 mmol), according to the general procedure, gave MF58 (64,2 mg, 

0.09 mmol, Y=100%). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (20 mg, 0.02 mmol, Y=31%). The Boc 

protection was removed before the final characterization. 

1H NMR (DMSO-d6, 400MHz): δ 10.81 (s,1H), 9.38 (s, 1H), 8.48-8.46 (d, 1H), 8.09 (s,1H), 7.98 – 7.96 

(d, 1H), 7.60 – 7.58 (d, 1H), 7.32 – 7.30 (d, 1H), 7.28 – 7.25 (s, 1H), 7.16 – 7.24 (m, 5H), 7.13 – 7.11 

(d, 1H), 7.08 – 7.06 (m, 2H), 6.99 – 6.96 (m, 1H), 6.74 – 6.72 (d, 2H), 6.53 (s, 1H), 5.023 – 4.99 (dd, 

1H), 4.84 – 4.82 ( dd, 1H), 4.48 – 4.47 (dd, 1H), 3.11 – 3.09 (dd,1H), 3.07 – 3.05 (dd, 1H), 3.01 – 2.97 

(dd,1H), 2.94 – 2.88(dd, 1H), 2.83 – 2.78 (m, 2H), 2.62 – 2.59 (dd, 1H), 2.58 – 2.56 (dd, 1H), 2.3 – 

2.28 ( m, 1H), 1.87 – 1.85 (m,1H); 13C NMR : δ 175.7, 175.2, 174.9, 171.7, 171.1, 155.7, 136.6, 130.2, 

129.3, 128.8, 127.6, 127.4, 125.9, 123, 121.7, 119.8, 118.6, 115.8, 111.1, 109.7, 59.5, 59.4, 52.6, 

51.1, 38.6, 37.3, 30.7, 27.9, 23.2; HPLC-MS: [M+1] = 725, [2M+Na] = 1471. 
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TFA*H2N-Tyr-(R)-Oxa-Trp-Phe-NH2 (FS221AD) and TFA*H2N-Tyr-dehydro-Trp-Phe-NH2 (FS221AC) 

Cyclization of FS220 (65.7 mg, 0.09 mmol), according to the general procedure, gave FS221 (62.3 

mg, 0.08mmol, Y=95%). Purification was performed using a RP semipreparative with ACN and H2O 

as solvents and the pure product was obtained as a white solid (9.4 mg, 0.01 mmol, Y=16.2%). Since 

the product is unstable, from the mass spectrum it was observed a partial degradation in 

dehydroalanine. The purification was performed again before the Boc deprotection and final 

characterization to obtain the two pure products (FS221AD 0.6mg, FS221AC 0.7mg). 

1H NMR FS221AD (DMSO-d6, 400MHz): δ 10.81 (s,1H), 9.36 (s,1H), 8.55 – 8.52 (d, 1H), 8.24 – 8.22  

(d, 1H), 7.60 – 7.58 (d,1H), 7.41 (s, 1H), 7.33 – 7.18 (m, 4H), 7.11 – 6.94 ( m, 7H), 6.71 – 6.68 (d,2H), 

4.93 – 4.87 (m, 1H), 4.64 – 4.59 (m, 2H), 4.50 – 4.45 (ddd, 1H), 4.23 – 4.19 (t, 1H), 3.47 – 3.43 (dd, 

2H), 3.18 – 2.95 ( m , 4H); HPLC-MS: [M+1] = 627. 

1H NMR FS221AC (DMSO-d6, 400MHz): δ 10.77 (s,1H), 9.31 – 9.30 (d, 1H), 8.43 – 8.41 (d, 1H), 8.05 

– 8.03 (d, 1H), 7.65 – 7.63 (d, 1H), 7.27 – 7.14 (m, 4H), 7.11 – 6.95 (m, 7H), 6.69 – 6.66 (d,2H), 6.16 

(s,1H), 5.49 (s,1H), 4.78 – 4.76 (dd, 1H), 4.51 – 4.46 ( dd, 1H), 4.40 – 4.38 (dd, 1H), 3.73 – 3.68 (dd, 

1H), 2.91 – 2.72 (m, 6H); HPLC-MS: [M+1] = 584. 

 

TFA*H2N-Tyr-(R)-Pyro-Trp-Phe-NH2 (MF69) 

Cyclization of MF67 (170 mg, 0.23 mmol), according to the general procedure, gave MF69 (140 mg, 

0.19 mmol, Y=84%). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (10 mg, 0.01 mmol, Y=7%). The Boc 

protection was removed before the final characterization. 

1H NMR (DMSO-d6, 400MHz): δ 10.79 (s,1H), 8.36 (s,1H), 8.4 – 8.38 (d,1H), 8.09 – 8.07 (d,1H),7.59 

– 7.57 (d,1H), 7.42 (s,1H), 7.20 – 7.32 (m,5H), 6.98 – 7.07 (m, 4H), 6.97 – 6.94 (d, 2H), 6.93 – 6.91 

(d,2H), 6.70 – 6.68 (d,2H), 4.64 (m,1H), 4.58 – 4.56 (dd,1H), 4.48 – 4.46 (m,1H), 4.07 – 4.05 (m,1H), 

3.17 – 3.14 (dd,1H), 3.02 – 3.0 (dd,1H), 2.87 – 2.85 (m,1H), 2.83 – 2.81 (dd,1H), 2.80 – 2.78 (m, 1H), 

2.73 – 2.7 (m,1H), 2.21 – 1.98 (m,1H), 1.93 – 1.89 (m,1H), 1.24 – 1.21 (m,1H); HPLC-MS: [M+1] = 

725, [2M+Na] = 1471 

 

TFA*H2N-Tyr-(R)-Imi-Trp-Phe-NH2 (MF66) 

Cyclization of MF55 (58 mg, 0.08 mmol), according to the general procedure, gave MF60 (57 mg, 

0.07mmol, Y= 77.6%). Purification was performed using a RP semipreparative with ACN and H2O as 

solvents and the pure product was obtained as a white solid (7.8 mg, 0.01 mmol, Y= 12.5%). The Boc 
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protection was removed before characterization of the final product MF66. 

1H NMR (DMSO-d6, 400MHz): δ 10.8 (s,1H), 9.36 (s,1H), 8.44 – 8.42 (d,1H), 8.12 (s,1H), 8.08 – 8.06 

(d, 1H), 7.93 (s,1H), 7.60 – 7.58 ( d, 1H), 7.43 (s,1H), 7.33 – 731 (d, 1H),  7.28 – 7.25 (m,5H), 7.06 – 

7.04 (dd, 2H),  7.02 – 6.99 (d, 2H), 6.98 – 6.96 (dd , 1H), 6.69 – 6.67 (d, 2H), 6.52 (s, 1H), 5.11 (s, 1H), 

4.67 – 4.64 (dd, 1H), 4.55 – 4.49 (dd, 1H), 4.46 – 4.41 (dd, 1H), 3.38 – 3.36 ( dd, 1H), 3.14 – 3.11 (dd, 

1H), 3.04 – 3.03 (dd, 1H), 3.01 – 2.98 (dd, 1H), 2.84 – 2.82 (dd, 1H), 2.81 – 2.79 (m, 2H), 2.78 – 2.75 

(dd, 1H), 2.44 – 2.42 (dd,1H); 13C NMR : δ 172.98, 171.25, 158.70, 144.83, 138.18, 136.62, 135.42, 

131.11, 129.76, 128.45, 127.72, 118.81, 115.90, 109.98, 93.14, 91.10, 84.46, 72.50,  

69.17, 68.43, 53.89, 36.92; HPLC-MS: [M+1] = 725.4, [M+1-Boc] = 625.4, [M+Na] = 747.4 

 

1H-imidazole-1-sulfonyl azide (FS229) 

Sulfuryl chloride (5mmol, 405μL) was added dropwise to an ice-cooled suspension of NaN3 (5mmol, 

325 mg) in 5 mL of acetonitrile. The solution was allowed to reach room temperature and stirred 

overnight. The day after, the reaction was brought at 0°C again and imidazole (2eq., 10mmol, 

680mg) was slowly added. The reaction is allowed to reach room temperature and stirred for three 

hours. The mixture is diluted with 10mL of EtOAc and extracted with H2O (2x 10mL) and NaHCO3 sat 

(2x 10mL). The organic phase was dried over MgSO4 and filtered. A solution of HCl in EtOH (obtained 

by the drop-wise addition of AcCl (1.5 eq., 533.3 µL) to ice-cooled dry ethanol (2 mL)) was added 

dropwise to the filtrate with stirring, the mixture chilled in an ice-bath, filtered and the filter cake 

washed with EtOAc to give the product as colourless needles. (1.5mmol, 317.3 mg, Y=30%). 

1H NMR (D2O, 400MHz): δ 7.68 (dd, 1 H), 8.09 (dd, 1 H), 9.53 (dd); 13C NMR: δ 120.8, 123.4, 138.3. 

 

Tert-butyl (3-(4-hydroxyphenyl)-1-oxo-1-(prop-2-yn-1-ylamino)propan-2-yl)carbamate (FS244) 

The product was obtained following the general coupling in solution procedure (0.5 mmol, Y=quant). 

 1H NMR (DMSO-d6, 400MHz): δ 9.14 (s, 1H), 8.32 – 8.3 ( t, 1H), 7.02 – 7.00 (d, 2H), 6.8 – 6.77 (d, 

1H), 6.63 – 6.61 (d, 2H), 4.06 – 3.99 (ddd, 1H), 3.85 – 3.84 (d, 2H), 3.11 – 3.10 ( t, 1H), 2.80 – 2.76 

(dd, 1H), 2.62 – 2.56 ( dd, 1H), 1.29 (s, 9H); HPLC-MS: [M+1] = 319, [M+1-Boc] = 219, [M+Na] = 342 

 

prop-2-yn-1-yl (tert-butoxycarbonyl)tyrosinate (FS248) 

DCC (1.5 eq., 83.34 mg) was added to an ice cooled solution of BocTyr(OBz)OH (0.26 mmol, 100mg) 

and propargyl alcohol (2eq., 31.35 μL) in 5 mL of DCM. After 5 minutes DMAP (0.4 eq., 12.7 mg) was 

added, and the reaction was allowed to stir at room temperature overnight. The day after water 
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was added and the crude product is extracted with 10% of MeOH. The mixture is purified with flash 

chromatography using EtOAc: Exane (2:8) as solvents to give the pure product (0.1mmol, Y= 40%). 

1H NMR (DMSO-d6, 400MHz): δ 7.41 – 7.28 (m,5H), 7.06 – 7.04 (d, 2H), 6.89 – 6.87 (d,2H), 5.01 (s, 

2H), 4.6 – 4.52 (d, 1H), 3.22 – 3.14 (m, 1H), 3.09 – 2.98 (m, 2H), 2.47 – 2.45 (t, 1H), 1.94 – 1.96 (m, 

1H), 1.75 – 1.68 (m,1H), 1.4 (s, 9H); HPLC-MS: [M+1] = 410, [M+1-Boc] = 310, [M+Na] = 433 

N3-Trp-Phe-NH2 (FS251) 

FS229 (1.2eq., 0.64 mmol, 135.12 mg) is added to a suspension of TFA*H2N-Trp-Phe-NH2 (0.54 

mmol, 250 mg), K2CO3 (2eq., 1.07 mmol, 148.93 mg) and 1mol% of CuSO4*H2O (0.0054 mmol, 1.34 

mg) in 3mL of MeOH. The reaction was allowed to stir at room temperature for seven hours and 

monitored with TLC. The solvent was removed, the residue is diluted with 5mL of HCl 1M and 

extracted with EtOAc (3x 5mL). The organic phase was recollected and dried over MgSO4, filtered, 

and evaporated under vacuum to give the pure product as a pale-yellow solid (0.5mmol, Y=100%). 

HPLC-MS: [M+1] = 377, [M+Na] = 399 

 

(S)-2-amino-N-((1-((S)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)-1H-1,2,3-triazol-4-yl)methyl)-3-(4-hydroxyphenyl)propanamide (FS262) 

FS255 (0.18mmol, 70mg) and FS244 (0.18mmol, 60mg) are dissolved in 2mL of ACN under argon 

atmosphere. DIPEA (2eq., 0.37 mmol, 65µL), 2,6 lutidine (2eq., 0.37 mmol, 45 μL) and last of all 10% 

CuI (0.02 mmol, 3.8 mg) were added to the solution and the reaction was allowed to stir under inert 

atmosphere at room temperature overnight. Then the solvent was removed, the residue was 

dissolved in 5mL of HCl 1M and extracted with EtOAc (3x 5mL). The organic phase was recollected 

and dried over MgSO4, filtered, and evaporated under vacuum to give the pure product as a pale-

yellow solid (0.15 mmol, Y=83%). Purification was performed using a RP semipreparative with ACN 

and H2O as solvents and the pure product was obtained as a white solid (34.5 mg, 0.05 mmol, Y= 

33.2%). The Boc protection was removed before characterization of the final product FS262. 

1H NMR (DMSO-d6, 400MHz): δ 10.74 (s,1H), 9.32 (s,1H), 8.85 – 8.79 (m, 2H), 8.03 (s, 2H), 7.91 

(s,1H), 7.62 – 7.60 (d, 1H), 7.48 (s, 1H), 7.25 – 7.23 (d, 1H), 7.14 – 7.10 (m, 4H), 7.03 – 6.93 (m, 4H), 

6.877 – 6.872 (d, 1H), 6.68 – 6.65 (d, 2H), 5.76 – 5.72 (dd, 1H), 4.48 – 4.43 (ddd, 1H), 4.41 – 4.36 (dd, 

1H), 4.25 – 4.20 (dd, 1H), 3.9 – 3.82 (m, 1H), 3.5 – 3.44 (m, 2H), 3.04 – 2.99 (dd, 1H), 2.97 – 2.92 (dd, 

1H), 2.83 – 2.76 (m, 2H); 13C NMR: δ 172.72, 168.39, 168.09, 156.98, 143.43, 137.96, 136.36, 130.86, 

129.48, 128.44, 127.24, 126.65, 125.22, 124.02, 122.45, 121.50, 118.78, 115.79, 111.79, 109.99, 

108.83, 65.33, 63.16, 54.49, 54.24, 38.06, 36.74, 15.59;HPLC-MS: [M+1] = 695. 
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(1-(1-((1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)-1H-1,2,3-

triazol-4-yl)methyl tyrosinate (FS272) 

The same procedure described for FS262 was performed on FS248 for the synthesis of FS268 as a  

crude product (168.9 mg, 0.21 mmol, Y= 97 %). Purification was performed using a RP 

semipreparative with ACN and H2O as solvents and the pure product was obtained as a white solid 

(17.8 mg, 0.02 mmol, Y= 11 %). The benzyl and the Boc protection were removed in this order before 

characterization of the final product FS272. 

1H NMR (DMSO-d6, 400MHz): δ 10.78 (s, 1H), 9.42 (s, 1H), 8.91 – 8.89 (d, 1H), 8.16 (s, 1H), 7.65 – 

7.63 (d, 1H), 7.53 (s, 1H), 7.27 – 7.26 (d, 1H), 7.17 – 7.08 (m, 3H), 7.05 – 7.01 (t, 1H), 6.98 – 6.91 (m, 

3H), 6.69 – 6.67 (d, 2H), 5.77 – 5.73 (dd, 1H), 5.21 – 5.06 (dd, 2H), 4.47 – 4.42 (ddd, 1H), 4.20 – 4.17 

(t, 1H), 3.10 – 3.04 (dd, 1H), 3.03 – 2.91 (m, 3H), 2.80 – 2.75 (dd, 1H); 13C NMR: δ 172.75, 169.38, 

167.93, 157.09, 140.64, 137.93, 136.36, 130.93, 129.46, 128.42, 127.20, 126.64, 124.77, 124.54, 

124.15, 121.49, 118.79, 115.87, 108.71, 75.01, 72.87, 63.31, 54.49, 53.81, 46.13, 35.65, 17.66, 17.38, 

17.34, 9.0; HPLC-MS: [M+1] = 595, [M+Na] = 617 

 

(S)-2-amino-N-((1-((R)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)-1H-1,2,3-triazol-4-yl)methyl)-3-(4-hydroxyphenyl)propenamide (FS287) 

The same procedure described for FS262 was performed on the (d)-Trp analogue of FS251 (N3-(D)-

Trp-Phe-NH2 (FS285)) for the synthesis of MSP71B as a crude product (150 mg, 0.21 mmol, Y= 97 %). 

Purification was performed using a RP semipreparative with ACN and H2O as solvents and the pure 

product was obtained as a white solid (49 mg, 0.07 mmol, Y= 34 %). The Boc protection was removed 

before characterization of the final product FS287. 

1H NMR (DMSO-d6, 400MHz): δ 10.756 – 10.751 (d, 1H), 9.34 (s, 1H), 8.98 – 8.96 (d, 1H), 8.84 – 8.81 

(t, 1H), 8.09 (s, 1H), 8.06 (s, 1H), 7.65 – 7.63 (d, 1H), 7.59 (s,1H), 7.29 – 7.28 (d, 1H), 7.24 – 7.17 (m, 

5H), 7.12 (s, 1H), 7.08 – 7.06 (dd, 1H), 7.04 – 7.03 (dd, 1H), 7.015 – 6.99 (d, 2H), 6.81 – 6.80 (d, 1H), 

6.70 – 6.68 (d, 2H), 5.75 – 5.72 (dd, 1H), 4.54 – 4.49 (ddd, 1H), 4.39 – 4.34 (d, 1H), 4.28 – 4.23 (d, 

1H), 3.87 (s, 1H), 3.21 – 3.14 (dd, 1H), 3.05 – 2.93 (m, 3H), 2.82 – 2.72 (m, 2H); 13C NMR: δ172.91, 

168.33, 167.92, 156.96, 143.42, 138.01, 136.37, 130.86, 129.71, 128.45, 127.18, 126.77, 125.19, 

124.11, 122.63, 121.49, 118.92, 118.80, 115.78, 111.76, 108.74, 65.33, 63.27, 54.21, 54.14, 38.42, 

36.70, 34.74, 29.02, 17.24, 17.23, 15.59 ;HPLC-MS: [M+1] = 595, [M+Na] = 617 
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(1-((R)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)-

1H-1,2,3-triazol-4-yl)methyl L-tyrosinate (FS297) 

The same procedure described for FS262 was performed on FS248 and the (d)-Trp analogue of 

FS251 (N3-(D)-Trp-Phe-NH2 (FS285)) for the synthesis of FS288 as a crude product (55 mg, 0.07 mmol, 

Y= 78 %). Purification was performed using a RP semipreparative with ACN and H2O as solvents and 

the pure product was obtained as a white solid (31 mg, 0.04 mmol, Y= 56 %). The benzyl and the 

Boc protection were removed in this order before characterization of the final product FS297. 

1H NMR (DMSO-d6, 400MHz): δ 10.72 (s, 1H), 9.37 (s,1H), 9.00 – 8.98 (d, 1H), 8.29 (s, 1H), 7.63 – 

7.61 (d, 1H), 7.59 (s, 1H), 7.25 – 7.20 (m, 3H), 7.19 – 7.12 (m, 2H), 7.09 (s, 1H), 7.06 – 6.97 (m, 3H), 

6.94 – 6.92 (d, 2H), 6.78 – 6.77 (d, 1H), 6.65 – 6.63 (d, 2H), 5.75 – 5.71 (dd, 1H), 5.20 – 5.08 (dd, 2H), 

4.52 – 4.46 (ddd, 1H), 4.17 – 4.14 (t, 1H), 3.16 – 3.12 (dd, 1H), 3.00 – 2.97 (m, 2H), 2.90 – 2.88 (d, 

2H), 2.75 – 2.69 (dd, 1H); 13C NMR: δ 172.93, 169.51, 167.85, 157.05, 140.80, 138.05, 136.37, 130.91, 

129.72, 128.46, 127.15, 126.78, 124.89, 124.66, 124.22, 121.47, 118.92, 118.79, 115.85, 111.77, 

110.18, 108.62, 63.66, 59.13, 54.22, 53.88, 35.91, 28.95, 16.43; HPLC-MS: [M+1] = 687. 

 

tert-butyl (1-(4-(tert-butoxy)phenyl)-3-hydroxypropan-2-yl)carbamate (FS282) 

BocTyr(OtBu)oBn (0.68mmol, 292.9 mg) is dissolved in 4mL of THF dry under argon atmosphere. 

The reaction is cooled at 0°C and LiAlH4 (3 eq., 2.04mmol, 77.42mg) is slowly added. After 10 

minutes the reaction is allowed to reach room temperature and it is stirred for one hour. Quenching 

is made with 5mL of KOH 10% and the product is extracted with EtOAc (3x5mL) The organic phase 

was recollected and dried over MgSO4, filtered, and evaporated under vacuum to give the product 

(0.55 mmol, Y=80%). The crude product is purified with a flash chromatography using a solution of 

Exane:EtOAc 6:4 as eluent (0.3 mmol, Y=51%). HPLC-MS: [M+1] = 324. 

 

tert-butyl (1-(4-(tert-butoxy)phenyl)-3-(prop-2-yn-1-yloxy)propan-2-yl)carbamate (FS293) 

FS282 (0.27 mmol, 90 mg) in 2mL of DMF was added dropwise in a precooled suspension of NaH 

(2.1 eq., 0.58 mmol, 14 mg) in 2mL of DMF. Propargyl bromide (0.27 mmol, 25 µL) was added and 

the reaction was allowed to stir at room temperature for three hours. H2O was added for quenching 

and the solvent evaporated. The residue was dissolved in 5mL of EtOAc and extracted with HCl 1M 

(3x 5mL). The organic phase was recollected and dried over MgSO4, filtered, and evaporated under 

vacuum to give the pure product as a white solid (0.17 mmol, Y=63%).  

