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Abstract  16 

Gold nanoparticle (AuNP) interaction with the blood compartment as a function of their 17 

charge and the binding energy of their surface ligand was explored. Citrate, polyallylamine 18 

and cysteamine stabilized AuNP along with dihydrolipoic acid and polyethylene glycol 19 

capped AuNP were synthesized and fully characterized. Their interactions with model 20 

proteins (human albumin and human fibrinogen) were studied. Complexes formed between 21 

AuNP and protein revealed several behaviors ranging from corona formation to aggregation. 22 

Protein fluorescence quenching as a function of temperature and AuNP concentration allowed 23 

the determination of the thermodynamic parameters describing these interactions. The 24 

hemolysis induced by AuNP was also probed: an increasing or a decreasing of hemolysis ratio 25 

induced by AuNP was observed as of function of protein corona formation. Taken together, 26 

our results drew up a composite sketch of an ideal surface ligand for blood compatible AuNP. 27 

This capping agent should be strongly bound to the gold core by one or more thiol groups and 28 

it must confer a negative charge to the particles.  29 

Keywords: Inorganic Nanoparticles, Surface Chemistry, Protein Adsorption, Thermodynamic 30 

Parameters, Hemolysis 31 

  32 
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1. Introduction  33 

 34 

Gold nanoparticles (AuNP) are part of the most developed and used nanomaterials because of 35 

their ease of synthesis and their characteristics. They are well defined by their 36 

physicochemical and optical properties. AuNP can be functionalized by biomolecules and 37 

drugs with important yields due to a huge surface over volume ratio (Daniel & Astruc, 2004). 38 

The abundance of possible ligands creates a wide variety of objects, in terms of surface 39 

charge (zeta potential) or hydrodynamic diameter. The newly synthesized particles are 40 

surrounded by a more or less displaceable shell depending on the ligand binding energy. 41 

Among their various uses, these particles can be used as biosensors, drug delivery systems or 42 

contrast agents (Mieszawska et al., 2013) involving their intravenous injection. The 43 

bloodstream is a highly complex medium in which AuNP can interact with a wide variety of 44 

proteins or cells. According to the Vroman’s effect (Vroman, 1962), the interaction between 45 

AuNP and plasma proteins is a dynamic system. During this sequential adsorption, a 46 

heterogeneous corona is formed with proteins with an increasing affinity for the AuNP. This 47 

phenomenon determines the biological identity of the particles and manages not only their 48 

bioavailability and pharmacokinetics but also their possible toxicity (Wang et al., 2015). 49 

Several studies already probed the interaction of proteins with AuNP as a function of their 50 

size, shape, charge... As examples, the variation of the nanoparticle hydrodynamic diameter 51 

revealed an influence on their internalization in cells trough endocytosis or micropinocytosis 52 

or in hemolysis induction (Purohit et al., 2016). Lacerda et al., reported an increasing affinity 53 

between fibrinogen and citrate capped AuNP as a function of their hydrodynamic diameters 54 

(Lacerda et al., 2010). A shape dependence in the protein activation and cellular uptake was 55 

also described. Xie et al., observed an increased internalization linked to AuNP shape (from 56 

stars and rods to triangles, respectively) (Xie et al., 2017). Quach and Kah demonstrated that 57 
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gold nano-spheres, -stars and -rods bearing polyethylene glycol (PEG) groups were able to 58 

induce complement activation (Quach and Kah, 2017). Through all these studies, all types of 59 

interactions between NP and proteins have been reported, from the weakest (Van der Walls 60 

and/or hydrogen bonds) to the strongest (covalent bound) (Shemetov et al., 2012). Thus, 61 

ligand exchange phenomena (NP surface ligand vs blood protein), especially with low-energy 62 

surface stabilizers, are of particular importance for the protein corona formation. However, 63 

the influence of functional groups binding the NP gold core in terms of binding energy is 64 

rather poorly reported. Thus, our work aimed at filling the information gap on the influence of 65 

the ligand characteristics on AuNP blood compatibility. We hypothesized that this is a key 66 

factor that governs the stability of the particles as soon as they are injected into the 67 

bloodstream. Besides, the ability of the ligand, to be more or less displaced, induces a 68 

selection of the proteins forming the corona. Therefore, the binding energy of the ligand 69 

influences the plasmatic mean residence time of the particles and therefore their 70 

biodistribution and pharmacokinetics. 71 

In this work, we considered that the prediction of AuNP blood compatibility is a 72 

multifactorial equation in which the variables are the ligand characteristics (binding energy 73 

and charged groups) and the protein characteristics. We synthesized five different types of 74 

AuNP with characteristics and ligands frequently described in the biomedical field. Thus, 75 

