Exploiting ultra-short a,B-peptides in the colloidal stabilization of gold nanoparticles

Raffaella Bucci'*, Daniela Maggioni?, Silvia Locarno®, Anna Maria Ferretti®, Maria Luisa Gelmi! and Sara

Pellegrino*

! DISFARM-Dipartimento di Scienze Farmaceutiche, Sezione Chimica Generale e Organica “A. Marchesini”,
Universita degli Studi di Milano, Via Venezian 21, 20133, Milano, ltaly

2Dipartimento di Chimica, Universita degli Studi di Milano, Via Golgi 19, 20133, Milano, Italy

3 Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano (ltaly)
“|stituto di Scienze e Tecnologie Chimiche "Giulio Natta", Consiglio Nazionale Delle Ricerche (SCITEC-CNR), Via

G. Fantoli 16/15, Milano, 20138, Italy

raffaella.bucci@unimi.it

sara.pellegrino@unimi.it

Keyword
Gold Nanoparticles, Peptidomimetics, Dynamic Light Scattering, Protein Corona, Albumin Corona,

Transmission electron microscopy, Hybrid Materials, Functionalized Gold Nanoparticles

Abstract

Colloidal gold nanoparticles (GNPs) have found wide-ranging applications in nanomedicine due to their unique
optical properties, ease of preparation and functionalization. To avoid the formation of GNPs aggregates in the
physiological environment, molecules such as lipids, polysaccharides or polymers are employed as GNPs coating.
Here we present the colloidal stabilization of GNPs using ultra-short o,3-peptides containing the repeating unit
of a diaryl B*3-amino acid and characterized by an extended conformation. Differently functionalized GNPs have
been characterized by UV, DLS and TEM analysis, allowing defining the best candidate able to inhibit the
aggregation of GNPs not only in water but also in mouse serum. In particular, a short tripeptide was found able
to stabilize GNPs physiological media over three months. This new system has been further capped with albumin
obtaining an even more colloidal stable material, able to prevent the formation of a thick protein corona in
physiological medium.

Introduction
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In recent years, nanotechnology is gaining a wide interest as a promising solution for the diverse impasses of
science and nanomaterial-based technology is particularly exploited in biomedical applications, as imaging,
biosensing, diagnostics and drug delivery. A recent trend has been dealing with the investigation of
nanomaterials interactions with biological systems, known as nano-bio interactions. 2

Among all the developed nanosystems for pharmaceutical applications, inorganic nanoparticles, as gold
nanoparticles GNPs, represent one of the most appealing nanomaterials. In particular, GNPs, being easy to
synthetize and engineer by varying size and surface composition,®>* have found wide-ranging applications in
nanomedicine, including photothermal therapy, >® drug delivery” and vaccine development.®2 Moreover, since
the very beginning,® GNPs have proven to be powerful and versatile tools!®!! also as a valid alternative to
platinum-based anticancer coordination compounds for targeted cancer therapy.?

Unfortunately, only few examples of GNPs have progressed from the bench to the clinic. One successful case is
CYT-6091, i.e. GNPs functionalized with PEG and recombinant human tumor necrosis factor-alpha showing
positive outcomes for cancer therapy and are currently on clinical trials. ** The main disadvantage of GNPs relies
on their colloidal instability in the physiological environment, rich in proteins and salts that promote their
aggregation. It is indeed known from the literature that GNPs can promote the formation of protein fibrils,
inducing modifications in protein structures and leading to the growth of extended assemblies. >4 Moreover,
once the particles are internalized, the proteins contained in the physiological medium form a coating called
‘corona’. This protein layer is complex and could be very thick, often changing the GNPs properties, affecting
thus the internalization process and the overall distribution in the body.*

To overcome these detrimental issues, stabilizing agents are commonly used, such as citrate and
cetyltrimethylammonium bromide, although they are somehow unstable in several buffers.®

Another approach is the coating of GNPs with macromolecules such as lipids, polysaccharides, and polymers. In
this contest, peptides appear particularly appealing for their unique features, such as biocompatibility,
biodegradability,'® ease in synthesis and chemical versatility.'*!” Those Peptides can be designed to form self-
assembled monolayers on gold nanoparticles to give nanomaterials with some chemical properties analogous to
those of proteins. A variety of molecular-recognition properties are readily integrated within the peptide

monolayer.!® In addition, the possibility to introduce non-natural amino acid (AAs) in the sequence could give
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new functionalities or chemical features to the system and increase both the metabolic and

25—

conformational stability.”>"2® The possibility to modulate the secondary structure could be also particularly

useful. On the other hand, while there is a widespread use of helical peptides for the stabilization of GNPs 2°-32
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only few examples of peptides with other conformations are present in literature, and hence worth of new

investigation.



