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INTRODUCTION  

 In recent years, oligopeptides have gained increasing importance in fields such as 

biology, chemistry, and medicine, attracting the attention of the scientific community due to their 

remarkable characteristics, ranging from antibacterial properties to photoactive behaviors (Abbas 

et al., 2022; Sun et al., 2019). Ultra-short peptides, defined as having up to 7 amino acids, are 

being studied in particular for their ability to facilitate targeted drug delivery and release 

(Apostolopoulos et al., 2021; Yang et al., 2023). In addition, the distinct properties of short 

peptides give them high potential for a wide range of applications, such as the creation of 

matrices for cell cultures (Restu et al., 2020), tissue regeneration processes (Ross et al., 2022), 

and biosensor development (Sfragano et al., 2021). Recent studies have highlighted the 

importance of short peptides in advanced gene therapy (Riley and Vermerris, 2017). 

 The main objectives of the thesis "Short peptides with self-assembly properties: 

synthesis, characterization, and potential applications" were as follows: 

 O1. Selection of a peptide sequence inspired by natural sequences and its synthesis by solid-

phase method, in order to study its self-assembly properties. 

 O2. Synthesis of tyrosine mutant variants from the selected peptide with self-assembly 

properties, in order to evaluate its influence on the self-assembly mechanism. 

 O3. Optimizing the purification and separation of the peptides obtained by reverse-phase 

high-performance liquid chromatography and reverse-phase solid-phase extraction. 

 O4. Characterization of peptides by advanced analytical techniques, such as MALDI-ToF 

mass spectrometry, tandem mass spectrometry, and ESI-MS mass spectrometry, in order to confirm 

the molecular weight, purity, and structural integrity of the compounds obtained. 

 O5. Determination of the spectral characteristics of the FESNF peptide through UV-vis and 

spectrofluorimetry studies, as well as investigation of its ability to aggregate and form complexes 

with Cu(II) ions. 

 O6. Investigation of the self-assembly process of newly synthesized peptides using 

microscopic techniques such as atomic force microscopy (AFM), polarized optical microscopy 

(POM), and transmission electron microscopy (TEM). 

 O7. Further research into the self-assembly mechanism of the FEYNF peptide through 

Fourier transform infrared spectroscopy (FTIR) and spectrofluorimetric studies. 

 O8. Use of complementary methods, such as in silico studies, to deepen the understanding of 

peptide self-assembly mechanisms and investigate potential biomedical applications. 

 O9. Dissemination of results by publishing them in recognized scientific journals with impact 

factor and by participating in international and national conferences.     
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 PART TWO. PERSONAL CONTRIBUTIONS 

 II. SELF-ASSEMBLING PEPTIDE FESNF-NH2 

 The pentapeptide FESNF–NH₂ was selected for the study of self-assembling properties 

due to its potential to form organized structures through specific interactions between its 

constituent amino acid residues and its biological relevance. Figure II.1 shows the localization 

of the FESNF peptide sequence both within hen egg-white lysozyme (region 34–38) and in the 

CHAMP1 protein (region 772–776). Hen egg-white lysozyme exhibits a structure highly similar 

to that of human lysozyme, which has the ability to self-assemble into amyloid fibrils and is 

implicated in the onset of amyloid diseases. Consequently, it has been frequently used in vitro as 

a model protein for studying fibril formation (Wang et al., 2021). Furthermore, mutations in the 

CHAMP1 gene have been associated with a rare form of intellectual disability. 

 

Figure II.1. Structural representations of hen egg-white lysozyme (left, PDB: 1DPX) and the 

CHAMP1 protein (right, F1MFQ9, SWISS-MODEL) obtained using UCSF Chimera version 1.14. 

The region containing the FESNF sequence is highlighted in green, while zinc ions are shown in 

orange. 

 

 II.2. SYNTHESIS, PURIFICATION, AND CHARACTERIZATION 

      II.2.1. High-performance liquid chromatography analysis 

 The pentapeptide FESNF was successfully obtained using solid-phase peptide synthesis 

(SPPS) and purified by reversed-phase high-performance liquid chromatography (RP-HPLC). 

Initial HPLC analysis revealed two compounds (Figure II.2.1, left), indicating the presence of 

the peptide of interest and a secondary synthesis product (Jitaru and Drochioiu, 2023). The initial 

purity of the crude peptide was estimated at 79% and 77%, based on the signals recorded at 215 

nm and 220 nm, respectively. The elution of the secondary product occurred approximately two 

minutes after the elution of the target peptide, suggesting a more pronounced hydrophobic 

character. After two rounds of purification, the peptide purity increased to 96% (Figure II.2.1, 
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right). Subsequently, the molecular weight of the purified peptide and the secondary product was 

analyzed using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-ToF MS) and MALDI-ToF/ToF. 

 

Figure II.2.1. HPLC chromatograms of the crude peptide (left) and purified FESNF peptide 

(right), obtained by monitoring at three wavelengths (215, 220, and 255 nm). 

 

      II.2.2. MALDI-ToF mass spectrometry analysis 

 The molecular weight and purity of the peptide were determined by mass spectrometry 

using MALDI-ToF and MALDI-ToF/ToF methods (Figure II.2.2). MS analysis of the 

compound eluted at a retention time of 11.64 min confirmed the successful synthesis of the 

FESNF-NH₂ peptide. Initially, the sample was co-crystallized with the HCCA and DHB matrices 

for MALDI-ToF analysis. The mass spectra obtained showed more intense signals when using 

the DHB matrix, indicating higher ionization efficiency. Moreover, the crystals formed with 

DHB were larger in size, suggesting more favorable conditions for spectrometric analysis 

(Figure II.2.2). 

 The mass spectrum indicated the presence of the molecular ion [M+H]+ at m/z 642.48. 

Sodium ([M+Na]+) and potassium ([M+K]+) adducts were also observed at m/z 664.46 and m/z 

680.44, respectively (Figure II.2.3). The experimental values were compared with theoretical 

values calculated using GPMAW software. Furthermore, peptide sequence analysis by MS/MS 

was used to confirm the primary structure of the FESNF-NH₂ peptide.  
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Figure II.2.2. Visual comparison of the co-crystallization of the FESNF-NH₂ peptide with two 

different matrices: DHB and HCCA. Images were captured using the camera of the MALDI-ToF 

mass spectrometer. 

 

 

Figure II.2.3. MALDI-ToF mass spectrum of the FESNF peptide obtained using the DHB matrix. 

 

         II.2.2.1. Tandem mass spectrometry analysis 

 As expected, fragmentation of the molecular ion of the peptide of interest at m/z 642.48 

generated several singly charged b⁺ and y⁺ ions, as well as species resulting from the loss of 

neutral molecules such as water (H₂O), ammonia (NH₃), and carbon dioxide (CO₂) (Figure 

II.2.4). The structural fragmentation pattern of the FESNF peptide can be observed in Figure 

II.2.5. The loss of water can be attributed to glutamate and serine residues, while the 17 Da 

deviation associated with ammonia release may be attributed to the N-terminal of the 

pentapeptide or the release of water combined with an isotopic shift (Sun et al., 2008). For the 

y2⁺, y3⁺, and b4⁺ fragments, the loss of ammonia could originate from the free amino group on the 
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side chain of asparagine (Tabb et al., 2006). On the other hand, the loss of carbon dioxide, 

observed both for the molecular ion and its dehydrated species, may result from decarboxylation 

of the glutamate residue (Jackson et al., 2011). 

 

Figure II.2.4. Assignment of m/z signals resulting from tandem mass spectrometry analysis of 

MALDI-ToF MS/MS type, using the DHB matrix. The fragmentation of the molecular ion [FESNF 

+ H]+ (m/z 642) was achieved through laser-induced dissociation (LID) and collision-induced 

dissociation (CID) respectively (for the fraction collected at 11.64 minutes in the RP-HPLC 

chromatographic separation). 
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Figure II.2.5. Highlighting the preferential fragmentation types observed experimentally in the case 

of the FESNF-NH2 pentapeptide upon tandem mass spectrometry analysis. 

