
Article Not peer-reviewed version

Gold Nanoparticle-Peptide Complex

Intranasally Induces Antibody Response

in Serum and Nasal Mucosa in Mice

Model

Jose Correa-Basurto , Saúl Rojas-Hernández , Jonathan Pablo Carrillo-Vazquez ,

Absalom Zamorano-Carrillo , Mara Gutiérrez-Sánchez , Martiniano Bello , Marlon Rojas-López * ,

Jazmín García-Machorro *

Posted Date: 19 December 2024

doi: 10.20944/preprints202412.1589.v1

Keywords: bioconjugation; influenza epitope; immunogenic peptide; gold nanoparticles

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/662634
https://sciprofiles.com/profile/624356
https://sciprofiles.com/profile/4097769
https://sciprofiles.com/profile/4056861


 

Article 
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Abstract It is known that bioconjugation makes it possible to generate nanovaccines by combining 

gold nanoparticles (AuNPs) with immunogenic epitopes. Such is the case of the 

KKFKPEIAIRPKVRD peptide (P) identified under immunoinformatic studies from the 

tridimensional structure of the hemagglutinin of the human influenza A H1N1 pandemic strain 

virus. The P was conjugated with gold nanoparticles (AuNPs), and their optical AuNPs-P complex 

properties were verified by UV/VIS and surface-enhanced Raman scattering measurements. The 

spectra of the AuNP-P complex at peptide concentrations at 0.5 to 0.7 µg/mL increase the dispersion 

of the Lys and Arg (positively charged). Thus, results suggest that these P concentrations are optimal 

for making AuNP-P complex due to their favored non-bond (electrostatic) interactions, which allow 

the binding P on the negative surface from AuNPs. Additionally, bioconjugation at these 

concentrations and the stability of the bioconjugates after 10 months were demonstrated by 

transmission electron microscopy studies. Subsequently, molecular dynamics simulations were 

used to analyze the assembly between the P and AuNPs and the binding mode at the atomic level. 

Finally, the AuNP-P complex was administered intranasally in BALB/c mice to then measure IgG 

in serum and IgA in nasal washings. The increased levels of IgG and IgA demonstrate the usefulness 

of AuNP- P complex administered intranasally. 

Keywords: bioconjugation; influenza epitope; immunogenic peptide; gold nanoparticles 

 

Introduction 

Among the biological applications of colloidal gold nanoparticles (AuNPs) had been reported 

due to their affinity for luminescence labels in the diagnostic field and as probes in light and electron 

microscopy (Horisberger 1992; Sonvico et al., 2005; Jennings  et al., 2007). Noble metal nanoparticles 

exhibit unique optical properties due to their surface plasmon resonance (SPR). The SPR absorption 

band of silver and AuNPs strongly depends on their size, shape, and aggregation (Slocik et al., 2005). 

Nanoparticles (NPs) are similar in size to common biomolecules like proteins and genes, have strong 

absorbing and scattering properties, and are easy to prepare (Adegboyega et al., 2007, Kogan et 

al.,2007). Their surface can be enhanced for aqueous solubility, biocompatibility, and biorecognition, 
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which permits the interaction between metals and biomolecules (De la Fuente et al., 2005). 

Specifically, AuNPs are synthesized in water and subsequently linked to biomolecules that have been 

used in drug delivery, gene transfer, bioprobes (immunocytochemical probes) in tissue analysis, and 

studies of biological processes at the nanoscale (McLean et al., 2004,  Chen et al., 2008, Oh et al., 

2011). 

On the other hand, peptides are capable of stimulating the immune system and are involved in 

the molecular recognition of antibodies, which are relevant in the field of clinical diagnosis of 

infectious diseases and in the design of vaccines (Raman et al., 2006). Besides, peptides can be 

attached (conjugated) to a single nanoparticle, making individual targeting signals more accessible 

to cell receptors or allowing them to participate in ligand-receptor interactions (Brewer et al., 2005). 