Recently, we reported on the synthesis and characterization of different length o,f—peptides, containing
repeating unit of dipeptide D1 (Figure 1), composed by a (R,R)-diaryl B**-AA and L-Ala. We observed that the

B23-AA can induce an extended conformation in solution, stabilizing the formation of a B-sheet structure through

n,m—stacking. 3>3°

1: Ac-D1-Cys-CONH, (MW:475.2; 65% yield)
2: Ac-D1-D1-Cys-CONH, (MW:786.3; 42% yield)
3: Ac-D1-D1-D1-Cys-CONH, (MW:1098.4; 37% yield)

COOH

Ph-2-F
D1 NH-AlaNH,

Figure 1: Chemical Formula of D1 and D1 peptide sequences with relative yields

Being intrigued by the use of peptides with extended conformation in solution as potential tools for the colloidal
stabilization of GNPs, here we report on the synthesis and characterization of GNPs functionalized with peptides
containing D1 repeats and a cysteine at C- terminus, (compounds 1, 2 and 3 in Figure 1). The introduction of the
Cys- residue was indeed necessary for the decoration of the GNPs through a sulfur-gold bond. 3738

Using TEM, we showed that both peptides 1 and 2 are able to interact with the GNPs surface, while by both DLS
and TEM experiments we proved that 1 and 2 inhibit the GNPs aggregation in water. Furthermore, experiments
carried out on compound 1, in the presence of either albumin or serum, pointed out the positive effect of the

peptide coating in the prevention of aggregation under physiological conditions.

Result and Discussion

Synthesis

In view of preparing compounds 1-3 by solid phase peptide synthesis (SPPS), Fmoc-D1 building block was
synthesized in gram scale starting from the known Boc-D1, *° as depicted in Scheme 1.
First, Boc-D1 was deprotected both at of C- and N-termini with 1M HCl,q affording intermediate D1. After

protection at N-terminus with Fluorenylmethyloxycarbonyl- (Fmoc) group, Fmoc-D1 was isolated in good yield.

COOMe COOH COOH
H HCI 1M H Fmoc-OSu H
B — B — g
Ph-2-F 80 °C. 98% Ph-2-F CH4CN/CH5OH Ph-2-F
NH-AlaNHBoc ’ NH-AlaNH, DIEA 76% NH-AlaNHFmoc
Boc-D1 D1 Fmoc-D1

Scheme 1: Synthetic pathway for the preparation of Fmoc-D1
Peptides 1-3 were synthesized by Fmoc-based SPPS, using Rink amide resin (250 mg, 0.69 loading). After the Cys-

loading, the N-Fmoc deprotection was performed using 20% Piperidine in DMF. Despite Fmoc-D1 is a quite
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hindered -amino acid, its coupling was found efficient under the classical SPPS conditions. Fmoc-D1 (5 eq.) was
indeed coupled using HOBT/HBTU (5 eq.) as activators and DIEA (10 eq.) as the base. As highlighted in Figure 1,
the overall peptide yields were quite satisfying. The secondary structure propensity of compounds 1-3 was
investigated by FT-IR (see Supporting information, Figures S1-S3). In all cases, the predominance of extended

conformation was observed, confirming the previous observation on Cys-free peptides.