 

      II.2.3. Analysis by electrospray ionization mass spectrometry 

 The ESI-MS mass spectrum (Figure II.2.9) confirms the identity of the FESNF-NH2 

peptide, with the most intense signal corresponding to the molecular ion ([M+H]⁺) at m/z = 

649.28. The spectrum also indicates the presence of sodium adducts [M+Na]⁺ at m/z = 664.26 

and potassium adducts [M+2K-H]⁺ at m/z = 718.31. In addition, the signal at m/z = 1283.56 

([2M+H]⁺) indicates the intrinsic tendency of the peptide to form dimers (Pan, 2008).  

 

 

Figure II.2.9. ESI-MS mass spectrum of the FESNF-NH2 peptide. 

 

 II.3. SPECTRAL STUDIES 

 Spectroscopic analysis of the FESNF-NH2 peptapeptide reveals two characteristic 

signals, attributed to phenylalanine residues at the N- and C-terminals. The presence of aromatic 

amino acids may favor the self-assembly process of the peptide. To evaluate the potential 
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involvement of the peptide in interactions with metal ions, the presence and behavior of aromatic 

residues were analyzed by UV-vis spectroscopy and spectrofluorimetry. 

 The UV-vis spectrum of the peptapeptide was recorded in Tris buffer solution to establish 

the characteristic fingerprint of phenylalanine residues. Thus, the most intense peak observed at 

258 nm was accompanied by four spectral shoulders at 247, 252, 263, and 267 nm, both at pH 

7.3 and pH 7.0 (Figure II.3.1). A similar spectroscopic profile was observed using 30 mM 

PIPES buffer solution, pH 6.5, at a peptide concentration of 200 µM. These results are consistent 

with previously reported data for phenylalanine-containing peptides (Barazzouk and Daneault, 

2012; Rodger, 2018). The diluted peptide solution (41 µM) exhibits a spectral band characteristic 

of the amide group at 203 nm (A203 0.97) under conditions of pH 7.3. Phenylalanine can act as an 

intermediate for electron transfer between distant regions of the peptide structure (Nathanael et 

al., 2018). The modest contribution of phenylalanine to the intrinsic fluorescence of the peptide 

can be explained by its low quantum yield (Lakowicz, 2006). 

 

 

Figure II.3.1. UV-vis spectra of the pentapeptide FESNF in Tris 30 mM pH 7.3 (a and b, 826 μM 

and 41 μM) and acetate 40 mM pH 7.0 (600 μM, spectrum c, dotted). 

 

 At the same time, spectrofluorimetric measurements highlight spectral features specific to 

peptides containing phenylalanine residues. The emission spectrum of the FESNF-NH2 peptide 

in 30 mM Tris buffer solution, pH = 7.3, at an excitation wavelength of 258 nm, shows a 

maximum at 282 nm and a shoulder at 290 nm. Good linearity between the fluorescence signal 

intensity and the peptide concentration can be observed in the concentration range 25–250 
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µg/mL at an emission wavelength of 282 nm (Figure II.3.2 - Insert). Similarly, the emission 

spectrum of the peptide in 50 mM sodium acetate, pH = 5.05, was measured and a similar profile 

was found. As expected, the excitation spectra show a maximum at 258 nm (Figure II.3.3 - 

dotted spectra). 

 

Figure II.3.2. Emission spectra of the peptide FESNF-NH2 (1, 2, 3, and 4 at 26, 80, 132, and 238 

µg/mL) in 30 mM Tris buffer, pH 7.3. Insert: fluorescence intensity as a function of peptide 

concentration. 

 

 
Figure II.3.3. Emission spectra at four different peptide concentrations (39, 78, 132, and 176 

µM – a, b, c, and d; solid lines) obtained for λexcitation = 258 nm and the corresponding excitation 

spectra (a', b', c' and d'; dashed lines) recorded at λemission = 282 nm, in 50 mM sodium acetate 

solution, pH = 5.05. 
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 II.4. AGGREGATION STUDIES 

 Typically, the physical stability of peptides and proteins is influenced by several factors. 

The ability of a peptide to form aggregates can be influenced by the amino acid sequence, the net 

charge of the peptide, and its concentration (Zapadka et al., 2017).  

 The aggregation index (AI) is an important parameter that indicates the tendency of a 

peptide to form aggregates in solution, especially when its value is greater than 3. Phenylalanine 

has been shown to have the ability to form fibrils in PBS at 37°C (Anand et al., 2017). 

Furthermore, the presence of phenylalanine residues in hexapeptides, in cross-folded β-

structured aggregates, and in amyloid-like species has been previously reported in the literature 

(Rousseau et al., 2006), and the tendency to aggregate is strongly influenced by the number of 

these amino acid residues in the molecule (Zaguri et al., 2021). On the other hand, asparagine 

and glutamine may play an important role in initiating the aggregation process of peptides and 

proteins (Barrera et al., 2021; Shattuck et al., 2017).  

 As expected, the aggregation index obtained was greater than 40 when the absorbance at 

a wavelength of 280 nm was used at pH 6.00, 8.00, and 10.7. These values, calculated according 

to equation 1, apply mainly to aggregation studies performed on proteins. In contrast, more 

relevant results for the pentapeptide studied were obtained when the AI had low values (below 

3), calculated based on the absorbances recorded at wavelengths of 258 and 350 nm. The 

dynamic aggregation profile is shown in Figure II.4.1. The maximum AI value (2.8) was 

obtained at pH 6 after 20 minutes of incubation at 37 °C. 

 Similarly, the aggregation of the pentapeptide was investigated at pH 2. Under these 

conditions, it was interesting to note that a plateau was reached after 30-40 minutes of incubation 

using a 2 mg/mL peptide solution. The aggregation index was also determined as a function of 

pH after 30 minutes of incubation at 37 °C. The bell-shaped profile obtained (Figure II.4.1, 

inset) clearly suggests that the FESNF peptide favors a slightly acidic environment to initiate the 

aggregation process. 

 The aggregation capacity of the peptide was also investigated using the ThT test. 

Phenylalanine forms aggregates, and the intensity of ThT fluorescence increases due to the 

capture of the dye by the structures resulting from self-assembly (Ziaunys and Smirnovas, 2019). 

In this case, it is possible that the results are influenced by the total electric charge of the 

FESNF-NH2 peptide. Thus, after an incubation period of 145 hours at 50 °C, an 18% increase in 

fluorescence was observed at pH 8 (Figure II.4.2). The electrostatic interaction between ThT, 

which is positively charged, and the partially negative peptide under investigation may intensify 
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the fluorescence signal. Electrostatic interactions between fibrils and ThT are the main factor 

determining fluorescence intensity (Arad et al., 2020). 

 

Figure II.4.1. Normalized aggregation index (AI) calculated based on absorbance values at 258 nm 

and 280 nm, respectively 350 nm. The maximum AI values were 2.8 (solid dots) and 44 (empty 

dots), respectively. Insert: variation of the aggregation index (AI) as a function of pH values. 

 

 

Figure II.4.2. Increase in emission signal intensity ((ex 440 nm and (em 482 nm) of thioflavin 

(40 µM ThT) in the presence of pentapeptide at pH 8.0 (■), pH 7.0 (▲), and pH 2.0 (○), as 

function of the incubation time at 50 °C. 
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 II.5. STUDY OF SELF-ASSEMBLY PROPERTIES BY AFM 

 The morphology of the aggregated species derived from FESNF-NH2 in different 

solution media was analyzed using atomic force microscopy (AFM) and presented in Figure 

II.5.1. The ammonium acetate solution with pH 5.5 and the methanol solution (Figure II.5.1, A, 

A', and D, D', respectively) appear to induce a fibril agglomeration effect. This effect is more 

noticeable in Figure II.5.1 D, D', and D", which once again confirms that short-chain alcohols 

induce a delay in fibril formation, as previously described in another similar study (Bernson et 

al., 2020). In addition, it has been reported in the literature that methanol substantially modifies 

the morphology of compounds by significantly decreasing the drying time (Zelenovskiy et al., 

2015). 