Specifically, conjugation of AuNPs with peptides and proteins (bioconjugation) not only affords the 

molecules' stabilization but also allows biocompatible functionalities for further biological 

interactions. Although gold is an inert metal, its effect on normal cell proliferation cannot be 

underestimated because metallic NPs used in therapy and diagnosis must be nontoxic, 

biocompatible, and stable in biological media (Tkachenko et al., 2003; Wangoo et al., 2008). 

Immunoinformatic studies used informatic tools with highly complex algorithms, including artificial 

intelligence, which allow to select immunogenic epitopes (peptides) that can be used for conjugation. 

Many successful examples of immunological molecules exist and can be used to improve the 

immunological response or as biosensors. 

Conjugated molecules are obtained from the union of negative charge on the gold colloids, 

(synthesized by citrate reduction) having affinity for positively charged peptides and proteins at 

neutral or physiological pH, and some evidence supports that nanoparticle covered by peptides 

increases stability and biocompatibility (Norde 1986; Hayat 1989; Hermanson 2008). Proteins and 

peptides can adsorb strongly to colloidal gold to form a stable conjugate, retaining its biological 

property (El-Sayed et al., 2005) as well as their high stability and water solubility (Lévy et al., 2004). 

In this paper we report the bioconjugation of an immunogenic peptide (P): KKFKPEIAIRPKVRD  

(Carrillo et al. 2015) on the negative surface of AuNPs. The obtained AuNP-P were characterized by 

transmission electron microscopy (TEM), UV/VIS, and Raman spectroscopy techniques. 

Additionally, we perform molecular dynamics (MD) simulations using a polarizable gold  surface 

as parameterized in the AuNP force field (Iori et al., 2009) to corroborate the conjugation between the 

P and AuNP in water at the atomic level, following a strategy that combined five independent 100 

ns-long, revealing that the peptide was absorbed into this simulation time scale through interactions 

in agreement with those reported elsewhere (Ramezani et al., 20015). Finally, the peptide was bound 

to AuNP noncovalently to make an AuNP-P complex. It was subsequently administered intranasally 

in BALB/c mice, IgG and IGA immunoglobulins were determined in serum and nasal wash, 

respectively. The obtained results demonstrate a general strategy for generating a stable bioconjugate 

capable of inducing antibodies response in serum and nasal mucosa in mice models.  

Materials and Methods 

Peptide. The P (KKFKPEIAIRPKVRD) selection was made using the structural epitope 

prediction server PEPOP (Moreau et al., 2008) and was reported (Carrillo et al in 2015). The P was 

purchased and received as crude material from Mimotopes (Minneapolis, MN and Clayton, Victoria, 

Australia). The P was diluted to 1 mg/1 mL in PBS pH 7.4.  

Synthesis ofAuNPs. Tetrachloroauric acid trihydrate 99.5% (HAuCl4 3H2O) as precursor 

purchased from Sigma-Aldrich, sodium citrate dehydrate (Na3C6O7 2H2O) as a reducing agent was 

from JT Baker. Citrate-reduction or chemical reduction was used in the synthesis of AuNPs (20 nm). 

It is based on the use of sodium citrate, which reduces ions of a metal salt in this case tetrachloroauric 

acid (HAuCl4) in zero valence atoms in the presence of heat. This method involved the preparation 

of 1 mL of tetrachloroauric acid (HAuCl4) at 4% in deionized water, then 0.5 mL was added to this 

solution to 200 mL of deionized water and brought to boiling, the solution was kept under constant 

stirring. Once the sample began to boil, 3 mL of sodium citrate were added to 1%; then, the addition 

of sodium citrate began to darken and turn bluish-gray or purple. After 30 min, the reaction was 
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completed, and the solution's final color was a deep red wine, indicating that the colloidal solution 

of AuNPs was obtained. After the solution was cooled, the AuNPs were centrifuged at 3500 rpm for 

40 min, the supernatant was removed, and the nanoparticles were re-suspended to 4 mL with 

deionized water. 