HPLC-MS: [M+1] = 362. 
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(S)-N-((S)-1-amino-1-oxo-3-phenylpropan-2-yl)-2-(4-(((S)-2-amino-3-(4-hydroxyphenyl)propoxy) 

methyl)-1H-1,2,3-triazol-1-yl)-3-(1H-indol-3-yl)propenamide (FS302) 

The same procedure described for FS262 was performed on FS293 for the synthesis of FS296 as a 

crude product (59 mg, 0.08 mmol, Y= 100 %). Purification was performed using a RP semipreparative 

with ACN and H2O as solvents and the pure product was obtained as a white solid (10.8 mg, 0.01 

mmol, Y= 18 %). The tBu and the Boc protection were removed togheter before characterization of 

the final product FS302. 

1H NMR (DMSO-d6, 400MHz): δ 10.78 (s, 1H), 9.34 (s, 1H), 8.88 – 8.86 (d, 1H), 8.13 (s, 1H), 7.9 (s, 

1H), 7.66 – 7.64 ( d, 1H), 7.53 (s, 1H), 7.29 – 7.27 (d, 1H), 7.19 – 6.95 (m, 10H), 6.92 (s, 1H), 6.72 – 

6.70 (d, 2H), 5.77 – 5.73 (dd, 1H), 4.49 – 4.44 (m, 1H), 3.49 – 3.37 (m , 4H), 3.03 – 2.67 (m 5H); 13C 

NMR: δ 173.54, 168.91, 157.54, 143.94, 138.79, 137.17, 131.44, 130.29, 129.24, 128.04, 127.11, 

124.72, 122.30, 119.56, 116.65, 112.92, 109.66, 69.91, 66.14, 63.98, 55.69, 52.56, 35.91, 32.08, 

29.65, 17.43, 16.40; HPLC-MS: [M+1] = 582, [M+Na] = 604 

 

(R)-N-((S)-1-amino-1-oxo-3-phenylpropan-2-yl)-2-(4-(((S)-2-amino-3-(4-hydroxyphenyl)propoxy) 

methyl)-1H-1,2,3-triazol-1-yl)-3-(1H-indol-3-yl)propenamide (FS301) 

The same procedure described for FS302 was performed with the (d)-Trp analogue of FS251 (N3-

(D)-Trp-Phe-NH2 (FS285)) for the synthesis of FS294 as a crude product (54 mg, 0.07 mmol, Y= 100 

%). Purification was performed using a RP semipreparative with ACN and H2O as solvents and the 

pure product was obtained as a white solid (8.1 mg, 0.01 mmol, Y= 14 %). The tBu and the Boc 

protection were removed together before characterization of the final product FS301. 

1H NMR (DMSO-d6, 400MHz): δ 10.73 (s, 1H), 9.33 (s, 1H), 9.02 – 9.00 (d, 1H), 8.29 (s, 1H), 7.89 (s, 

2H), 7.66 – 7.64 (d, 1H), 7.62 (s, 1H), 7.29 (s, 1H), 7.27 – 6.99 (m, 7H), 6.69 (s, 1H), 6.71 – 6.69 (dd, 

2H), 5.77 – 5.73 (dd, 1H), 4.51 – 4.43 (m, 3H), 3.50 – 3.47 (m, 2H9, 3.21 – 3.14 (dd, 1H), 3.05 – 2.99 

(m, 2H), 2.78 – 2.62 (m, 3H); 13C NMR: δ 172.98, 167.99, 156.71, 143.10, 138.07, 136.35, 130.62, 

129.72, 128.46, 127.16, 126.29, 124.04, 121.99, 121.29, 118.47, 115.83, 111.59, 108.73, 70.20, 

68.51, 65.06, 63.97, 53.89, 52.21, 35.51, 29.26, 16.52.; HPLC-MS: [M+1] = 593. 

 

tert-butyl (1-(4-(tert-butoxy)phenyl)-3-oxopropan-2-yl)carbamate (FS355) 

Boc-Tyr-(tBu)-OBn (0.89 mmol, 380.4 mg) was dissolved in 5mL of DCM dry and DIBAL-H (1.0M in  

hexane) (2.2 eq., 3mL) was slowly added at -78°C. The solution is allowed to stir for three hours and 

then it was quenched with 1mL of ETOH. 2mL of saturated solution of Rochelle salts were added 
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and the reaction was allowed to stir at room temperature overnight. The next day the aqueous 

phase was extracted with EtOAc (3x 8mL), all the organic phases were recollected and extracted 

once with brine, dried over MgSO4, filtered, and evaporated under vacuum to give the product (0.80 

mmol, Y=94%). 

1H NMR (DMSO-d6, 400MHz): δ 9.50 (s, 1H), 7.20 – 7.17 (m, 1H), 7.00 – 6.94 (d, 2H), 6.83 – 6.80 (d, 

2H), 2.97 – 2.92 (m, 1H), 2.67 – 2.66 (d, 1H), 2.31 (s, 1H), 1.33 (s, 9H), 1.23 (s, 9H); HPLC-MS: [M+1] 

= 314. 

 

tert-butyl (1-(4-(tert-butoxy)phenyl)-3-(prop-2-yn-1-ylamino)propan-2-yl)carbamate (FS356) 

Propargylamine (1.2 eq., 1.068 mmol, 70 µL) was dissolved in 10mL of MeOH, acetic acid was added 

(100 µL) and the reaction was allowed to stir for 5 minutes. FS355 was added slowly followed by 

NaBH3CN and the reaction was allowed to stir overnight. The day after the solvent was removed, 

the residue was dissolved in 10 mL of EtOAc and extracted with brine (3x 10mL). All the organic 

phases were recollected, dried over MgSO4, filtered, and evaporated under vacuum. The product 

was purified with flash chromatography using as solvents EtOAc and Exane (6:4) (0.31 mmol, 112 

mg, Y = 35%) 

1H NMR (DMSO-d6, 400MHz): δ 7.00 – 6.99 (d, 2H), 6.81 – 6.79 (d, 2H), 4.71 – 4.69 (d, 1H), 3.79 (s 

1H), 3.36 – 3.28 (dd, 2H), 2.69 – 2.59 (m, 3H), 2.08 (s, 1H), 1.33 (s, 9H), 1.23 (s, 9H); HPLC-MS: [M+1] 

= 361. 

 

(S)-N-((S)-1-amino-1-oxo-3-phenylpropan-2-yl)-2-(4-((((S)-2-amino-3-(4-hydroxyphenyl)propyl) 

amino)methyl)-1H-1,2,3-triazol-1-yl)-3-(1H-indol-3-yl)propenamide (FS364) 

FS251 (0.18mmol, 70mg) and FS356 (0.18mmol, 64.8 mg) are dissolved in 2mL of ACN under argon 

atmosphere. DIPEA (2eq., 0.37 mmol, 65µL), 2,6 lutidine (2eq., 0.37 mmol, 45 μL) and last of all 10% 

CuI (0.02 mmol, 3.8 mg) were added to the solution and the reaction was allowed to stir under inert 

atmosphere at room temperature overnight. The day after, the solvent was removed, and 

purification was performed directly using a RP semipreparative with ACN and H2O as solvents. The 

pure product was obtained as a brown oil (17.9 mg, 0.02 mmol, Y= 13.5 %). The tBu and the Boc 

protection were removed together before characterization of the final product FS364. 

1H NMR (DMSO-d6, 400MHz): δ 10.79 (s, 1H), 8.94 – 8.92 (d, 1H), 8.19 (s, 1H), 7.64 – 7.62 (d, 1H),  

7.53 (s, 1H), 7.26 – 7.24 (d, 1H), 7.24 – 6.91 (m, 11H), 6.71 – 6.69 (d, 2H), 5.81 – 5.77 (dd, 1H), 4.45 

– 4.40 (ddd, 1H), 4.22 – 4.13 (dd, 2H), 3.62 – 3.5 (m, 1H), 3.36 – 3.33 (m, 2H), 3.16 – 3.06 (m, 2H), 
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3.00 – 2.96 (dd, 1H), 2.78 – 2.73 (m, 3H); 13C NMR: δ 172.71, 167.90, 157.05, 156.80, 137.97, 136.43, 

136.35, 130.78, 130.70, 129.50, 129.46, 128.44, 128.40, 127.24, 127.18, 126.66, 125.43, 124.71, 

124.13, 121.55, 118.82, 115.99, 115.87, 111.83, 108.59, 65.34, 63.27, 54.58, 50.08, 48.55, 42.60, 

38.09, 36.04, 28.89, 15.59; HPLC-MS: [M+1] = 581 

 

(R)-N-((S)-1-amino-1-oxo-3-phenylpropan-2-yl)-2-(4-((((S)-2-amino-3-(4-hydroxyphenyl)propyl) 

amino)methyl)-1H-1,2,3-triazol-1-yl)-3-(1H-indol-3-yl)propenamide (FS380) 

The same procedure described for FS364 was performed with the (d)-Trp analogue of FS251 (N3-

(D)-Trp-Phe-NH2 (FS285)) for the synthesis of FS380 as a crude product. Purification was performed 

directly using a RP semipreparative with ACN and H2O as solvents and the pure product was 

obtained as a white solid (9.5 mg, 0.01 mmol, Y= 14 %). The tBu and the Boc protection were 

removed together before characterization of the final product. 

1H NMR (DMSO-d6, 400MHz): δ 10.73 (s, 1H), 9.33 (s, 1H), 7.28 – 7.22 (m, 9H), 7.03 – 7.01 (d, 2H), 

7.00 (s, 1H), 6.81 – 6.79 (d, 2H), 6.64 (s, 1H), 6.19 – 6.16 (t, 1H), 4.87 (s, 2H), 4.81 – 4.79 (t, 1H), 4.73 

(s, 1H), 3.93 – 3.88 (d, 2H), 3.56 – 3.52 (dd, 1H), 3.32 – 3.28 (dd, 1H), 3.14 – 3.11 (dd, 1H), 2.97 – 

2.91 (m, 3H), 2.70 – 2.67 (ddd, 1H), 2.55 – 2.51 (dd, 1H), 1.52 (s, 1H), 1,12 – 1.07 (d, 2H); 13C NMR: 

δ 172.98, 167.99, 156.71, 143.10, 138.07, 136.35, 130.62, 129.72, 128.46, 127.16, 126.29, 124.04, 

121.99, 121.29, 118.47, 115.83, 111.59, 108.73, 70.20, 68.51, 65.06, 63.97, 53.89, 52.21, 35.51, 

29.26, 16.52; HPLC-MS: [M+1] = 593. 

 

7-hydroxycoumarin-3-carboxylic acid (FS333) 

Meldrum’s acid (1.01 eq., 2.92 mmol, 421.57 mg) and 2,4-dihydroxybenzaldehyde (2.89 mmol, 400 

mg) were suspended in 10mL of 4.5 pH buffer. The suspension was irradiated with ultrasound for 

15 minutes and the pure product precipitated and was filtrated (2.17 mmol, 447.7 mg, Y= 45%). 

1H NMR (DMSO-d6, 400MHz): δ 14.9 (s,1H), 10.4 (s,1H), 8.52 (s, 1H), 7.51 – 7.49 (d, 1H), 6.81 – 6.79 

(d, 1H), 6.74 (s, 1H); 13C NMR: δ 166.2, 158.1, 157.3, 155.7, 148.5, 130.2, 118.3, 112.6, 110.5, 102.4; 

HPLC-MS: [M+1] = 207, [M+Na] = 229 

 

7-hydroxycoumarin-N-(prop-2-yn-1-yl)-3-carboxamide (FS335) 

The same procedure described for FS244 was performed with FS333 to obtain FS335 as pure product 

(0.39 mmol, 94.8 mg, Y = 85%). 

1H NMR (DMSO-d6, 400MHz): δ 11.08 (s, 1H), 8.87 – 8.84 (t, 1H), 8.80 (s, 1H), 7.83 – 7.81 (d, 1H),  
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6.89 – 6.86 (dd, 1H), 6.80 (s, 1H), 4.11 – 4.09 (dd, 2H), 3.14 – 3.13 (t, 1H); 13C NMR: δ 162.97, 162.15, 

160.87, 155.81, 130.69, 129.89, 116.90, 113.88, 112.30, 102.54, 76.30, 71.85, 30.64; HPLC-MS: 

[M+1] = 207, [M+Na] = 229. 

 

N-((1-((S)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl) 

-1H-1,2,3-triazol-4-yl)methyl)-7-hydroxy-2-oxo-2H-chromene-3-carboxamide (FS336) 

The same procedure described for FS262 was performed on F335 for the synthesis of FS336 as a 

crude product (159.6 mg, 0.25 mmol, Y = 100 %). Purification was performed with precipitation in 

MeOH to obtain the pure product as a white solid (28.9 mg, 0.04 mmol, Y= 18.6 %). 

1H NMR (DMSO-d6, 400MHz): δ 11.07 (s, 1H), 10.76 (s, 1H), 9.02 – 8.99 (t, 1H), 8.83 (s, 1H), 8.80 – 

8.78 (d, 1H), 7.99 (s, 1H), 7.84 – 7.82 (d, 1H), 7.62 – 7.60 (d, 1H), 7.50 (s, 1H), 7.27 – 7.25 ( d, 1H), 

7.14 – 7.08 (m, 5H), 7.009 – 6.96 (dd, 1H), 6.94 – 6.90 (dd, 1H), 6.86 – 6.84 (m, 2H), 6.817 – 6.811 

(d, 1H), 5.70 – 5.66 (dd, 1H), 4.52 – 4.51 (d, 2H), 4.49 – 4.43 (ddd, 1H), 3.44 – 3.40 (m, 2H), 3.02 – 

2.97 (dd, 1H), 2.79 – 2.74 (dd, 1H);13C NMR: δ 172.71, 167.96, 164.13, 161.91, 161.44, 156.75, 

148.68, 137.85, 136.32, 132.49, 129.41, 128.38, 127.25, 126.57, 124.06, 121.41, 118.81, 118.73, 

114.79, 113.86, 111.75, 111.55, 108.87, 102.24, 63.66, 54.32, 49.02, 38.03, 35.16, 17.46; HPLC-MS: 

[M+1] = 620. 

 

N-((1-((R)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-

yl)-1H-1,2,3-triazol-4-yl)methyl)-7-hydroxy-2-oxo-2H-chromene-3-carboxamide (FS373) 

The same procedure described for FS262 was performed with the (d)-Trp analogue of FS251 (N3-

(D)-Trp-Phe-NH2 (FS285)) for the synthesis of FS369 as a crude product (47 mg, 0.08 mmol, Y = 43 

%). Purification was performed with precipitation in MeOH to obtain the pure product as a white 

solid (28.9 mg, 0.04 mmol, Y= 50 %). 

1H NMR (DMSO-d6, 400MHz): δ 11.07 (s, 1H), 10.76 (s, 1H), 9.02 – 8.99 (t, 1H), 8.83 (s, 1H), 8.80 – 

8.78 (d, 1H), 7.99 (s, 1H), 7.84 – 7.82 (d, 1H), 7.62 – 7.60 (d, 1H), 7.50 (s, 1H), 7.27 – 7.25 ( d, 1H), 

7.14 – 7.08 (m, 5H), 7.009 – 6.96 (dd, 1H), 6.94 – 6.90 (dd, 1H), 6.86 – 6.84 (m, 2H), 6.817 – 6.811 

(d, 1H), 5.70 – 5.66 (dd, 1H), 4.52 – 4.51 (d, 2H), 4.49 – 4.43 (ddd, 1H), 3.44 – 3.40 (m, 2H), 3.02 – 

2.97 (dd, 1H), 2.79 – 2.74 (dd, 1H);13C NMR: δ 172.71, 167.96, 164.13, 161.91, 161.44, 156.75, 

148.68, 137.85, 136.32, 132.49, 129.41, 128.38, 127.25, 126.57, 124.06, 121.41, 118.81, 118.73, 

114.79, 113.86, 111.75, 111.55, 108.87, 102.24, 63.66, 54.32, 49.02, 38.03, 35.16, 17.46; HPLC-MS: 

[M+1] = 620. 
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7-hydroxycoumarin-N-(prop-2-yn-1-yl)-3-carboxylate (FS339) 

FS333 (0.48 mmol, 100mg) was added to a flask with 8mL of thionyl chloride, and the mixture was 

allowed to stir under reflux for two hours. The solvent was removed, the residue was dissolved in 

5mL of toluene and propargyl alcohol (1eq., 30 µL) was added dropwise and the reaction was 

allowed to stir under reflux overnight. The day after the residue was removed, the mixture was 

diluted with EtOAc and extracted with HCl 0.5M (2x), saturated NaHCO3 (2x) and brine (1x). The 

organic phase was dried over MgSO4, filtered, and evaporated under vacuum to obtain the pure 

product as a brown solid (0.48 mmol, Y = 100%). 

1H NMR (DMSO-d6, 400MHz): δ 11.08 (s, 1H), 8.38 (s, 1H), 7.49– 7.47 (d, 1H), 6.74 – 6.73 (dd, 1H), 

6.72 (s, 1H), 5.129 – 5.123 (dd, 2H), 3.14 – 3.13 (t, 1H); 13C NMR: δ 163.07, 160.87, 159.07, 155.81, 

130.69, 129.37, 113.88, 112.49, 112.30, 102.54, 79.75, 78.06, 56.53; HPLC-MS: [M+1] = 245, [M+Na] 

= 268. 

 

(1-((R)-1-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)-

1H-1,2,3-triazol-4-yl)methyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (FS342) 

The same procedure described for FS262 was performed with the (d)-Trp analogue of FS251 (N3-

(D)-Trp-Phe-NH2 (FS285)) for the synthesis of FS342 as a crude product (47 mg, 0.08 mmol, Y = 43 

%). Purification was performed directly using a RP semipreparative with ACN and H2O as solvents 

and the pure product was obtained as a white solid (13 mg, 0.02 mmol, Y= 25 %) 

1H NMR (DMSO-d6, 400MHz): δ 10.67 (s, 1H), 8.98 – 8.96 (d, 1H), 8.60 (s, 1H), 8.32 )s, 1H), 7.72 – 

7.70 (d, 1H), 7.63 – 7.61 (d, 1H), 7.56 (s, 1H), 7.23 – 6.94 (m, 7H), 6.69 – 6.76 (m, 2H), 6.67 – 6.66 (d, 

1H), 6.48 (s, 1H), 5.71 – 5.67 (dd, 1H), 5.22 (s, 1H), 4.53 – 4.47 (ddd, 1H), 3.18 – 3.12 (m, 2H), 3.00 – 

2.97 (m, 2H), 2.75 – 2.69 (dd, 1H);13C NMR: δ 172.84, 167.86, 162.87, 158.43, 156.70, 150.10, 

141.65, 138.08, 136.32, 132.69, 129.72, 128.46, 127.16, 126.76, 124.26, 121.60, 118.74, 111.73, 

110.88, 108.65, 102.23, 63.67, 58.11, 53.89; HPLC-MS: [M+1] = 621. 
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CHAPTER 3 

Peptidomimetic Inhibitors of Lactate Dehydrogenase Enzyme 
Lactate dehydrogenase (LDH) is a common enzyme that can be found in all living cells and belongs 

to the oxidoreductase class, important for the anaerobic metabolic pathway. Its role is the catalytic 

reversible conversion of lactate to pyruvate with the reduction of NAD+ to NADH and vice versa.1 

LDH was discovered to be composed of two main subunits know as M monomer and H monomer, 

that pair into tetramers forming five different variants. The different isoforms are called isozymes 

and are named from LDH-1 to LDH-2 with various expression in distinct tissue: LDH-1 has four H 

subunit (4H), and it is the most present in heart tissue; LDH-2 has one M and three H (1M3H) and is 

mainly found in reticuloendothelial system and in red blood cells; LDH-3 has a symmetric two M and 

two H subunits (2M2H) and it is found in lungs; LDH-4 has one H and three M subunits (3M1H) and 

is the most present in kidneys and LDH-5 has all M subunits (4M) and can be found  in skeletal 

muscles and in liver.2 

 

 Fig.1 Subunits and composition of the five LDH isoforms. 

Despite the five isozymes are structurally very similar, they have distinct kinetic properties that 

result in slightly different interaction within the active site between the present amino acids.  The 

genes that produce LDH are LDH-A, B, and C that encode the L-isomers of the enzyme and so use 

and produce the L enantiomeric form of lactate, and LDH-D that encode the D-isomer. The LDH-A 

subunit has a net negative charge that makes it have greater affinity towards pyruvate, thus 

converting pyruvate to lactate and NADH to NAD+, while LDHB has a net positive charge resulting 

in having the opposite affinity then towards lactate and the consequent preferential conversion of 

lactate to pyruvate and NAD+ to NADH. 

In the enzyme’s substrate-binding pocket is placed the active side, the same one for both the 

subunits that contained highly conserved aminoacidic sequence, like His-193, present in all the
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animals, as well as Asp-168, Arg-171, Thr-246 and Arg-106.3 Although the active site is the same, in 

the tertiary structure, the alanine of the M chain is replaced with glutamine in the H chain. The 

difference of charge and polarity provides different chemical properties occurring in the ability of 

the H subunit to bind faster but with a fivefold reduced catalytic activity.  

As mentioned before, LDH is one of the enzymes whose purpose is to catalyse the reversible 

conversion of pyruvate to lactate with H transfer using NADH mainly in the cytosol of human cells. 

In fact, this enzyme is primarily implicated in the anaerobic glucose metabolism, that is when oxygen 

is lacking or almost absent.4 

 
Fig. 2 Catalytic conversion of pyruvate into lactate inside the enzyme. 