 The fibrils observed in the sample obtained in the presence of ammonium acetate at pH 

5.5 resemble a neural network. In this case, the average width of the fibrils is approximately 130 

nm, compared to that of the fibrils obtained for the sample obtained from the methanol solution, 

where the average width is greater, around 235 nm, as can be seen from the measurements based 

on the cross-sectional profiles in Figure II.5.1 A" and D", respectively. 

 The theoretical isoelectric point (pI) of the FESNF-NH2 peptide is 6.99, as calculated 

using the BACHEM Peptide Calculator. At a physiological pH of 7.4, which is close to the pH 

value corresponding to the isoelectric point (pI), no peptide fibrils are formed (Liu et al., 2022) 

(Figure II.5.1 B and B'). Instead, dense clusters ranging in size from 116 to 128 nm were 

formed, depending on the cross-sectional profile (Figure II.5.1 B"). This behavior is similar to 

that exhibited by bovine insulin when exposed to a pH close to its isoelectric point (Bernson et 

al., 2020). Furthermore, the appearance of amyloid fibrils in the case of Alzheimer's disease 

peptides tends to be favored when the net electric charge is zero due to pH conditions (Guo et al., 

2005). 

 However, at pH 8.2, the pentapeptide self-assembles into long, homogeneous, and 

distinct nanofibrils (Figure II.5.1 C and C'), with an average width of approximately 165 nm 

(see cross-sectional image in Figure II.5.1 C"). Furthermore, salts can facilitate fibril formation 

at pH 8.2 due to the predominance of negative charges (Hong et al., 2004). By deprotonating the 

glutamic acid residue, intra- and intermolecular interactions can be enhanced, particularly 

hydrogen bonds mediated by the side chains of glutamic acid, serine, and asparagine in the main 

structure of the peptide. Implicitly, π-π intermolecular interactions may become more 

pronounced. Under these conditions, the pentapeptide self-assembles near the pKa value of the 

Tris buffer, forming long, homogeneous, and distinct nanofibers (Figure II.5.1 C, C’) with an 

average width of approximately 165 nm (cross-sectional profile Figure II.5.1 C”). Therefore, it 
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is important to take into account the contribution of partially dissociated -NH2 groups originating 

both from the N-terminal end of the peptide and from the buffer solution. 

 

Figure II.5.1.  Two-dimensional (2D) AFM images recorded on surfaces of 20x20 µm2 and 3x3 

µm2, respectively, and the corresponding cross-sectional profiles of samples obtained from the 

aqueous solution FESNF-NH2 (10 mg/mL) diluted in a 1:10 ratio using (A, A', A") ammonium 

acetate 50 mM pH 5.5; (B, B', B") Tris 50 mM pH 7.4; (C, C', C") 50 mM Tris pH 8.2; (D, D', D") 

4.5% methanol solution. 

 

 The fibrils appear to be the result of several globular structures stacked together, as can 

be seen in the enlarged image in the corner of the height profile (Figure II.5.1 C”). These results 

are consistent with a recent study in which a sensor was developed for the detection of 
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verbascoside in various types of olive oil by immobilizing the FESNF-NH2 peptide using 

glutaraldehyde as a cross-linking agent on screen-printed carbon electrodes modified with 

graphene oxide. This study also observed a fibrillar peptide network within the sensor 

(Munteanu et al., 2022). Thus, the Tris solution can act as a trigger for the formation of more 

developed 3D structures. In addition, another study observed a regular and dense network of 

small-diameter fibers (4–5 nm) in the case of the FEFEFKFK peptide, through AFM and TEM 

analysis (Saiani et al., 2008). 

 In conclusion, AFM analysis clearly shows the self-assembly ability of the peptide 

through the formation of aggregate species depending on pH. The correlation between the 

aggregation index and AFM images confirms the significant influence of pH on the self-

assembly process. 

 

 II.6. IN SILICO STUDIES 

      II.6.1. Replica exchange molecular simulations 

 The study in this thesis focused mainly on investigating the possibility that phenylalanine 

residues at the ends of the peptide participate in intramolecular π-π interactions. The research 

was initiated based on the hypothesis that the preference for this conformation limits the 

extensive aggregation caused by hydrophobic interactions, due to steric interference between 

adjacent molecules. The results of replica exchange simulations of the isolated peptide showed 

that, regardless of the pH value, the peptides predominantly adopt an extended ("open") 

conformation, in which the aromatic side chains of the phenylalanine residues are positioned at a 

distance from each other (Figure II.6.1 A). The histograms of the distance between the Cγ–Cγ' 

carbon atoms of the Phe1 and Phe5 residues at the ends of the molecule show a small number of 

"closed conformations," which involve π-π intramolecular interactions (Figure II.6.1 B). 

 Simulations with two peptides showed that π-π interactions between the side chains of the 

terminal phenylalanine residues are predominant in the conformation of the assembly (Figure 

II.6.1 D). These interactions are possible because the terminal ends remain available and are able 

to interact with other molecules. It is interesting to note that the presence of the second molecule 

influences the intramolecular conformational preference of each peptide. The histogram of the 

distance between the Cγ–Cγ’ carbon atoms at the ends of the molecule shows a second peak 

around ~6 Å (Figure II.6.1 C), compared to a single dominant peak centered at ~12 Å in the 

single-peptide simulations. This increased tendency toward a "closed" conformation can be 

explained by simultaneous π-π interactions, both intramolecular and intermolecular (Figure 
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II.6.1 D). The results suggest that "open" structures favor aggregation, allowing the terminal 

ends to remain free for hydrophobic interactions involved in aggregate growth. 

 

 

Figure II.6.1. Conformational analysis based on REST2 simulations for a single peptide (A, B) and 

for two peptides (C, D). A – dominant conformation extracted from cluster analysis at acidic, neutral, 

and slightly basic pH; B – histogram of the distribution of distances between Cγ–Cγ’ carbon atoms at 

the chain ends (terminal phenylalanine residues) in single-peptide simulations; C – histogram of the 

distribution of Cγ–Cγ’ distances between chain ends in two-peptide simulations; D – conformations of 

peptide dimers extracted from simulations with two peptides. 

 

      II.6.2. Coarse-grained molecular simulations 

 To investigate the aggregation tendency of the FESNF peptide in more detail, coarse-

grained (CG) molecular simulations were performed. In this type of simulation, chemical groups 

consisting of several atoms are represented by a single interaction center. This method allows the 

simulation to be run for periods at least 10 times longer, which provides a broader picture of 

slow molecular processes such as aggregation. Figure II.6.2 A shows the result of a CG 

simulation run over a period of 0.8 µs, which included 400 FESNF peptides at pH 8.2. At the 

beginning of the simulation, the peptides were randomly distributed throughout the simulation 

box. During the simulation, the molecules gradually self-assembled into larger and larger 

aggregates, eventually forming a fibrillar structure, as illustrated in Figure II.6.2 B. 
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Figure II.6.2. Coarse-grained (CG) simulation of the self-assembly of the FESNF-NH2 peptide at pH 

8.2. A - time series of peptide aggregate growth; B - fibrillar aggregate formed after ~0.8 µs. 

 

 II.7. INTERACTION OF PEPTIDE WITH COPPER (II) IONS 

      II.7.1. UV-vis studies 

 The UV-vis spectra of the pentapeptide FESNF in the presence of a 30 mM PIPES (1,4-

piperazinediethanesulfonic acid) buffer solution at pH = 6.5 indicate a distinct interaction with 

Cu²⁺ ions. In the absence of metal ions, the peptide exhibits two absorption maxima, at 220.5 nm 

and 258 nm, with an A220.5/A258 ratio of 12.6. The absorption at 258 nm is predominantly 

attributed to the presence of characteristic aromatic rings, phenylalanine (F) residues, in the 

peptide sequence, while the maximum at 220.5 nm reflects the contribution of the four peptide 

bonds and the amide group located at the C-terminal end (Figure II.7.1) (Prasad et al., 2017). 