Conjugation of peptide withAuNPs. P was linked to the surface of AuNPs by adding a constant 

volume of this molecule in solution at several concentrations on a fixed volume of the colloidal 

solution (Wang et al., 2005). The volume ratio between the solutions of P and colloid was 1:9, to obtain 

AuNP-P complex solutions at several concentrations of P from 0.1 to 1 µg/mL. Each AuNP-P complex 

solution was incubated at room temperature for 5 min to be measured by UV-vis spectroscopy, 

Raman, and TEM techniques.  

UV/VIS spectroscopy. UV/VIS absorption spectra were recorded at room temperature with a 

Thermo Scientific Evolution 606 spectrophotometer. A volume of 500 µL of each colloidal solution 

(control and AuNP-P complexes) was placed on a quartz cuvette to obtain the absorption spectra for 

all the samples in the 300-900 nm spectral interval. Origin software was used to calculate the first 

derivative of the UV/VIS absorption spectra. 

Raman spectroscopy. A Raman spectrometer Thermo Scientific Smart DRX in the backscattering 

acquisition mode was used to obtain the surface enhanced Raman scattering (SERS) spectra of both 

AuNP and AuNP-P complexes. The wavelength of the laser used as an excitation source was 785 nm, 

and power was supplied to the sample of 10 mW. To obtain an efficient SERS signal, the colloidal 

samples were centrifuged at 6000 rpm for 10 min, and after removing the supernatant, the 

concentrated sample was deposited on the surface of a monocrystalline silicon substrate to be 

analyzed then with the Raman spectrometer. 

Transmission electron microscopy. This technique was used to observe the morphology of the 

AuNPs and AuNP-P complexes. Images obtained of the particles were acquired using a JEOL GEM 

100 CX II system operating at 80kV. A drop of the colloidal sample was placed on a carbon-coated 

copper mesh grid, to be slowly evaporated and analyzed by TEM. 

MD simulations of the peptide. A three-dimensional (3D) model of the P was built using PEP-

FOLD (Shen et al., 2014; Thévenet et al., 2012). This 3D model was submitted to 100 ns-long MD 

simulation to obtain the most populated conformer. MD simulations were carried out with Gromacs 

4.6.5 package (van der Spoel et al., 2005) and using OPLS-AA/L force fields (Jorgensen et al., 1996). 

After MD simulation, a P was embedded in a dodecahedral box containing the SPC water model 

(Hess et al., 2006) and neutralized using Cl- ions; the water model extended 1 nm between the P and 

the edge of the box. The solvated system was equilibrated by performing energetic minimization 

using steepest descent through 1000 steps followed by one ns equilibration at 300 K where the solvent 

was allowed to relax whereas the protein was restrained. MD simulations was run under NPT 

ensemble at 300 K using V-rescale algorithm and 1 bar pressure using Parrinello-Rahman (Pronk et 

al., 2013). LINCS algorithm (Hess at al., 1997), was used to constrain all bonds including hydrogen 

atoms and the SETTLE algorithm (Miyamoto et al., 1992) was used to constrain the water molecules. 

The time step for the simulations was two femtoseconds (fs). Van der Waals forces were treated using 

a cutoff of 1.2 nm. The particle mesh Ewald method (Darden et al., 1993) was used to treat the long-

range electrostatic forces, and the coordinates were saved every 0.5 ps.  

MD simulations of the AuNP-P complex. AuNP-P simulations were performed with the 

Gromacs 4.6.5 package (van der Spoel et al., 2005) using the AuNP force field (Iori et al., 2009) with 

OPLS-AA/L parameters (Jorgensen et al., 1996). AuNP-P complex was solvated in a 30 Å3 length cubic 

water box using the SPC water model (Hess et al., 2006) and neutralized using Cl- ions. Systems were 

energy minimized through 1000 steps, followed by 1 ns of equilibrium, and 100 ns of production 

runs. The lengths of bonds were constrained with the LINCS algorithm (Hess at al., 1997). Bulk and 

surface gold atoms were frozen during all simulations, but gold dipole charges were left free. MD 

simulations were carried out at constant temperature (T = 300 K) and volume. 2 fs integration time 

step and Nose-Hoover thermostat (Hoover et al., 1985) were used under periodic boundary 

conditions. Particle-Mesh-Ewald (Darden et al., 1993) algorithms for long range electrostatics above 

1.1 nm and switch cutoff 0.9-1.0 nm for van der Waals interactions was used. Five independent runs 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 December 2024 doi:10.20944/preprints202412.1589.v1

https://doi.org/10.20944/preprints202412.1589.v1


 4 

 

were performed for the AuNP-P complex, each starting with the most populated P conformation 

obtained through 100-ns-long MD simulation above described placed in different distances (between 

1.2-1.5- nm) from the AuNP.  