In one direction of this thermodynamically favoured reaction, pyruvate is reduced producing lactate 

while NADH is oxidized to NAD+. Inside the active site, the mechanism involves a hydride transfer 

from the dihydropyridine portion of the NADH to the ketone carbonyl of the pyruvate, while the 

other portion of the molecule is engaged in hydrogen bonds with Arg 169, followed by the prompt 

transfer of a proton by His 193. Arg 106 also stabilize the substrate with the formation of a hydrogen 

bond with the ketone carbonyl before the participation of the histidine.5 

The cellular metabolism, where the aim is the production of ATP (adenosine triphosphate) for 

energy storage, is characterized by the transformation of D-glucose into pyruvate. When the oxygen 

is present, the pyruvate is decarboxylated by mitochondria and converted to AcetylCo-A, but when 

instead the oxygen is not present, the pyruvate is transformed into lactate through lactic 

fermentation to decrease NADH concentration, toxic in high level. 

In cancer cells, fast and uncontrol grow due to high ATP consume, leads to a condition of hypoxia 

due to compressions and obstructions of blood vessels from which the cells draw oxygen and 

nourishment. Under these conditions, cells remain with an accumulation of reduced cofactors 

(NADH) and therefore, to continue to exploit glycolysis as the fastest way of synthesis of ATP, an 
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overexpression of the enzyme LDH is necessary allowing to restore the oxidized cofactors (NAD+). 

The main consequence of this process is the increase in the concentration of lactic acid, which 

acidifying the surrounding environment and facilitates tumor invasion and metastasis.  

In particular, the isoform that is most involved in cancer tissues is LDH-5 because it has a high 

conversion rate of pyruvate to lactate under hypoxia conditions, thanks to the presence of four “M” 

monomer units. This overexpression has several implications in cancer genesis, metastasis 

formation and cancer proliferation. In fact, LDH-5 activates octamer‐binding transcription factor 4 

(Oct‐4), involved in self‐renewal of embryonic stem cells, and responsible of determining cancer cell 

phenotype and also it inhibits apoptosis since it favours several antiapoptotic proteins expression. 

Metastasis formation is strictly connected to LDH-5 overexpression since it stimulates proteins 

involved in extracellular matrix degradation, it promotes immunosuppression, and it inhibits 

cytotoxic response carried out by the immune system against cancer cells. 6 

The low oxygen pressure in neoplastic tissue has further and relevant consequence since it enables 

tumour resistance to chemotherapy. Neoplastic tissues proliferate far away from blood vessel and 

thus they cannot be easily reached from circulating drugs. Moreover, the anaerobic environment 

inhibits reactive oxygen species (ROS) activity-based drugs. O2 radicals seriously damage DNA, 

causing double helix denaturation and stable organic peroxides formation, thus fatal chromosome 

aberration occurs. Although this damage could be fixed by thiolic group of N-acetylcysteine, under 

normal oxygen pressure it could be consider irreversible. In cancer cell the low oxygen pressure 

makes easier to repair this damage and resistance to ROS chemotherapeutics is observed.  

Considering its link with cancer cells proliferation, LDH-5 is a promising target in cancer therapy7 

since the lowering of its activity directly affects the growth and development of the tumour tissue. 

If its activity within the tumour were to be stopped completely, glycolysis alone would not be able 

to satisfy the large energy requirement and cell proliferation would be much less rapid and more 

easily treatable.8 

 

3.1 - LDH-A current inhibitors 

Considering its importance in cancer proliferation9, interfere with LDH-A activity or biosynthesis has 

become an important goal for cancer treatment and for overcoming resistance in cancer therapy, 

because it appears to cause significant reduction of the tumour area.10One way to achieve this 

important result is the development of small organic molecules as inhibitors of this specific isoform.  

Initially, these small molecules were identified as part of a larger study as antimalarial drugs, by 
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targeting Plasmodium falciparum LDH (pfLDH), which is essential for the survival of the malaria 

parasite. Unfortunately, however, they did not prove particularly effective for this purpose because 

they were not selective but, on the contrary, they showed some activity towards LDH-5.11 

Since then, oxamate has been considered as a reference for further inhibitors. It is a pyruvate 

structural isostere showing a high affinity for pyruvate binding pockets (𝐾𝐼 = 94.4 μM) but not a 

great selectivity nor a great permeation capacity. Structural modification has been carried out by Yu 

and coworkers12 to reach different N-monosubstituted oxamic acids, but none of them appears to 

fulfill clinical trials parameters.  

Extensive research has been carried out and X-ray crystal studied reveal that there is a larger, 

cofactor binding domain, and a smaller mixed α/β substrate binding domain, each of which 

compromise different aminoacidic residue. Analyses of NADH-LDH-oxamate were essential for a 

deep knowledge of the receptor pocket where it result that oxamate interacts with residue Gln99, 

Arg105, Asn137, Arg168, His192, and Thr247 via hydrogen-bonding, whereas Leu164 and Ala237 

are engaged in hydrophobic contacts. Furthermore, the side chain of Arg168 interacts with the 

carboxylate group of the ligand.13 A different ternary complex represented by NADH-LDH-pyruvate, 

also showed similar kinds of interaction, and confirmed the importance of Arg169, Thr248, and 

His193.14 These cocrystal structures studies were able to improve the rational design of chemicals 

compounds and a great improvement has been made by Genetec corporation with previously the 

development of 2-thio-6-oxo-1,6-dihydropyrimidines and then of 2-amino-5-aryl-pyrazines-based 

compounds15 where the major pharmacophores are the carboxylic acid groups that can interact 

through H-bonds with the protonated His 192. Furthermore the 2-amino pyrazine ring acts as a 

donor-acceptor H- bond motif and the methyl group at the C-6 position of the benzoic acid improves 

the binding with hydrophobic interaction. 

 
Fig.3 Oxamate and structures of its first derivatives. 

The initial pharmacology interest in gossypol arouses because of its spermicidal activity but further 

on it shows the ability to inhibit LDH isoforms in a NADH competitive manner (LDH5 Ki = 1.9 μM, 

LDH1 Ki= 1.4 μM).16 It a is a natural disesquiterpene originally isolated from a specific kind of cotton 

seed, where it acts together with other active substances, as natural antiparasitic and antiviral.17 It 
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exists in two enantiomeric forms, where the R form resulted to be more potent that the S isomer, 

due to the rotation around the 2-2’ carbon-carbon single bond that link together the two 

naphthalene units. Although it displays promising pharmacological activities, it failed all the clinical 

trials because of its high toxicity: in fact, the two aldehyde groups and the catechol hydroxyl group 

are a danger because of their sensibility and ease in generating toxic metabolites.18 To avoid the 

formation of the Schiff’s base between the aldehydic group of the molecule and the free amino 

group of the side chain of the lysine residue of the active site, derivatives has been developed with 

the intention of replacing the carboxyl group of the aldehyde and decreasing the toxicity but 

progress in clinical trials of this products is still limited by the presence of the catechol moiety.19 

 
Fig.4 Structures and Ki values (expressed in nM) of gossypol and its derivatives. 

With the aim of maintain the biological activity and improve the selectivity, various changes have 

been made to the gossypol structure up to the 8-deoxyhemigossylic acid and its derivatives 

developed with different substitutions in position 4 and 7.20 These studies were very important to 

discover that just one half of the reference structure is necessary to gain the selectivity and the 

inhibitory activity for LDH5. In fact, the first compound of the library, displayed more selectivity for 

LDH5 than LDH1 whereas the corresponding dimer was completely nonselective and indeed 

improved the activity only against LDH1. Among all the compound synthetized, just FX11 was 

identified as the most selective and with the best inhibitory activity. Although it was initially 

designed as antimalarial agent, it was considered a potential anticancer lead candidate because of 

its ability to reduce ATP levels and cellular lactate production, induce oxidative stress resulting with 

the suppression of the tumour progression thanks to the NADH competition in human lymphoma 

and pancreatic cancer. Nevertheless, the catechol portion continue to prevent its full approval for 

therapeutic treatment. 
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Fig.5 Structures and Ki values (expressed in nM) of 2,3-Dihydroxynaphthoic acid derivatives. 

Besides gossypol, other polyphenolic scaffolds have been extracted from nature. In particular, Wang 

and collaborators21 extracted from Spatholobus suberectus, an aquatic Leguminosae, 

epigallocatechin that showed significant inhibition of breast cancer development and without being 

selective for a specific isoform form was considered a lead compound for anticancer development. 

Even Galloflavin22, a tricyclic flavone-like molecule, showed significant inhibition activity but no 

selectivity for LDH5 isomer. In fact, it is able to completely block the activity of both LDH5 and LDH1, 

exhibiting a Ki value of 5.46 μM vs pyruvate and 56.0 μM vs NADH in hLDH5 compared to Ki = 15.1 

μM vs Pyruvate and 23.2 μM vs NADH in LDH1, but unlike the previously described compound, it 

also showed a low cytotoxicity in healthy cells. 

 
Fig.6 Structures and Ki values (expressed in µM) of polyphenolic flavone-based hLDH5 inhibitors. 

A class of new inhibitors of both NADH and pyruvate was discovered in the N-hydroxyindole 

molecules (NHIs).14 In this library the central indole scaffold contains a hydroxyl group on the 

nitrogen atom and a carboxyl group in the adjacent position 2. Positions 4,5 and 6 of the aromatic 

rings have been suitably modified with different functional groups23,24 to increase selectivity as 

much as possible while the OH and the COOH have been identified, thank to structure activity 

studies, as pharmacophores because of their structural similarity of the natural substrate of LDH, 

and thus remained unchanged in the most efficient molecules of the library. The SAR studies of all 

the compounds, apart from confirming the pharmacophore activity, underline the importance of an 

aromatic substitution in position 6 and an additional presence of an electron-withdrawing group, 

like a trifluoromethyl, to enhance the selectivity and the potency. The glucose conjugation25 from 

the OH group on the nitrogen atom also, showed a better permeability proving sufficient efficacy in  
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reducing lactate production and compromising cell proliferation. 

 
Fig.7 Structures and Ki values (expressed in µM) of N-Hydroxyindole scaffold-based hLDH5 inhibitors. 

Molecular modelling studies showed that the carboxylic group interacts with the Arg 169 with the 

formation of a salt bridge and with Thr 248 with hydrogen bond. The interaction is also enhanced 

by the formation of additional hydrogen bonds by the hydroxyl group on nitrogen with Thr 248 and 

His 193. From these studies the aromatic group seems to be lying inside the lipophilic pocket 

covering part of the cofactor binding site.14                

Other bicyclic aromatic compounds that appeared to have inhibitory activity for LDH are the 

quinoline and quinolone-based compounds where in the reference compounds, the central scaffold 

is substituted in position 4 by a hydroxyl group, and in position 2 or 3 by a carboxylic group, 

synthetized for the first time in 1972 from Baker and Bramhall.26–28 

Since then, these molecules have served as starting point for the elaboration of new drugs, until in 

2012 GSK29,30 reported potent LDH inhibitors consisting of a central quinoline scaffold where 

position 3 is substituted by an amide or sulphonamide group, position 4 is conjugated though an 

amine with an aromatic ring containing a carboxyl moiety and position 7 is linked with different 

aromatic or heteroaromatic rings. Some of these compounds resulted to be very active and 

displayed in different cell types increased oxygen consumption rate and ROS activity, reduce glucose 

consumption and inhibition of cell proliferation. From crystal structures they appear to be 

competitive just for NADH and not for pyruvate and they seem to penetrate cellular membrane 

because of the hight protein binding of the compounds. Unfortunately, their pharmacokinetics 

properties are still too weak for further in vivo experiments, and modification are necessary. 

 
Fig.8 Structures and IC50 values (expressed in nM) of Quinoline scaffold-based hLDH5 inhibitors. 

Some classes of compound were also designed containing a sulphur moiety. The representative  
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molecule of the dihydropyridine series31, didn’t demonstrate selectivity and with the aim of 

improving this aspect, several analogues were synthetized by changing the sulphonamide nature or 

the substituents on the phenyl ring. These changes underline how the p-sulphonamide group in the 

aniline ring and the cyano group in the central scaffold, have a fundamental role in the LDH5 

selectivity and inhibitory activity. Furthermore, it appears that also the chirality is very important to 

modulate the solubility in aqueous media and the cell permeability.32 

 
Fig.9 Structures and IC50 values (in μM) of Dihydropyrimidine and pyrazine-based hLDH5 inhibitors 

The solubility issue was solved with the synthesis of the dihydropyrone derivatives33,34, that in fact 

demonstrate high solubility in physiological condition, high plasma-protein binding, and 

lipophilicity. The interactions seem to be stabilized by the hydrogen bond between the carbonyl 

group and His 192 and also with Asp 165 and more importantly by the bidentate hydrogen bond 

between the thioether and Arg 168. From these compounds, following the screening approach, it 

was possible the identification of cyclohex-2-enone derivatives that showed a marked selectivity 

towards LDH5. This result can be rationalized with the observation that the enol moiety mimes the 

carboxylate moiety of the oxamate and interacts with Arg 168, while this interaction is stabilized 

with the hydrogen bond between the ketone and the His 192 and Asp 137. For this latter series of 

compounds, too, solubility is such that they can be well administered orally but, unfortunately, their 

efficacy seems to be lacking. 

 
Fig.10 Structures and IC50 values of dihydropyrones and cyclohex-2-enone derivatives.  

All the compounds previously described can act as pyruvate or as NADH competitors and it is not 

sure if the molecule is more efficient acting one way or the other. In 2010 for the first time35, 

chimeric inhibitors were synthetized and the whole binding pocket was supposed to be covered by 

their structure where substrate and cofactor mimic portion were present together in the same 
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molecule. Glycolic acid-NADH conjugate was the first one designed with the glycolic acid linked 

though the reduced nicotinamide ring, it displayed a strong LDH inhibition activity and 

cardioprotective effect which unfortunately couldn’t be clinically used because of the poor 

permeability. Later, using the click chemistry36, a bis(indolyl)-maleimide moiety was conjugated with 

a triazole ring with a carboxylate using various alkyl or aryl alkyl chains. Considering the sodium 

oxamate as reference compound, the products synthetized appear to have more inhibition activity. 

Further changes were made by Astrazeneca with the introduction of a diacid malonate scaffold and 

by ARIAD37 with the use of a flexible polyhydroxyl linker. 

 
Fig.11 Structures and of chimeric bifunctional-type inhibitors. 

Despite all these attempts, the develop of a new efficient therapy to destroy tumour cells without 

damaging the healthy tissue is still a challenging task. All these approaches described so far consider 

the use of small molecules and taking into account all their behaviour and crystal structures 

analysed, in our research group we decided to exploit the protein-protein interaction and design a 

peptidomimetic type structure. 

 

3.2 - Targeting protein interactions 
It is well known that proteins hold several biological functions, and they usually have one or more 

binding partners thus protein-protein interactions are essential for the correct activity of the cellular 

machinery. Proteins interact by their interfaces: each interface belongs to an independent 

polypeptidic chain where some residues, identified by Ala-scan and called “hot spots”, give a larger 

contribute to the binding.38 They are also organized in clusters known as hot regions, where they 

are tightly packed but not always though a linear surface. In fact, the protein surface is rich in 

pockets, crevices, and indentations which have a high complementarity with the partner surface.39  
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Jafary and collaborators40 were the first one to identify the LDH hot region in the two dimers 

involving the residues 5-17 of the N-terminal chain and the residues 293-305 of the C-terminal chain. 

 
Fig.12 3D structure of the tetramers and Hot region of the dimers. 

Several hydrogen bonds involving amide groups in the backbone have been predicted between 

Gln296, Asn297, Ser300 and Leu302 (C-terminal region of one subunit) with Gln16, Glu14, Leu11, 

Asn10 and Tyr 9 (N-terminal arm of the other subunit). Lateral chain of Lys304 and Asp301 establish 

strong H-bonds respectively with Asp5 and Asn10. Hydrophobic contacts involve both backbone and 

lateral chain, the most significative one regard Gln296-Gln19, Ile299-Leu11 and Leu302-Ile8. 

 
Fig.13 2D of the interaction between the dimers where H-b are in blue and Hydroph. Inter. are in yellow. 

They identified several suitable linear inhibitors, among which the most promising resulted to be 

the sequence IYNLLK, able to increase the percentage of dimers and showing interesting inhibition 

activity. Furthermore, Henriques’s research group41 explored the region of interaction between 

residues from 6 to 20 in the N-terminal arm of one subunit and the residues from 297 to 305 in the 

C-terminal region of its binding partner that are arranged in a β-strand. Interestingly, short linear 

peptides, designed as mimic of N- or C-terminus or predicted by Rosetta simulation, did not show 

inhibition which instead was observed when sequences mimicking the C-terminal strand were 

grafted into a β-strand scaffold. 

LDH-B tetramerization inhibition were also investigated.42 LDH-A and LDH-B have highly conserved 

residues along in the N-terminal region, thus, inhibitors targeting that region would disassemble 
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without selectivity. The targeted region in this case is composed of the first 19 residues of the N-

terminal, which are organised in a small helix, a short loop, and a β-strand. Linear peptides of 

different lengths did not show again inhibition activity, while a stapled octapeptide, mimicking the 

small α-helix sequence, had promising results. Stapling was achieved with the introduction of two 

Cys residue, in position 1 and 4 of the chain, and cross linking them by α,α’-dibromo-m-xilene.  

 

3.3 - Design of peptidomimetics inhibitors 
Considering the previous works and the studies over the hot region of the LDH we decided to pick 

up a specific region of contact between the subunits and we focused our attention on the C-terminal 

portion, in the segment ranging from residues Ile 299 to Leu 302.  

 
Fig.14 Magnification of the area of contact between the subunits. 

As it could be seen from the imagine, these four amino acids form a small fold and we initially 

decided to exploit this folding to create a peptidomimetic, which contains the same amino acidic 

residues, and which would respect the appropriate residue distances by recreating the 

conformation present in the receptor with a rigid structure. This approach increases the probability 

that the synthetic product has at least the same affinity of the C-terminal chain to the residues 

present in the N-terminal chain. At the beginning, two cyclic peptidomimetics were designed, with 

the same residue apart from the length of the linker: in fact, after observing the structure in x-rays 

and carrying out some molecular dynamic simulations, we decided to mime Ile with the introduction 

of D-aIle and to also invert the stereocentre of the Leu by incorporating D-Leu. From the simulations 

appears that these changes induce a better spatial orientation, and they are likely to give the 

peptide increased resistance to metabolism at the time they will have to express their function. The 

ring closure remains uncertain, which is why we decided to synthesize two homologues that differ 
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only by one carbon in linker length; in one structure we choose to insert γ-amino butyric acid, and 

in the other β-alanine and obtain two very similar and promising options. 

 
Fig.15 3D structure of the region 299-302 of the LDH enzyme and of the two peptidomimetics. 

A deeply analysis of the chosen fragment makes one realise that in addition to mimicking the central 

part of the portion, where one ring is naturally generated, the entire fraction can be easily mimicked 

by generating two rings joined at the centre. The rational design undertaken to draw the two loops 

involves the retainment of hot spot residues like Gln296, Asp301, Leu 302 and the replacement of 

“secondary” ones, which have a marginal role in subunits association, with selected residues to 

accomplish macrolactamization. For this reason, iso-Aspartic acid, bonded by the β-carboxylic 

group, replaced Gly298 in the first turn, while Lysine substitute Ile299 in the second turn. Although 

Ile299 is a hot spot, the strong hydrophobic contact with Leu may be assured by the methylenic side 

chain of Lysine.  

 
Fig.16 Structure of the second peptidomimetic also show in its divided rings. 

To obtain the desired final structure two independent rings were designed and constructed in the 

solid phase by inserting amino acids with appropriately protected side chains with orthogonal 

groups. We therefore have synthetized the linear sequence for each of the two portions and 

performed the cyclization in order to obtain the two cyclic peptides. In this phase the reactive 

functional group present and not required for the formation of the ring were left protected and 
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deprotected just after the formation and purification of the products. At this point, the synthesis of 

the final loop was obtained in high dilution condition in the presence of the two rings previously 

formed and appropriate coupling agents. 

 

3.4 - Synthesis of peptidomimetics inhibitors 
As mentioned above, the synthesis has been conducted in solid phase regarding the production of 

the linear peptide precursor at first, and then after the cleavage, the cyclization in high dilution 

condition in liquid phase was performed. 

Although all the necessary purification steps have been meticulously carried out, after several 

attempts, it was decided to insert D-aIle as the last amino acid in the peptide chain since it is 

synthetized and therefore could have some impurities that can interfere with peptide growth. 

However, the most critical solid phase synthesis step remains the attack of the first amino acid to 

the resin because it is crucial for the success of the whole synthesis and to obtain a high yield at the 

end of the process.  

Different type of resins has been used depending on the type of protective groups to be taken into 

account during synthesis. The resin that has been used for the synthesis of the linear precursors 

MSP56, MSP 89, peptide 1 and peptide 3 is the 2-Chlorotrityl, for the precursor peptide 2 was used 

the Wang resin and for the synthesis of the precursor peptide 6 the Rink amide resin. 

 
Fig.17 Kind of resins used for the solid-phase synthesis of peptide linear sequence. 

The 2-Chlorotrityl resin, in particular, allows the use of protected Fmoc/tBu amino acids, that are 

the ones used in this project. 2-chlorotrityl resin is very sensitive to moisture that hydrolyses 

reactive groups at the surface of the resin to the corresponding alcohol. To accomplish a good yield, 

a treatment with SOCl2 and pyridine were recommended to re-activate the resin. The cleavage of 

the peptide from the Cltrt resin occurs in the presence of acid, but because of the mild conditions, 
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the acid labile groups remain protected. In this way it is possible to carry out all the steps of synthesis 

and deprotection of the peptide chain in basic conditions, without worrying that the lateral 

protective groups.  