 As the concentration of Cu²⁺ equivalents increases (Figure II.7.1, spectra b-e), a 

progressive increase in absorption in the UV region is observed, accompanied by a significant 

shift in the absorption maximum. This change indicates the formation of a complex between the 

peptide and Cu²⁺ ions. The Cu²⁺ ions most likely bind to peptide groups and/or functional groups 

located in the side chains of the component amino acids (such as the carboxyl group of glutamic 

acid, the hydroxyl groups of serine, or the amide nitrogen), interfering with the chromophore 

groups (Faller, 2009). 
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Figure II.7.1. UV-vis spectra of the FESNF-NH2 peptide in the absence or presence of different 

concentrations of CuSO4 solutions. Conditions: 30 mM PIPES, pH= 6.5. The peptide exhibits two 

absorption maxima at 220.5 and 258 nm (a-FESNF- 200 µM). Copper (b-0.25 equiv., c-0.5 equiv., d-

1 equiv., and e-6 equiv.) was gradually added to the peptide solution. Insert: Differential absorption 

spectra in the presence of 1 or 6 equivalents of copper. 

 

      II.7.2. Spectrofluorimetric studies 

 The 3D fluorescence spectra were also analyzed at pH 5, 6, or 7 in 40 mM acetate buffer 

solution at 27 °C. The peptide itself (156 µM) exhibited two emission maxima at 213 and 283 

nm (Figure II.7.3 - A, C, D, and E). These bands are characteristic of phenylalanine residues 

(Bortolotti et al., 2016). In the presence of copper ions (10 equivalents), the emission intensity 

decreased in close dependence on the pH of the buffer solution used (Figure II.7.3 - F, G, and 

H).  

 At a pH value of 5, only 36.5% of the initial fluorescence of the peptide was maintained 

when the excitation and emission wavelengths were chosen at their maxima of 258 and 283 nm. 

At pH values of 6 and 7, only 10.15% and 2.6% of the initial fluorescence was observed. In 

addition, the signal centered at 258/283 (ex/em) disappeared almost completely at pH 7 (Figure 

II.7.3 - H), and the emission maximum at the excitation wavelength of 213 nm shifted to shorter 

wavelengths. At the same time, the emission maximum shifted to longer wavelengths (to a value 

of 310 nm). In addition, at pH 7, a signal with a maximum emission shifted approximately to the 
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spectral region 200/355 (ex/em) was observed, difficult to locate accurately due to the limitations 

of the instrument operating at excitation lengths greater than 200 nm. 

 

Figure II.7.3. 3D fluorescence spectra and contour maps of the free peptide or in the presence of 

Cu2+ ions. Top row: 3D spectra of the FESNF-NH2 peptide (156 µM, A) and in the presence of 0.5 

equivalents of copper (B) in 50 mM sodium acetate pH 7.0. Middle row: contour map for the 

pentapeptide analyzed at three different pH values (pH 5.0, 6.0, and 7.0 - C, D, and E). Bottom row: 

contour map for the pentapeptide in the presence of 10 equivalents of copper obtained at three 

different pH values (pH 5.0; 6.0 and 7.0 - F, G and H). 

 

      II.7.3. MALDI-ToF mass spectrometry analysis 

 The MALDI-ToF mass spectrum of the FESNF-NH2 peptide, after incubating a 3 mM 

peptide solution with 30 µM Cu(II) ions for 20 hours at a physiological pH of 7.4 and a 

temperature of 37 °C, provides a detailed picture of the molecular species formed (Figure 

II.7.4). The monoprotonated molecular ion [M+H]+ present at m/z 642.33, and the corresponding 

sodium adduct [M+Na]+, at m/z 664.27, indicate the presence of unreacted peptide. The signals 

at m/z 704.25 and 726.25 correspond to the molecular ion of the peptide-Cu(II) complex, 

[M+Cu(II)]+, and its Na adduct, [M+Cu(II)+Na-H]+, respectively.  
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Figure II.7.4. MALDI-ToF mass spectrum of the FESNF-NH2 peptide after complexation with 

Cu(II) ions. The DHB matrix was used. 

 

III. MUTANT PEPTIDES WITH SELF-ASSEMBLY PROPERTIES 

     III.1. SELECTION OF MUTANT PEPTIDE SEQUENCES 

 Two mutant peptides were synthesized using solid-phase synthesis starting from the 

sequence of a previously obtained peptide whose self-assembly properties were investigated by 

UV-vis, spectrofluorimetric, in silico, and atomic force microscopy (AFM) studies at different 

pH values in Chapter II. Thus, a synthesis protocol identical to that applied to obtain the amide 

form of the FESNF-NH2 sequence was followed, where the serine located in the central part of 

the pentapeptide was replaced with tyrosine in order to obtain the peptide with the sequence 

FEYNF-NH2. Another mutant peptide was synthesized by replacing the phenylalanine at the C-

terminal atom with tyrosine, resulting in the sequence FESNY-NH2. Phenylalanine is a nonpolar 

amino acid, while tyrosine and serine are more polar amino acids due to the presence of a 

hydroxyl group in their structure. Serine has been studied in the context of amyloid fibril 

formation. For example, its role in the structure of amylin on the amyloid aggregation process 

has been found to be modest compared to that of 2-amino butyric acid in the structure of the 

corresponding mutant peptide (Akter et al., 2020). This supports the hypothesis that the 

hydrophobicity of amino acid units governs the aggregation mechanism. 

 Figure III.1.1 shows a comparison of the flat structures of the amide forms of the newly 

synthesized peptides (FEYNF, FESNY), the FESNF peptide described in Chapter II, and a 

peptide previously synthesized within the Biochemistry Group, with the sequence FEHNF. 
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Figure III.1.1. Flat structures of the amide peptides FESNF, FEHNF, FEYNF, and FESNY created 

using ChemDraw Pro 12.0 software. In the case of mutant peptides, amino acids that differ from the 

reference peptide FESNF are highlighted in red. 

 

 III.3. MUTANT PEPTIDE FEYNF-NH2 

      III.3.1. Qualitative analysis by RP-HPLC 

 Reverse-phase high-performance liquid chromatography (RP-HPLC) was used for the 

analysis and separation of the crude mixture of synthesized peptides. The HPLC profile of the 

FEYNF-NH₂ peptide is shown in Figure III.3.1. For specific detection of the peptide bond, the 

analysis was performed at a wavelength of 215 nm. The initial separation of the mixture 

followed a linear elution gradient, which allowed for clear fractionation and accurate 

identification of the compounds based on retention times. 

 In the first 5 minutes of the chromatogram, peaks corresponding mainly to acetic acid and 

possible residues of solvents used during synthesis were observed. However, a distinct peak 

appearing at 9.09 minutes was subsequently identified by mass spectrometry as the FEYNF-NH2 

peptide. The intensity of this signal clearly suggests that the purity of the peptide of interest 

exceeded 95%. A second peak, detected at 10.05 minutes, although weaker, corresponds to a 

more hydrophobic by-product with a slightly prolonged retention time, a phenomenon 

commonly encountered in solid-phase peptide synthesis (SPPS) (Guzmán et al., 2023). Mass 

spectrometry analysis of the secondary compound at the retention time of 10.05 min did not 

provide conclusive results, most likely due to the concentration being too low to be detected. 
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Figure III.3.1. HPLC chromatogram of crude FEYNF-NH2 pentapeptide. The spectrum was 

recorded at a wavelength of 215 nm. Injection volume: 90 µL. 