Analysis of MD simulations. Radius of gyration (RG) and superficial accessible surface area 

(SASA) was calculated for the P, after removing overall translational and rotational motions. Most 

populated conformations were obtained through a conformational clustering analysis using the 

g_cluster algorithm with the gromos method (Lindahl et al., 2001) and a cutoff of 0.40 nm to evaluate 

the map of interactions most dominant along the last 50-ns-long MD simulation. Analyses of MD 

simulations were performed using GROMACS 4.6.5 package tools (Berendsen et al., 1995; Van Der 

Spoel et al., 2005). Images and structural representations were prepared using PyMOL v0.99 (DeLano, 

PyMOL 0.99 (Delano 2002). 

Animals.  All animals were handled in accordance with Mexican federal regulations for animal 

experimentation and care (NOM-062-ZOO-1999, Ministry of Agriculture, Mexico City, Mexico) and 

approved by the Institutional Animal Care and Use Committee. In all experiments, 8–12 week-old 

male BALB/c mice and weighing 25–30 g were used.  

Immunization. Each experimental group contained 5 animals that were immunized i.n., 

previously, they were lightly anesthetized with ethyl ether. The doses were applied on days 1, 7 and 

14 with 30 µg/µL. To each group: (i) P, (ii) AuNP-P complex and (iii) control group (vehicle) were 

administered. All mice were sacrificed by cervical dislocation 7 days after the last immunization (21 

days after first immunization). Serum and nasal washes were collected and antibodies for P in serum 

and mucosal samples were measured by an indirect enzyme linked immunosorbent assay (ELISA) 

for all our experimental groups.  

ELISA. The levels of anti-P antibodies in the serum and nasal wash samples were evaluated by 

the ELISA technique. 96 well plates were coated with 2 μg/mL of the P or AuNP-P complex in 0.1 M 

of carbonate buffer (NaHCO3 / Na2CO 3) pH 9.6) and incubated overnight at 4 °C, then washed three 

times with PBS-Tween, blocked with 50 μL of 6% skim milk in PBS-Tween and incubated 2 h at 37 

°C; the plates were washed again three times with PBS-Tween and incubated overnight at 4 °C with 

samples (50 μL): sera in a 1: 100 dilution for all groups and undiluted nasal washings (50 μL). 

Subsequently, the plates were washed three times with PBS-Tween and 50 μL and peroxidase mouse 

anti-IgG (Thermo scientific) or anti-IgA (Zymed Laboratories, San Francisco, CA) were added at a 1: 

5000 or 1: 500 dilutions, respectively, the antibodies were incubated for 2 h at 37 °C. The plates were 

then washed again three times with PBS-Tween and 100 μL of the developer solution (2,2'-azino-bis 

(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt in phosphate-citrate buffer 0.2 and 0.1 M, 

respectively pH = 5) in the presence of H2O2. The plates were incubated 1 h at 37 °C and the 

absorbance at 405 nm (A405) was measured in a Multiscan Ascent (Thermo Labsystems) microplate 

reader. Samples were analyzed in duplicate.  

Calculations and statistics. In the Figures, bars represent mean A405 values for antibody levels 

from each experimental group and standard deviations (SD). The data obtained were statistically 

analyzed by means of a Unifance Analysis of Variance (ANOVA) and then a Tukey post hoc test with 

the PRISM computer program (GraphPad). A significance level with P <0.05, was considered to 

establish that there was a significant difference between the groups. 

Results 

P design and charge distribution calculation. The P (KKFKPEIAIRPKVRD) used for the 

conjugation was obtained from the 3D structure of influenza A H1N1 hemagglutinin protein by using 

epitope predicting software (Carrillo et. al. 2015).  