As already mentioned, we firstly focused our attention on the synthesis of the Fmoc-D-AIle-OH 

without which it would be impossible to carry on with the synthesis of the complete sequence.  

 
Fig.18 Schematic synthesis of Fmoc-D-AIle-OH. 

The procedure known in the literature was followed, according to which the free amine must first 

be protected with acetic anhydride, which is then racemized to 50% by adding acetic acid. The 

transformation of the product into ammonium salts, makes separation with cold ethanol possible 

and the subsequent deprotection of the acyl group and protection with Fmoc, leads to the synthesis 

of the amino acid required for solid-phase synthesis. 

Once the peptide sequence was completed and cleaved from the resin, the cyclization of the linear  

peptide precursor was performed in the liquid phase. 

 
Fig.19 Linear structure and related cyclic structure of MSP58 and MSP92. 

A syringe pump was used for the process, which allowed the reagent to be inserted into the reaction 

environment very slowly and so works under conditions of extreme dilution to decrease favoring 

the intramolecular reaction. 
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Finally, after purification of the neutral products with the preparative HPLC, the synthesis was 

concluded with the deprotection of the tert-butyl group from the side chain of aspartate operating 

under acidic conditions with 25% of trifluoracetic acid (TFA). 

Once the first two compounds were completed, we started the synthesis of the linear peptides 

necessary for the formation of the bigger ring. As mentioned before, the resins used were different 

depending on the protecting group present and on the requirements for the final cyclization. 

 
Fig.20 Schematic synthesis from peptide 1 to the final cyclic structure of peptide 8. 

For peptide 1, were -tBu protection was present on the α-carboxylic group and that must be 

conserved in order to perform a chemo selective head-to-tail cyclization, a 2-chlorotrityl resin was 

chosen to obtain a protected peptide, since mild acidic condition were required for cleavage, as 

already described. Part of the linear product was treated under acid condition which led to the 

formation of peptide 4 that was tested independently for biological essay, the rest was used for the 

cyclization and formation of cyclic peptide 7 which undergoes to acid deprotection to obtain peptide 

8 as final product. 

 
Fig.21 Schematic synthesis from peptide 2 to the final cyclic structure of peptide 10. 

Peptide 2 was obtained by SPPS onto a Wang resin, one of the widest used in SPPS since it offers a 

good loading, compatibility with different reaction conditions and in this case any conflicts with the 

protecting group present. The linear peptide obtained was fully cyclized, purified and then 

deprotected from the Fmoc protecting group to obtain cyclic peptide with the free amine necessary 

for the final coupling with the previously synthetized cyclic peptide while the benzyl protecting 

group present was left to minimize the formation of side products.  
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The same peptide was also synthetized with a Rink Amide resin to obtain a linear peptide with the 

acid terminal protected by the derivatization in the amide group and it was called peptide 6. This 

protection is necessary to analyse the peptide in neutral form for the biological essay and make a 

right comparison with the other neutral peptide. 

At the end, to verify the correct position of the amino acid inside the cyclic mimetic, we also 

synthetize the linear peptide 3, where the amino acids are the same of peptide 1 but placed in a 

different order. 

 
Fig.22 Schematic synthesis from peptide 3 to the final cyclic structure of peptide 14. 

The synthesis was performed in the same way and the cyclic derivative peptide 14 was successfully 

obtain and purified to be ready for the biological tests. 

 

3.5 - Enzymatic assay 
After purification, both linear and cyclic peptides were tested in vitro to evaluate their inhibition 

power that is deduced from kinetic measurements of enzymatic reduction rate of pyruvate to 

lactate whit and without peptidic inhibitor. Each measurement was performed under steady state 

condition, using substrates concentration higher than their standard 𝐾𝑀, thus, a pseudo zero-order 

enzymatic kinetic is observed. Tuning of incubation time, substrate concentration, TRIS buffer 

concentration, pH values were also explored to understand their influence on results and design 

optimal experimental conditions for testing inhibitors. 

At the beginning the first two compound were tested, MSP58 and MSP92. Samples were at first 

prepared with a concentration 0.9 nM of monomeric LDH-A, 500 μM of pyruvate, 125 μM of β-

NADH, and 10μM or 50μM of peptidic inhibitor in DMSO and TRIS buffer 50 mM (pH = 7.5). In both 

cases unfortunately, the inhibition activity resulted to be very modest with a rate of 13% and 14 % 

in the best case, and so they were considered not active. 

We therefore continued the test with the second part of the peptidomimetics starting with peptide 

5 and the correspondent cyclic peptide 14 and we performed several attempts to find the best 

conditions. The sample were prepared in the same condition of the first try but with a concentration 
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of 80μM of peptidic inhibitor. This concentration is very high for sensing an inhibition, however it 

represents a threshold to exclude from further screening those compounds which yield a poor 

inhibition, even though they are present in a huge excess. After mixing, the cuvette was left incubate 

at room temperature for 5 minutes.  

 
Fig.23 Enzymatic reaction rate (ΔAbs/min), % inhibition and related β-NADH absorbance decay, abs vs t (0.9 
nM LDHA, 500 μM pyruv., 125 μM β-NADH, 80 μM inhibitor, 50 mM TRIS, incub. T = 5 min.) 

This first screening shows that compounds 5 and 14 have a significative inhibition activity while 

compound 6 resulted to have an inhibition activity minor than 1%. This result suggested that the 

retropeptide 5 and the related macrolactam 14 are biologically active compound despite them 

inverted aminoacidic sequence.  

After mixing substrates, monomeric enzyme and inhibitor, an incubation period is required to let 

the protein surface-inhibitor interaction to occur.  Samples were prepared with the same 

concentration, but the incubation time was increased from 5 minutes to 20 minutes with no 

significant effect in the activity. In fact, it appears that an incubation time of five minutes is long 

enough to ensure a complete interaction between the monomeric unit of the enzyme and the 

inhibitor and so this time it was chosen to be used for the following tests. 

For a better understanding, we also tested different concentration of the substrate. In fact, a 

reduced concentration of β-NADH was also tested to evaluate whether the inhibition activity was in 

part due to the large amount of substrate present. The sample was therefore prepared with a 

concentration of 0.9 nM of monomeric hLDH-A, 500 μM of pyruvate, 30 μM of β-NADH, 80 μM of 

peptidic inhibitor in DMSO and 50 mM of TRIS buffer (pH = 7.5). Once again, the reduced molar 

concentration of β-NADH does not modify the observed inhibition and with 30 μM of β-NADH the 

reaction rate and the % of inhibition are not significatively different if compared with the resulted 

obtained with a concentration of 125 μM. 

In biological test is very common to use Tri(hydroxymethyl)aminomethane (TRIS) because it has a 

good buffer power near to physiologic condition and it offers major compatibility with biologic fluid 
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respect to other buffers. It is well known that TRIS concentration affects ionic strength of the 

solution and the aggregation of the enzyme so, to verify how this parameter affect our tests, we 

changed the concentration from 50 mM to 10 mM while the other components of the sample were 

used at the same concentration of before.  

 
Fig.24 Enzymatic reaction rate (ΔAbs/min), % inhibition and related β-NADH absorbance decay, abs vs t 

(0.9 nM LDHA, 500 μM pyruv., 125 μM β-NADH, 80 μM inhibitor, 10 mM TRIS, incub. T. = 5min.)  

As we can see from the figure, the plotted lines clearly highlight the influence of TRIS concentration 

on kinetic measurement: 50 mM determinates a higher ionic strength and monomeric subunits of 

the enzyme may not tolerate this condition and consequently the aggregation occurs to limits 

protein surface exposition to the medium. On the other hand, a gentle ionic strength maintains 

dissociated the enzyme, thus, an efficient binding of the inhibitor to the subunit surface occurs and 

in fact, all the tested compounds present a better % inhibition. After this observation, the 

concentration 10 mM of TRIS will be used in the next enzymatic assay but since the first two 

peptides, MSP58 and MSP92, appear to give the worst response, they won’t be tested in the 

following experiments.PH effect was also explored, and the inhibition was evaluated at pH 7.5 and 

pH 6.5 using the universal buffer TRIS 10 mM/Bis-TRIS 10 mM. At the mild acidic condition, LDH-A 

subunits association is strongly slowed, thus, in the sample the enzyme exists mainly as monomer. 

Kinetic measurements at pH 6.5 demonstrate that the monomeric unit is still capable to catalyse 

reduction of pyruvate into lactate, although a lower efficiency and smaller % of inhibition is 

observed since no assembly could be achieved and probably a partial denaturation occurred. The 

inhibition rate for compound 5 resulted to be extremely decreased from 57% to a 13 % while 

surprisingly, for the compound 14 the trend is reversed, and it passed from an inhibition rate of 25% 

at pH = 7.5 to a rate of 37% in slightly acidic condition.  

All the tests were performed for all the peptidomimetics and compound 8 appeared to be the most 

promising inhibitor, since it reduces for almost the 80 % the activity of LDH-A preventing its 

association. Further investigations were carried on evaluating if inhibition was still significative at 
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lower concentration and the compound was also tested at concentration of 40 μM, resulting in a 

reduced, but desirable, inhibition activity of 58%. 

Starting from this data a very approximated dose-response curve could be traced to estimate the 

IC50 value that appeared to be around 20 μM. However other test with different peptidic inhibitor 

concentration must be performed to obtain a more precise dose-response curve. 

 
Fig.25 Dose-response curve with related standard deviation for compound 8. 

 

3.6 - Conclusions 
After a deep analysis of the LDHA structure, some cyclic peptidomimetics were designed and 

synthetized in solid phase in search of a new inhibitor. Unfortunately, the first two compounds 

almost didn’t have any inhibitory activity while, among all the other molecule of the second series, 

compound 8 resulted to have the most promising result. Regarding the second series particularly, 

compounds 4, 5, 8 and 14 were mimetics for the sequence Gly295-Gly298 and induce a better 

inhibition while compounds 12 and 6 were mimetics for the sequence Ile299-Val302.  

The results obtained confirmed the hypothesis that the β-turn occurring from Ile299-Leu302 has a  

marginal role in surfaces contact between the subunits. In fact, only macrolactamization of 

precursor 4 improved inhibition power of the mimetic, since a conformational restrain is achieved 

and later chain occupies a precise orientation in the space while macrolactamization of compound 

6 to yield mimetic 12 resulted in no further improvement of inhibition activity and macrocyclization 

of compound 5 aggravated inhibition since for compound 14 a higher reaction rate is recorded. This 

may be caused by the wrong aminoacid sequence of these compounds respect to the one in the 

subunit and the conformational restrain introduced by macrolactamization. In fact, if in one hand 

the side chain of Ans and Gln in the reverse order and with a frozen orientation determined an 

unfavourable interaction with residues on the targeted N-terminal arm of the subunit, on the other 

hand, the major flexibility of the linear peptide made the side chain freer to interact, even with the 
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incorrect order. In addition, the better inhibition of compound 8 could also be explained considering 

that the sequence H-Asn-Gln-Gly-Asp-OH naturally folded as β-turn because it is well known that 

Asn at the first position and Gly at the third position of the sequence are β-turn inducer. In fact, Asn 

side chain forms a stable H-bond with residue at position 2, while Gly has high mobility to assure the 

twist conformation typical of a turn.  

 

3.7 - Experimental procedures 
General Information     

Chemical reagents, including protected amino acids, were purchased from commercial sources, and 

used without purification. 

Peptide purity was assessed by analytical RP HPLC performed on an 1100 series apparatus Agilent 

Technologies, Milan, Italy, using an XSelect Peptide CSH C18 column (Waters, Milford, MA, USA), 

4.6 mm × 100 mm, 130 Å, 3.5 μm. The mobile phase was a mixture of 0.5% HCOOH in H2O and 0.5% 

HCOOH in CH3CN for ionic peptides (method A) or H2O/CH3CN for neutral peptides (method B). 

Alternative to HPLC-MS, purities were assessed by reverse-phase ultra-performance liquid 

chromatography (RP-UPLC), using a reverse-phase (RP) column mod. Acquity UPLC ®BEH C18 1.7 μm 

(2.1 × 50 mm); DAD 210 nm; DAD 254 nm; mobile phase: from 2:8 solvent A/solvent B to 7:3 solvent 

A/solvent B, in 26 min, at a flow rate of 0.3 mL/min, followed by 4 min at the same composition; 

solvent A = 0.1% HCOOH in H2O, B = 0.1% HCOOH in CH3CN. 

MS (ESI) analysis was performed using an MS single quadrupole HP 1100 MSD detector (Agilent 

Technologies, Milan, Italy). 

Fmoc-Rink Amide resin (0.5 g, substitution 0.45 mmol/g) was swollen in DMF (5 mL) for 15 min 

before the use. Fmoc deprotection was carried out by treatment with 20% piperidine/DMF (5 mL) 

for 20 min; after filtration, the treatment was repeated for further 40 min. The resin was 

subsequently washed 3 times with DMF, Et2O, DCM (5 mL each). Fmoc-amino acid (2.5 eq.) carrying 

orthogonal protecting groups at the side chains and HOBt (2.5 eq.) were dissolved in DMF (3 mL), 

and after 10 min this mixture was added to the resin at RT. Then, TBTU (2.5 eq.) and DIPEA (4.0 eq.) 

were also added, and the mixture was shaken for 3 h at RT. The suspension was filtered, and the 

resin was subsequently washed 3 times with DMF, Et2O, DCM (5 mL each). Coupling efficacy was 

monitored by the Kaiser test. 

General procedure for solid phase peptide synthesis 

For the loading of the first amino acid Cltrt resin (0.5 g, substitution 0.45 mmol/g), the amino acid  
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(1.2eq.) and DIPEA (5eq.) were allowed to stir at room temperature for two hours in DCM (10mL/g). 

Capping was performed adding MeOH (1mL/g) and letting the reaction swelled for 20 minutes 

before the washes. The suspension was filtered, and the resin was subsequently washed 3 times 

with DMF, Et2O, DCM (5 mL each). Coupling efficacy was monitored by the Kaiser test. 

For the Fmoc deprotection 4 mL of a 25 % piperidine in DMF solution were added in the reactor.  

After 20 minutes of orbital shaking, resin was washed with DMF (1 min x 3 times). Other 4 mL of 25 

% piperidine in DMF solution were poured in the reactor and further left stir for 30 minutes. The 

suspension was filtered, and the resin was subsequently washed 3 times with DMF, Et2O, DCM (5 

mL each). Deprotection efficacy was monitored by the Kaiser test. 

N-Fmoc protected amino acid (2.5 eq.) and HOBt (2.5 eq.) were dissolved in 4 mL of DMF and 

allowed to stir from 5 to 10 minutes, until complete dissolution. The solution was quantitative 

poured in the reactor, then TBTU (2.5 eq.) and DIPEA (4 eq.) were added. The reactor was vigorously 

shaken by an orbital shaker from 2 to 3 hours at room temperature, and the coupling was monitored 

by Kaiser test. 

The cleavage of the peptide from the resin was performed with 10 ml of a mixture of 1:1:8 

TFE/AcOH/DCM, added to the reactor and allowed to act for 2 hours while stirring at room 

temperature. The mixture was then collected in a flask and numerous washes were carried out of 

the resin remaining in the reactor with DCM and Et2O. Then all the solvent was evaporated, and a 

shredding was carried out in Et2O. The precipitate obtained was then analyzed with LC-MS. 

General procedure for cyclization 

HOBt (3 eq.), TBTU (3 eq.) e DIPEA (6eq.) were dissolved in 15 mL of DMF. Linear peptide was 

dissolved in 10 mL of DMF and took up in a syringe. The syringe was placed into a syringe pump in 

order to slowly add dropwise the linear precursor to the coupling reagents solution. Reaction was 

carefully monitored by analytical HPLC-MS until complete conversion was achieved. DMF was 

removed by compressed air, the residue was dissolved in EtOAc (10 mL) and washed with HCl 1 M 

(5 mL) and Na2CO3 saturated solution (5 mL). The organic phase was concentrated under reduced 

pressure and trituration in cold ether afforded the product. 

 

Acetyl-D-alloisoleucine (MSP34) 

The amino acid is dissolved in 8mL of THF (1mL/100mg) and a saturated solution of Na2CO3 in 1:1  

ratio together with a large excess of acetic anhydride (10 eq., 30.5 mmol, 2.8mL). The mixture was 

then stirred for two hours at room temperature. The solution was acidified with HCl 1M and the 
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organic solvent was removed before the extraction with DCM/MeOH. The crude product was then 

dissolved in 5mL of glacial acetic and acetic anhydride (0.5 eq., 150µL) and allowed to stir under 

reflux for 5 hours. Solvent was removed and Ac-L-Ile: Ac-D-aIle 1:1 mixture was then treated with 

NH3 1M and precipitated into ethanol, resulting in only Ac-D-aIle crystals.  

1H NMR (DMSO-d6, 400MHz): δ 7.23 – 7.20 (d, 1H), 4.05 – 4.01 (dd, 1H), 1.79 (s, 3H), 1.29 – 1.26 

(m, 1H), 1.02 – 0.98 (m, 1H), 0.85 (s, 3H); HPLC-MS: [M+1] = 174, [2M+1] = 347 

 

Fmoc-D-AIleucine (MSP42) 

Ac-D-aIleNH4 (165mg; 1,26mmol) was dissolved in 5 mL of HCl 5M. The mixture was stirred for 3 

hours at 80°C. The solvent was removed, and the crude product dissolved in 6mL of THF: H2O (1:1). 

Na2CO3 (1 eq., 1.26 mmol, 134 mg) was added together with Fmoc-Cl (1eq., 1.26 mmol, 326 mg) in 

the precooled mixture, then the reaction was allowed to reach room temperature and allowed to 

stir overnight. The day after the solution was slowly acidified to reach pH=3 and the product was 

recollected pure by filtration. (350 mg, Y=80%); HPLC-MS: [M+1] = 353, [2M+Na] = 726 

 

H2N-Gaba-D-Leu-Asp(tBu)-Ser-D-aIle-OH ( MSP56) 

It was isolated as a white solid as a TFA salt (40 mg, 0.068 mmol). Purity was determined to be 94% 

by analytical RP HPLC (method A); HPLC-MS: [M+1] = 531 

 

H2N-βAla-D-Leu-Asp(tBu)-Ser-D-aIle-OH ( MSP89) 

It was isolated as a white solid as a TFA salt (20 mg, 0.04 mmol). Purity was determined to be 96% 

by analytical RP HPLC (method A); HPLC-MS: [M+1] = 519 

 

Cyclization of MSP 56 (MSP 58) 

General procedure for cyclization was performed on linear peptide MSP 56 (40 mg, 0.068 mmol). 

After the extraction, HPLC preparative was performed on the crude product to obtain the pure 

product MSP 58. To remove tBu protecting group, the product was dissolved in 2mL of a solution of 

DCM with 25% of TFA and allowed to stir at room temperature for 1 hour. Solvent was removed and 

the crude mixture triturated with Et2O to obtain the pure product (3mg); HPLC-MS: [M+1] = 514 

Cyclization of MSP 89 (MSP 92) 

General procedure for cyclization was performed on linear peptide MSP 89 (20 mg, 0.04 mmol).  

After the extraction, HPLC preparative was performed on the crude product to obtain the pure  
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product MSP 92. To remove tBu protecting group, the product was dissolved in 2mL of a solution of 

DCM with 25% of TFA and allowed to stir at room temperature for 1 hour. Solvent was removed and 

the crude mixture triturated with Et2O to obtain the pure product (2mg); HPLC-MS: [M+1] = 501 

H2N-Gly-Gln(Trt)-Asn-isoAsp(tBu)-OH (peptide1) 

General procedure for solid phase peptide synthesis was performed using a ClTrt resin in order to 

obtain peptide 1 as a white soldi (196.7 mg, Y=27 %.); HPLC-MS: [M+1] = 731, [M+23] = 753. 

 

Fmoc-Lys-Ser-Asp(Obn)-Leu-OH (peptide2) 

General procedure for solid phase peptide synthesis was performed using a Wang resin in order to 

obtain peptide 1 as a white solid (254 mg, Y= 54 %); HPLC-MS: [M+1] = 774, [M+23] = 796. 

 

H2N-Asn-Gln(Trt)-Gly-isoAsp(tBu)-OH (peptide3) 

General procedure for solid phase peptide synthesis was performed using a ClTrt resin in order to 

obtain peptide 1 as a white solid (95 mg, Y= 14 %); HPLC-MS: [M+1] = 731, [M+23] = 753. 

 

H2N-Gly-Gln-Asn-isoAsp(tBu)-OH (peptide4) 

Peptide 1 (5.6 mg, 0.0077 mmol) was treated for 2 hours with the cocktail cleavage 

TFA/water/TIPS/PhOH: 88/5/5/2. The vial was dried under compressed air. Purification by 

trituration in cold ether afforded the pure product as white crystals (2.8 mg, Y= 84 %); HPLC-MS: 

[M+1] = 433, [M+23] = 455 

 

H2N-Asn-Gln-Gly-isoAsp(tBu)-OH (peptide5) 

Peptide 3 (96 mg, 0.13 mmol) was treated for 2 hours with the cocktail cleavage 

TFA/water/TIPS/PhOH: 88/5/5/2. The vial was dried under compressed air. Purification by 

trituration in cold ether afforded the pure product as white crystals (41.2 mg, Y= 73 %); HPLC-MS: 

[M+1] = 433, [M+23] = 455. 

