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Poor colloidal stability of gold nanoparticles (AuNPs) in physiological environments remains one of the major limitations that contribute to their difficult translation from bench to clinic. For this reason, an active research field is the development of molecules able to hamper AuNPs aggregation tendency in physiological environments. In this context, synthetic peptides are gaining an increased interest as an alternative to the use of biomacromolecules and polymers, due to their easiness of synthesis and their profitable pharmacokinetic profile. In this work, we reported on the use of ultrashort peptides containing conformationally constrained amino acids (AAs) for the stabilization of AuNPs. A small library of non-natural self-assembled oligopeptides were synthesized and used to functionalize spherical AuNPs of 20 nm diameter, via the ligand exchange method. The aim was to investigate the role of the constrained AA, the anchor point (at C- or N-terminus) and the peptide length on their potential use as gold binding motif. Ultrashort Aib containing peptides were identified as effective tools for AuNPs colloidal stabilization. Furthermore, peptide coated AuNPs were found to be storable as powders without losing the stabilization properties once re-dispersed in water. Finally, the possibility to exploit the developed systems for binding proteins via molecular recognition was also evaluated using biotin as model.
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INTRODUCTION
Metallic nanoparticles (NPs) have been widely exploited in various industrial applications, due to their intrinsically different physical and chemical properties with respect to bulk metals (e.g., higher specific surface areas, specific optical properties, mechanical strengths). NPs peculiar properties mostly arise from their large surface-area-to-volume ratio and the spatial confinement of electrons and electric fields in and around these particles (Sau et al., 2010). In this context, gold NPs (AuNPs) have been particularly investigated (Thompson, 2007), demonstrating to be powerful and versatile tools (Chen et al., 2008; Egorova et al., 2020). AuNPs own indeed the same dimensional scale of biological molecules, making them interesting candidates for biomedical applications as biosensors (Jakhmola et al., 2012), imaging agents (Haun et al., 2010), selective targeting (Avvakumova et al., 2016), drug carriers (Song et al., 2012), and a valid alternative to platinum-based anticancer coordination compounds (Rimoldi et al., 2018; Facchetti and Rimoldi, 2019) for targeted cancer therapy (Yang and Chithrani, 2015).
One of the major limitations of AuNPs is the poor colloidal stability in physiological environments that contributes to poor translation of NPs formulations from bench to clinic. The high presence of proteins and salts in serum can indeed favor NPs aggregation affecting the fate and the interaction capability of AuNPs with biological systems. The stabilization of AuNPs with capping agents is required to enable any biological applications (Foo et al., 2017), although commonly used stabilizing agents, such as citrate and cetyltrimethylammonium bromide (CTAB), are not stable in several buffers. Therefore, an active field of research is the development of molecules able to stabilize AuNPs in the physiological environment. In this context, synthetic peptides are gaining an increased interest as an alternative to the use of biomacromolecules and polymers for the AuNPs functionalization, due to their easiness of synthesis and to the optimal pharmacokinetic profiles, easily tuned by tailoring the peptide sequence. One example is the CALNN motif, designed by Levy (Levy et al., 2004). CALNN decorated AuNPs are particularly stable but the in vivo utility is hampered by proteases sensitivity. The introduction of non-natural or non-proteinogenic amino acids (AAs) could be a strategy to overcome this issue (Parween et al., 2013; Bucci et al., 2017; Contini et al., 2018) representing also a versatile approach to reduce peptide conformational flexibility by inducing a well-defined secondary structure (Aschi et al., 2003; Schade et al., 2010; Bucci et al., 2019; Oliva et al., 2019; Vaghi et al., 2020; Bucci et al., 2021). Cα-tetrasubstituted AAs represent a wide class of non-proteinogenic compounds with well recognized folding induction ability (Toniolo et al., 2002), beingα-amino isobutyric acid (Aib) known as a strong promoter of helical structure (Crisma and Toniolo, 2015).
Peptides containing Alanine and Aib residues have been already used for the functionalization of AuNPs. Schade at al. functionalized very small AuNPs (1–2 nm) with the two octapeptides Trt-S-(CH2)2-O-CO-Aib-Ala-(Aib)6-OMe and Trt-S-(CH2)2-O-CO-(Aib)3-Ala-(Aib)4-OMe labelled on Ala with 13C = O isotope for using them as local thermometers (Schade et al., 2010). Longo et al. passivated 2 nm AuNPs with Ala-Aib oligopeptides to induce chiroptical properties in nanoparticles (Longo et al., 2013). However, the use of ultrashort peptides containing cyclic or acyclic constrained Cα-tetrasubstituted AAs with the purpose of increasing AuNPs colloidal stability in physiological environment has not been reported so far.
In our group, we studied the self-assembly propensity of helical Ac-Ala-X-Ala-Aib-Ala-NH2 [ X = Aib or cyclopentane amino acid (Ac5c)] peptide sequences that were found to be able to form micelle-likes aggregates capable to encapsulate hydrophobic small molecules such as curcumin (Locarno et al., 2020).
Here, we exploited the possibility to use similar ultrashort peptides as a tool for the colloidal stabilization of AuNPs. We synthesized a small library of peptides containing hydrophobic Alanine and Aib or Ac5c AAs, together with cysteine or thiopropionic acid as gold binding moiety. The choice of these sequences derived also from the properties of these AAs to induce a helical structure. It is indeed known the importance of this type of secondary structure for the stabilization of AuNPs (Schade et al., 2010). Our aim was to investigate the role of the constrained AA, the anchor point (at C- or N-terminus) and the peptide length on their potential use as gold binding motif. The colloidal stability of the so functionalized AuNPs was investigated by UV-Vis spectroscopy, DLS and TEM. Finally, the conjugation of protein by means of specific molecular recognition was evaluated. To this aim, we functionalized the ultrashort peptides with biotin evaluating AuNPs ability to bind avidin.
MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich, Iris Biotech or Fluka. All solvents were of ACS grade or higher and were obtained from Sigma-Aldrich. Human AB Serum, male only, off the clot, heat inactivated (HS) was purchased from Seralab.
Peptide purification was performed by semi-preparative RP-HPLC using a DENALI C18 column (10 μm, 250 × 22 mm). Purity was analyzed by analytical HPLC VWR Hitachi (Elite LaChrom) using an Eclipse XDB_C18 column, 5µm, (4.6 × 150 mm). NMR spectroscopic experiments were carried out on 300 MHz spectrometer (300 and 75 MHz for 1H and 13C, respectively). NMR spectroscopic experiments were carried out on 400 MHz spectrometer (400 and 100 MHz for 1H and 13C, respectively). Chemical shifts are given in ppm relative to solvent used as internal standard and coupling constants J are reported in hertz (Hz). Mass spectra were acquired on Fisons MD800 spectrometer and electrospray ion trap on a Finnigan LCQ advantage Thermo-spectrometer. FT-IR spectra were recorded on Biodiesel FT-IR FAME Analyzer, composed of a Frontier™ ATR FT-IR spectrometer. Spectra were acquired from 4,000 to 500 cm−1 at a resolution of 4 cm−1 with 120 scans per sample. Absorption spectra were carried on Agilent Technologies, cary 100 UV-vis spectrophotometer using a cuvette of path 1 cm, in the spectral region 400–800 nm at 25°C. The loading of peptides on AuNPs was measured by semi-preparative RP-HPLC using a LUNA 5 μ C-8. The Dynamic Light Scattering (DLS) measurements were performed in low volume disposable cuvettes using a Malvern Zetasizer Nano ZS90 instrument at 25°C, equipped with 633 nm solid state He–Ne laser at a scattering angle of 90°. Analyses were performed in water (viscosity: 0.8872 Cp, refractive index: 1.33). The size measurements were averaged from at least three repeated measurements. Transmission electron microscope (TEM) analysis were performed on L120C (ThermoFisher, United States) operating at 120 kV; images were acquired by a Ceta camera 4kx4k.
Synthesis and Characterization of Peptides
The peptides (Table 1) were prepared by solid phase peptide synthesis (SPPS) using the Fmoc/t-Bu strategy. All the peptides were synthesized manually on Rink-Amide resin (0.217 g, loading 0.69 mmol/g), according to the procedure described in the SI. The coupling systems used was 3:5:5:8 equivalents of Fmoc-amino acid/HOBt/HBTU/DIEA for the first two amino acids and for the third ones of peptides 1, 4, 6, 9 and 10, whereas the other couplings were performed using 3:5:5 equivalents of Fmoc-amino acid/HBTU/DIC. The coupling with biotin was performed directly on resin (see SI), using as coupling system 10:10:10 equivalents of biotin/DIC/Oxyma Pure. After each coupling, a Kaiser test was performed to check the completeness of the reaction. The peptidyl bound resins were cleaved with a mixture of TFA/phenol/H2O/thioanisole/TIPS (84:5:5:5:1 v/v/v/v) for 2 h under magnetic stirring. After the work-up, the crude peptides were purified by semi-preparative RP-HPLC (see SI for the details) and lyophilized. Finally, the pure peptides were analyzed by ESI-MS, RP-HPLC, 1H and 13C-NMR spectroscopy.
TABLE 1 | Synthesized peptides. The gold anchor point is indicated in red.
[image: Table 1]Gold Nanoparticles Synthesis
AuNPs with 20 nm diameter are prepared by a modified Turkevich-Frens method (Turkevich et al., 1951; Giljohann et al., 2010). A boiling solution of HAuCl4 trihydrate (15 mg, 40 μmol) in 150 ml of Milli-Q water is quickly mixed with 4.5 ml of warm (60–80°C) 1% (wt) aqueous solution of trisodium citrate, followed by reflux for 60 min. The resulting nanoparticle suspension was then allowed to cool down to room temperature and stirred overnight.
The concentration c of AuNPs in solution (0.9 nM) was calculated from absorption (A) at 450 nm for a standard path length l of 1 cm according to Lambert-Beer Law (Eq.2.1).
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ε450 is the molar extinction coefficient of AuNPs at 450 nm in water and it depends on the size of nanoparticles. The theoretical value for AuNPs with diameter of 20 nm is 5.41 × 108 Mcm according to the literature data (Haiss et al., 2007). From the concentration, it is possible to calculate the number of particles in solution. All experiments were performed on 2 ml of AuNPs dispersion (V), which contains 1.08 × 1013 particles according to the following equation:
[image: image]
where NAV is Avagadro constant (6.02 × 1023 mol−1).
Gold Nanoparticles Functionalization
The functionalization of AuNPs with peptides is carried out following a procedure described by (Levy et al., 2004).
All peptides were dissolved in DMSO to give 0.5 mM stock solution. Since 2 ml of AuNPs solution contains 1.08 × 1013 nanoparticles, 3.5 × 1016 peptide molecules (Np) (117 μl of 0.5 mM solution) were calculated to exchange all citrate ions and completely cover nanoparticles. An excess of peptide (175 μl, 1.5-fold excess) has been used to facilitate the exchange reaction and to be sure to create the self-assembled monolayer.
For the AuNPs functionalization, the proper peptide was added to 2 ml of 0.9 nM AuNPs solution under vigorous stirring, and the mixture was left under stirring overnight. Then peptide and citrate excess was washed out by centrifugation at 14,000 rpm for 15 min.
Stability Studies in Physiological Environment
AuNPs stability was studied by UV-vis spectroscopy and DLS by incubating nanoparticles in different environments: water, phosphate buffer saline (PBS, pH 7.4), Human Serum (HS) 10% in water or HS 100%. An aliquot of concentrated nanoparticles was dispersed in the choosen medium and the stability was evaluated over the time. In the case of 100% HS, an aliquot of concentrated nanoparticles was dispersed in the medium and incubated for 24 h at 37°C, followed by centrifugation at 14,000 rpm for 15 min and redespersion in water. Subsequently, the absorption spectra of nanoparticles in the 400–700 nm range were measured.
Avidin Recognition
An aqueous solution of avidin (0.125 mg/ml or 0.0125 mg/ml, 20 μL) was added to 2 ml (0.9 nM) of biotinylated peptides AuNPs suspension. The reaction mixture was mixed thoroughly for 2 h at room temperature. Subsequently, functionalized AuNPs were washed by centrifugation (14,000 rpm for 15 min) and the supernatant was analyzed by BCA protein assay (Sigma Aldrich) and HABA test.