The net electrical charge of the P (Z_Peptide) as a function of pH and 1 mM salt concentration 

(Figure 1a). The calculated isoelectric point of the P is close to IP = 11. Figure 1b shows the 

contribution of the residues. 
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Figure 1. UV/VIS spectra of AuNPs (control) synthesized and used in this work. Parameters A450 and 

ASPR were used to estimate the particle size according to the model proposed by Haiss et al., 2007. 

Charge of P (Z peptide and Z residue) at different pH. a) total charge of the P b) Charge of the component 

residues of the peptide. 

AuNP-P complex. Several concentrations of P were prepared using the methods mentioned 

elsewhere (Wang et al., 2005). The color changes of the mixture (AuNP + P) is the first evidence of 

AuNP-P complex when the concentration of P becomes very high, the mixture turns into a dark 

purple to blue-gray color, and the original ruby red disappears. For this case, very small black 

particles appear in the mixture. However, as the concentration of P diminishes, the obtained colloidal 

solution begins to show the ruby red coloration characteristic of the AuNPs solution used as a control. 

We observe that for P concentrations between 0.5 and 0.7 µm/mL couple to AuNP still retains its ruby 

red coloring, but with a lightly darker tone and never show the small black color particles. AS 05).  

UV/VIS spectra of P and AuNP-P complex. The UV/VIS spectrum of AuNPs (control) consists 

of a unique absorption band at 520 nm (Figure 2A), which arises from the surface plasmon resonance 

(SPR) absorption.  
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Figure 2. A) UV/VIS spectra of AuNPs (control) and AuNP-P complex with P at 0.1 – 1.0 µg/mL. 

Parameters A450 and ASPR were used to estimate the particle size according to the model proposed 

by Haiss et al., 2007.   B) UV/VIS spectra of the AuNP-P complex with P at 0.1 to 1.0 µg/mL 3) C)  

First derivative of UV/VIS spectra of  AuNP-P complex with P at 0.1 to 1.0 µg/mL which are pH 

dependence of the P charges (Zpeptide and ZResidue) in solution. 
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We have used a simple and fast method to evaluate the average size of AuNPs (Haiss et al., 

2007). This method uses the information of the UV/VIS spectrum obtained experimentally as the 

intensity of the SPR absorption at 520 nm, and the intensity of the absorption at 450 nm.   

The particle size was calculated by: 

 d = exp(B1ASPR/A450 - B2)                           (1) 

Where (ASPR) is the absorbance of the surface plasma resonance, and (A450) is the absorbance at 450 

nm.  B1 is the inverse of the slope of the linear fit between (Aspr/A450) and ln (d), whereas B2 is the 

interception. Using experimental data reported in (Haiss et al., 2007), B1=3.0 and B2=2.2. The 

calculation of particle diameter using equation 1 allows estimate the size ofAuNPs. From the 

UV/VIS spectrum of the AuNPs used in this work ASPR=1.491 and A450=0.869, thus using eq. (1) the 

estimated average size is d=19 nm.  

Figure 2B shows the UV/VIS spectrum of the AuNPs and the spectra of the AuNP-P complex at 

several concentrations of P from 0.1 – 1.0 µg/mL. It can be observed that the line shape of the spectrum 

of the AuNPs (control) changes as the concentration of P increases, beginning with a little shift to 

long wavelengths (for 0.1 µg/mL)  and also a widening of the absorption signal resulting from the 

non-bonds interactions of the P on the AuNP surface. After 0.8 µg/mL a second band near 607 nm is 

more evident due to the aggregation of the AuNP-P complexes. This effect is more accentuated for 

high concentrations of P (> 0.8 µg/mL).  

P at > 0.8 µg/mL shows the line shape of the first derivative is distorted because of the presence 

of the second band at 607 nm, which leads to the aggregation of the AuNP-P complexes. The last can 

be observed as a discoloration of the colloidal solutions. Thus, an adequate conjugation can be 

achieved for P < 0.8 µg/mL, where the line shape of the spectrum of the conjugated is very similar to 

the spectra of AuNPs (control) (Figure 2C).  