 

      III.3.3. MALDI-ToF and MS/MS mass spectrometry analyses 

 Following mass spectrometry analysis of the first peak, the molecular ion [M+H]+ of the 

pentapeptide was identified at m/z 718.40 with the DHB matrix (Figure III.3.2 a) and slightly 

shifted to m/z 718.55 with HCCA (Figure III.3.2 b). In addition to the protonated molecular ion, 

the presence of sodium adducts ([M+Na]+) was also detected at m/z 740.41 and m/z 740.50, 

respectively, depending on the matrix used. The peptide tends to generate sodium adducts, 

possibly due to interactions between sodium ions and carbonyl oxygen and/or amide nitrogen. 

This interaction could be stabilized by the aromatic nucleus of the tyrosine side chain, a 

hypothesis previously supported in other studies (Moyer et al., 2003). Furthermore, potassium 

adducts ([M+K]+) were also identified at m/z 756.51 and m/z 756.58, respectively. 

 Further analysis by collision-induced dissociation (CID) of the molecular ion [FEYNF + 

H]+ (m/z 718.55) generated multiple b+ and y+ molecular fragments, providing valuable 

information about the fragmentation patterns of the FEYNF-NH2 pentapeptide (Figure III.3.2 

c). The tandem mass spectrum highlights several distinct fragments, among which the abundance 

of signals corresponding to ionic fragments following ammonia elimination stands out: y2+-NH3 

at m/z 261.87, y3+-NH3 at m/z 424.99, b4+-NH3 at m/z 537.99, and y4+-NH3 at m/z 553.61. Also, 

the loss of a water molecule can be correlated with the presence of the glutamic acid residue, 
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while the release of carbon dioxide could come from the decarboxylation of the same amino acid 

residue.  

 In the case of the signal at m/z 672.93 ([M+H]+ - 46), the mass difference of 46 Da could 

reflect the simultaneous elimination of a CO₂ molecule and two H atoms. However, the 

elimination of a carbonyl group and a water molecule is much more likely, as it is unlikely that a 

hydrogen molecule would be eliminated from such peptides. Furthermore, detailed analysis of 

the MS/MS spectra shows that the uniform distribution of aromatic residues along the peptide 

chain favors fragmentation at all amide bonds. This behavior contrasts with that observed in the 

case of the mutant peptide FESNY-NH₂, where aromatic residues, located exclusively at the ends 

of the peptide chain, induce predominant fragmentation in the terminal regions (Jitaru et al., 

2024). Previous studies have shown that the presence of residues with high electron density, such 

as phenylalanine and tyrosine, facilitates fragmentation in tandem mass spectrometry because it 

favors charge localization and increases the probability of molecule dissociation (Zhang, 2004). 

 
Figure III.3.2. MS spectrum of the fraction eluted at 9.09 min, confirming m/z corresponding to 

FEYNF-NH2 with two different matrices: (a) DHB and (b) HCCA; (c) Assignment of m/z signals 

resulting from MALDI-ToF MS/MS tandem mass spectrometry analysis; fragmentation of the 

molecular ion [FEYNF + H]+ (m/z 718.55) was performed by collision-induced dissociation (CID). 
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      III.3.4. ESI-MS mass spectrometry analysis 

 The mass spectrum for the FEYNF-NH2 peptide in Figure III.3.3 confirms the existence 

of the peptide, which appears as a molecular ion [M+H]+ at m/z 718.31. The mass spectrum also 

shows signals at m/z 1436.63, which were attributed to the dimer ion [2M+H]+ and, possibly, to 

a doubly charged ion [M+K+H]2+ at m/z 378.65. The binding of the potassium ion in the case of 

the [M+K+H]2+ adduct most likely occurs at the carboxyl group in the side chain of glutamic 

acid (E) (Emmert et al., 2004). 

 

Figure III.3.3. ESI-MS mass spectrum of the FEYNF-NH2 peptide. 

 

      III.3.5. Characterization of self-assembly properties 

        III.3.5.1. Fourier-transform infrared spectroscopy 

 The study of peptide self-assembly and its correlation with the secondary structure, in 

particular the formation of β-sheet structures, was carried out using Fourier Transform Infrared 

Spectroscopy (FTIR). To highlight the secondary structure of the FEYNF-NH₂ peptide, the 

analysis focused mainly on the amide I bands. 

 The secondary structure of the FEYNF-NH₂ peptide was analyzed by quantitative 

deconvolution of the FTIR bands, using Gaussian fitting functions (Figure III.3.5). Data 

processing was performed with the OriginPro 8.5.0 SR1 software (OriginLab Corporation, 

Northampton, MA, USA). The corresponding structures were identified based on literature data, 

as illustrated in Figure III.3.5 (Bagińska et al., 2008; Barreto et al., 2020; De Meutter and 

Goormaghtigh, 2021; Seo et al., 2016). 

 It can be observed that the most significant absorption bands are located at 1633 cm⁻¹ and 

1672 cm⁻¹, corresponding to β-sheet and β-turn structures, respectively. This finding is supported 
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by the data presented in Table III.3.3, which show that the peaks associated with β-sheet and β-

turn structures contribute significantly to the overall area of the amide I bands. Although the self-

assembly of the FEYNF-NH₂ peptide is dominated by β-sheet structures, the FTIR spectrum also 

reveals signals associated with α-helical structures as well as features characteristic of side chain 

groups or bonds. Nevertheless, according to the FTIR analysis, the main structural pattern 

observed in the peptide self-assembly can be attributed to the formation of β-sheet structures. 

Consequently, the following subsections present the results of additional analyses performed to 

gain a deeper understanding of the specific features of FEYNF-NH₂ peptide self-assembly. 

 

Table III.3.3. Secondary structure composition (%) of the FEYNF-NH₂ peptide determined by FTIR 

spectral analysis. 

*Relative intensity indicates the proportion of a specific component band in relation to the total area of 

the amide region I. 

 

Peak no. Structure Wavenumber (cm⁻¹) Relative intensity (%)* 

1 Antiparallel β-sheet 1694 3.12 

2 β-turns 1672 16.12 

3 α-helix 1657 28.01 

4 β-sheet 1633 34.53 

5 β-sheet aggregate strands 1613 10.56 

6 Side chain  1596 7.65 
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Figure III.3.5. FTIR spectrum corresponding to the amide I region, highlighting the secondary 

structures of the FEYNF-NH₂ peptide in the solid state, obtained by Gaussian deconvolution based 

on the second derivative spectrum of the original data. 

        III.3.5.3. Transmission electron microscopy analysis 

 Peptide subunits can form a range of complex non-covalent interactions both in the solid 

state and in solution, which promotes the self-assembly process into well-organized structures. 

These supramolecular architectures can further evolve through additional self-assembly 

processes, leading to the formation of a variety of nano- and microstructures with potential 

applications in the development of materials with functional properties (Konda et al., 2016). 

 Therefore, to evaluate the morphological characteristics of the newly synthesized 

FEYNF-NH₂ peptide, transmission electron microscopy (TEM) was employed (Figure III.3.7 

a,b). In addition, energy-dispersive X-ray spectroscopy (EDX) integrated into the TEM system 

confirmed the elemental composition and purity of the synthesized peptide through the presence 

of characteristic C, N, and O elements (Figure III.3.7 b,c). It is worth noting that the variations 

in carbon signal intensity are mainly due to the use of carbon grids for TEM analysis. 

 TEM images of the pentapeptide, previously dispersed in a phosphate buffer and 

dimethyl sulfoxide (DMSO) solution, are shown in Figure III.3.7 a. The formation of extended 

nanotape structures with overlapping regions, resulting from peptide self-assembly, can be 

observed. This phenomenon could be attributed to the increased density of transient non-covalent 
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interactions between the self-assembled nanostructures (Gelain et al., 2020). Moreover, this 

planar and extended organization is characteristic of β-sheet structures. 