Gel Electrophoresis
Agarose gel electrophoresis of AuNPs was carried out using a Biorad electrophoresis gel apparatus. Small aliquots (16 μl) of the conjugates were supplemented with 30% glycerol (4 μL) and loaded on 0.75% agarose gel in 1X Tris-acetic acid-EDTA (TAE) buffer, and ran for 1–2 h at 80 V. After migration, nanoparticles were visible with the unaided eye as a red band.
RESULTS AND DISCUSSION
Rational Design and Synthesis of Peptides
The rational design of the peptides considered the need of a strong affinity for gold and a good balance between hydrophobicity and hydrophilicity to ensure both self-assembly and colloidal stabilization. To this purpose, Ala-Aib containing sequences seemed particularly profitable. Indeed, they possess helical conformation, can form stable self-assemblies in water (Locarno et al., 2020), and can be easily functionalized with a thiol group allowing gold binding. We thus prepared a small peptide library (Table 1) by modulating: 1) the sulphur anchor point (at C- or N-terminus, using respectively Fmoc-Cys (Trt)-OH or 3-(Tritylthio)propionic acid); 2) the peptide length; 3) the amino acid composition. In this last case, we investigated the effect of Ac5c insertion. Ac5c is a more constrained Cα-tetrasubstituted AA with respect to Aib that, although its steric hindrance, it seems not decreasing the peptide self-assembly behavior (Locarno et al., 2020). Finally, peptides sequence one and six were functionalized with biotin at N-terminus allowing avidin protein binding via molecular recognition.
All the peptides (Table 1) were prepared by solid phase peptide synthesis (SPPS) (see SI for the details) using the Fmoc/t-Bu strategyon Rink-Amide resin (0.217 g, loading 0.69 mmol/g). Different coupling systems (HOBt/HBTU and DIPEA oror HOBt/DIC or DIC/Oxyma Pure) were used depending on the type, the position and the steric hinderance offered by the single functionality (natural AA, Cα-tetrasubstituted AA, thiol gold binding moiety and biotin). The purity of the synthetized peptides was calculated by analytical RP-HPLC, while their identity was confirmed by NMR and mass spectrometry Helical propensity was finally assessed by FT-IR on selected peptides (see SI).
Gold Nanoparticles Synthesis and Functionalization with the Peptides.
Citrate-stabilized AuNPs were prepared by modified Turkevich-Frens method (Turkevich et al., 1951; Giljohann et al., 2010) and were characterized by UV-spectroscopy. The absorption spectrum in water of synthesized AuNPs are reported in Figure 1A. SPR peak occurred at 518 nm and the calculated Aspr/A450 value is 1.73 which corresponds to an average size of 20 nm (Haiss et al., 2007; Rahman, 2016). This value was also confirmed by DLS (Figure 1B, 22.7 ± 0.2 nm, PdI 0.2 ± 0.02).
[image: Figure 1]FIGURE 1 | (A) Absorption spectrum and (B) size distribution by intensity of synthesized citrate@AuNPs in water.
The most common approach to functionalize AuNPs is the ligand exchange method involving the displacement of one ligand for another. In the presence of molecules bearing a thiol group, citrate-capped AuNPs undergo ligand exchange giving functionalized nanoparticles (Zong et al., 2017).
In order to establish the amount of peptide needed for the functionalization, the circular peptide axial footprint, which is defined as the average area each peptide occupies on the nanoparticle surface, was measured. The peptide area (Ap = 0.38 nm2) has been approximated according to Eq. 3.1, measuring the peptide axial average diameter 4) from the crystal structure of the pentapeptide analogue Ac-Ala-Aib-Ala-Aib-Ala-NH2, which has been found of 7 Å (Locarno et al., 2020):
[image: image]
The ratio between the AuNPs and the peptide areas (K = AAuNPs/Ap) gives the average number of peptides per particle with a 20 nm radius. Some assumptions regarding surface area were made: first, nanoparticles were modelled as a perfect sphere; second, the numbers of particles larger and smaller than the average particle size were assumed to be equal; third, peptides were assumed to be evenly distributed on the nanoparticle surface. According to these assumptions, K is 3,265 peptides/AuNP. Conversely, in the ligand exchange experiments we used 175ul of a 0.5 mM peptide DMSO solution (see Gold Nanoparticles Functionalization).
The effect of peptides functionalization on AuNPs was evaluated by UV-Vis and DLS. The functionalization of AuNPs modifies the position and width of SPR absorption since this reaction changes the chemical and physical environment of the particle and consequently, its optical properties. The monitoring of the SPR signal is considered an easy method to control the functionalization reaction and the stability of AuNPs (Krpetic et al., 2011). In the case of Ala-Aib peptides 1-5, the redshift of UV−Vis plasmon absorption from 518 to 525 nm, is the first confirmation of the AuNPs functionalization (Figure 2A). Moreover, changes in size-distribution features of nanoparticles determined by DLS were observed (increased diameters from 22 to 26–30 nm, Figure 2B). Only in the case of tripeptide four aggregation was observed (Figure 2B). This is a consequence of the presence of Cysteine at C-terminus. In fact, as demonstrated below, functionalization of AuNPs by peptides with Cysteine instead of thiopropionic acid, gives less stable AuNPs. Figure 2 shows also the effect of peptide length on AuNPs stability. For peptide 4, which is the shortest peptide, the aggregation parameters increased rapidly, as shown in Figure 2A,B As the length of the peptide increased, the aggregation was less evident, suggesting a direct correlation between peptide length and stability of the peptide-capped AuNPs. The colloidal stability of capped AuNPs after freeze-drying was then studied to evaluate the possibility to store them as a powder. This is an important parameter since very few AuNPs preparations beside CALNN-capped AuNPs can be stored in dry state and redispersed in water (Levy et al., 2004). As shown in Figure 2 C-D, only 3@AuNPs maintained the same hydrodynamic diameter after redispersion in water, while for 5@AuNPs aggregation started to occur. However, aggregation was more evident in case of 1@AuNPs and 2@AuNPs, both containing Cysteine residue. These data suggested that in freeze-drying process, the gold anchor point plays a more crucial role than the peptide length.