 

Cyclization of peptide 1 (peptide 8) 

General procedure for cyclization was performed on linear peptide 1 (86.9 mg, 0.12 mmol). After 

 the extraction, HPLC preparative was performed on the crude product to obtain the pure product 

peptide 7. Solvent was removed and the crude mixture triturated with Et2O to obtain the pure 

product (2mg); HPLC-MS: [M+1] = 713. 
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After the analysis the product 7 was treated for 2 hours with the cocktail cleavage 

TFA/water/TIPS/PhOH: 88/5/5/2. The vial was dried under compressed air. Purification by 

trituration in cold ether afforded the pure product 8 as white crystals; HPLC-MS: [M+1] = 415 

Cyclization of peptide 2 (peptide 10) 

General procedure for cyclization was performed on linear peptide 2 (254 mg, 0.33 mmol). After the 

extraction. Solvent was removed and the crude mixture triturated with Et2O to obtain the pure 

product 9 (211mg, Y= 85%); HPLC-MS: [M+1] = 756. 

After the analysis, the product 9 (12mg, 0.018 mmol) was dissolved in 2mL of a 2.0M solution of 

DMA in THF and the reaction was allowed to stir for 1 hour at room temperature.  Solvent was 

removed and the crude washed three times with THF/Hexane 2:1 affording peptide 10 as a pure 

product (5.5 mg, Y= 69%); HPLC-MS: [M+1] = 534, [M+23] = 557. 

 

Cyclization of peptide 3 (peptide 14) 

General procedure for cyclization was performed on linear peptide 3 (70 mg, 0.096 mmol). After the 

extraction. Solvent was removed and the crude mixture triturated with Et2O to obtain the pure 

product 13 (43.2mg, Y= 63%); HPLC-MS: [M+1] = 713. 

After the analysis the product 13 (43.2mg, 0.061mmol) was treated for 2 hours with the cocktail 

cleavage TFA/water/TIPS/PhOH: 88/5/5/2. The vial was dried under compressed air. Purification by 

trituration in cold ether afforded the pure product as white crystals (24.1 mg, Y=96%); HPLC-MS: 

[M+1] = 415, [M+23] = 437. 

 

Enzymatic assay 

Reaction rates were derived spectrophotometrically, following β-NADH absorbance decay over 600 

s at the fixed wavelength of 340 nm, since it corresponds to the maxima excitation. Data were 

analysed by “Kinetic” software, which interpolates experimental point and provides initial reaction 

rates expressed as ΔAbs/min. Molar reaction rates could be calculated by dividing those values by 

the molar extinction coefficient of β-NADH, ε = 6200 M-1 cm-1.  

Samples were prepared from stock solutions of monomeric hLDH-A, pyruvate, β-NADH, inhibitor 

(diluted in DMSO) and a buffer. After mixing, samples were let incubate to favour association 

between subunits and inhibitor.  

Peptidic inhibitors were diluted in Eppendorf with DMSO to final concentration of 8 mM and cooled 

to 0°C in ice bath. Stock solutions of pyruvate (100 mM in TRIS 50 mM), monomeric hLDH-A (18 μM 
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in TRIS 50 mM), buffer and β-NADH in TRIS 50 mM were also cooled to 0 °C. β-NADH solution 

concentration was determined by Lambert-Beer equation (ε = 6200 M-1 cm-1). TRIS 50 mM pH = 7.5, 

TRIS 10 mM pH = 7.5, TRIS 10 mM/Bis-TRIS 10 mM pH = 7.5 and TRIS 10 mM/Bis-TRIS 10 mM pH = 

6.5 were used as buffer. Pyruvate and enzyme stock solution were further diluted 1: 100 in analysis 

buffer to the final concentration of 1 mM and 180 nM respectively. Samples were prepared adding 

by micropipette the appropriate volume to have the final concentration. For each assay a control 

(CTR) sample was prepared in the same way without adding the peptidic inhibitor. The samples were 

let incubate at room temperature for variable time, then NADH absorbance decay was monitored 

spectrophotometrically (Cary Bio 300 Agilent) at a fixed absorption wavelength of 340 nm. All the 

test performed are reported in the table below.  

Table 1 Schematic representation of all the tests performed on the peptidomimetic compounds. 

 Fig.26 Schematic representation of all the tests performed on the peptidomimetic compounds. 

 

 

name conc. Pyruv. NADH LDH-A Buffer pH time v(ΔA/m) % inh. 

MSP58 10 μM 500 μM 125 μM 0.9 nM 50 mM 7.5 10 min 0.0157 7% 

MSP58 50 μM 500 μM 125 μM 0.9 nM 50 mM 7.5 10 min 0.0159 13% 

MSP92 10 μM 500 μM 125 μM 0.9 nM 50 mM 7.5 10 min 0.0163 9% 

MSP92 50 μM 500 μM 125 μM 0.9 nM 50 mM 7.5 10 min 0.0151 14% 

P5 80 500 125 0.9 50 7.5 5 min 0.0163 22% 

P5 30 500 125 0.9 50 7.5 5 min 0.0165 14% 

P5 80 500 125 0.9 10 7.5 5 min 0.0051 57% 

P5 80 500 125 0.9 10 6.5 5 min 0.0092  13% 

P6 80 500 125 0.9 50 7.5 5 min 0.0192 <1% 

P6 80 500 125 0.9 10 7.5 5 min 0.0081 31% 

P14 80 500 125 0.9 50 7.5 5 min 0.0175 16% 

P14 80 500 125 0.9 50 7.5 20 min 0.0164 19 % 

P14 80 500 125 0.9 10 7.5 5 min 0.0090 23% 

P14 80  500 125 0.9 10 6.5 5 min 0.0067 37% 

P4 80 500 125 0.9 10 7.5 5 min 0.0073 41% 

P8 80 500 125 0.9 10 7.5 5 min 0.0032 77% 

P8 40 500 125 0.9 10 7.5 5 min 0.0057 58% 

P12 80 500 125 0.9 10 7.5 5 min 0.0114 28% 
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CHAPTER 4 

Nanoparticles for drug delivery 
The fast growth of nanotechnology has made nanoparticles a promising candidate to improve 

therapeutic approaches. A nanoparticle (NPs) is defined as a microscopic particle with the size 

between 1 and 100 nm, but sometimes the term is also used to describe larger particles up to 

500nm. They have very particular physical and chemical properties as colloidal properties, ultrafast 

optical effect or electric properties that make them suitable for a wide range of application.1 

Because of their huge variety, they are usually divided into groups based on their composition and 

consequent properties, shape, and size. It is possible to distinguish between inorganic nanoparticles 

(metallic, carbon nanotubes, silica) and organic nanoparticles in turn divided into polymeric and 

lipidic.  

Nanoparticles are increasingly used in medical field to build drug delivery systems2. In fact, their 

unique characteristics make them capable of improve the efficacy of the drug by increasing the half-

life, the solubility, and the control of the release3. Polymer nanoparticles are the most common drug 

carriers. The polymers can either be natural or synthetized as long as they result biocompatible, 

non-toxic and without any leaking impurities. Amphiphilic block or graft copolymers are able, under 

appropriate conditions, to self-assemble in aqueous media in globular colloidal micelles, 

macromolecules with higher solubility and stability that mime the phospholipidic bilayer and 

enhance permeation and retention effects. In fact, they have a core-shell architecture that consents 

the loading of lipophilic antitumor agents inside the hydrophobic core and the stability in water 

thanks to the hydrophilic outer shell. Generally, it is common to use PEG for the hydrophilic segment 

while the hydrophobic portion is composed by materials that easily degrade either by hydrolysis, 

enzymatic degradation, temperature or pH variation such as PCL (poly (ε-caprolactone)), PLA (poly 

(lactic acid)), PLGA (poly(lactic-co-glycolic acid)).4 

The capacity of self-assembling is typical of many materials whether they are natural or not and 

influence their morphology and ordered structures because of a microphase separation. This 

phenomenon in turn is strongly influenced and governed by three parameters: the overall degree 

of polymerization that consists in the number of monomer units of a single block compared to the 

total number of monomer units making up the copolymer; the volume fraction which is the volume 

of a single block compared to the total volume of the whole copolymer and the Flory-Huggins 

segment-segment interaction, an empirical and dimensionless parameter χAB (for a diblock 
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copolymer) that helps describe the free energy cost per monomer in a situation where two different 

units want to separate5. 

In literature three mainly structures are described: spheres, cylinders, and lamellae. The most 

diffused morphologies are spherical micelles and spherical vesicles, the latter consisting of a lamellar 

microstructure and generally, it is possible to obtained them if the soluble block is larger than the 

insoluble block.6 

 

4.1 - Silica Nanoparticles 
During the years, many of these NPs have been approved for cancer treatments, and many others 

are facing advance clinical stage7,8. Amon the inorganic NPs, silica ones are also widely used for drug 

delivery system because of their several advantages. They are photophysically inert, non-toxic, and 

easily editable to control the size and the properties of the system demonstrating great versatility.9  

They can be synthetized using a large variety of approaches.10The most employed methods are the 

Stöber process and the microemulsion protocol. The first one is used for monitored synthesis of 

monodispersed particles and operates through a silica precursors (usually tetraethyl orthosilicate 

TEOS, Si(OC2H5)4) which undergoes hydrolysis and consequent polycondensation, with this method, 

very particular nanoparticles are obtained, rich in silanol groups easily modified to anchor molecules 

of different kinds.  

 
Fig.1 Chemical structure of the core of silica nanoparticles. 

The surface modification is desirable to increase the colloidal capacity and avoid the aggregation of 

the particles with each other. In particular, it is very useful to use hydrophilic polymers such as PEG 

as a modifying agent, which also increases the circulation time in the blood and the biocompatibility 

of the compound by forming a protective layer around the nanoparticle. This system can also be 

used as a cage for the cargo11: instead of being exposed on the surface, the drugs can be 

encapsulated within the nanoparticle where they are protected from premature degradation. 

The microemulsion method instead, involves the formation of oil-in-water micelles or water-in-oil 

reverse micelles, stabilized by surfactants that act as nanoreactors upon which the size of 
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nanoparticles depends. Inside the nanoreactors the hydrolysis of the precursor and the 

condensation reaction take place.12 

As with the other types of nanoparticles, size is one of the key parameters for governing the cellular 

uptake and it is governed by the variation of some reaction parameters as the speed of mixing or 

the rate of TEOS addition. Also, the shape is very important, and the most common ones are spheres 

and rods. The connection between the size, shape and the physiological behaviour was underlined 

for the first time by Zhao and collaborators13when they compared the in vivo oral bioavailability of 

a long rod, a short rod, and a spherical shape of the same mesoporous silica nanoparticles (MSN). 

The study proved that the long rod nanoparticles had longer in vivo residence time, slower renal 

clearance, and extended blood circulation. Furthermore, and in line with these results, the small 

rods resulted to be easily degradable. 

While shape and size are important for penetration and distribution, porosity is the essential 

parameter for the correct loading of the bioactive molecule and optimizing the pore size accordingly 

with the size of the drug for a controlled released is fundamental to the ultimate effectiveness of 

the system.14Interestingly, the use of capping agents that allow the drug release prompted by 

specific trigger, is one of the most used strategy to avoid the premature deliver.  

Silica nanoparticles have also been considered for imagining and medical diagnosis with the 

intention of exploiting the luminescence phenomenon. Luminescence is a spontaneous emission 

highly sensitive and non-invasive but when the detection involves molecular dyes, it can be 

hampered by some drawbacks such as photodegradation or interference from background 

signals.15These problems represent a major hindrance when the analyte is diluted and a complex 

matrix is used, like in a biological system.  

These systems generally take advantages of Förster resonance energy transfer (FRET) a process to 

obtain systems where a very high signal/noise ratio is achieved thanks to the reduced interferences 

from Rayleigh-Tyndall and Raman bands since it is possible to have a large separation between the 

excitation and the emission maximum.16The luminescence emission of the silica NPs depends strictly 

on the doping dye so there is a large variety of options that can be achieved by choosing the right 

element for the conjugation. Most of the time luminophores can be attached from the surface and 

interact with species in solution. This is a highly effective solution to confine the dye inside the silica 

matrix, where it can be more stable and protected by the environment.17 

Nowadays, researchers tend to focus on the development of hybrid organic – inorganic NPs to 

improve their properties and before the work of Prodi at al. in 2014 18, nobody was able to achieve 
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a complete energy transfer in systems based on organic or polymeric nanoparticles. Starting from 

their previous results obtained with a FRET based nanoparticles19, they develop a new platform with 

the introduction of pluronic acid to create a new pluronic-silica nanoparticle doped with various 

dyes and able to almost complete the energy transfer. 

It is also possible to functionalize NPs with proper peptide sequence in order to promote the 

multivalent target of a receptor or enhance the selectivity.  Many protocols have been proposed for 

this purpose depending on the stability of the systems, the functional groups present and 

consequent possible interference with the bioconjugation conditions. All these aspects must be 

controlled to preserve the activation of the systems and its proper functioning.  

Biofunctionalization can be achieved by either covalent or non-covalent interactions but the first 

one, as the conjugation of maleimide to thiols or the azide-alkyne cycloaddition that we will further 

be described, are preferred to avoid weaknesses of the system such as poor stability and 

uncontrolled orientation with consequent undefined shape.20 

 

4.2 – Design of Non-Toxic Fluorescent Peptide-Coated Silica/PEG NPs  

Apart from connect the peptide to the surface of the nanoparticles, it is also possible to mix, using 

convergent or divergent strategies, structures of a different nature, like synthetic polymers and 

natural macromolecules, for a better control of the bioactivity.  

The divergent strategy consists in the growth of one polymer on the other while the convergent 

strategy is based on the coupling of the two moieties. In our work, we couple a polymer with 

peptides portion using a convergent protocol and we tried to enhance the permeability of the 

product with the application of Pluronic F127 instead of simple PEG in silica core nanoparticles. 

Pluronic® F127 is part of the family of poloxamers, invented in 1973 by Irving Schmolka and 

protected by patent, and it is a non-ionic triblock copolymer composed of a central hydrophobic 

chain of poly-propylene oxide (PPO) laminated on both sides with two hydrophilic chains of poly-

ethylene oxide (PEG). 

 
Fig.2 Chemical composition of Pluronic F127. 

Since the discovery in 1994 that nanospheres composed by block copolymers exhibit increased 

bioavailability properties, amphiphilic block copolymers are increasingly used in nanomedicines for 
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their possible biological activity and their capacity to enhance blood circulation time, turn down 

liver accumulation and solve drug delivery problems21. Being composed by ABA triblock, (as shown 

in fig.2) they offer a wide possibility of materials that can change their physical and chemical 

properties managing the molar mass ratio between the blocks. 

Pluronic is able to self-assemble in aqueous media, and above the critical micelle concentration, to 

form core-shell micelles where the PPO create the core, where the poor soluble drugs can be 

incorporated, and the hydrated PEO is arranged outside, surrounds it as a corona, and protecting 

the inactivation of the active molecule. 

Thanks to the entry of certain formulations into clinical trials22, it has been discovered that drug 

delivery systems containing Pluronic, can control many important biological responses, including 

the modification of cellular membrane microviscosity, the inhibition of multidrug resistance, the 

enhancement of levels of reactive oxygen species (ROS), and many others all of which are very useful 

aspects to manage in order to make a therapy effective. 

As mentioned above, we decided to take advantages of all these great characteristics and coupled 

to Pluronic some peptide sequences with biological activities chosen from the world of amphibians. 

As we all know, frogs and toads protect themselves from predators and infections, with skin 

secretions and depending on the use, those secretions have a huge variety of compounds like 

polypeptides, alkaloids, and steroids with related large variety of pharmacological application.23 

To control any possible effect of peptide charge in the formation of the micelles, we utilized a model 

peptide with net 2+ positive charge, derived from the bioactive peptide PTP724, a neutral peptide, 

derived from the highly folded 310-helical foldamer Cbz-(Ala-Aib)2-Ala-Gly-NH2,25and finally a 

peptide with a net 2- negative charge derived from a peptide isolated from frig skin, Pleurain-C2.26  

Among them, the positive charge sequence is expected to have higher cell penetration thanks to 

electrostatic interactions with negatively charged phospholipids. 

 
Fig. 3 Structure of PTP7 derived from the larger sequence of GGN6. 
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PTP7 is a tridecapeptide derived from gaegurin 6, a longer peptide isolated from the skin of 

Glandirana Rugosa, and discovered in 2003 from Lee and collaborators while they were looking for 

new antimicrobial peptides with anticancer activities.  

Among all the peptides isolated from this frog species, PTP7, in addition to showing a fair 

antimicrobial activity, returned very interesting IC50 values towards the growth of several tumor cell 

lines. The authors proposed a mechanism of apoptotic cell death based on DNA fragmentation 

following the treatment of cells with PTP7. 

Subsequently it was tested against various antibiotic-resistant bacterial lines and also in this case it 

showed very interesting results. Unfortunately, one of the major problems in the use of this peptide 

is the poor stability in vivo, for this reason, considering its great preliminary tests, we choose it for 

being incapsulated inside a nanoparticle. 

Pleurain-C2 is a tridecapeptide isolated from the skin of Nidirana pleuraden, and it is part of the 

family of Anionic Antimicrobial Peptides (AAMPs). This class of molecules has been isolated more 

recently and it is much less studied than the cationic sequences. For this reason, their mechanism 

of action has not yet been fully elucidated. However, it is thought that they are involved in 

exchanges with intracellular targets, like DNA, but anyway interactions with cell membranes are 

very likely to occur through the formation of salt bridges with the binding sites of the metal cation-

ion. 

 
Fig. 4 Structure of the acidic peptide sequence derived from the larger Pleurain-C2 sequence. 

The neutral sequence doesn’t have biological activity, but it was chosen because of its characteristic 

to be highly folding.  

 
Fig. 5 Neutral peptide sequence chosen for the ability to be highly folding. 
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All three portions are constructed in such a way that they end with an alkyne so that the peptide 

sequence can be bound to the polymer, previously functionalised with an azide, through a click 

reaction cupper catalysed. In this way, it is possible to create different kind of nanoparticles, with 

diverse combinations of positive and negative peptide sequences.  

 

4.3 – Synthesis of Non-Toxic Fluorescent Peptide-Coated Silica/PEG NPs 
Considering all the aspects analysed so far, we decided to use the tri-block surfactant copolymer 

Pluronic F127 (PF127) conjugated with the three chosen model peptidic sequences of similar lengths 

but different net charge.27 

Typically, the functionalization of a nanoparticle takes place by adhering the peptide sequence onto 

the surface of a preform particle, but this protocol leads to uncertain quantification of coating 

density and moderate yields. We have therefore thought of anticipating the functionalization by 

having it take place directly in the polymer before the micellization. 

The conjugation was carried out via the CuAAC (cupper-catalysed click reaction) and to achieve this, 

the pluronic was derivatized on both sides with the azide group, while inside the peptide sequences 

was inserted an alkyne moiety, as already described. 

 
Fig. 6 Generic structure of the chimeric nanoparticles designed. 

PF127 was treated with trimethylamine (TEA)/methanesulfonyl chloride (MsCl) and then the 

resulting dimesylate derivative was reacted with NaN3, giving PF127–(N3)2. The polymer-diazide was 

conjugated to each alkyne-peptide (2 eq) by CuAAC chemistry in the presence of 2,6-lutidine, DIPEA, 

and a catalytic amount of CuI. The resulting polymer–dipeptides were purified by dialysis in 2 kDa 

cutoff tubes. It was possible to monitor the efficacy of the reactions with the integration of 1H NMR 

peaks in the 7 ÷ 9 ppm region. Using the peak of the PPO methyls as reference, the success was 

estimated to be 80-90%. The reaction outcome was also monitored by FT IR where the 

accomplishment of the reaction was confirmed by the disappearance of the azide IR signal 
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recognizable around 2100 cm-1 and by the appearance of the characteristic carbonyl peaks in the 

region 1600 ÷ 1700 cm-1. 

As mentioned before, we decided to introduce peptides with different net charge to monitor how 

this parameter might influence the size and the shape of the nanoparticles. About the charged 

sequences, we had no clue how they could have arranged, instead, for the presence of 2-

aminoisobutyric acid residues (Aib), the neutral peptide was expected to adopt a folded secondary 

structure. For determining the structure, we decide to perform circular dichroism (CD). The CD 

spectra of random coil structures, usually show a negative band around 200nm, while for helical 

arrangement, a positive band appears below 200 nm, supported by two minimal points. Considering 

that all helical structures exhibit this pattern, the intensity of the bands is used to distinguish 

between α and 310 helices.28 The peptide structure is highly influenced by the environment and the 

solvent, in fact in water, the neutral peptise shows a predominant random coil, but in ethanol and 

in 1-octanol, it adopts a 310 helical conformation. 

For the positively charged peptide instead, while a similar trend is detected in ethanol, the addition 

of 1-octanol produces a significant CD variation, that could indicate a structural adjustment or the 

adoption of an α helix conformation. 

 

Fig. 7 Circular dichroism results of the positive and the neutral charged peptides. 

The platform resulted from the conjugation of the peptide and the polymer was directly used for 

the preparation of our polymeric micelles. The nanoparticles were prepared by mixing not 

conjugated pluronic to 10, 20 and 30% of polymer-peptide. The silica core was obtained in acidic 

conditions with a 9:1 mixture of TEOS and TMS-Cl, following the Stöber method and in the presence 

of rhodamineB- triethoxysilane (RhB-TES 0.2 % mol/mol) as doping dye. The resulting NPs were 

purified by water dialysis at room temperature using cellulose tubes with a cut-off > 12kDa. We also 

prepared mixed NPs by performing the click reaction between the diazide derivative PF127-(N3)2 and a 1:1 
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mixture of peptide2+ and peptide2− and NPs formed by 70% of native polymer and 30% of 1:2:1 mixture 

of the charged peptides conjugated with pluronic (2+)2-PF127/PF127-(2-)2. 