 Considering the potential biomedical applications, the peptide was subjected to controlled 

incubation under physiological conditions (37 °C for 20 hours). The TEM image of the 

dehydrated peptide is shown in Figure III.3.7 b. Compared to Figure III.3.7 a, it was observed 

that following incubation, the FEYNF peptide tends to form fibrillar structures as well as some 

supramolecular tape-like organizations. 

 
Figure III.3.7. TEM images of FEYNF-NH₂ before (a) and after 20 hours of incubation under 

physiological conditions (pH 7.4, 37 °C) (b); EDX spectra for the FEYNF peptide sample before (c) 

and after incubation (d). 

 

        III.3.5.4. Polarized light microscopy analysis 

 A defining factor determining the physical and chemical properties of self-assembling 

peptides (and amino acids) is molecular orientation (Zhou et al., 2022). Optical analysis based on 

polarization has proven to be extremely useful in molecular studies, especially when it comes to 

molecular orientation. Figure III.3.8 shows images obtained at two different polarization angles 

(0° and 90°), as well as at two different magnifications. It can be observed that the FEYNF 

  

(a) (b) 

  
(c) (d) 
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peptide self-assembles into a complex, highly branched architecture characterized by extensive 

dendritic patterns. In Figure III.3.8 c, the short branches oriented nearly perpendicular to the 

nanofiber axis are more clearly visible. This type of organization has also been reported by other 

researchers, who noted the presence of “entangled” fibrils formed during gelation, a feature 

typical of supramolecular hydrogels (Chakraborty et al., 2020). 

 
Figure III.3.8. Microscopic images of dehydrated samples from FEYNF-NH₂ (3 mM) solutions 

incubated under physiological conditions (pH 7.4, 37 °C), recorded at two polarization angles: 0° (a, 

c) and 90° (b, d) and at different magnification scales. 

 

 The morphology of FEYNF can be primarily attributed to the presence of the tyrosine 

residue. It is well known that, at physiological pH 7.4, the tyrosine residue remains 

predominantly neutral, promoting interactions that favor the initiation of fibrillogenesis 

(DiCostanzo et al., 2012). Compared to the previously studied peptide (FESNF-NH₂) analyzed 

under similar pH conditions (Jitaru et al., 2023), the introduction of tyrosine appears to be the 

main factor driving the observed morphological differences. This structural modification can be 

mainly explained by the presence of the aromatic ring and hydroxyl group in tyrosine. In 

addition to the role of phenylalanine residues, recognized for promoting π–π and hydrophobic 

interactions, tyrosine can significantly influence the peptide self-assembly process. A notable 

aspect is that the theoretically calculated isoelectric point for the FEYNF peptide (6.94) is very 

  

(a) (b) 

  
(c) (d) 

 1 
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close to that of the FESNF peptide (6.99). Furthermore, FEYNF-NH₂ exhibits fibril-forming 

characteristics similar to those of β-amyloid (Aβ) peptides near its isoelectric point (Tian and 

Viles, 2022). 

 Figures III.3.8 b,d, recorded at a polarization angle of 90°, confirm that the self-

assembled species derived from the FEYNF-NH₂ peptide exhibit birefringence under polarized 

light. This indicates the presence of β-sheet structures within the self-assembled architecture, 

leading to the formation of well-organized crystalline structures. Other studies have shown that 

temperature can affect the way peptides self-assemble, resulting in the formation of well-aligned 

peptide nanofiber bundles that can create birefringent regions visible to the naked eye, with sizes 

on the order of tens of millimeters (Accardo and Handelman, 2022; S. Zhang et al., 2010). 

      III.3.6. In silico studies 

        III.3.6.2. Study of β-sheet structure formation 

 In the conformation shown in Figure III.3.11, the FEYNF-NH₂ peptide demonstrates the 

ability to adopt a β-sheet structure, a phenomenon that facilitates the extension of β-strands as 

oligomer growth occurs, thereby indicating a tendency to form fibrils. 

 

Figure III.3.11. Optimized conformation of the protonated dimer (FEYNF@FEYNF(+2)), 

calculated using the YASARA force field, suggesting the self-assembly and gelation mechanism of 

the FEYNF peptide into a β-sheet structure. Atom color code: cyan – carbon, blue – nitrogen, red – 

oxygen, gray – hydrogen. 
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        III.3.6.3. Potential implications in polyplex formation 

 Peptide-based non-viral vectors are considered ideal candidates for gene therapy, 

primarily due to their ability to traverse cellular membranes (Yang and Luo, 2023). In this 

context, the potential of the FEYNF peptide to form polyplexes was investigated through in 

silico studies, using molecular docking simulations. 

 Thus, the protonated dimer FEYNF@FEYNF, shown in Figure III.3.11, was used in a 

second molecular docking study, with an oligonucleotide DNA sequence as the receptor. For this 

purpose, the Drew–Dickerson dodecamer d(CGCGAATTCGCG)₂ was used as a model to 

simulate a short DNA helix (Cojocaru et al., 2021) 

 The optimal docking pose between the protonated dimeric complex 

(FEYNF@FEYNF(+2)) and the oligonucleotide DNA sequence (DDD(−25)) is shown in Figure 

III.3.15. This configuration is the most favorable in terms of the lowest binding energy (E₍b₎ = 

−12.49 kcal/mol). Moreover, the extremely low dissociation constant (Kd= 0.694 nM), at the 

nanomolar scale, characteristic of a stable complex, confirms the formation of the polyplex of 

interest. As shown in Figure III.3.15, polyplex formation is governed by non-covalent 

interactions, including hydrophobic interactions, inter- and intramolecular hydrogen bonds, π–π 

interactions, and cation–π interactions. 

 The FEYNF peptide forms supramolecular assemblies capable of compacting nucleic 

acids, converting B-form DNA into a denser structure characteristic of polyplexes. This process 

is essential in gene therapy. DNA compaction serves a dual purpose: it provides protection 

against premature degradation and facilitates cellular membrane crossing, particularly via 

mechanisms such as endocytosis, resulting in more efficient cellular uptake. 

 

Figure III.3.15. Optimal polyplex conformation obtained from molecular docking simulation, 

showing the non-covalent interactions between the protonated dimer (FEYNF@FEYNF) as the 

ligand and the Drew–Dickerson dodecamer d(CGCGAATTCGCG)₂ as the receptor. 



36 
 

 III.4. MUTANT PEPTIDE FESNY-NH2 

      III.4.1. Qualitative analysis by RP-HPLC 

 In Figure III.4.1 a, two main signals can be observed at 7.05 and 8.25 minutes, resulting 

from the chromatographic separation of the crude peptide with the sequence FESNY-NH₂, 

obtained after the synthesis, precipitation, and redissolution steps. The presence of a limited 

number of signals in the raw mixture after elution indicates a relatively pure target compound. 

These signals were further analyzed by mass spectrometry. The intense signals at the beginning 

of the chromatogram are most likely due to the presence of glacial acetic acid and an overlap 

from the signal generated by the sample injection into the system. 

 

Figure III.4.1. HPLC chromatogram of one of the fractions obtained after redissolution in 5% acetic 

acid for the FESNY sequence. The spectrum was recorded at 215 nm. Injected volume: 150 µL. 