[image: Figure 2]FIGURE 2 | (A) Absorption spectra and (B) size distribution by intensity of citrate@AuNPs (dash) and functionalized-AuNPs with peptides 1 (black), 2 (red), 3 (blue), 4 (green) and 5 (orange). Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 22.7 ± 0.2 nm PdI 0.2 ± 0.02 for citrate@AuNPs, 31.8 ± 1.1 nm PdI 0.2 ± 0.03 for 1@AuNPs, 29.1 ± 1.0 nm PdI 0.4 ± 0.02 for 2@AuNPs, 26.3 ± 1.9 nm PdI 0.2 ± 0.01 for 3@AuNPs, 69.2 ± 8 nm PdI 0.4 ± 0.1 for 4@AuNPs, and 27.1 ± 1.8 nm PdI 0.3 ± 0.008 for 5@AuNPs. (C) Absorption spectra and (D) size distribution by intensity of functionalized-AuNPs with peptides 1 (black), 2 (red), 3 (blue) and 5 (orange) after freeze-drying and subsequent water dispersion. Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 42.4 ± 3.8 nm PdI 0.3 ± 0.07 for 1@AuNPs, 19.6 ± 0.3 and 90.4 ± 3.2 nm PdI 0.2 ± 0.03 for 2@AuNPs, 24.7 ± 0.6 nm PdI 0.3 ± 0.02 for 3@AuNPs, and 26.3 ± 0.8 nm PdI 0.4 ± 0.03 for 5@AuNPs.
Taken together all the data we can thus postulate that pentapeptides and thiopropionic acid are the best combination for inhibiting AuNPs aggregation.
Peptides 6, 7 and 8 containing the hindered Ac5c AA were then evaluated by UV-Vis and DLS (Figure 3). Also in this case, when Cysteine is at C-terminus (peptide 6), AuNPs showed evident sign of aggregation: in addition to the color change of suspension, the SPR peak resulted to be broader. Moreover, the hydrodynamic diameter increased more than 20 nm (Figures 3A,B). Peptides 7 and 8, instead, were able to stabilize the particles. However, after freeze-drying 8@AuNPs were completely destabilized and big aggregates were observed in DLS profiles (Figure 3D). On the other hand, 7@AuNPs were found more stable, although a partial aggregation started to occur, since a small second population was observed in DLS experiments (Figures 3C,D). These results suggested that the steric hindrance of Ac5c could have negative influence on the AuNPs stability.
[image: Figure 3]FIGURE 3 | (A) Absorption spectra and (B) size distribution by intensity of citrate@AuNPs (dash) and functionalized-AuNPs with peptides 6 (black), 7 (blue), 8 (orange). Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 22.7 ± 0.2 nm PdI 0.2 ± 0.02 for citrate@AuNPs, 52.1 ± 4.5 nm PdI 0.3 ± 0.04 for 6@AuNPs, 27.4 ± 0.3 nm PdI 0.2 ± 0.03 for 7@AuNPs, and 29.2 ± 1.6 nm PdI 0.3 ± 0.02 for 8@AuNPs. (C) Absorption spectra and (D) size distribution by intensity functionalized-AuNPs with peptides 7 (blue) and 8 (orange) after freeze-drying. Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 22.4 ± 2.1 nm PdI 0.2 ± 0.04 for 7@AuNPs, and 82.7 ± 3.6 nm PdI 0.3 ± 0.03 for 8@AuNPs.
Gold NPs Functionalization With Biotinylated Peptides
From UV-Vis and DLS data, peptides 3 and 7, both containing thiopropionic acid at N-terminus, represented the best candidates for inhibiting AuNPs aggregation propensity before and after freeze-drying. For this reason, 3@AuNPs and 7@AuNPs were selected for a further functionalization with biotinylated peptides 9 and 10 (Table 1), respectively. Also in this case, the ligand exchange method was employed. Three different ratios of non-biotinylated 3 and 7 peptides and biotinylated 9 and 10 ones were considered (80:20, 90:10, 95:5). All the analyzed ratios showed the ability to stabilize AuNPs in solution (see Supplementary Figure S2 in SI), so the 80:20 one, having the highest percentage of biotinylated peptide (20%), was selected for further evaluations.
Also in this case, the colloidal stability after freeze-drying of functionalized AuNPs was evaluated. As shown in Figure 5, only 3 + 9@AuNPs show good colloidal stability while 7 + 10@AuNPs aggregated. To overcome colloidal instability of 7 + 10@AuNPs, Ac5c peptide 10 was replaced Aib peptide 9 (7 + 9@AuNPs). This substitution increased colloidal stabilization, as demostrated by the SPR peak that remained unchanged. This finding confirmed the higher efficacy of Aib containing peptides in inhibiting AuNPs aggregation than Ac5c ones. However, the DLS size distribution analysis showed, beyond the expected peak around 20–30 nm, a second peak of more than 200 nm, suggesting a partial aggregation of the particles. (Figure 4).
[image: Figure 5]FIGURE 5 | TEM micrographs of (A) 3 + 9@AuNPs, (B) 7 + 10@AuNPs, (C) 7 + 9@AuNPs.
[image: Figure 4]FIGURE 4 | (A) Absorption spectra and (B) size distribution by intensity of citrate@AuNPs (dash) and functionalized-AuNPs with peptides 3 + 9 (blue), 7 + 10 (red), 7 + 9 (green) ratio 80:20. Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 22.7 ± 0.2 nm PdI 0.2 ± 0.02 for citrate@AuNPs, 23.7 ± 0.6 nm PdI 0.2 ± 0.05 for 3 + 9@AuNPs, 24.3 ± 0.6 nm PdI 0.2 ± 0.02 for 7 + 10@AuNPs, and 23.4 ± 0.1 nm PdI 0.2 ± 0.02 for 7 + 9@AuNPs. (C) Absorption spectra and (D) size distribution by intensity of functionalized-AuNPs after freeze-drying. Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 33.9 ± 0.1 nm PdI 0.4 ± 0.03 for 3 + 9@AuNPs, 140.3 ± 1.8 nm PdI 0.4 ± 0.02 for peptide 7 + 10@AuNPs, and 37.6 ± 1.9 and 217.8 ± 20.6 nm PdI 0.6 ± 0.2 for peptide 7 + 9@AuNPs.
TEM analysis on biotinylated 3 + 9@AuNPs, 7 + 10@AuNPs, and 7 + 9@AuNPs was then undertaken. As reported in Figure 5, a better NPs dispersion was observed for 3 + 9@AuNPs (Figure 5A), while in the case of 7 + 10@AuNPs the presence of aggregates was observed, confirming the UV-Vis and DLS data.
Stability of Functionalized AuNPs in Physiological Environment
The colloidal stability of AuNPs in a physiological environment is a fundamental prerequisite for biological applications. Three different mediums (water, PBS, 10% HS in water and 100% HS) were then considered and the peptide stability of functionalized-AuNPs was evaluated against naked AuNPs. Apart from the 7 + 10@AuNPs in PBS, in all other cases, the functionalization with peptides ensured the dispersion stability of AuNPs and the DLS profile remained the same for weeks (see Supplementary Figure S3 in SI). As expected, in water, all functionalized-AuNPs showed a greater stability than naked AuNPs (Figure 6A). The major differences in dispersion stability were found in PBS.