Citrate coated GNPs were synthesized using Turkevich-Frens method, allowing the formation of monodispersed
particles with 20 nm diameter %41, GNPs functionalization with peptides was carried out following the ligand
exchange procedure reported by Levy et al.*? In order to find the right concentration of peptide for the
nanoparticles functionalization, different volumes of a stock solution of 0.5 mM of the desired peptide were
added to 2 mL of 0.9 nM GNPs, obtaining thus different peptide concentrations (a: 2.9-103, b: 5.9-103, c:
1.17-102, d: 1.45-102 mM). The GNPs were left under stirring overnight, allowing the ligand exchange reaction
to keep on. UV-vis spectroscopy and Dynamic Light Scattering (DLS) analysis of functionalized GNPs in water were
then carried out to find the best peptide ligand for further analyses in the physiological medium. Notice that,
from now on, after the at symbol, we will indicate not only the number of the capping peptide, but when

necessary, also the letter indicating the peptide concentration used in the ligand exchange step.
Functionalized GNPs: Characterization in water

Macroscopic differences between 1, 2 and 3-coated GNPs were already visible by the naked eye (Figure 2).
Regarding GNP@1, all the samples appeared without any sign of aggregation (GNP@1 in Figure 2). On the other
hand, for GNP@2, the color of the last two samples slightly turned from red to purple, indicating that a possible
aggregation phenomenon was occurring (GNP@2c and GNP@2d in Figure 2). Differently, in the case of the
heptapeptide capped GNP@3, an immediate destabilization of the system was detected for all the concentration
values, and even for the smallest amount of peptide used (GNP@3a), we observed incipient aggregation with

brown aggregates detectable (GNP@3 in Figure 2).
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Figure 2: Digital pictures of Peptide-Functionalized GNPs. From top to bottom: GNP@1, GNP@2 and GNP@3 water suspensions, with a
particular focus on the brown aggregates present in GNP@3 in the last row picture; from left to right citrate-GNPs (control), and citrate-
GNPs after treatment with different amounts (a: 2.9-103, b: 5.9-103, ¢: 1.17-107%, d: 1.45-102 mM) of the three peptides.

GNP@1a-d and GNP@2a-d samples were thus characterized by UV-vis spectrosocopy, DLS analysis and TEM
microscopy. UV-vis analyses were performed to get a confirmation of the possible ligand exchange between
citrate and peptides 1 or 2. It is indeed known that the absorption spectrum is sensitive to the nanoparticle
environment and, when a ligand binds the GNPs, the change of the dielectric constant of the surrounding
medium results in a slight change of the Surface Plasmon Resonance (SPR).** On the other hand, the
destabilization of the system, due to the aggregate formation, caused an SPR band red-shift, which broadened
significantly while reducing the peak extinction.****

In all cases (GNP@1 and GNP@2 at the different peptide concentrations), a slight shift of the SPR from 520 nm
to 523-4 nm was detected, suggesting the occurrence of the ligand exchange (Figure 3). This shift demonstrated
that the tripeptide 1 and pentapeptide 2 definitely interacted with the GNPs, replacing the citrate. As shown in
Figure 3A, in the case of GNP@1, nanoparticles were always more stable —in terms of inhibition of aggregation-
compared to the control, independently from the amount of peptide added, as shown by the higher SPR band
intensity (Figure 3A). On the other hand, in case of GNP@2, GNP@2c and GNP@2d, appeared less stable being
the SPR band much more reduced in intensity, largely red-shifted and asymmetrically enlarged by a shoulder,

which is a clear indication of the beginning of an aggregation phenomenon.
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Figure 3: UV-vis absorption Spectra of (A) 1-GNP@1 and (B) 2-GNP@2 in water. (a: 2.9-1073, b: 5.9-1073, ¢: 1.17-107%, d: 1.45-10% mM of
added peptide)

In Figure 4, DLS experiments on the most promising compounds are reported. The control GNP@citrate appeared
monodispersed with an average hydrodynamic diameter of 25 nm. Being 1 and 2 very short peptides, in principle,
no change in the hydrodynamic diameter of GNP@1 and GNP@2 was expected (Figure 3). In the case of GNP@1,
the coated GNPs showed the same size than the GNP@citrate. Furthermore, we did not observe any aggregation
peak apart of GNP@1a (Figure 3A). Concerning GNP@2, the hydrodynamic diameter increased from 25 nm to ca
80-90 nm (Figure 4B). DLS experiments were repeated periodically within three months, showing a very good

colloidal stability of peptide-coated GNPs in comparison with GNP @citrate.
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Figure 4: Hydrodynamic diameter by DLS of GNP@1 and GNP@2 (being a, b,c and d: 2.9-103, 5.9-103, 1.17-102 and 1.45-102 mM
concentrations of peptide 1 and 2, respectively). The asterisk marks a small population of unlinked peptide aggregates.