 
Fig.8 Schematic representation of nanoparticles synthesis. Legend: blue PEG, red PPO, green peptide, yellow 
silica, purple rhodamine B. 

Once the nanoparticles were ready and purified, their hydrodynamic diameter (dh) was analysed by 

Dinamic Light Scattering (DLS). As expected from the previous work, the bare NPs prepared for 

comparison just with the commercial pluronic, resulted to be 22 ± 0.5 nm. The presence of an 

increasing amount of peptide has in parallel led to a higher hydrodynamic radius, finding a value of 

from 30 ± 1 nm for NP-10%peptide2+ and NP-20%peptide2+, to 35 ± 1 nm for NP-30%peptide2+.  For 

nanoparticles formed through conjugation of the polymer with the neutral peptide, on the other 

hand, the dh value remains constant even as the amount of conjugated peptide increases. 

Once the nanoparticles were ready and purified, their hydrodynamic diameter (dh) was analysed by 

Dinamic Light Scattering (DLS). As expected from the previous work, the bare NPs prepared for 

comparison just with the commercial pluronic, resulted to be 22 ± 0.5 nm. The presence of an 

increasing amount of peptide has in parallel led to a higher hydrodynamic radius, finding a value of 

from 30 ± 1 nm for NP-10%peptide2+ and NP-20%peptide2+, to 35 ± 1 nm for NP-30%peptide2+.  For 

nanoparticles formed through conjugation of the polymer with the neutral peptide, on the other 

hand, the dh value remains constant even as the amount of conjugated peptide increases. 

The presence of anionic peptide instead, gave a very high value of dh, probably because of the 

formation of aggregates that, in the case of the minimum amount, do not even allow the analysis 

because of the quickly gel formation. The hydrodynamic diameters for blend and mixed samples 

appeared significantly higher if compared with the nanoparticles with just one kind of peptide 

present. 

The Zeta Potential values (ζ) have also been determined for completeness performing the analysis 

at pH 8 but the results appear to be very similar for all samples.  

Probably because of this reason, when the sample were analyzed with the transmission electron 

microscopy (TEM) to measure the diameter, no major change in size and shape was perceived as 

we can see from the following figure where the TEM imagines of the compounds with respectively 

10%, 20% and 30% of the cation fragment of PTP7 are represented. 
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Fig. 9 TEM imagines of the compounds with 10% of cationic fragment (A), 20% (B) and 30% (C). 

Due to lack of time, just the first three compounds have been analyzed with TEM but in the table 

are briefly reassumed the results of all the compounds synthetized and analyzed. 

Table 1 Characterization of peptide–NPs: hydrodynamic diameter (dh) and Polydispersion Index (PdI) as 
determined by DLS, Zeta Potential (ζ), core diameter (dcore) determined by TEM. a Gel-like; b 70% native 
PF127 + 30% of a 1:1 mixture of PF127-peptide2+ and PF127-peptide2−; c 70% native PF127 + 30% of a 1:2:1 
mixture of the 3 peptide–polymer block copolymers PF127-(peptide2+)2/peptide2+-PF127-peptide2−/PF127-
(peptide2−)2. Nd = not determined. 

  charge amount (%) dh (nm) PdI ζ (mv) dcore (nm) 

1 0 - 22 ± 0.5 0.14 −4.3 ± 0.1 10± 1 

2 2+ 10 30 ± 0.5 0.17 −5 ± 1 10 ± 2 

3 2+ 20 30 ± 1 0.25 −3.0 ± 0.5 11 ± 2 

4 2+ 30 35 ± 1 0.26 −4.5 ± 0.2 13 ± 2 

5 0 10 29 ± 1 0.16 −4.2 ± 0.2 10 ± 2 

6 0 20 30 ± 0.5 0.10 −3.9 ± 0.4 11 ± 2 

7 0 30 31.5 ± 0.5 0.14 −4.9 ± 0.1 12 ± 2 

8 2− 10 a nd nd nd nd 

9 2− 20 180 ± 20 0.27 nd nd 

10 2− 30 104 ± 10 0.16 nd nd 

11 blend 30 b 41 ± 1 0.20 −3.0 ± 0.1 13 ± 2 

12 mixed 30 c 44 ± 1 0.45 −5.8 ± 0.4 13 ± 2 

 

Biological tests of toxicity and cellular uptake were also performed in collaboration with prof. M 

Paolillo. The toxicity was evaluated using the cell viability 3-MTS assay, according to the 

manufacturer’s instructions. The cells were treated for 24 and 48 hours with a culture medium of 5 

and 10 µM of NPs, and the decrease of vitality was detected just in the presence of the second 

concentration. Nevertheless, the toxicity in vivo cannot be ruled out for the nanoparticles composed 

with anionic peptides. In fact, as they have formed agglomerates, their characteristics have changed, 

especially regarding the area of exposure, but in vivo, by administering much lower concentrations, 
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this phenomenon may not occur. Finally, the internalization was observed just for the platform 

containing the PTP7 portion with the confocal microscopy in A549 cells and the test shows that the 

nanoparticles are indeed capable of penetrating inside the cells although the precise mechanism 

has not yet been identified. 

 

4.4 – Experimental procedures 

General information 

Chemical reagents, including protected amino acids, were purchased from commercial sources, and 

used without purification. 

Peptide purity was assessed by analytical RP HPLC performed on an 1100 series apparatus Agilent 

Technologies, Milan, Italy, using an XSelect Peptide CSH C18 column (Waters, Milford, MA, USA), 

4.6 mm × 100 mm, 130 Å, 3.5 μm. The mobile phase was a mixture of 0.5% HCOOH in H2O and 0.5% 

HCOOH in CH3CN for ionic peptides (method A) or H2O/CH3CN for neutral peptides (method B). 

Alternative to HPLC-MS, purities were assessed by reverse-phase ultra-performance liquid 

chromatography (RP-UPLC), using a reverse-phase (RP) column mod. Acquity UPLC ®BEH C18 1.7 μm 

(2.1 × 50 mm); DAD 210 nm; DAD 254 nm; mobile phase: from 2:8 solvent A/solvent B to 7:3 solvent 

A/solvent B, in 26 min, at a flow rate of 0.3 mL/min, followed by 4 min at the same composition; 

solvent A = 0.1% HCOOH in H2O, B = 0.1% HCOOH in CH3CN. 

MS (ESI) analysis was performed using an MS single quadrupole HP 1100 MSD detector (Agilent 

Technologies, Milan, Italy). 

Fluorescence measurements were performed with an LS-55 Fluorescence Spectrometer (Perkin 

Elmer, Milan, Italy). 

Circular dichroism (CD) measurements were performed at room temperature with a Jasco J-715 

spectropolarimeter by using a circular quartz cell of 0.1 mm path length. Reported CD spectra were 

obtained by taking the average of five scans made at 100 nm/min. Spectral data are expressed in 

units of millidegree. 

Fourier transform IR (FT IR) analysis was performed on an Alpha FT IR spectrophotometer (Bruker, 

Billerica, MA, USA). 

1H NMR was performed at 400 MHz on a Varian Gemini 400 (Agilent) in 5 mm tubes in CDCl3 or 

DMSO-d6 at RT; chemical shifts are reported as δ values relative to residual CHCl3 (δH = 7.26 ppm) 

or to residual DMSO (δH = 2.50 ppm). In general, CDCl3 was used for the derivatives of PF127 and 

DMSO-d6 for the chimeras. 
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Dynamic Light Scattering (DLS) for the determination of the hydrodynamic diameter distribution of 

the NPs was carried out employing a Malvern Nano ZS instrument equipped with a 630 nm laser 

diode. Samples were housed in disposable polystyrene cuvettes of 1 cm optical path length. Samples 

were prepared diluting 300 μL of NP solution in 900 μL of water and 60 μL of PBS 10x (Phosphate-

buffered saline, pH 7.4, 1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4). 

Zeta Potential was measured with the same instrument; the samples were prepared by diluting 100 

μL of NPs solution, 120 μL of 0.02 M KCl, 120 μL of 0.1 M EPPS (3-[4-(2-Hydroxyethyl)piperazin-1-

yl]propane-1-sulfonic acid, pH 8) in 860 μL of water. 

Transmission electron microscopy (TEM) was conducted in a Philips CM 100 TEM operating at 80 

kV. For the investigations, conventional Formvar-film copper microgrids were dried under vacuum 

after deposition of a drop of NP solution diluted with water (1:50). The size distribution was 

obtained by analyzing the images manually using the software ImageJ (Rasband, W.S., ImageJ, U.S. 

National Institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/ accessed on, 1997–

2018). 

Confocal images were obtained with a C1s confocal laser-scanning microscope equipped with a 

PlanApo 60X or 40X oil immersion lens (Nikon, Tokyo, Japan). 

 

General procedure for peptide synthesis 

Fmoc-Rink Amide resin (0.5 g, substitution 0.45 mmol/g) was swollen in DMF (5 mL) for 15 min 

before the use. Fmoc deprotection was carried out by treatment with 20% piperidine/DMF (5 mL) 

for 20 min; after filtration, the treatment was repeated for further 40 min. The resin was 

subsequently washed 3 times with DMF, Et2O, DCM (5 mL each). Fmoc-amino acid (2.5 eq.) carrying 

orthogonal protecting groups at the side chains and HOBt (2.5 eq.) were dissolved in DMF (3 mL), 

and after 10 min this mixture was added to the resin at RT. Then, TBTU (2.5 eq.) and DIPEA (4.0 eq.) 

were also added, and the mixture was shaken for 3 h at RT. The suspension was filtered, and the 

resin was subsequently washed 3 times with DMF, Et2O, DCM (5 mL each). Coupling efficacy was 

monitored by the Kaiser test. The final coupling with 5-hexynoic acid was carried out in the presence 

of HOBt/TBTU/DIPEA under the same conditions as described above. The residues Lys, Ser, Asp, Gln, 

Glu, were introduced as Fmoc-Lys(Boc)-OH, Fmoc-Ser(tBu)-OH Fmoc-Asp(tBu)-OH, Fmoc-Gln(Trt)-

OH, Fmoc-Glu(tBu)-OH, respectively. The removal of the acid-labile groups at the side chains 

occurred during the cleavage of the sequences from the resin. 
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The cleavage of the peptide from the resin was performed by treatment with TFA/TIPS/H2O/PhOH 

(88:5:5:2 v/v/v/m, 10 mL) while shaking for 6 h at RT. The mixture was filtered, and the resin was 

washed in sequence with 1% TFA in Et2O (5 mL), DCM (5 mL), and MeOH (5 mL). The filtrate and the 

washes were collected, and the organic solvents were removed under reduced pressure. The 

resulting residue was suspended in ice-cold Et2O, and the crude solid that precipitated was collected 

by centrifugation (70–80% yield, 85–95% pure as determined by RP HPLC). 

Hex-5-ynamide-Lys-Ala-Leu-Ser-Lys-Leu-Leu-NH2 (peptide2+)  

It was isolated as a beige solid as a 2xTFA salt (385 mg, 78% yield compared to the resin load). Purity  

was determined to be 94% by analytical RP HPLC (method A), Rt = 1.98 min. HPLC-MS: [M+1] = 

865.58. 

 

Hex-5-ynamide-Ala-Aib-Ala-Aib-Ala-Gly-NH2 (peptide0)  

It was isolated as a pale yellow waxy solid (92 mg, 82% yield compared to the resin load). Purity was 

determined to be 78% by analytical RP HPLC (method B), Rt = 5.8 min. HPLC-MS: [M+1] = 552.8 

 

Hex-5-ynamide-Phe-Pro-Glu-Leu-Gln-Gln-Asp-NH2 (peptide2−) 

It was obtained as a beige solid (73 mg, 67% yield compared to the resin load). Purity was 

determined to be 90% according to analytical RP UPLC, Rt = 3.6 min. HPLC-MS: [M+H] = 969.3, 

[M+Na] = 991.3, [M+2H] = 485.3. 

 

Synthesis of Polymer-(N3)2 and Polymer-Peptide Conjugation 

Pluronic® F127 (6.3 g, 0.5 mmol, 1 eq.) was dried by azeotropic distillation with toluene at reduced 

pressure. Then, the polymer was solubilized in anhydrous DCM (25 mL) and treated with 

triethylamine (TEA, 140 μL, 1 mmol, 2 eq.) and methanesulfonyl chloride (MsCl, 77 μL, 1 mmol, 2 

eq.) under inert atmosphere. The mixture was stirred at 0 °C for 3 h and then at RT overnight. The 

solvent was evaporated at reduced pressure, the resulting residue was washed with ice-cold Et2O, 

and solid was collected by precipitation (>95%). 

Sodium azide (122 mg, 1.88 mmol, 4 eq.) was added to a suspension of dimesylate–PF127 (6.026 g, 

0.47 mmol, 1.0 eq.) in CH3CN (25 mL), and the mixture was stirred under reflux for 48 h. 

Subsequently, the solvent was removed under reduced pressure. The solid so obtained was 

dispersed in a 5% NaHCO3 solution saturated with NaCl (20 mL). The mixture was extracted four 
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times with DCM (4 × 15 mL). The combined organic phases were dried over Na2SO4, filtered, and 

evaporated at reduced pressure, affording a white solid (95%). 

PF127-(N3)2 (450 mg, 1 eq) was dissolved in dry CH3CN, and alkyne-peptide (2 eq.), 2,6-lutidine (4 

eq), DIPEA (4 eq), and CuI (0.2 eq), were added under an inert atmosphere. The mixture was stirred 

at RT overnight. Then, the mixture was evaporated at reduced pressure and the solid was dispersed 

in a 1 M HCl solution saturated with NaCl. The mixture was extracted three times with AcOEt (10 

mL). The combined organic layers were dried over Na2SO4, filtered, and evaporated at reduced 

pressure. The resulting solid was washed with ice-cold Et2O, and the solid was collected by 

precipitation (90%). 

Preparation of the Dye-Loaded NPs 

A mixture of pristine PF127 with 10%, 20%, or 30% in weight of polymer–(peptide)2 was dispersed 

in 3.2 mL of a solvent mixture composed of DMF (38.7% v/v) in 1 M of AcOH containing 0.85 M NaCl. 

Then, an 8.67 mg/mL solution of rhodamine B triethoxysilane (RhB-TES) in MeOH (300 μL) was 

added. The mixture was stirred for 1 h, then TEOS (350 μL) was added. After 3 h under stirring, 

TMSCl was added (40 μL), and the reaction was stirred for 48 h at RT. The NPs were purified by 

dialysis in a cellulose dialysis tube (Sigma, MW cutoff >12 kDa, avg. diameter 33 mm) against bi-

distilled water at RT. The procedure gave NPs prepared with a content of polymer–peptide of 10, 

20, and 30%, in short NP-10%peptide, NP-20%peptide, NP-30%peptide, respectively. 
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4.5 - Colorectal cancer therapy 
Irinotecan is a water-soluble prodrug of the active molecule SN38, and it is used since the late ‘60s 

for medical porpoise because of its antitumor activity and substantial toxicity. In fact, it can 

selectively inhibit topoisomerase (TOP1) by trapping the enzyme during cleavage of DNA and 

consequently provoking cell deaths.29Nowadays, Irinotecan is one of the most common treatments 

for advanced colorectal cancer. 30Colorectal cancer is one of the most diagnosed cancers in the 

world; in fact, it is the third most common cancer diagnosed in the United States, and worldwide, it 

represents the second leading cause of cancer death. In early stages, the survival rate is quite high, 

but it decreases rapidly to less than 10% in metastatic stage and sadly, despite the improved 

screening practises, colorectal cancer is commonly diagnosed in advantages stages when surgery is 

not sufficient anymore. 

SN38, has poor solubility in all human fluids, it can’t be used as it is and requires carboxylesterase-

2 to be released, an enzyme abundant in liver but not very present in the blood. As a result, just the 

1-9% of the injected dose of the drug is converted in the active metabolite31 and because of that it 

is administrated as a prodrug. Additionally, it is important to preserve the active form of SN38; it is 

well established that after 24h from the administration just the 55% of the SN38 are present in the 

closed lactone form, the ones active that can easily undergo to conversion to the open inactive 

carboxylate form that it is also able to bind tight human serum albumin. 

 
Fig.10 Structure and activity of SN38 in physiological conditions. 

In case those problems were not enough challenging, it also must be considered the actual 

administration of the drug. It is commonly believed that the oral route is the most popular because 

it is the most convenient for the patient but there are significant additional barriers to be 

considered, a specific bioavailability and a lot of digestive enzymes ready to degrade the molecules. 

To solve those problems a number of approaches have been proposed. 

Zhao and collaborators32 in 2008, tried to use PEGylation of SN38. In this way, the well know 

capabilities of PEGlation to enhance solubilization, prolong circulation time and alter distribution of 

parent drugs with consequent improvement of efficacy, are also transferred to the active portion. 

In fact, Pegylation is a widely adopted strategy to increase circulating time, because of its ability to  
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avoid macrophage-mediated uptake and removal from the systemic circulation. It is also helpful to 

avoid other molecules and non-specific protein binding thanks to steric effects.33 

 
Fig.11 Pegylated compounds for enhancing the permeability and solubilization of SN38. 

They previously tried to synthetize a PEG-CPT11 conjugated using a bifunctional linear PEG and then, 

not being satisfied, they synthetized three different PEG-SN38 conjugates by using different amino 

acids spacers. In this way, they were able to improve their own results, increase the amount of drug 

conjugate from 1.7% to 3.7% and consequently, reduce the amount of inactive polymer given to the 

patient during clinical trials. Further stability studies have demonstrated that PEG conjugates were 

able under neutral conditions and because the link between the SN38 and the PEG was an ester 

bond, the release of the drug could happen with hydrolyzation under basic conditions. In particular, 

SN38 could be released at pH = 7.4 at 37°C with a half-life of about 14h. unfortunately, because of 

the presence of enzymes like esterases and aminopeptidases, the half-time of the same compound 

is about 12 minutes in rat plasma suggesting that not just the pH but especially the enzymes play an 

important role in the drug release. 

Apart from PEG, also Hyaluronic acid has gained attraction for its great biocompatibility, 

biodegradability, and ease of modification. Dinarvard and others34 used this natural carbohydrate 

polymer in order to take advantage to its ability to interfere with extracellular and intercellular 

matrix through one of its major receptors called CD44. CD44 was discovered to be over expressed 

in several types of cancers cells and among them also colon cancer cells thus increasing the 

interaction of the malignant cells with hyaluronic acid. They easily synthetized an SN38-HA 

conjugates that, because of the presence of free acid negatively charged, they were able to interact 

with a positively charged core formed by gold nanoparticles. Gold nanoparticles are becoming 

increasingly popular in drug delivery because they are biocompatible, easy to prepare and to 

modify. They can also be used for photothermal therapy because of their unique characteristic of 

having a surface plasmon resonance (SPR): in fact, an external light can be used for drug released 

regulation and also for provoking irreversible cell damage. In this case, they were forced to 
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introduce an external support because SN38-HA conjugates are not able to form self-assembled 

nanostructure.  

 
Fig. 12 Schematic representation of SN38-Hyaluronic Acid Nanoparticles. 

Recently, also Ebrahimnejad and collaborators used hyaluronic acid but in combination with 

chitosan to cope with the oral administration problem.35Chitosan is a natural mucoadhesive 

polymer which can directly attach the gastrointestinal surface and increase the cellular uptake at 

the target site. It is furthermore reported for several decades that low molecular weight chitosan is 

involved in a various of enzymes processes causing chemo-preventing activities and improving 

solubility in physiological pH. Taking all these aspects into considerations, this research group 

combined the characteristics of chitosan, hyaluronic acid, and polyethylene glycol in the synthesis 

of nanoparticles where the SN38 is combined with a non-covalent physical adsorption. In fact, in 

this project, polar and π interactions between the hydroxyl groups of HA and aromatic rings of SN38, 

and the hydrogen bond between the oxygen in the carbonyl group of SN38 and the hydroxyl group 

of HA are exploited with successful results. 

Despite the great result, among the nanoparticle-based delivery of SN38, supramolecular polymeric 

micellar structures stand out. Recently, in 2020, Lavasanifar and collaborators36 synthetized two 

self-associating SN-38-polymer drug conjugates to solubilize and protect the active portion of 

irinotecan. 

 
Fig. 13 Chemical structure of SN38-polymer drug conjugates. 

The two micellar formulations were composed of either methoxy-poly(ethylene oxide)-block-

poly(α-benzyl carboxylate-ε-caprolactone) conjugated to SN-38 at the PBCL end (mPEO-b-PBCL/SN-

38) or mPEO-block-poly(α-carboxyl-ε-caprolactone) attached to SN-38 from the pendent-free 

carboxyl site (mPEO-b-PCCL/SN-38). In this study, they compared their molecules with another 

SN38-polymer formulation, NK012, the only one to arrive at phase II of clinical trials for breast and 

lung cancer. According to their analysis, their molecules seemed to have more advantages because 
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of the enhancement of stability due to the hydrophobic nature of the chosen polymers. 

Furthermore, also biodegradability has to be considered and, in this context, a poly(ester) structure 

is a plus compared to a poly(amino acids) structures. 