[image: Figure 6]FIGURE 6 | Stability study in different mediums. Absorption spectra and size distribution by intensity in (A) water, (B) PBS 1X and absorption spectra in (C) HS 10% in water and (D) HS 100% of AuNPs (black) and functionalized-AuNPs with peptides 3 (blue), 7 (red), 3 + 9 (dash blue), 7 + 10 (dash red), and 7 + 9 (dash green). Mean DLS results are given for three different measurements. A) The hydrodynamic diameter in water is found 31.0 ± 0.6 nm PdI 0.4 ± 0.01 for AuNPs, 25.5 ± 0.3 nm PdI 0.2 ± 0.002 for 3@AuNPs, 23.7 ± 0.3 nm PdI 0.2 ± 0.03 for 7@AuNPs, 26.3 ± 0.2 nm PdI 0.3 ± 0.02 for 3 + 9@AuNPs, 23.8 ± 0.2 nm PdI 0.2 ± 0.02 for 7 + 10@AuNPs, and 23.8 ± 0.4 nm PdI 0.2 ± 0.02 for 7 + 9@AuNPs. B) The hydrodynamic diameter in PBS 1X is found 973.1 ± 14.2 nm PdI 0.4 ± 0.05 for AuNPs, 22.4 ± 0.6 nm PdI 0.3 ± 0.06 for 3@AuNPs, 28.5 ± 0.6 nm PdI 0.2 ± 0.05 for 7@AuNPs, 26.6 ± 0.6 nm PdI 0.3 ± 0.02 for 3 + 9@AuNPs, 470 ± 35.9 nm PdI 0.2 ± 0.02 for 7 + 10@AuNPs, and 23.5 ± 1.2 nm PdI 0.3 ± 0.03 for 7 + 9@AuNPs.
PBS is a buffer solution frequently utilized as stimulated human body fluid in biological research. As already known from the literature (Du et al., 2012), when naked AuNPs were dispersed in PBS, the relatively high ionic strength could cause particle destabilization leading both to aggregation and adhesion to surrounding substrates through van der Waals forces. However, the functionalization of AuNPs with peptides 3 and 7 and with the mixture of 3 + 9 induced a great improvement of particle stability in PBS (Figure 6B), since no detectable changes in the UV-Vis absorbance and DLS spectra were observed. This is due to the local change of dielectric permittivity, resulting from the formation of a peptide layer on the surface of the particles. Thus, the peptide provides immediate protection to the particles from the aggregation. On the other hand, when the AuNPs were functionalized with the mixture of 7 + 10, the destabilization occurred. Also in this case, the substitution of peptide 10 with Aib peptide 9 (mixture 7 + 9) increased the particles stability in PBS, confirming the detrimental effect of Ac5c in the peptide sequence. In HS, the abundance of serum proteins hampered DLS analysis. Spectroscopic analyses, instead, showed interesting results. In fact, when uncapped AuNPs were dispersed in HS, both 10% in water and 100%, (Figures 6C,D) a shift of UV-Vis plasmon absorption of 10 nm (from 518 to 529 nm) was observed suggesting an increment of particle size due to the great amount of serum proteins conjugation to the particle surface. The shift was, instead, absent in all the peptide capped-AuNPs, that showed a better stability both in 10 and 100% HS. However, the broader SPR peak suggested the possibility of unspecific binding of proteins, also in presence of functionalized-AuNPs.
The “aging” of AuNPs over the time was recorded in all the considered mediums (see Supplementary Figure S3 in SI). The stability study over 2 months in water showed a gradual degradation of functionalized AuNPs since the SPR peak decreased gradually as well as the count rate measured by DLS analysis. However, AuNPs aggregation was prevented: DLS analyses showed at any time points the same peak at around 20 nm. The degradation rate was faster in biotinylated than in non-biotinylated AuNPs. Same results were obtained also in 10% aqueous HS solution. In PBS, instead, particle destabilization occurred after 15 days, when adhesion to surrounding substrates was observed.
Finally, agarose gel electrophoresis (Figure 7) was conducted on both peptide capped- and uncapped-AuNPs in order to confirm the previous data. All AuNPs were dispersed in water or incubated in HS 100% for 24 h at 37°C, followed by centrifugation in order to remove the incubation medium. Then, the particles were supplemented with 30% glycerol and loaded on agarose gel. Since the electrophoretic motilities are dependent on charge, size and isoelectric point of the particle, there was a distinct change in mobility of unstable and stable AuNPs. It is not surprising that AuNPs washed from the excess of citrate did not migrate over the gel, since they lost the negative charge of citrate, almost reaching a neutral charge. The dark color of AuNPs corroborated the formation of big aggregates and the loss of stability. All the peptide-functionalized AuNPs migrated to the cathode but, also in this case,7 + 10@AuNPs showed only a partial stability since a dark band was visible in the well of the gel and the red band was consequently less intensive. The substitution of 10 with 9 (7 + 9@AuNPs), once again, overcame the instability, confirming the data previous reported. Finally, when capped-AuNPs were dispersed in HS 100%, the gel migration decreased due to the high concentration of proteins that masked the particles’ charge. The capped-AuNPs appeared stable but, probably, a partial unspecific binding of proteins occurred.
[image: Figure 7]FIGURE 7 | Agarose gel electrophoresis of AuNPs after incubation in water and in 100% HS.
Avidin Specific Recognition
First, the interaction of biotinylated peptides with avidin was assessed by the HABA (4′-hydroxyazobenzene-2-carboxylic acid) test that allowed also to evaluate the number of peptides per particle (see Supplementary Figure S2 and text in SI for details). HABA is a dye that enables spectrophotometric estimation of biotinylation levels of labeled molecules. A total of peptides was calculated to be 4.0 × 1015 biotinylated molecules for 3 + 9@AuNPs and 3.6 × 1015 biotinylated molecules for 7 + 10@AuNPs. This translates to 370 molecules of peptide 9 per nanoparticle and to 334 molecules of peptide 10 per nanoparticle.
The specific binding of avidin to biotinylated AuNPs was further evaluated with BCA (Bicinchoninic Acid) Protein assay. The principle of this method is the biuret reaction by which proteins can reduce Cu+2 to Cu+1 in an alkaline solution and results in a purple color formation by bicinchoninic acid. Avidin aqueous solution (0.125 mg/ml) was added to biotinylated AuNPs (3 + 9@AuNPs, 7 + 10@AuNPs or 7 + 9@AuNPs) and to non-biotinylated 3@AuNPs or 7@AuNPs. The mixtures were shacked for 2 h. Then, the mixture was centrifuged and the supernatant was analyzed calorimetrically by BCA assay. As shown in Figure 8, the presence of avidin in blank supernatant was evident both optically (the supernatant solutions analyzed with BCA assay acquired the typical purple color) and spectrophotometrically, while the supernatants of biotinylated AuNPs were completely free from avidin. These results suggested that nonspecific interaction of avidin with peptides capped-AuNPs was prevented and the avidin specific interaction occurred only in presence of biotin.