Functionalized GNPs: colloidal stability in Mouse serum.

Colloidal stability of the peptide capped GNPs was then evaluated in physiological environment. GNP@1 and
GNP@2 were re-suspended in 10% mouse serum (whose DLS profile is reported in Figure S4), then the samples
were left shaking for 24 hours and finally the medium discarded and changed with water, following the procedure
reported in literature.*>#¢

From UV-vis spectroscopy analysis, GNP@1 and GNP@2 were found to be more colloidal stable than citrate-
GNPs in 10% serum, as shown by the decreased intensity of the SPR band (Figure 5). Anyway, in the case of
GNP@2a and GNP@2b, the asymmetric shape of the absorption band could indicate a possible beginning of

aggregation phenomena.
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Figure 5: UV-vis Spectra of GNP@1 (A) and GNP@2 (B) in Serum (aqueous solution 10%). a, b,c and d: 2.9-103, 5.9-103, 1.17-102 and
1.45-102 mM concentrations of peptide 1 and 2, respectively.

In the DLS experiments different populations were observed, indicating a possible interaction between the serum
protein and the GNP@1 and GNP@2 (Figure S5 and S6 in SI). Among all, GNP@1b showed a DLS profile composed

by two distinct peaks centered at 33 nm and 180 nm (Figure 6).
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Figure 6: Hydrodynamic diameter by DLS of GNP@1b after 10% serum incubation. b: 5.9-10° mM of added peptide 1. The asterisks mark
small amount of aggregated serum proteins

In order to gain a further colloidal stabilization of GNPs in physiological conditions, we pretreated GNP@1b with
albumin. Albumin is one of the main proteins contained in serum and works as cargo for small molecules such as
metal ions, free fatty acids, hormones or drugs. It is known that pre-binding nanoparticles with albumin can
increase the colloidal stability.*”*® As a consequence, albumin is emerging as a versatile drug carrier in different
applications in cancer therapy, due to its long-life and tendency to accumulate in tumors.*® An example of this
technology is the FDA approved drug Abraxane, a paclitaxel nanoparticle coated with albumin. It has been shown
that the targeting of tumors enhances tumor penetration and minimizes toxicity compared to other forms of
paclitaxel.>® Albumin can interact easily with gold surface through electrostatic, hydrophobic interactions or
chemisorption of the thiols to the gold surface.®® Recently, 20 nm GNPs have been used as a model for
understanding nanoparticle-HAS interactions highlighting that HAS is able to link gold surface via Cys53—Cys62
disulfide bond located at its subdomain 1A.52 Furthermore, it was found that BSA binding constant with GNPs is 7.59x
108 L/mol.>3

GNP@1b, i.e. the best candidate among peptide-coated GNPs, was thus pre-treated with albumin and the
obtained nano-system was studied by DLS and TEM microscopy experiments. First, GNP@1b were incubated
with albumin for 2 days, favoring the formation of an albumin corona (Figure S7 in Sl). In mouse serum, no sign
of aggregation for GNP@1b@AIlbumin was detected neither by naked eye nor by DLS measurements. The DLS
profile of GNP@1b@Albumin showed the presence of a GNP monodispersed population, i.e. one peak only

centered at 110 nm (Figure 7), which is significantly smaller than for GNP@1b in serum (180 nm, Figure 6).



GNP@1b@Albumin showed a very high stability over three months in serum, while the control GNP@citrate in

the same conditions started to aggregate after two days only.
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Figure 7: DLS of Albumin-pretreated GNP@1b incubated with 10% serum, recovered by centrifugation, and re-suspended in water. b:
5.9-10°3 mM of added peptide 1.