 

      III.4.2. MALDI-ToF and MS/MS mass spectrometry analyses  

 The mass spectra shown in Figure III.4.2 confirm the structure of the peptide of interest 

at the retention time of 7.05 min, using both DHB and HCCA matrices. The MS spectrum 

indicated a mass-to-charge ratio (m/z) of 658.32, corresponding to the molecular ion [M+H]+. In 

addition, sodium ([M+Na]+) and potassium ([M+K]+) adducts were observed at m/z 680.28 and 

m/z 696.28, respectively. Comparing the mass spectrum of the target compound in Figure 

III.4.2 B with the reference spectrum of the HCCA matrix reveals intense signals attributed to 

the matrix rather than the analyte. Furthermore, the by-product eluting at 8.25 min could not be 

identified by mass spectrometry because the collected analyte sample was too dilute. 

  The tandem mass spectrum (MS/MS) obtained by collision-induced dissociation (CID) 

of the molecular ion of interest [FESNY + H]+ (m/z 658.32) in the mass spectrometer is shown 
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in Figure III.4.3. These fragments underwent various processes such as dehydration, 

deamination, or decarboxylation, leading to the appearance of signals at the corresponding m/z 

values. Specifically, m/z 416.12 corresponds to the b4
+ fragment with the loss of a water (H₂O) 

molecule and a carbon dioxide (CO₂) molecule; m/z 460.02 represents the b4
+ fragment with the 

loss of a water molecule (H₂O); and m/z 476.18 corresponds to the y4
+ fragment with the loss of 

a water molecule (H₂O) and an ammonia molecule (NH₃). Additionally, at m/z 598.26 ([M+H]+ 

− 60), the 60 Da difference could correspond to the loss of a CO₂ molecule and an oxygen atom 

or an –NH₂ group. Similarly, at m/z 642.14 ([M+H]+ − 16), the neutral loss of 16 Da could 

correspond to the elimination of an –NH₂ group. 

 

Figure III.4.2. MS spectrum of the fraction eluted at 7.05 min confirming the m/z corresponding to 

FESNY using two different matrices: A) DHB; B) HCCA. 

 

 

Figure III.4.3. Assignment of m/z signals resulting from MALDI-ToF MS/MS analysis. 

Fragmentation of the molecular ion [FESNY + H]+ (m/z 658.32) was performed by collision-induced 

dissociation (CID) for the fraction collected at 7.05 min. 
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 Moreover, the spectra obtained from tandem mass spectrometry analysis (Figure III.4.3) 

suggested that the peptide is more prone to fragment at the termini, where the aromatic residues 

are located, rather than in the central region of the peptide chain. The presence of phenylalanine 

and tyrosine residues, due to their relatively high electron density, particularly in the aromatic 

rings, can facilitate fragmentation by promoting charge localization and increasing susceptibility 

to dissociation processes in tandem mass spectra (Zhang, 2004). 

      III.4.3. ESI-MS mass spectrometry analysis 

 The mass spectrum shown in Figure III.4.4 indicates three main signals: the protonated 

molecular ion [M+H]+ at m/z 658.28, a sodium adduct [M+Na]+ at m/z 680.26, and a doubly 

protonated ion [M+K+H]²⁺ at m/z 348.38. Furthermore, it is noteworthy that the FESNY peptide, 

which contains an acidic residue at position 2 of the sequence, is prone to forming multiple 

adducts with alkali metal ions, both as ionization agents and as substitutes for acidic protons. In 

this context, the formation of the [M+K+H]²⁺ ion is a relevant example of this tendency, where 

potassium participates alongside a proton in the peptide’s double charge (Emmert et al., 2004). 

 
Figure III.4.4. ESI-MS spectrum of the FESNY-NH₂ peptide. 

 

      III.4.5. Polarized light microscopy analysis 

 Images obtained by polarized light microscopy show that the FESNY-NH₂ peptide self-

assembles under physiological conditions into highly branched structures characterized by 

extensive dendritic patterns (Figure III.4.7) (Tomalia, 2024). The amidated C-terminus of the 

peptide may contribute to reducing the overall charge, which could lead to decreased solubility. 

On the other hand, this modification may enhance peptide stability, making it more similar to 
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native proteins present in the body. These considerations could amplify the biological 

significance of the peptide’s activity (Arispe et al., 2008). 

 The theoretical isoelectric point of the FESNY-NH₂ peptide is 6.94 (Peptide Bachem 

Calculator). Under physiological conditions (pH 7.4), the tyrosine residue most likely remains in 

a neutral state. This neutrality allows tyrosine to mediate the interactions necessary for initiating 

fiber formation (DiCostanzo et al., 2012). Compared to the previously studied peptide (FESNF-

NH₂) under the same pH conditions, the presence of tyrosine at the C-terminal end in the 

FESNY-NH₂ sequence differs very little from the native peptide. The structural modification is 

mainly due to the hydroxyl group located at position 4 on the aromatic ring. 

 It is important to note that the theoretical isoelectric points of the two peptides, FESNF 

and FESNY, are very close (6.99 and 6.94, respectively). Nevertheless, the behavior of the 

FESNY-NH₂ peptide appears to resemble that of β-amyloid (Aβ) peptides in terms of fibril 

formation, particularly under pH conditions close to their isoelectric points (Tian and Viles, 

2022). 

 

Figure III.4.7. Microscopic images of dehydrated samples from FESNY-NH₂ solutions incubated at 

physiological pH 7.4 and 37 °C, captured under two polarization angles: a) 0° (A, C) and b) 90° (B, 

D). Scale: i) 200 μm (A, B); ii) 50 μm (C, D). 

 

 III.5. MUTANT PEPTIDE FEHNF-NH2 

      III.5.1. ESI-MS mass spectrometry analysis 

 For the characterization of the FEHNF-NH₂ peptide, previously synthesized in the 

Biochemistry Group, ESI-MS was used. In the mass spectrum (Figure III.5.1), signals 
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corresponding to the mono- and doubly charged molecular ions, [M+H]⁺ and [M+2H]²⁺, can be 

observed at m/z 692.31 and m/z 346.66, respectively, in agreement with the theoretical values. 

Additionally, the presence of the [M+2H–NH₃]²⁺ ion at m/z 338.34 suggests the loss of an 

ammonia molecule, a phenomenon often observed under mild ionization conditions.  

 
Figure III.5.1. ESI-MS spectrum of the FEHNF-NH₂ peptide. 

 

      III.5.2. Polarized light microscopy analysis 

 Compared to the fibrillar structures observed for the FESNF, FEYNF, and FESNY 

peptides, images obtained for the mutant FEHNF peptide using polarized light microscopy after 

incubation at 37 °C and pH 7.4 indicated the formation of spherical microstructures with radial 

projections. 

 The presence of histidine (H) in the FEHNF sequence, compared to serine (S) or tyrosine 

(Y) at position three in the previously studied mutant, was important for understanding the self-

assembly mechanism. Histidine is an amino acid with an imidazole side chain that can be 

protonated or deprotonated depending on the pH of the environment. At pH 7.4, which is close to 

the pKa of the histidine imidazole group (approximately 6.0), a significant proportion of 

histidine residues will be neutral, but some may still be protonated, carrying a positive charge 

(Chen et al., 2022). The amphoteric property of histidine can critically influence intermolecular 

interactions and, consequently, the self-assembly process. 



41 
 

 

Figure III.5.2. Microscopic images of dehydrated samples from FEHNF-NH₂ peptide solutions 

incubated at physiological pH 7.4 and 37 °C, captured under two polarization angles: a) 0° (a, b) and 

b) 90° (a’, b’). Scale: i) 200 μm (a, a’); ii) 50 μm (b, b’). 
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 GENERAL CONCLUSIONS 

 This doctoral thesis, entitled “Short Peptides with Self-Assembly Properties: Synthesis, 

Characterization, and Potential Applications”, focused on elucidating the self-assembly mechanisms 

of small peptides containing aromatic residues. Thus, a comprehensive approach was adopted, 

correlating data from the current literature with our own experimental observations, while providing 

novel insights into this process. 