[image: Figure 8]FIGURE 8 | Evaluation of avidin interaction with non-biotinylated and biotinylated AuNPs analyzing washing supernatant by BCA assay.
The addition of avidin to the biotinylated AuNPs resulted in particle aggregation and the redispersion in water was no possible, thus confirming the accessibility and recognition of the biotin moieties. This aggregation happened because avidin can bind up four biotin molecules since it has two pairs of biotin binding sites on opposite sides of the molecule (Aslan et al., 2004). The aggregate grows only when different biotinylated AuNPs cross-linked with the same avidin molecule. Therefore, the concentration of avidin solution was decreased up to 0.0125 mg/ml to reduce the possibility of cross-linking between the particles. The avidin-biotinylated AuNPs interaction was analyzed by UV-Vis and DLS (Figure 9). The UV-Vis measurements (Figure 9A) gave a single sharp SPR peak signifying that the integrity of the biotinylated AuNPs was maintained. On the other hand, DLS analysis (Figure 9B) showed two peaks: one at ∼ 20 nm corresponding to the peak of AuNPs, the other at ∼ 200 nm suggesting a partial aggregation probably induced by biotin-avidin interaction. The aggregation is more evident with 7 + 9@AuNPs and 3 + 9@AuNPs, both with the biotinylated Aib peptide 9.
[image: Figure 9]FIGURE 9 | (A) Absorption spectra and (B) size distribution by intensity of citrate@AuNPs (dash) and functionalized-AuNPs with peptides 3 + 9 (blue), 7 + 10 (red), and 7 + 9 (green) after addition of avidin solution (0.0125 mg/ml). Mean DLS results are given for three different measurements. The hydrodynamic diameter is found 22.7 ± 0.2 nm PdI 0.2 ± 0.02 for citrate@AuNPs, 33 ± 4 and 176.7 ± 19.8 nm PdI 0.6 ± 0.1 for 3 + 9@AuNPs, 31.4 ± 1.9 and 294.1 ± 3.4 nm PdI 0.4 ± 0.03 for 7 + 10@AuNPs, and 25.9 ± 0.5 and 158.2 ± 8 nm PdI 0.6 ± 0.09 for 7 + 9@AuNPs.
Finally, TEM analysis was performed on avidin bound biotinylated 3 + 9@AuNPs, 7 + 10@AuNPs, and 7 + 9@AuNPs confirming the formation of large NPs aggregates (Figure 10) and thus avidin binding. As previously observed in DLS experiments, the aggregates were particularly relevant in the case of 7 + 9@AuNPs.
[image: Figure 10]FIGURE 10 | TEM micrographs of avidin bound: (A) 3 + 9@AuNPs, (B) 7 + 10@AuNPs, (C) 7 + 9@AuNPs.
CONCLUSION
In this work, a small library of ultrashort peptides containing alanine and two different constrained AAs (Aib or Ac5c) was evaluated as inhibitors of AuNPs aggregation. Apart from AA composition, the anchor point (at C- or N-terminus) and the peptide length were also considered through UV-Vis, DLS and TEM experiments. Peptide 3, containing 2 Aib residues and the N-terminus thiopropionate capping moiety, was demonstrated as the most effective tool for the colloidal stabilization of AuNPs, also in physiological environment. Of relevance, 3@AuNPs were found storable as lyophilized powders without losing the stabilization properties once re-dispersed in water. On the other hand, Ac5c peptides were found less effective, suggesting that the higher steric hindrance of Ac5c with respect to Aib could have negative influence on the AuNPs stability.
Finally, the possibility to bind proteins on peptide capped AuNPs was evaluated using the biotin/avidin interaction as the model. 3@AuNPs further functionalized with biotinylated peptide 9 allowed protein binding through molecular recognition, paving the way to the exploitation of these systems in nanomedical devices.
DATA AVAILABILITY STATEMENT
The original contribution presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
SL and SP conceived the research. SL and RB prepared the Gold Nanoparticles. SL EI synthesized the peptides and SL functionalized the AuNPs. SL performed UV-Vis and DLS experiments and interpreted the experimental data. SL MG, and SP wrote the manuscript. RB EI, and FC revised the text. All authors reviewed the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Università degli Studi di Milano is acknowledged for financial support (“Piano di Sostegno alla ricerca”Linea 2).The authors wish to thank Jennifer Attinà for her valid experimental support, Donatella Nava and Giuseppe Celentano for their help with NMR and HPLC analyses, respectively.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.736519/full#supplementary-material
REFERENCES
 Aschi, M., Lucente, G., Mazza, F., Mollica, A., Morera, E., Nalli, M., et al. (2003). Peptide Backbone Folding Induced by the Cα-Tetrasubstituted Cyclic α-amino Acids 4-Amino-1,2-Dithiolane-4-Carboxylic Acid (Adt) and 1-Aminocyclopentane-1-Carboxylic Acid (Ac5c). A Joint Computational and Experimental Study. Org. Biomol. Chem. 1 (11), 1980–1988. doi:10.1039/b212247b
 Aslan, K., Luhrs, C. C., and Pérez-Luna, V. H. (2004). Controlled and Reversible Aggregation of Biotinylated Gold Nanoparticles with Streptavidin. J. Phys. Chem. B 108 (40), 15631–15639. doi:10.1021/jp036089n
 Avvakumova, S., Galbiati, E., Sironi, L., Locarno, S. A., Gambini, L., Macchi, C., et al. (2016). Theranostic Nanocages for Imaging and Photothermal Therapy of Prostate Cancer Cells by Active Targeting of Neuropeptide-Y Receptor. Bioconjug. Chem. 27 (12), 2911–2922. doi:10.1021/acs.bioconjchem.6b00568
 Bucci, R., Contini, A., Clerici, F., Beccalli, E. M., Formaggio, F., Maffucci, I., et al. (2019). Fluoro-Aryl Substituted α,β2,3-Peptides in the Development of Foldameric Antiparallel β-Sheets: A Conformational Study. Front. Chem. 7, 192. doi:10.3389/fchem.2019.00192
 Bucci, R., Das, P., Iannuzzi, F., Feligioni, M., Gandolfi, R., Gelmi, M. L., et al. (2017). Self-assembly of an Amphipathic ααβ-tripeptide into Cationic Spherical Particles for Intracellular Delivery. Org. Biomol. Chem. 15 (32), 6773–6779. doi:10.1039/c7ob01693j
 Bucci, R., Foschi, F., Loro, C., Erba, E., Gelmi, M. L., and Pellegrino, S. (2021). Fishing in the Toolbox of Cyclic Turn Mimics: a Literature Overview of the Last Decade. Eur. J. Org. Chem. 2021 (20), 2887–2900. doi:10.1002/ejoc.202100244
 Chen, P. C., Mwakwari, S. C., and Oyelere, A. K. (2008). Gold Nanoparticles: from Nanomedicine to Nanosensing. Nanotechnol Sci. Appl. 1, 45–65. doi:10.2147/nsa.s3707