SERS spectra of  AuNP-P complex. Once obtained the AuNP-P complex present in colloidal 

state at several concentrations of P, they were centrifuged and deposited on monocrystalline silicon 

substrates, as indicated in the experimental section, to obtain the SERS spectra by Raman 

spectroscopy. The Raman spectra of P at 1 µg/mL deposited on the monocrystalline silicon substrate 

do not show any signal from the P due its low concentration (Figure 3). Only two bands at 520 cm -1 

(from optical single mode) and 960 cm-1 (from two phonon processes) of the crystal silicon are 

observed (Rojas-Lopez et al., 2006, Rojas-Lopez et al., 2010, Liu et al., 2002). The Raman spectrum of 

P at 1 mg/mL is showing a band at 1436 cm-1 which is due to deformations of -NH3 species of Lys 

(Aliaga, et al, 2009). For AuNP (Figure 3), the SERS spectrum shows vibrational modes associated 

mainly with silicon oxides arising from the surface of the monocrystalline substrate, such as the bands 

at 630, 1054, and 2126 cm-1 (Liu et al., 2002).  
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Figure 3. SERS spectra of AuNP-peptide conjugate at several peptide concentrations (from 0.1 to  1.0 

µg/mL). 

For low concentrations of P (0.1 and 0.3 µg/mL), the SERS spectra of the conjugate are very 

similar to AuNPs, possibly because there are not enough molecules covering the surface of the AuNP. 

However, for 0.5 and 0.7 µg/mL, the SERS spectra of the conjugate show intense bands arising from 

the AuNP-P complex. The band at 1355-1374 cm-1 is associated with vibrations of the aliphatic chain 

of CH2 from the amino acids (Aliaga et al., 2010). The next band at 1436 cm-1 is assigned to 

deformations of NH3+ species from the Lys, whereas the bands at 1560 and 1638 cm-1 could be ascribed 

to an asymmetric stretching of the -COO- groups (Aliaga, et al, 2009).  

Transmission electron microscopy of  AuNP-P complex. The quasi quasi-spherical or 

icosahedrical nature of   AuNPs are used to prepare the AuNP-P complexes (Figure 4A-B). The 

average size of these particles is near 20 nm, which is consistent with the estimated size (19 nm) 

obtained using equation 1 and the UV/VIS spectrum. The morphological appearance of the 

conjugates AuNP-P complex at several scales (Figure 4C-G). The P layer covering each AuNP can be 

observed. In this case, the P concentration used to make the AuNP-P complexes was 0.5 µg/mL, 

because the first derivative of UV/VIS and Raman results suggest this P concentration is the most 

viable to form the AuNP-P complexes. 
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Figure 4. TEM of AuNPs and AuNP-P complex. A) AuNP B) Zoom AuNp C) AuNP-Pe complex, P at 

0.5 µg/mL D) and E) Zoom of AuNP-P complex with P at 0.5 µg/mL F) AuNP-P complex after 10 

months, P at 0.5 µg/mL G) Zoom of the AuNP-P complex after 10 months, P at 0.5 µg/mL. 

MD simulations of the AuNP-P complex. 100-ns-long MD simulation of the P shows that it 

reaches equilibrated values into the first 50, where their initial RG and SASA values of 1.1 ± 0.08 nm 

and 21.5 ± 0.70 nm2, respectively, decreased during the MD simulations, reaching converged RG and 

SASA values of 0.80 ± 0.03 nm and 19.25 ± 0.90 nm2. Then, a cluster analysis was performed to obtain 

the most populated conformation that may be considered as the thermodynamically most favorable 

conformations corresponding to that predominantly in a physiological context. Based on the most 

populated P conformer, five independent MD simulations were carried out for the AuNP-P complex 

where the P corresponded with its most populated conformation present through 100-ns-long MD 

simulation (see methods) was placed in different distances that oscillated between 1.2-1.5- nm from 

the AuNP. Analysis of the RG value for the P absorbed onto AuNP indicates that the P maintains 

compactness during its coupling with AuNP (Figure 5). In contrast, the lower SASA value (Table 1) 

observed for the absorbed P compared with the free P (19.25 ± 0.90 nm2) corroborates a lesser surface 

area available to be solvated due to the association between the P and AuNP.  
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Figure 5. 3D structure from the final conformations of the MD simulation which depict the adsorption 

of P on AuNP (1 1 1). 