For the sake of completeness, we studied also the stability of GNP@1b treated with albumin in physiological
solution and compared with the starting GNP@citrate treated with albumin as well. The DLS data (see Figure S8)
clearly show the higher stability of GNP covered with peptide 1 compared to GNP@citrate@albumin, which
immeditely after resuspension in physiological solution changed color from red to blue indicating heavy

aggregation was occurring.

TEM Microscopy

Control GNPs@Albumin and GNP@1b@Albumin were analyzed by TEM (Figure 8). The albumin shell is visible in
both Control GNP@Albumin and GNP@1b@Albumin (Figures 8a and 8e). Surprisingly, in GNP@citrate, the
albumin-shell is irregular and thicker than GNP@1b. The shell thickness was estimated around 2 nm in the first
case and 1.6 nm in the second one. The energy selected image (ESI) collected at 24eV energy (Figures 8b and 8f)
confirmed the organic nature of the shell, in white around the black metallic GNPs. This contrast is due to the

plasmonic electrons which are present in organic compounds.>*>°

The nature of the shell was further confirmed by the elemental maps of the calcium, being known the very high

affinity of this ion for albumin.*® Comparing the two samples, the advantage of the peptide coating on the GNPs



is evident: peptide coating indeed induces a better and more regular adhesion of the Albumin to the GNPs.

Moreover, the absence of large agglomerates of free albumin is observed for GNP@1b.

[ ] 50 nm

e) i

Figure 8: GNP@citrate (a-d) and GNP@1b (e-h:) a, c, e, g are conventional TEM images, b and f are ESI images collected selecting 24eV
of energy loss. d and h show the ion Ca elemental map. b: 5.9-103 mM of added peptide 1.

In mouse serum, an interesting difference in control sample and GNP@1b was detected. Regarding control
GNP@citrate (Figures 9a and 9b as ESl image), no evidence of an organic shell around the GNPs was present; on
the contrary, some large organic agglomerates, indicating self-assembled serum proteins, were observed. On the
other hand, an organic shell around albumin-pretreated GNP@1b was preserved (Figures 9d and 9e as ESl image;
1.5 nm thick). In this case, EELS analysis (Figures 9c and 9f) was carried out, demonstrating the calcium presence
only in GNP@1b (L, signal of the calcium in the red square) and not in the control sample. This latter suggests
that albumin is still bonded to the GNPs only in the case of a peptide 1-coating. This is a further evidence that

tripeptide 1 facilitates a stable interaction of albumin with the nanoparticle.
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Figure 9 (a): Conventional TEM images of Control GNPs in serum and (d): Albumin-Pretreated -GNP@1b in serum. (b): ESI image of Albumin-
Pretreated Control GNPs in serum collected selecting 24eV of energy loss. (e): Calcium ESI map of the Albumin-Pretreated GNP@1b. (c and
f): EELS spectra of the Control GNP@citrate and Albumin-Pretreated GNP@1b in serum respectively. The red square highlights the L3, of
the Calcium signal area. b: 5.9-10°3 mM of added peptide 1.

Materials and Methods
Experimental Section

Experimental procedures, characterization data for newly synthesized compounds (*H, *C NMR spectra for

Fmoc-D1 and 1, Analitical HPLC and HRMS for Peptides 1, 2 and 3) are reported in the Supplementary Material.

Chemicals, Bovine Albumin and Mice Serum were purchased from Sigma Aldrich and Fluorochem and were used
without further purification. ESI MS were recorded on a LCQ Advantage spectrometer from Thermo Finningan
and a LCQ Fleet spectrometer from Thermo Scientific. Spectrograde CDCl; (99.8% D) was purchased from Fluka.
The NMR spectroscopic experiments were carried out either on Varian MERCURY 300 MHz (300, 75 MHz for H
and BC respectively). Chemical shifts (5) are given in ppm relative to the CHCls internal standard, and the coupling

constants J are reported in Hertz (Hz).

The Dynamic Light Scattering (DLS) measurements were performed using a Malvern Zetasizer Nano instrument
at 25° C, equipped with a 633 nm solid state He—Ne laser at a scattering angle of 173°. Analyses were carried out

in water (viscosity: 0.8872 Cp, refractive index: 1.33). The size measurements were averaged from at least three
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repeated measurements. UV-vis absorption spectra were acquired on an Agilent model 8543

spectrophotometer at room temperature and using standard quartz cells with 1.0 cm path length.