 Contini, A., Ferri, N., Bucci, R., Lupo, M. G., Erba, E., Gelmi, M. L., et al. (2018). Peptide Modulators of Rac1/Tiam1 Protein‐protein Interaction: An Alternative Approach for Cardiovascular Diseases. Pept. Sci. 110 (5), e23089. doi:10.1002/bip.23089
 Crisma, M., and Toniolo, C. (2015). Helical Screw-Sense Preferences of Peptides Based on Chiral, Cα-Tetrasubstituted α-amino Acids. Biopolymers 104 (1), 46–64. doi:10.1002/bip.22581
 Du, S., Kendall, K., Toloueinia, P., Mehrabadi, Y., Gupta, G., and Newton, J. (2012). Aggregation and Adhesion of Gold Nanoparticles in Phosphate Buffered saline. J. Nanopart. Res. 14 (3), 751–714. doi:10.1007/s11051-012-0758-z
 Egorova, E. A., van Rijt, M. M. J., Sommerdijk, N., Gooris, G. S., Bouwstra, J. A., Boyle, A. L., et al. (2020). One Peptide for Them All: Gold Nanoparticles of Different Sizes Are Stabilized by a Common Peptide Amphiphile. ACS Nano 14 (5), 5874–5886. doi:10.1021/acsnano.0c01021
 Facchetti, G., and Rimoldi, I. (2019). Anticancer Platinum(II) Complexes Bearing N-Heterocycle Rings. Bioorg. Med. Chem. Lett. 29 (11), 1257–1263. doi:10.1016/j.bmcl.2019.03.045
 Foo, Y., Periasamy, V., Kiew, L., Kumar, G., and Malek, S. (2017). Curcuma Mangga-Mediated Synthesis of Gold Nanoparticles: Characterization, Stability, Cytotoxicity, and Blood Compatibility. Nanomaterials 7 (6), 121–114. doi:10.3390/nano7060123
 Giljohann, D. A., Seferos, D. S., Daniel, W. L., Massich, M. D., Patel, P. C., and Mirkin, C. A. (2010). Gold Nanoparticles for Biology and Medicine. Angew. Chem. Int. Edition 49 (19), 3280–3294. doi:10.1002/anie.200904359
 Haiss, W., Thanh, N. T. K., Aveyard, J., and Fernig, D. G. (2007). Determination of Size and Concentration of Gold Nanoparticles from UV−Vis Spectra. Anal. Chem. 79 (11), 4215–4221. doi:10.1021/ac0702084
 Haun, J. B., Devaraj, N. K., Hilderbrand, S. A., Lee, H., and Weissleder, R. (2010). Bioorthogonal Chemistry Amplifies Nanoparticle Binding and Enhances the Sensitivity of Cell Detection. Nat. Nanotech 5 (9), 660–665. doi:10.1038/nnano.2010.148
 Jakhmola, A., Anton, N., and Vandamme, T. F. (2012). Inorganic Nanoparticles Based Contrast Agents for X-ray Computed Tomography. Adv. Healthc. Mater. 1 (4), 413–431. doi:10.1002/adhm.201200032
 Krpetić, Ž., Saleemi, S., Prior, I. A., Sée, V., Qureshi, R., and Brust, M. (2011). Negotiation of Intracellular Membrane Barriers by TAT-Modified Gold Nanoparticles. ACS Nano 5 (6), 5195–5201. doi:10.1021/nn201369k
 Lévy, R., Thanh, N. T. K., Doty, R. C., Hussain, I., Nichols, R. J., Schiffrin, D. J., et al. (2004). Rational and Combinatorial Design of Peptide Capping Ligands for Gold Nanoparticles. J. Am. Chem. Soc. 126 (32), 10076–10084. doi:10.1021/ja0487269
 Locarno, S., Argentiere, S., Ruffoni, A., Maggioni, D., Soave, R., Bucci, R., et al. (2020). Self-assembled Hydrophobic Ala-Aib Peptide Encapsulating Curcumin: a Convenient System for Water Insoluble Drugs. RSC Adv. 10 (17), 9964–9975. doi:10.1039/c9ra10981a
 Longo, E., Crisma, M., Formaggio, F., Toniolo, C., and Moretto, A. (2013). Hydrophobic Aib/Ala Peptides Solubilize in Water through Formation of Supramolecular Assemblies. Polym. J. 45 (5), 516–522. doi:10.1038/pj.2013.24
 Oliva, F., Bucci, R., Tamborini, L., Pieraccini, S., Pinto, A., and Pellegrino, S. (2019). Bicyclic Pyrrolidine-Isoxazoline γ Amino Acid: A Constrained Scaffold for Stabilizing α-Turn Conformation in Isolated Peptides. Front. Chem. 7, 133. doi:10.3389/fchem.2019.00133
 Parween, S., Ali, A., and Chauhan, V. S. (2013). Non-natural Amino Acids Containing Peptide-Capped Gold Nanoparticles for Drug Delivery Application. ACS Appl. Mater. Inter. 5 (14), 6484–6493. doi:10.1021/am4017973
 Rahman, S. (2016). Size and Concentration Analysis of Gold Nanoparticles with Ultraviolet-Visible Spectroscopy. Undergraduate J. Math. Model. One + Two 7 (1). doi:10.5038/2326-3652.7.1.4872
 Rimoldi, I., Coccè, V., Facchetti, G., Alessandri, G., Brini, A. T., Sisto, F., et al. (2018). Uptake-release by MSCs of a Cationic Platinum(II) Complex Active In Vitro on Human Malignant Cancer Cell Lines. Biomed. Pharmacother. 108, 111–118. doi:10.1016/j.biopha.2018.09.040
 Sau, T. K., Rogach, A. L., Jäckel, F., Klar, T. A., and Feldmann, J. (2010). Properties and Applications of Colloidal Nonspherical Noble Metal Nanoparticles. Adv. Mater. 22 (16), 1805–1825. doi:10.1002/adma.200902557
 Schade, M., Moretto, A., Donaldson, P. M., Toniolo, C., and Hamm, P. (2010). Vibrational Energy Transport through a Capping Layer of Appropriately Designed Peptide Helices over Gold Nanoparticles. Nano Lett. 10 (8), 3057–3061. doi:10.1021/nl101580w
 Song, J., Zhou, J., and Duan, H. (2012). Self-Assembled Plasmonic Vesicles of SERS-Encoded Amphiphilic Gold Nanoparticles for Cancer Cell Targeting and Traceable Intracellular Drug Delivery. J. Am. Chem. Soc. 134 (32), 13458–13469. doi:10.1021/ja305154a
 Thompson, D. (2007). Michael Faraday's Recognition of Ruby Gold: the Birth of Modern Nanotechnology. Gold Bull. 40 (4), 267–269. doi:10.1007/bf03215598
 Toniolo, C., Crisma, M., Formaggio, F., and Peggion, C. (2002). Control of Peptide Conformation by the Thorpe-Ingold Effect (C?-tetrasubstitution). Biopolymers 60 (6), 396–419. doi:10.1002/1097-0282(2001)60:6<396:aid-bip10184>3.0.co;2-7
 Turkevich, J., Stevenson, P. C., and Hillier, J. (1951). A Study of the Nucleation and Growth Processes in the Synthesis of Colloidal Gold. Discuss. Faraday Soc. 11, 55–75. doi:10.1039/df9511100055
 Vaghi, F., Bucci, R., Clerici, F., Contini, A., and Gelmi, M. L. (2020). Non-natural 3-Arylmorpholino-β-Amino Acid as a PPII Helix Inducer. Org. Lett. 22 (15), 6197–6202. doi:10.1021/acs.orglett.0c02331
 Yang, C. J., and Chithrani, D. B. (2015). Nuclear Targeting of Gold Nanoparticles for Improved Therapeutics. Ctmc 16 (3), 271–280. doi:10.2174/1568026615666150701115012
 Zong, J., Cobb, S. L., and Cameron, N. R. (2017). Peptide-functionalized Gold Nanoparticles: Versatile Biomaterials for Diagnostic and Therapeutic Applications. Biomater. Sci. 5 (5), 872–886. doi:10.1039/c7bm00006e
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Locarno, Bucci, Impresari, Gelmi, Pellegrino and Clerici. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ultrashort Peptides and Gold Nanoparticles: Influence of Constrained Amino Acids on Colloidal Stability		Introduction