Table 1. Geometrical parameters of P adsorbed on AuNP and map of residues of the conjugated 

system. 

Run RG (nm) SASA (nm2) Contact Residues 

Run 1 0.81± 0.02 16.8 ± 0.70 Lys1, Lys2, Phe3, Pro5, Glu6, Ile7, Ala8 

Run 2 0.85 ± 0.03 16.4 ± 0.83 Phe3, Pro5, Glu6, Ile9, Arg10, Pro11, Lys12, Arg15 

Run 3 0.83 ± 0.03 16.4 ± 0.83 Lys2, Phe3, Lys4, Pro5, Ile7, Ile9 

Run 4 0.82  ± 0.01 16.8  ± 0.72 Lys1, Lys2, Phe3, Pro5, Glu6, Ala8, Ile9, Pro11 

Run 5 0.79±0.020 15.9 ± 0.80 Phe3, Pro5, Ile7, Ile9, Pro11, Lys12, Val13 

Measuring IgG and IgA levels in Immunized Mice 

The measurement IgG in serum of mice immunized with AuNPs, P or AuNP-P complex show 

significant difference between P and AuNP-P complex compared to the AuNPs, with a value of *** p 

< 0.001 (Figure 6A). However, no significant difference was found when comparing the group 

immunized with the P and with AuNP-P complex (ns). Additionally, IgA were determined in nasal 

washes from the immunized mice (Figure 6B). No significant difference was found between the group 

immunized with the P and the AuNP-P complex. However, a difference was found when comparing 

both with the control with a p value <0.001. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 December 2024 doi:10.20944/preprints202412.1589.v1

https://doi.org/10.20944/preprints202412.1589.v1


 11 

 

Figure 6. IgG and IgA levels of mice immunized with AuNPs, P (A) or AuNPs-P complex (A+Au) A)  

IgG from serum B) IgA in nasal washes. ***Indicates significant difference of p <0.001 and ns no 

significant difference. 

Discussion 

Electrostatic interactions between the positive charged P and the negative charged AuNPs could 

play an essential role in the AuNP-P complex stability. Therefore, it was important to study the 

ionization state of each type of titratable residue depending on the solution conditions. A mean 

Monte Carlo simulation for structural stabilization (Metropolis et al., 1954) and a titration scheme for 

chemical stabilization can be estimated to calculate the P titration curve (Texeira et al., 2010). The P is 

represented by a freely-jointed chain of rigid spheres connected by harmonic bonds. The counterions 

and salt are described explicitly, and the solvent (water) is modeled as a dielectric continuum 

(Narambuena et al., 2014). 

The electrical charge depends on the pH, and for this system was IP = 11. It is known that pH 

values lower than the IP provide a positive charge. Therefore, the P has a significant positive charge, 

due to the contribution of Lys and Arg (Figure 1b). This suggests that these charge positive groups 

can interact with the citrate groups on the surface of AuNPs through salt bridge interactions, even at 

the isoelectric point of the nanoparticle (Brewer et al., 2005). Other types of interactions, such as 

hydrophobic and hydrogen bonds, could contribute to the stability of the conjugate. Regarding the 

conjugation of the P on the AuNPs, it is well known that the permanence of the ruby red color of the 

colloidal solution is related to a stabilized state of the conjugated, whereas a change in the coloration 

to blue-gray is directly related to the aggregation of the AuNP caused by an excess of charge provided 

by the P, which neutralize the charges the surface of the AuNPs (De la FuenteAS 05). We suggest that 

the interaction is based on the charge attraction between the AuNPs and the P. In our case, the AuNPs 

were synthesized by the citrate reduction method; thus, a layer of citrate groups covered the surface 

of each nanoparticle, providing a negative charge. In this way, several amino acids of the P could be 

linked to a AuNPs through a positively charged from Lys and Arg), which interacts with the citrate 

of the AuNPs surface (Brewer et al., 2005; McLean et al., 2004).  