The same year, also Alibolandi and collaborators have given their solution to the permeability 

problem with the development of polymersomes loaded with SN38.37Polymersomes are self-

assembled amphiphilic block copolymers38 that have received a lot of attentions in drug delivery 

approaches because, as artificial vesicles, they are more stable analogues of liposomes and able to 

encapsulate both hydrophilic and hydrophobic molecules. In particular, this research group 

developed chimeric nanoscale self-assembled structure with poli-ε-caprolactone (PCL), poli-lactic 

acid (PLA) and poli-(N-2hydroxypropyl) methacrylamide (PHPMA) in order to blend their desirable 

characteristic and generate a novel and more efficient drug carrier. They furthermore improved the 

structures with the introduction of an aptamer, AS1411, as a targeting ligand on the surface so as 

to make the platform more selective and specific. They have also been able to verify with in vitro 

and in vivo tests, the optimal functioning of their molecules, paving the way for a new approach for 

carrying anticancer drugs. 

 
Fig. 14 Chemical structures of polymersomers. 

For many years, Gemcitabine was used as a first line therapy but due to the drawbacks and the 

emergence of chemo-resistance during treatment, combination therapy has become the main tool 

to tackle cancer. The idea is to increase the efficacy of each drug of the combination for a 

preservation of the therapeutic activity without addictive toxicity or provoking resistance and 

reducing administration doses and adverse effect for a better tolerability.39 Folfoxiri is a 

combination of folinic acid, 5-fluorouracil, oxaliplatin and/or irinotecan and it is currently become 

the standard treatment.40 Despite the great success and the improvements, combination therapy is 

still suffering of the occurrence of secondary and unwanted responses that make the development 

of new strategies urgently needed. 41 
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Fig. 15 Chemical structures of the drugs used for the treatment of colorectal cancer.  

For this purpose, several formulations have been proposed. Among them, a phase III multicentre 

clinical trial called NAPOLI-142 and a phase II micellar formulation with PEGylated form of SN38 called 

NK01243, are currently being tested and they are the most promising since they are demonstrating 

survival advantages and manageable safety profile.  

All these different formulations make it clear that the future of the fight against cancer must be 

directed towards the implementation of nanotechnology-based therapeutic approaches. 44Indeed 

the unique characteristic of nanocarriers make them perfect for controlling the co-delivery of drugs 

in a convenient ratio. 

 

4.6 - Development of multivalent delivery systems for combined therapy 
Inside the Miriam Royo’s research group, I also had the opportunity to work on this topic. This group 

has specialised over several years45 in the development of platforms using labile covalent bonds, 

such as ester bonds, where the combination of a hydrophobic and hydrophilic moiety brings to the 

formation of nanoparticles able to facilitate drug administration and release; they connected their 

ability with the above-mentioned solutions for the advance colorectal therapy and they designed 

multivalent self-assembled platforms. My duty was not only the improvement of the synthetic 

pathway for the development of the platforms, but also the upgrade of the SN38-PEG systems with 

the conjugation of a novel oligomer formulation of 5-fluorouracil, the 5-dFU,and the possible 

introduction of a targeting moiety in order to be more selective and to try the co-administration of 

the two drugs observing the clinical trial indications and the correct ratio between the two active 

agents. 

At the beginning, my research group was able to design and develop a small library of compounds 

with homo and hetero bivalent structures with the aim of testing various lipidic component and find 

the ideal distance between the hydrophobic drug and the hydrophilic polymer. 
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Fig. 16 Chemical structure of the two multivalent platforms for the treatment of colorectal cancer.  

 

 
Fig.17 Chemical structure of the compounds of the first library. 
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The homo platform was designed in order to contain two branches of SN38 while in the other hand, 

the hetero system carried just one SN38 molecule and a lipidic portion. All the systems were based 

on a scaffold in which the drug and the polymer portions could be conjugated though a trifunctional 

platform, the nitrilotriacetic acid. Among the different attempts, both cholesterol and palmitic acids 

were tested as lipidic portion and also various distance between the drug and the central unit: in 

particular, starting with the placement of a small molecule as glycine, the distance was gradually 

increase first with one unit of 6-aminocaproic acid, and then with two unit of it.  

     
Fig. 18 Transmission electron microscopy imagines of the hetero and homo compounds selected. 

All these compounds were tested for critical micelles concentration and analysed though 

transmission electron microscopy (TEM) in order to check their ability to form nanostructures in 

aqueous media and among them, the homo compound C and the hetero compound F containing 

respectively two units of 6-aminocaproic acid and a tota-cholesterol portion, were chosen as the 

best candidates with the more stable and uniform structures.  

 

 

Fig. 19 Stability tests plot with %of release vs time and related half-life at different pH conditions. 

SN38 Release Kinetics from PEG-X-SN38 nanosystems
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Because of these encouraging results, stability tests were performed in both human and mouse 

plasma in different pH conditions and the systems appeared to release the drug without quick 

degradation. These results allowed us to try to be more ambitious and proceed with the combined 

with the combined therapy. 

 

4.7 - Synthesis of multivalent platforms 
Starting with the two selected products, we synthetized the analogues with the amine function of 

the PEG Boc protected instead of acylated. In fact, the peg acylated compound is necessary for a 

better understanding of the platform inside the human fluids and it can be used as comparison but 

the removal of protecting group as final synthetic steps, gives the possibility of the conjugation with 

the oligomer form of the 5FU. This form, as mentioned before, allows the system to maintain the 

right ratio between the two drugs and it gives the possibility of an easy modulation with a reduction 

of the side effects provoked by the separated administration of the two therapies. 

We decided to start the synthesis with the protection of the phenol of the SN38 with the tert-butyl 

diphenyl silyl protecting group. This protection has the characteristic to be very stable in both acid 

and basic condition, it could be easily removed just in the presence of fluorine salts or at very high 

temperature and it is necessary for the sake of avoiding side reactions during the following 

esterification with Boc-glycine. Glycine is placed in order to stabilize the closed lactone form, the 

ones that preserve the proper action of SN38 and it is placed through an ester link in order to 

preserve the liability of the link and ensure the easy release of the drug. 

 
Fig.20 Synthetic pathway for the synthesis of TBDPS-SN38-Gly-H. 

As we can see from the figure, the protection of the drug moiety is very easy to obtain despite a purification 

step is necessary to guarantee the best performance possible for the following coupling with the glycine. The 

glycine is introduced as Boc-Glycine-OH and classic coupling reagents were used in the presence of DMAP for 

the correct formation of the desired ester. 
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4.7.1 - Synthesis of the Homo-bivalent compound 

After ensuring the protection of the drug, we started the development of the homo-bivalent 

platform. At the beginning we complete the synthesis of the SN38 branch with the coupling of two 

units of boc-6-aminocaproic acid, after, of course, appropriate removal of the protecting group. 

 
Fig.21 Chemical scheme for the synthesis of the branch containing the drug. 

Once we obtained this branch, we tried different approaches in order to achieve the final product 

in good yields. Because of the complex nature of the portions necessary to assemble the final 

molecule and the purification problems caused by the co-presence of a hydrophobic and hydrophilic 

portion with consequent lowering of the yield, we were forced to try three synthetic routes: the 

first one starts with the coupling of the N-Boc-Ethylenediamine with the core, the further coupling 

with the branches and the final coupling with the polyethylene glycol unit. 

 
Fig. 22 Chemical scheme for the synthesis of the homo-bivalent platform Boc protected. 
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The reactivity of all these compounds is known and as expected, the reactions go to completeness 

without any problems. Nevertheless, it is necessary the purification from the unreacted reagents 

and the small amount of side products in every single steps as to prevent the formation of unwanted 

reactions and unfortunately, the purification of the intermediate 10 brings to a substantial loss of 

product. We have assumed that this was due to the co-presence of the central amine with the two 

unites of SN38, a kind of structure that, although not complex as the final one, begins to have the  

dual hydrophilic and hydrophobic nature, that make it difficult to handle.  

To solve this problem, we change the synthetic pathway to carrying out the purification of the SN38 

branches with the core before the introduction of the diamine. Unfortunately, we discovered that 

in the purification conditions, the TBDPS is not stable, and it is easily removed, despite from the 

literature it is supposed to be quite steady in both acidic and basic environment, during the 

purification in direct phase with silica column using DCM/MeOH as solvents. Therefore, because 

part of the product got stuck inside the column, we decided to proceed through a third route. 

 
Fig. 23 Second synthetic pathway for the synthesis of the homo-bivalent platform. 

To avoid this problem, we designed a different pathway that involved starting from the same core 

but proceeding with the coupling between the Boc- PEG-Ethylenediamine moiety and the central 

unit. In this way, the coupling of the branches with the core is the last one and not the first one like 

the other routes. Even if the inversion of the synthetic steps could be seen useless for the final 
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attainment, it is instead essential to obtain a better manageability. In fact, it is important to 

remember that one of the main characteristics of these kind of molecules, must remain the liability 

of the bond, and some little modifications during the assembling can preserve this characteristic 

while improve the stability. 

In this route, the purification of the two portions with different nature, compound 16 and 7, take 

place separately and ensure a better result even if not optimal and trouble-free. The yield of the 

final product is still not very high but sufficient for proceeding with the conjugation with the drug. 

 
Fig. 24 Third synthetic alternative for the synthesis of the homo-bivalent platform. 

 

4.7.2 - Synthesis of the Hetero-bivalent compound 

The nature of this second platform is as complex as the homo-bivalent compound and the synthesis 

present similar purification problems. 

At the beginning, we tried to obtain the differentiation between the two branches thanks to the 

activation of the core with a cyclic anhydride successfully opened by TBDPS-SN38-glycine. The 

successive coupling with a TOTA-cholesterol molecule needed to be purify (compound 28 before 

the tert-butyl deprotection) and unfortunately, this operation causes a significant decrease in the 

yield probably because of the deprotection of TBDPS. Despite that, the coupling with N-Boc-

Ethylenediamine was possible and produced the main moiety that at this point was ready for the 

final coupling with PEG27. 

To avoid the purification problem encountered in the previous synthesis we tried a different 

approach where the purification step could occur in a different place of the synthesis. 
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Fig. 25 Synthetic steps for the synthesis of the hetero-bivalent platform. 

This second synthetic pathway involved the opening of the cyclic anhydride by mean of the Tota-

Chol instead of the SN38. The reaction was a succession again and we were able to couple the 

diamine and to purify the product without any problems. We nimbly proceeded with the synthesis 

and having only some difficulties in the product isolation after the methyl ester hydrolysis, we were 

able to achieve the final product. 

 
Fig. 26 Alternative synthetic pathway for the synthesis of the hetero-bivalent compound. 
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Once both platforms were obtained, we proceeded with the removal of the Boc protective group 

from the terminal portion of the PEG. Once the amine was released, it was reacted with 

Succinimidyl-trans-4-(N-maleimidylmethyl)cyclohexane-1-carboxylate (SMCC) in the presence of 

DIEA. In this way, the maleimide intermediate was synthesised for both systems and it was ready 

for the final conjugation with 5-FdU, which was carried out in collaboration with the group of Anna 

Aviño and Ramón Eritja. The success of the reaction was monitored with MALDI, and further trials 

are awaited to have sufficient quantities and to start in vitro tests. 

 
Fig.27 Introduction of the maleimide moiety for the final conjugation with 5FdU. 

 

4.8 – Conclusion 
The development of nanoparticles has become one of the most used approaches for the 

improvement of the therapies and the better administration of the drug. In fact, most of the drugs 

fail the clinical trials because of the poor permeability, solubility, or selectivity and all these aspects 

can be improved with the use of a self-assembled structure able to protect the active form without 

compromising its easy release. 

There is a large variety of nanoparticles that can be designed and among them we decided to focus 

our attention in two different projects for the synthesis of silica core nanoparticles and multivalent 

platform. Both have the characteristic to be designed to help the active moiety to cross the cell 

membranes improving the permeability and the solubility, at the moment they don’t possess the 

portion necessary for the selection release, but further development of this aspect has already been 

scheduled after the biological results. 

In the first project, we selected toxic peptides sequence with different total charged to deeply 

investigate if this characteristic is fundamental for the shape of the nanoparticles. Different 

percentages of the peptides were used to functionalize with click chemistry pluronic acid and obtain 

a self-assembled structure. We were able to demonstrate that these structures are very useful to 

enhance the stability and to modulate the size even if the charge doesn’t seem to affect the shape. 

In the second project a hetero and a homo-bivalent platforms were created to improve the 

therapeutic activity of two of the most used drugs, the SN38 and the 5FdU, for advanced colorectal 

cancer. A previous screening was useful to identify the structures most capable of forming 

nanoparticles. All the systems are based on a scaffold to which the hydrophobic SN38 and a 
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hydrophilic polyethylene glycol (PEG) are conjugated through a trifunctional platform. When the 

platforms were completed, the Boc protection of the PEG was removed to introduce a maleimide 

moiety used to conjugate an oligomer of Floxuridine (5FdU), an antimetabolite tumor drug with 

similar 5FU mechanism of action.  

Once the synthesis of all the conjugates will be completed and characterized, their self-assembly 

ability will be evaluated together with their stability in physiological conditions. 

 

4.9 – Experimental procedure 

General Information 

Reagents and solvents were purchased from commercial sources and were used without further 

purification. Flash chromatography on silica was carried out on a Teledyne Isco Combiflash Rf 

instrument using Redisep Rf silica columns. 1H-NMR (400 MHz) and 13C-NMR (101 MHz) 

spectroscopies were performed on a Varian Mercury 400 MHz instrument. Chemical shifts (δ) are 

expressed in ppm and referenced to the appropriate NMR solvent peak(s). The following 

abbreviations are used to indicate multiplicity: s: singlet, d: doublet, t: triplet, m: multiplet.  

Analytical RP-HPLC and mass spectra were performed on a Waters Alliance 2795 with an automated 

injector and a photodiode array detector Waters 2996 coupled to an electrospray ion source (ESI-

MS) Micromass ZQ mass detector, using an XSelect C18 reversed-phase analytical column (4.6 mm 

× 50 mm, 3.5 μm) or a C4 (4.6 mm × 250 mm, 5 μm) and MassLynx 4.1 software was used to manage 

the data. The instrument was operated in the positive ESI (+) ion mode. Additionally, analytical RP-

HPLC was also performed on a Waters Alliance 2795 with an automated injector and a photodiode 

array detector Waters 2998, using an XBridge BEH C18 reversed-phase analytical column (4.6 mm × 

100 mm, 3.5 μm) and Empower 2.0 software. Analyses were carried out with several elution systems 

: a linear gradient 5−100%, or 30-100%, or 50-100%, or a 60-100%, or a 80-100% of CH3CN (0.036% 

trifluoroacetic acid (TFA)) in H2O (0.045% TFA) over 4.5 min at a flow rate of 0.6 mL/min. 

Semipreparative RP-HPLC purification was performed on a Waters system with a 2545 binary 

gradient module, a 2767 manager collector, and a 2489 UV detector, coupled to an electrospray ion 

source (ESI-MS) Micromass ZQ mass detector and MassLynx 4.1 software.  

 

General synthesis 

The general procedure is as follows: a mixture of the molecule with free acid (0.3 mmol) and 1-

Hydroxybenzotriazole hydrate (HOBt*H2O) (1.2 eq., 0.36 mmol) was stirred in 10mL of 3:1 
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DCM/DMF at rt, and after 10 minutes, the free amino counterpart ( 1 eq., 0.3 mmol), N-Ethyl-N′-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC*HCl) ( 1.2 eq., 0.36 mmol) ) and N,N-

Diisopropylethylamine (DIEA) were added to the mixture and the reaction was allowed to stir at 

room temperature overnight under nitrogen atmosphere. The crude mixture was extracted with 

0.5% w/v citric acid (2x10 mL), saturated NaHCO3 (2x 10mL) and brine (1x 10mL). The organic phase 

was dried over MgSO4, filtered, and evaporated under vacuum. 

Boc and tertbutyl deprotection were accomplished by stirring the crude peptides in a solution of 

HCL 4N in dioxane at room temperature. The solvent is removed under vacuum and the product is 

dried in the stove at 39°C for three hours. Benzyl ester deprotection was accomplished by stirring 

the crude peptides in a mixture of MeOH with 10% of Pd/C overnight under hydrogen atmosphere 

at a pressure of 1atm. The catalyst was removed by filtration though celite and washed with 

methanol and DCM. The product was recollected and concentrated under vacuum. 

 

TBDPS-SN38 (1):   

Triethylamine (4.5 eq., 11.48 mmol, 1.161 g) and tert-Butyl(chloro)diphenylsilane (4 eq., 10.2 mmol, 

2.8 g) were added to a suspension of SN38 (1eq., 2.55 mmol, 1g) in 50 mL di DCM anhydrous. The 

reaction was allowed to stir overnight at 45°C under reflux. After cooling to room temperature, the 

mixture was extracted with 0.5% w/v citric acid (2x50 mL), saturated NaHCO3 (2x 50mL) and brine 

(1x 50mL). The organic phase was dried over MgSO4, filtered, and evaporated under vacuum. The 

residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as solvents and 

compound 1 was obtained (1.51 g, 2.4 mmol, Y= 96%). 

1H NMR (400MHz, CDCl3, 298K): δ 7.95 (s, 1H), 7.67 – 7.69 (m, 4H), 7.50 – 7.52 (d,1H), 7.37 – 7.33 

(m, 6H), 7.04 (s,1H), 5.74 – 5.70 (d,2H), 5.10 (s,2H), 3.57 – 3.51 (q, 2H), 1.96 – 1.90 (m, 2H), 1.11 

(s,9H), 0.91 – 0.94 ( t,3H), 0.82 – 0.86 (t,3H); HPLC-MS (ESI): [M+1] = 631 

 

TBDPS-SN38-Gly-Boc (2):  

N-(tert-butoxycarbonyl) glycine (Boc-Gly-OH) (1.4 eq., 3.10 mmol, 544.31 mg), N-Ethyl-N′-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC*HCl) (1.4 eq.; 3.10 mmol, 594.3 mg) and 4-

Dimethylaminopyridine (DMAP) (0.4 eq., 0.88 mmol, 108.5 mg) were added at 0°C to a solution of 

compound 1 in 30 mL DCM. The reaction was allowed to reach room temperature and was stirred 

overnight. The crude mixture was extracted with 0.5% w/v citric acid (2x30 mL), saturated NaHCO3 
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(2x 30mL) and brine (1x 30mL). The organic phase was dried over MgSO4, filtered, and concentrated 

under vacuum to yield compound 2 as a yellow solid (1.41 g, 1.8 mmol, Y=81%). 

1H NMR (400MHz, CDCl3, 298K): δ 8.06 - 8.04 (dd, 1H), 7. 50 – 7.45 (m, 5H), 7.46 – 7.44 (d, 1H), 7.40 

(s,1H), 7.37 – 7.33 (m, 6H), 7.08 (s,1H), 5.74 – 5.70 (d, 2H), 5.10 (s, 2H), 3.70 (s, 2H), 2.67 – 2.61 (q, 

2H), 1.84 – 1.90 (m, 2H), 1.42 (s,9H), 1.17 (t,3H), 0.98 (s,9H), 0.87- 0.91 (t,3H); 

HPLC-MS (ESI): [M+1] = 788 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 3 (TBDPS-SN38-Gly-H*HCl). 

 

TBDPS-SN38-Gly-AC-Boc (4): 

By performing the general procedure over product 3, product 4 is obtain as a yellow solid (266.8  

mg, 0.33 mmol, Y=90%). 

1H NMR (400MHz, CDCl3, 298K): δ 9.56 – 9.54 (dd,1H), 8.06 – 8.04 (dd, 1H), 7.50-7.45 (m,5H), 7.44  

– 7.42 (d,1H), 7,40 (s, 1H), 7.37-7.33 (m, 6H), 7.09 (s, 1H), 6.74 – 6.70 (d, 2H), 5.10 (s, 2H), 4.22 (s,  

2H), 3.57 – 3.51 (q, 2H), 3.20 – 3.17 (q, 2H), 2.15 – 2.13 (t, 2H), 1.96 – 1.90 (q, 2H), 1.50 – 1.46 (m, 

2H), 1.42 (s, 9H), 1.33-1.28 (m,4H), 1.42 (s,9H), 1.18 (s,3H), 0.98 (s,9H); HPLC-MS (ESI): [M+1] = 902 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 5 (TBDPS-SN38-Gly-AC-H*HCl). 

 

TBDPS-SN38-Gly-AC2-Boc (6): 

By performing the general procedure over product 5, product 6 is obtain as a yellow solid (157.6 

mg, 0.155 mmol, Y=82%). 

1H NMR (400MHz, CDCl3, 298K): δ 9.56 – 9.54 (dd,1H), 8.06 – 8.04 (dd, 1H), 7.70 – 7.72 (dd, 1H), 

7.50-7.45 (m,5H), 7.44 – 7.42 (d,1H), 7,40 (s, 1H), 7.37-7.33 (m, 6H), 7.09 (s, 1H), 6.74 – 6.70 (d, 2H), 

5.10 (s, 2H), 4.22 (s, 2H), 3.57 – 3.51 (q, 2H), 3.20 – 3.17 (q, 2H), 3.01 – 2.98 ( q, 2H), 2.15 – 2.13 (t, 

4H), 1.96 – 1.90 (q, 2H), 1.50 – 1.46 (m, 4H), 1.42 (s, 9H), 1.33-1.28 (m, 8H), 1.42 (s,9H), 1.18 (s,3H), 

0.98 (s,9H); HPLC-MS (ESI): [M+1] = 1015 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 7 (TBDPS-SN38-Gly-AC2-H*HCl). 

 

tBuO-NTA-[OBz]2 (8): 

To a solution of glycine tert-butyl ester hydrochloride (6.08 mmol, 1.05 g) in ACN (30 mL) were  
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added benzyl bromoacetate (2.3 eq.,13.9 mmol, 2.3 mL) and DIEA (5eq., 30.4 mmol, 5.3mL) at 0 °C 

and the reaction was allowed to stir at room temperature for 5 hours. Saturated NaHCO3 (10 mL) 

was poured inside the reaction flask and the crude product was extracted with DCM (2x25 mL). The 

organic phase was dried over MgSO4, filtered, and evaporated under vacuum. The residue was 

purified in flash chromatography on silica using EtOAc and Hexane as solvents and compound 8 was 

obtained as a transparent oil (2.35 g, 5.49 mmol, Y= 90%). 