		Materials and Methods		Synthesis and Characterization of Peptides

		Gold Nanoparticles Synthesis

		Gold Nanoparticles Functionalization

		Stability Studies in Physiological Environment

		Avidin Recognition

		Gel Electrophoresis





		Results and Discussion		Rational Design and Synthesis of Peptides

		Gold Nanoparticles Synthesis and Functionalization with the Peptides.

		Gold NPs Functionalization With Biotinylated Peptides

		Stability of Functionalized AuNPs in Physiological Environment

		Avidin Specific Recognition





		Conclusion

		Data Availability Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/math_1.gif





OPS/images/math_3.gif
A, = m(d/2)” (3.1)





OPS/images/fchem-09-736519-t001.jpg
Compound

W | e e

10

Sequence

Ac-Ala-Alb-Ala-Alb-A-Cys-NH; 1N COOH

Ac-Cys-Ala-Aib-Ala-Aib-Ala-NH, Aib
HS-CH,CH,CO-Ala-Alb-Ala-Alb-Ala-NH,
Ac-Ala-Aib-Ala-Cys-NH,
HS-CH,CH,CO-Ala-Ab-Ala-NH,

HN_ COOH
Ac-Ala-Ac5c-Ala-Aib-Ala-Cys-NH, é
HS-CH,CH,CO-Ala-Ac5c-Ala-Aib-Ala-NHz

-NH, AcS5c

HS-CHZCH,CO-A-Ac5C

Biotin-Ala-Aib-Ala-Aib-Ala-Cys-NH
Biotin-Ala-Ac5c-Ala-Aib-Ala-C-NH,






OPS/images/fchem-09-736519-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-09-736519-g005.gif





OPS/images/fchem-09-736519-g006.gif





OPS/images/fchem-09-736519-g003.gif





OPS/images/fchem-09-736519-g004.gif
— & T Ter0gANPs






OPS/images/fchem-09-736519-g009.gif





OPS/images/fchem-09-736519-g007.gif
-.e

2
7
o

presR—

[rTR—
P
.
e

savos





OPS/images/fchem-09-736519-g008.gif
v, NI SRR
P o

e





OPS/images/cover.jpg
* frontiers
in Chemistry

Ultrashort Peptides and Gold
Nanopatrticles: Influence of
Constrained Amino Acids on
Colloidal Stability





OPS/images/fchem-09-736519-g001.gif
—— 20 om AuNPs

I
00 0 0 s a0 e0 70
Wavelength (nm)

v T 10 00 | 10000
Siae (nm)





OPS/images/fchem-09-736519-g002.gif