 The theoretical part of the thesis focused on analyzing the current scientific literature 

regarding the self-assembly properties of short peptides. Regarding the personal contributions, the 

doctoral research followed the initially proposed research directions, and all formulated objectives 

were fully achieved. Based on the obtained results, the following conclusions can be drawn: 

 O1. Synthesis of a naturally occurring peptide sequence for the study of self-assembly 

 Starting from the primary structure of lysozyme present in hen egg white, a peptide sequence 

with self-assembly potential, FESNF, was selected. This sequence was subsequently obtained via 

solid-phase peptide synthesis (SPPS), using the Fmoc/tBu strategy. The use of a Rink amide solid 

support allowed the production of a C-terminally amidated peptide, consistent with the native form 

of many endogenous peptides. This approach ensured compatibility with natural biological systems 

and reduced electrostatic repulsions that could hinder the self-assembly process in subsequent 

studies. 

 O2. Synthesis of tyrosine analogs to analyze their impact on the self-assembly process 

 Two mutant peptides, FEYNF-NH₂ and FESNY-NH₂, derived from the native peptide 

FESNF-NH₂, were selected for this study. In the first variant, phenylalanine was replaced with 

tyrosine, considering the structural similarity between the two amino acids. Both are aromatic and 

can participate in hydrophobic and π–π interactions, playing a crucial role in the formation of self-

assembled structures. In addition, the hydroxyl group specific to tyrosine provides additional 

potential for hydrogen bonding, which can influence the stability of these structures. On the other 

hand, the replacement of serine with tyrosine aimed to introduce an aromatic moiety into an initially 

polar region lacking such groups, in order to evaluate its effect on the self-organization capacity. 

Both mutant peptides were synthesized via SPPS, featuring C-terminal amidation.  

 O3. Optimization of peptide purification and separation by RP-HPLC and RP-SPE 

 The RP-HPLC chromatograms of the crude mixtures of newly synthesized peptides revealed 

the presence of secondary compounds in each of the three syntheses. These by-products were more 

hydrophobic than the target peptides, eluting at longer retention times. The separation of the analytes 

was achieved with good resolution, allowing the individual collection of each chromatographic peak 

and their subsequent analysis by mass spectrometry. For the FEYNF and FESNY peptides, a 

reversed-phase solid-phase extraction (RP-SPE) protocol, adapted from the literature, was applied. 

Optimization of the purification method involved adjusting the pH of the eluted fractions with glacial 
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acetic acid solutions to a working pH of 4.5, compatible with the technical specifications of the 

stationary phase. This adjustment facilitated the elimination of an additional lyophilization step. 

 O4. Peptide analysis by mass spectrometry for the confirmation of molecular masses, 

structures, and purity 

 For the comprehensive characterization of the synthesized peptides, advanced 

complementary analytical techniques were employed, including MALDI-ToF MS, tandem mass 

spectrometry, and ESI-MS. The analysis of the FESNF peptide by MALDI-ToF and ESI-MS 

confirmed its molecular mass and, importantly, its structure, supported by the presence of 

characteristic MS/MS fragments. In addition, an N-alkylated by-product was characterized, showing 

a mass excess of 106 Da, which resulted from incomplete cleavage of the peptide from the resin. The 

other synthesized peptides, FEYNF-NH₂ and FESNY-NH₂, were successfully characterized, with 

both their molecular masses and fragmentation patterns being identified. FEYNF-NH₂ exhibited a 

tendency to form adducts and dimers, whereas FESNY-NH₂ was distinguished by preferential 

fragmentation at its termini. Furthermore, the FEHNF peptide, synthesized previously within the 

Biochemistry Group and used in preliminary self-assembly studies, was analyzed by ESI-MS, 

displaying characteristic m/z signals of its structure, along with a high susceptibility to 

fragmentation, confirmed by the presence of y₂²⁺ and a₄²⁺ ions. 

 O5. Characterization of the FESNF peptide by UV-Vis spectroscopy, spectrofluorimetry, 

aggregation capacity, and complex formation with Cu(II) ions 

 The FESNF-NH₂ peptide was characterized spectroscopically by UV-Vis and 

spectrofluorimetry, showing the specific absorption of phenylalanine at 258 nm and amide bonds at 

203 nm. The fluorescence intensity at 282 nm, which varied proportionally with sample 

concentration, indicated the maintenance of a stable colloidal state within the concentration range of 

25–250 µg/mL. Aggregation capacity was assessed through the aggregation index, which showed a 

tendency to increase under mildly acidic conditions, and by the ThT assay, which suggested the 

formation of small, ordered structures that are difficult to detect spectroscopically. Binding of Cu²⁺ 

ions to the FESNF peptide was evidenced by UV-Vis, spectrofluorimetric, and MALDI-ToF mass 

spectrometric studies. At pH 6.5, an increase in absorbance was observed, while at pH 7 fluorescence 

quenching occurred, suggesting the formation of a peptide–metal complex. Mass spectrometry 

analysis confirmed the presence of the FESNF–Cu(II) complex, while polarized light microscopy 

indicated that Cu²⁺ ions promote the self-assembly into more organized structures compared to the 

peptide alone. 

 O6. Analysis of peptide self-assembled structures by AFM, TEM, and/or POM microscopy 

 AFM images of FESNF peptide aggregates revealed a clear pH-dependent self-assembly 

behavior, consistent with spectroscopic data. Depending on the pH of the TRIS buffer solution, the 

structural assemblies displayed distinct morphologies: at pH 7.4, porous clusters were observed, 
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whereas at pH 8.2 compact nanofibrils were formed. TEM and POM studies showed that the peptides 

FEYNF-NH₂ and FESNY-NH₂ exhibited strong self-assembly tendencies under physiological pH, 

forming fibrillar nanostructures with extensive branching. The presence of tyrosine in the FEYNF 

sequence promoted the formation of dense structural assemblies resembling supramolecular 

hydrogels, while the FESNY sequence led to the appearance of similar but more loosely organized 

structures. In contrast, the FEHNF peptide displayed a distinct morphology characterized by micelle-

like aggregates with radial projections, highlighting the influence of sequence-specific amino acids 

on the self-assembly mechanism. 

 O7. Investigation of the self-assembly process of the FEYNF peptide by Fourier-transform 

infrared (FTIR) spectroscopy and fluorescence analysis 

 Studies carried out under physiological conditions on the self-assembly mechanism of the 

FEYNF peptide revealed, through FTIR analysis in the amide I region, that the predominant structure 

formed is of the β-sheet type. In addition, a fluorescence quenching phenomenon was observed after 

10 and 20 minutes, respectively, for two different concentrations of the FEYNF-NH₂ peptide, at 27 

μM and 0.5 mM, within the violet–blue spectral range (390–450 nm). These results suggest the 

gelation properties of the FEYNF peptide. 

 O8. In-depth investigation of self-assembly mechanisms and exploration of biomedical 

applications through in silico studies 

 In silico studies revealed that at pH 8.2, intra- and intermolecular π–π interactions are 

essential for the self-assembly of the FESNF peptide. This peptide favors an “open” conformation 

that promotes aggregation, and coarse-grained simulations confirmed fibril formation under mildly 

basic conditions. Moreover, in the case of the FEYNF peptide, molecular docking studies highlighted 

the role of tyrosine in the formation of hyper-branched structures through π–π interactions with the 

C-terminal phenylalanine. The protonated dimer (FEYNF@FEYNF(+2)) tends to adopt β-sheet 

structures, thereby promoting oligomer growth and fibril formation. Additionally, in silico 

simulations indicated that FEYNF can form polyplexes, which are of biomedical relevance for gene 

therapy applications. 

 O9. Dissemination of results through publications and scientific conferences 

 The research activity carried out within this doctoral thesis has resulted in the publication of 

three scientific articles in Web of Science–indexed journals, with a cumulative impact factor of 10.8. 

Furthermore, the findings were disseminated through the presentation of nine contributions at 

international conferences and seven contributions at national conferences. 
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