The chemical characterization of AuNPs coincides with the reports of UV/VIS and SPR 

techniques (Moreira-Alvarez,  Bereli N). Additionally, the size of the AuNP was calculated (Haiss et 

al., 2007), and the estimated average size was d = 19 nm.  

When the AuNPs were conjugated with the P, there was found in this work that at higher P 

concentrations there were color changes in the solution. It is well known that the negative charged 

surface of the AuNPs is neutralized by some part of the peptide positively charged, because high 

peptide concentrations can accentuate this effect and consequently cause aggregation (Raman et al., 

2006). When this condition is reached the conjugated AuNPs are aggregated and the colloidal single-

AuNP condition disappears. This fact can be also observed from the first derivative of the UV/VIS 

spectra of the AuNP-P complex (Figure 2C). Therefore, the adequate conjugation of the peptide with 

the AuNPs must be at < 0.8 µg/mL. According to the SERS spectra, the Lys and Args interact with the 

surface of AuNPs adopting different conformations and orientations onto the surface (Ma H, Zhang, 

Madzharova F,), enhancing their intensity in this interval of concentration of P (0.5-0.7) µg/mL. This 

observation can be used as evidence of the immobilization of P on the surface of AuNPs. For high 

concentrations of P (0.8 and 1.0 µg/mL), the intensity of the SERS signals diminishes notably due to 

the aggregation effect of AuNP by the neutralizing its negative charges. The last is consistent with 

the observation of a second band in the UV/VIS spectra attributed to the formation of aggregates 

(Raman et al., 2006), which is more evident for high concentrations of P (0.8-1.0) µg/mL. Therefore, 

the interval of P concentrations between 0.5 and 0.7 µg/mL represent the optimal conditions to obtain 

a stable AuNP-P complex by using this hemagglutinin P. The icosahedral nature of the AuNPs is 

shown in the TEM photographs and the average size coincides with what has been reported 

(approximately 20 nm) (analytical chemistry 2018). The obtained AuNP-P complex could be 

especially useful for diagnostic or immunologic therapy in nanomedicine (Huang Y,  Higino T,).   
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Analysis of the five MD simulations showed that, in all cases, the P was adsorbed onto the AuNP 

within the first 40 to 60 ns, through a residue map (Table 1) that includes charged residues (Lys and 

Glu) and hydrophobic (Phe, Pro, Ile), a residue that has been reported to be important in conjugation 

with AuNP (Broncolini et al., 2012). Overall, the P is rapidly adsorbed according to these MD 

simulations, was stable on the AuNP surface, and shows no tendency to unfold, supporting the 

experimental findings. 

The AuNP-P complex was administered in BALB/c mice, it was found that it did not modify the 

titer of IgG and IgA in serum and nasal washes, respectively, compared to the P, but the response of 

P is not affected by AuNP, suggesting that P is delivered. The above is important because P was 

administered intranasally, which is different from the subcutaneous route reported by Carrillo et al. 

(Carrillo et al ). In vaccines against respiratory viruses, the induction of IgA in the mucosa is 

important, since it is the first defense before the IgG found in serum (Zorgi NE, Kawai A). This is the 

contribution of this work, where there were proposed AuNP-P complex, characterized by various 

techniques, including stability after 10 months. It was also tested in an animal model by intranasal 

administration. To date, intranasal AuNPs have been used in few investigations (Salazar-González, 

Tao W, Wang C). This work supports the use of the intranasal route since both IgG and IgA are 

induced either AuNP-P or P. 

Conclusions 

This work achieved a bioconjugation (AuNP-P complex) of a hemagglutinin peptide from 

influenza A H1N1 virus with AuNP. The usefulness of the AuNP-P complex was demonstrated when 

administered intranasally in BALB/c mice, and the induction of immunoglobulins in serum and nasal 

mucosa was detected. Therefore, the application of conjugation of nanoparticles and peptides as 

potential vaccines that induce antibody response is supported.  
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