1H NMR (400MHz, CDCl3, 298K): δ 7.36–7.33 (m, 10H), 5.14 (s, 4H), 3.72 (s, 4H), 3.58 (s, 3H), 1.44 

(s,9H); HPLC-MS (ESI): [M+1] = 429 

After characterization, the product is deprotected following the general tBu deprotection procedure 

to obtain product 9 (HO-NTA-[OBz]2). 

 

Boc-NH-Et-NH-NTA-[OBz]2 (10):  

By performing the general procedure over product 8 with N-Boc-Ethylenediamine, the crude of 10  

is obtained. The residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as 

solvents and compound 9 was obtained (680.6 mg, 1.33 mmol, Y= 61%). 

1H NMR (400MHz, CDCl3, 298K): δ 7.40 – 7.33 (m, 10H), 5.32 (s,4H), 3.66 – 3.62 (t, 2H), 3.42 – 3.38 

(t,2H), 3.32 (s, 4H), 3.29 (s, 2H), 1.42 (s,9H); HPLC-MS (ESI): [M+1] = 514 

After characterization, the product is deprotected following the general Benzyl deprotection 

procedure to obtain product 11 (Boc-NH-Et-NH-NTA-[OH]2). 

 

Boc-NH-Et-NH-NTA-[AC2-G-SN38TBDPS]2 (12): 

By performing the general procedure over product 7 with Boc-NH-Et-NH-NTA-[OH]2, the crude of 12 

is obtained. The residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as 

solvents and compound 12 was obtained (65.4 mg, 0.03 mmol, Y= 35 %). 

1H NMR (400MHz, DMSO-d6, 298K): δ 8.92 – 8.85 (dd, 2H), 8.65 – 8.53 (dd, 2H), 8.44 – 8.35 (t, 2H), 

8.22 – 8.06 (m, 8H), 7.86 – 7.70 (m, 12H), 7.61 – 7.45 (m, 16H), 7.19 – 7.16 (d, 2H), 7.09 (s, 2H), 5.54 

(s, 4H), 5.25 (s, 4H), 4.26 – 3.69 (m, 6H), 3.18 – 3.09 (m, 6H), 3.05 – 2.88 (m, 8H), 2.27 – 2.11 (m, 8H), 

1.64 – 1.23 (m, 33H), 1-19 (s, 18H), 0.96 – 0.91 (t, 6H), 0.90 – 0.80 (t, 6H);  

HPLC-MS (ESI): [M+1] = 2126 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 13 (HCl*NH-Et-NH-NTA-[AC2-G-SN38TBDPS]2). 
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Boc-PEG27-NH-Et-NH-NTA-[AC2-SN38-TBDPS]2 (14): 

By performing the general procedure over product 12 with Boc-NH-PEG27-COOH, the crude of 14 is  

obtained. The residue was purified with precipitation using Et2O and Hexane as solvents three times 

and compound 13 was obtained as a yellow oil (42.6 mg, 0.012 mmol, Y= 80%). 

HPLC-MS (ESI): [M+1] = 3431 

 

Boc-PEG27-NH-Et-NH-NTA-[AC2-SN38]2 (15): 

KHF2 (2eq., 0.025mmol, 2mg) and compound 14 (0.012mmol, 42.6 mg) were dissolved in 2mL of  

MeOH at 0°C and allowed to stir for 1 hour. DCM was added and the product was extracted with 

brine. The residue was purified with preparative HPLC using ACN and Water as solvents and 

compound 15 was obtained as a white solid (11.05 mg, 0.004 mmol, Y= 32 %). 

HPLC-MS (ESI): [M/2+1] = 910, [M/3+1] = 607 

 

tBuO-NTA-[OH]2 (16): 

Compound 16 is obtained by following the general benzyl deprotection procedure over compound 

8. The product was recollected as a transparent oil after concentration under vacuum (1.01 mmol, 

250.6 mg, Y= 87.4%). HPLC-MS (ESI): [M+1] = 248. 

 

tBuO-NTA-[AC2-G-SN38-TBDPS]2 (17): 

By performing the general procedure over product 7 with tBuO-NTA-[OH]2 (compound 16), the 

crude 17 is obtained. The residue was purified in flash chromatography on silica using CH2Cl2 and 

MeOH as solvents and compound 17 was obtained (81.5 mg, 0.04 mmol, Y= 25 %). 

1H NMR (400MHz, DMSO-d6, 298K): δ 8.92 – 8.85 (dd, 2H), 8.65 – 8.53 (dd, 2H), 8.44 – 8.35 (t, 2H), 

8.22 – 8.06 (m, 8H), 7.86 – 7.70 (m, 12H), 7.61 – 7.45 (m, 16H), 7.19 – 7.16 (d, 2H), 7.09 (s, 2H), 5.54 

(s, 4H), 5.25 (s, 4H), 4.26 – 3.69 (m, 4H), 3.39 (s,4H), 3.09 (s,2H), 3.05 – 2.88 (m, 8H), 2.27 – 2.11 (m, 

8H),1.96 – 1.92 (m, 4H),1.42 (s, 9H). 1.28 – 1.23 (m, 16H), 1-19 (s, 18H), 0.96 – 0.91 (t, 6H), 0.90 – 

0.80 (t, 6H); HPLC-MS (ESI): [M+1] = 2040 

After characterization, the product is deprotected following the general tBu deprotection procedure 

to obtain product 18 (HO-NTA-[AC2-G-SN38-TBDPS]2). 

 

Boc-NH-Et-NH-NTA-[AC2-G-SN38-TBDPS]2 (19): 

By performing the general procedure over product 18 with Boc-NH-Et-NH2, product 19 is obtained 
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(41.24 mg, 0.019 mmol, Y= 97 %).1H NMR and HPLC-MS see compound 12 After characterization, 

the product is deprotected following the general tBu deprotection procedure to obtain product  

20(HCl*NH2-Et-NH-NTA-[AC2-G-SN38TBDPS]2). 

 

Boc-PEG27-NH-Et-NH-NTA-[AC2-SN38-TBDPS]2 (21): see compound 14. 

 

Boc-PEG27-NH-ET-NH-NTA-[AC2-SN38]2 (22): see compound 15. 

 

Boc-PEG27-NH-Et-NH-NTA-[OBz]2 (23): 

By performing the general procedure over product 9 with H2N-Et-NH-PEG27-Boc, the crude of 23 is 

obtained. The residue was purified with preparative HPLC using ACN and Water as solvents and 

compound 23 was obtained as a transparent oil (218.18 mg, 0.12 mmol, Y= 75 %). 

HPLC-MS (ESI): [M/2+1] = 910, [M/3+1] = 607 

After characterization, the product is deprotected following the general benzyl deprotection 

procedure to obtain product 24 (Boc-PEG27-NH-Et-NH-NTA-[OH]2). 

 

Boc-PEG27-NH-Et-NH-NTA-[AC2-SN38-TBDPS]2 (25): see compound 21 and 14. 

 

Boc-PEG27-NH-Et-NH-NTA-[AC2-G-SN38]2 (26): see compound 22 and 15. 

 

HO-NTA-[OtBu]-[G-SN38-TBDPS] (27): 

Compound 16 (1.3eq., 0.24 mmol, 60mg) is allowed to stir under nitrogen atmosphere overnight at 

room temperature in the presence of pyridine (300μl) and acetic anhydride (300μl). The day after 

the solvent was evaporated under nitrogen atmosphere and the crude mixture was dissolved in 

anhydrous DMF. Compound 3 (0.2mmol, 149.35 mg) and 2,6-lutidine (1.5 eq., 0.3mmol, 35µl) were 

added at 0°C and the reaction was allowed to stir 1 hour. Solvent was removed and the crude 

mixture was extracted with 0.5% w/v citric acid (2x10 mL), saturated NaHCO3 (2x 10mL) and brine 

(1x 10mL). The organic phase was dried over MgSO4, filtered, and concentrated to give the pure 

product (151.7 mg, 0.17 mmol, Y= 83 %). 

1H NMR (400MHz, DMSO-d6, 298K): δ 12.4(s,1H), 9.04-9.02 (m,1H), 7.65 (d,1H), 7.59-7.56 (m.4H), 

7.4 (s, 1H), 7.36 (s, 1H), 7.35 – 7.32 (m,6H), 7.08 (s,1H), 4.76 (s,2H), 4.22 (s,2H), 4.16 (dd, 2H), 3.49 

– 3.46 (q, 2H), 3.32 (s, 4H), 3.30 (s, 2H), 1.96 – 1.93 (q, 2H), 1.42 (s, 9H), 1.18 – 1.16 (t, 3H), 0.98 (s,  
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9H), 0.89- 0.87 (t, 3H); HPLC-MS (ESI): [M+1] = 919.5, [M/2+1] = 459.6 

 

tBuO-NTA-[TOTA-Chol]-[G-SN38-TBDPS] (28): 

By performing the general procedure over product 27 with TotaChol, the crude 28 is obtained. The 

residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as solvents and 

compound 28 was obtained (75.8 mg, 0.05 mmol, Y= 33 %). 

1H NMR (400MHz, DMSO-d6, 298K): ): δ 9.04-9.02 (m,1H), 8.01- 7.89 (d,1H), 7.65 (d,1H), 7.59-7.56 

(m.4H), 7.4 (s, 1H), 7.36 (s, 1H), 7.35 – 7.32 (m,6H), 7.08 (s,1H), 6.76 (m, 1H), 5.29 (dd,1H), 4.76 

(s,2H), 4.60 – 4.56 (q,1H), 4.22 (s,2H), 4.16 (dd, 2H), 3.5 (s, 8H), 3.49 – 3.46 (q, 2H), 3.39 – 3.35 

(dd,4H), 3.32 (s, 4H), 3.30 (s, 2H), 3.13 – 3.09 (m, 4H), 2.19 – 2.14 (m, 3H), 1.96 – 1.93 (q, 2H), 1.62 

– 1.58 (m, 15H), 1.42 (s, 9H), 1.27 – 1.21 (m, 16H), 1.18 – 1.16 (t, 3H), 0.98 (s, 9H), 0.94 – 0.90 (m, 

6H), 0.89- 0.87 (t, 3H); HPLC-MS (ESI): [M+1] = 1534, [ M/2+1]= 767. 

After characterization, the product is deprotected following the general tBu deprotection procedure 

to obtain product 29 (HO-NTA-[TOTA-Chol]-[G-SN38-TBDPS]). 

 

Boc-NH-Et-NH-NTA-[TOTA-Chol][SN38-TBDPS] (30): 

By performing the general procedure over product 29 with Boc-NH-Et-NH2 product 30 is obtained 

without further purification. (58 mg, 0.035 mmol, Y= 72 %). 

1H NMR (400MHz, DMSO-d6, 298K): ): δ 9.04-9.02 (m,1H), 8.01- 7.89 (d,1H), 7.83 – 7.85 (d, 2H), 7.65 

(d,1H), 7.59-7.56 (m.4H), 7.4 (s, 1H), 7.36 (s, 1H), 7.35 – 7.32 (m,6H), 7.08 (s,1H), 6.76 (m, 1H), 5.29 

(dd,1H), 4.76 (s,2H), 4.60 – 4.56 (q,1H), 4.22 (s,2H), 4.16 (dd, 2H), 3.5 (s, 8H), 3.49 – 3.46 (m, 6H), 

3.39 – 3.35 (dd,4H), 3.32 (s, 4H), 3.30 (s, 2H), 3.13 – 3.09 (m, 4H), 2.19 – 2.14 (m, 3H), 1.96 – 1.93 

(q, 2H), 1.62 – 1.58 (m, 15H), 1.42 (s, 9H), 1.27 – 1.21 (m, 16H), 1.18 – 1.16 (t, 3H), 0.98 (s, 9H), 0.94 

– 0.90 (m, 6H), 0.89- 0.87 (t, 3H); HPLC-MS (ESI): [M+1] = 1618. 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 31 (HCl*NH2-Et-NH-NTA-[TOTA-Chol][SN38-TBDPS]). 

 

Boc-NH-PEG27-NH-ET-NH-NTA-[TOTA-Chol][SN38-TBDPS] (32): 

By performing the general procedure over product 31 with Boc-NH-PEG27-COOH, the crude of 32 is 

obtained. The residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as 

solvents and compound 32 was obtained (76.72 mg, 0.026 mmol, Y= 75 %).  

HPLC-MS (ESI): [M/2+1] = 1462.5, [M/3+1] = 975, [M/4+1] = 731 
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Boc-NH-PEG27-NH-ET-NH-NTA-[TOTA-Chol][SN38] (33): 

KHF2 (2eq., 0.052 mmol, 4 mg) and compound 32 (0.026mmol, 76.72 mg) were dissolved in 2mL of 

 MeOH at 0°C and allowed to stir for 1 hour. DCM was added and the product was extracted with 

brine. The organic phase was dried over MgSO4, filtered, and concentrated to give the pure product. 

(68.34 mg, 0.025 mmol, Y= 98 %). HPLC-MS (ESI): [M/2+1] = 1343, [M/3+1] = 895 

Dibenzyl 2,2'-((2-methoxy-2-oxoethyl)azanediyl)diacetate ( MeO-NTA-[OBz]2) (34) : 

To a solution of glycine methylester hydrochloride (5.6 mmol, 500 mg) in ACN (20 mL) were added 

benzyl bromoacetate (2.3 eq., 12.9 mmol, 2 mL) and DIEA (5eq., 28 mmol, 4.8 mL) at 0 °C and the 

reaction was allowed to stir at room temperature for 5 hours. Saturated NaHCO3 (10 mL) was poured 

inside the reaction flask and the crude product was extracted with DCM (2x25 mL). The organic 

phase was dried over MgSO4, filtered, and evaporated under vacuum. The residue was purified in 

flash chromatography on silica using EtOAc and Hexane as solvents and compound 34 was obtained 

as a white solid (1.9 g, 5.15 mmol, Y= 92%). 

1H NMR (400MHz, CDCl3, 298K): δ 7.36–7.33 (m, 10H), 5.25 (s, 4H), 3.8 (s,3H), 3.72 (s, 4H), 3.58 (s, 

2H); HPLC-MS (ESI): [M+1] = 386 

After characterization, the product is deprotected following the general benzyl deprotection 

procedure to obtain product 35 (MeO-NTA-[OH]2). 

 

[OH]-NTA-[TOTA-Chol]-[OMe] (36): 

Compound 35 (1.3eq., 0.65 mmol, 133.36 mg) is allowed to stir under nitrogen atmosphere 

overnight at room temperature in the presence of pyridine (300μl) and acetic anhydride (300μl). 

The day after the solvent was evaporated under nitrogen atmosphere and the crude mixture was 

dissolved in anhydrous DMF. TotaChol (0.5mmol, 334.7 mg) and DIEA (1.5 eq., 0.65mmol, 113.2 µl) 

were added at 0°C and the reaction was allowed to stir 1 hour. Solvent was removed and the crude 

mixture was extracted with 0.5% w/v citric acid (2x10 mL), saturated NaHCO3 (2x 10mL) and brine 

(1x 10mL). The organic phase was dried over MgSO4, filtered, and concentrated to give the pure 

product (307.6 mg, 0.375 mmol, Y= 75 %). 

1H NMR (400MHz, DMSO-d6, 298K): δ 12.6 (s,1H), 8.01 – 7.89 (d,1H), 6.76 – 6.73 (d,1H), 5.29 – 5.27 

(dd,1H), 4.60 – (4.56 (q, 1H), 3.7 (s,3H), 3.5 (s,8H), 3.35 – 3.30 (m, 10H), 3.13 – 3.09 (m, 4H), 2.19 – 

2.14 (m, 4H), 1.62 – 1.58 (m, 15H), 1.21 – 1.19 (m,6H), 1.01 (s, 3H), 0.94-0.91 (m,6H), 0.88 – 0.84 

(m,6H) ; HPLC-MS (ESI): [M+1] = 821. 
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Boc-NH-Et-NH-NTA-[TOTA-Chol]-[OMe] (37): 

By performing the general procedure over product 36 with Boc-NH-Et-NH2, the crude of 37 is  

obtained. The residue was purified in flash chromatography on silica using CH2Cl2 and MeOH as 

solvents and compound 37 was obtained (162.4 mg, 0.18 mmol, Y= 48 %). 

1H NMR (400MHz, DMSO-d6, 298K): ): δ 8.01- 7.89 (d,1H), 7.83 – 7.81 (d, 1H), 6.76 – 6.73 (d,2H), 

5.29 – 5.27 (dd,1H), 4.60 – (4.56 (q, 1H), 3.7 (s,3H), 3.68 – 3.65 (m, 4H), 3.5 (s,8H), 3.35 – 3.30 (m, 

10H), 3.13 – 3.09 (m, 4H), 2.19 – 2.14 (m, 4H), 1.62 – 1.58 (m, 15H), 1.42 (s, 9H), 1.21 – 1.19 (m,6H), 

1.01 (s, 3H), 0.94-0.91 (m,6H), 0.88 – 0.84 (m,6H) ; HPLC-MS (ESI): [M+1] = 963. 

After characterization, the product is deprotected following the general Boc deprotection 

procedure to obtain product 38 (HCl*NH2-Et-NH-NTA-[TOTA-Chol]-[OMe]). 

 

Boc-NH-PEG27-NTA-[TOTA-Chol][OMe] (39): 

By performing the general procedure over product 38 with Boc-NH-PEG27-COOH, the crude of 39 is 

obtained. The residue was purified with precipitation with Et2O and Exane and the pure product was 

obtained as a white solid (197.2 mg, 0.09 mmol, Y= 58 %).  

HPLC-MS (ESI): [M/3+1] = 756.7, [M/4+1] = 567.9 

 

Boc-NH-PEG27-NTA-[TOTA-Chol][OH] (40): 

Compound 39 was dissolved in 5 mL of a solution 1:1 of NaOH 0.2M and MeOH. The reaction was 

allowed to stir for 3 hours then MeOH was removed, the solution was acidified at pH= 4 at 0°C and 

the product was extracted with DCM (3x5mL). The organic phase was dried over MgSO4, filtered, 

and concentrated to obtain the pure product as a white solid (62.8 mg, 0.03 mmol, Y= 31 %). 

HPLC-MS (ESI): [M/2+1] = 1126.3, [M/3+1] = 751.8 

 

Boc-NH-PEG27-NTA-[TOTA-Chol][SN38-TBDPS] (41): see compound 32 

 

Boc-NH-PEG27-NTA-[TOTA-Chol][SN38] (42): see compound 33 

 

[MAL]-NH-PEG27-NTA-[TOTA-Chol][SN38] 

Compound 42 is deprotected following the Boc deprotection procedure. The product (0.006 mmol, 

18.4 mg) is dissolved in 2mL of DCM. SMCC (1.1 eq, 0.007 mmol, 2.3 mg) and DIEA (1.5 eq, 0.009 

mmol, 2 µL) were added and the reaction was allowed to stir at room temperature overnight. Th 
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solvent is removed, and the crude is concentrated under vacuum. The residue was purified with 

precipitation with Et2O and Exane and the pure product was obtained as a white solid (18.4 mg, Y= 

quant.). The same procedure was performed over compound 26 in order to obtain the two 

maleimide derivative platforms. 
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Final Remarks 

During these three years I focused my research on the design and synthesis of peptides for the 

application in various therapeutic studies where these kinds of drugs are helping overcoming 

challenges of modern medicine approaches. Despite the considerable benefits they could bring, 

they also suffer from significant problems that very often make them unsuitable for hospital 

administration even though they are very effective. In particular, a peptide sequence suffers from 

problems of permeability inside the cell membranes, stability in the human fluids for the presence 

of several kind of enzymes and selectivity, because it can be recognized as substrate in different 

places. In the three chapters described, focusing on a particular topic, I applied different medicinal 

chemistry techniques to modify the native structures and obtain peptidomimetics with the aim of 

solving the above-mentioned problems and making the molecules potentially suitable for the 

therapies studied.  

In the first chapter, I focused my research in the development of k opioid receptor ligands, with the 

design and synthesis of several molecules where the sequence of endomorphine-1, a MOR selective 

endogenous agonist, has been modified with the introduction of trans configuration inductor 

moieties in the place of the proline. In this way the sequences are forced to maintain a linear 

structure and, we hope, switched their selectivity from MOR to KOR with a partial agonist profile, 

according to the precursor molecule from which they derived. 

In the second chapter, the peptide sequences are designed to inhibit the action of lactate 

dehydrogenase, an enzyme involved in the fast growing of tumour cells. To improve their 

permeability, we have chosen to close the sequences in big rings and create a macro cycle more 

stable and more likely to cross cell membranes. 

For the synthesis of nanoparticles, covered in the last chapter, we focused our attention on two 

different techniques. While in the first one we conjugated Pluronic acid through click chemistry with 

toxic peptide sequences, to create a self-assemble structures with a silica core able to enter inside 

the cells, in the second project, carried out thanks to the collaboration with Miriam Royo at the 

Institut de Química Avançada de Catalunya, in Barcelona, we developed of a small library of 

multivalent drug delivery systems with hetero- and homo-bivalent structured molecules, designed 

in order to test their ability to form nanostructures in aqueous media. All these systems are based 

on a scaffold to which the hydrophobic SN38 and a hydrophilic polyethylene glycol are conjugated 

through a trifunctional platform to improve the SN38 permeability, solubility and stability and 

conjugated it with the 5FdU, the second drug widely used for Advanced Colorectal Cance
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