The TEM images, electron energy loss spectroscopy (EELS), and electron spectroscopic imaging (ESI) of the gold
nanoparticles (NPG) samples were performed by a Zeiss LIBRA 200FE-HR TEM, operating at 200 kV and equipped
with a second generation in-column Q filter for energy filtered imaging and diffraction. The EELS spectra were
collected exciting a sample area of about 8 um2. Elemental maps of Calcium were obtained by ESI at the
corresponding L, edge using an energy window of 12 eV illumination angle 160 prad, collection angle ~13 mrad.
The ESI images that highlight the presence of an organic shell around the gold nanoparticles were collected at
24eV. The Images were processed by means of the iTEM TEM Imaging Platform software (Olympus). The samples

were prepared dropping 7 uL of gold nanoparticle suspension on a copper grid, let it dry overnight.

The size and the estimation of the gold nanoparticle size were performed using PEBBLES AND PEBBLE JUGGLER

a software free to download.”’
Peptide Synthesis

Peptides were synthesized using manual solid phase peptide synthesis on Rink amide resin using Fmoc protected
amino acids and standard protocols®. Firstly, the N-Fmoc-protected amino acid was loaded on the resin. After
N-deprotection with piperidine (20% in DMF), the following N-Fmoc-protected amino acid (5 eq.) was coupled
to the resin using HOBT/HBTU (5 eq.) as activators and DIPEA (10 eq.) as the base. The Fmoc N-protecting group
was removed, and the resin washed with DMF and DCM. Peptides were cleaved with a cleavage cocktail made
of TFA (8 mL), water (200 pL), triisopropylsilane (400 uL), thioanisole (400 uL). The cleaved peptide was
precipitated in cold diethylether and purified using the following RP-HPLC method: gradient elution of 5-95%
solvent B (solvent A: water/acetonitrile/TFA, 95/5/0.1; solvent B: water/acetonitrile/TFA, 5/95/0.1) over 28 min

at a flowrate of 20 mL/min using a Cis column.
GNPs Synthesis

HAuCI3H,0 (15 mg, 40 umol) was dissolved in 150 mL of Milli-Q water and the solution was heated up to 100
°C. At this point a warm aqueous solution of trisodium citrate (70 °C) was poured in one portion and the system
was refluxed for 60 minutes. The resulted nanoparticle suspension was then allowed to cool to r.t. stirring

overnight.

According to the Mie theory®® the GNPs size is correlated to the adsorbance at the Surface Plasma Resonance

peak (Amax). With a Amax at 518 nm (see Sl), the size average of GNPs is about 20 nm,®° value that was confirmed
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by DLS and TEM microscopy (see Sl). From the Lambert Beer Law, the concentration of the GNPs batch was found

to be around 0.9 nM, being the molar extinction coefficient (g4s0) 5.41E+08 Lmolcm™ .

GNP Peptide-Coating

Different volumes of a stock solution of 0.5 mM of the desired peptide in DMSO were added to 2 mL of 0.9 nM
GNP@citrate. The GNP@citrate were left under stirring overnight, allowing the ligand exchange reaction. In
order to eliminate the citrate and the excess of peptides, the samples were washed with water after

centrifugation at 20817 rcf for 15 minutes.

For the Albumin and Serum incubation, the GNPs were centrifuged and suspended in 10% Albumin or Serum in
water. For DLS experiment the samples were then subject to another centrifugation and resuspension in water

to avoid the presence of proteins aggregates.
Conclusion

In conclusion, we investigated about the possibility of using ultra-short extended peptides as colloidal stabilizers
for GNPs, preventing their aggregation in physiological media. Our results demonstrated that the shortest
tripeptide 1 is a promising candidate in the stabilization of GNPs. It was found that the pre-treatment of GNP@1b
with albumin, prevents the formation of a thick protein corona and preserved GNPs colloidal stability in
physiological media over three months. Thus, this work lays the foundation for this new hybrid system as a new

candidate for nanomedicine applications, in particular in the development of stable, stealth GNPs.
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