AuNP-citrate, stabilized trough weak interactions with carboxylate groups, are often used as 76 

precursors for further functionalization steps through ligand exchange. AuNP stabilized by 77 

poly(allylamine) (PAH), a cationic polymer carrying primary amines able to bound the 78 

particle gold core were selected as models of positive nanoparticles with a weak ligand. AuNP 79 

stabilized by a cationic polymer can be used to create multilayered coated particles for a drug 80 

delivery purpose (Reum et al., 2010). We also selected AuNP capped by a ligand carrying one 81 

or more thiols. Positively charged particles were obtained with cysteamine. Here, the 82 
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interaction with the gold core was predominantly driven by the thiol group thanks to sulfur 83 

atom avidity for gold largely greater than the one between amine and gold. PEG capping 84 

allowed the synthesis of neutral particles and it is the gold standard for giving a protein 85 

antifouling ability to AuNP. Herein, a PEG bearing two thiol groups was chosen for better 86 

anchoring of the ligand on the gold core (Zopes et al., 2013). This also allowed the formation 87 

of looped PEG chains on the AuNP, which are known to have better biocompatibility, salt 88 

resilience and enhanced hydrophilicity (Du et al., 2019). AuNP were also synthesized using 89 

dihydrolipoic acid (DHLA), providing negatively charged particles with a strongly bound 90 

ligand (by two thiols per molecule). DHLA has the advantage of adding a carboxylic acid to 91 

AuNP surface allowing an easy functionalization through amide bond formation (Roux et al., 92 

2005).  93 

Based on the Vroman’s effect, two different proteins were selected: albumin (firstly bound) 94 

and fibrinogen (latterly bound) as models (described in Table 1.) for probing AuNP-plasma 95 

proteins interaction. We investigated the physicochemical characterization of [AuNP, Protein] 96 

complexes as of function of particle charge and ligand binding energy using dynamic light 97 

scattering and spectrophotometry. The fluorescence quenching of albumin and fibrinogen at 98 

several temperatures and AuNP concentrations was measured. Thermodynamic parameters 99 

(Bi et al., 2004) of proteins interacting with anionic, cationic or neutral AuNP were 100 

determined. Lastly, the hemolysis induced by AuNP as a function of their characteristics was 101 

also probed. Our study showed that not only the particle charge but also the ligand binding 102 

energy determine the formation of the protein corona on NP. Those new objects display a 103 

different reactivity towards the blood compartment as observed in the hemolysis induction. 104 

 105 

  106 
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2. Materials & Methods  107 

2.1 Reagents and standards  108 

All reagents and solvents were of analytic grade and were used without further purification. 109 

Ultrapure deionized water (> 18.2 MΩ cm) was used for the preparation of all solutions. 110 

Polyallylamine hydrochloride (PAH) with average molecular masse of 17,500, cysteamine 111 

hydrochloride, dihydrolipoic acid (DHLA), sodium citrate, di-thiolated polyethylene glycol 112 

(PEG) with an average molecular mass of 8000, HAuCl4, NaBH4, human serum albumin and 113 

human fibrinogen were supplied by Sigma Aldrich. Wistar rat whole blood collected in 114 

heparin blood collection tubes was provided by our laboratory animal house. Na2HPO4, 115 

KH2PO4, KCl and NaCl were purchased from VWR Chemicals. Phosphate buffer saline 116 

solution (PBS) at 0.15 M was prepared as follows: [Na2HPO4] = 6.68 x 10-3 M, [KH2PO4] = 117 

1.47 x 10-3 M, [NaCl] = 138.00 x 10-3 M, and [KCl] = 2.68 x 10-3 M, final pH was adjusted to 118 

7.40. 50 nM Human albumin and human fibrinogen were prepared by diluting a 1 µM stock 119 

solution in PBS.  120 

2.2 AuNP synthesis  121 

Citrate stabilized AuNP were synthesized in aqueous solution according to our previous work 122 

(Tournebize et al., 2012). Under inert atmosphere, 1 mL of HAuCl4 solution (10 mg/mL) was 123 

added into 90 mL of water and then 2 mL of sodium citrate 55 mM. The solution was stirred 124 

for 1 min then 1 mL of NaBH4 19 mM was added and the solution was stirred for 10 min. 125 

AuNP DHLA and PEG were obtained through ligand exchange with previously described 126 

AuNP. 10 mL of 60 mM DHLA or dithiolated PEG solutions prepared in NaOH 0.5 M were 127 

added to 25 mL of AuNP citrate. After an overnight reaction, AuNP were dialyzed twice 128 

against PBS for 24 h. AuNP-PAH were synthesized with the same method as AuNP citrate 129 

using 1 mL of 87 mM of PAH solution as stabilizing ligand. AuNP cysteamine were 130 
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synthesized by a two steps reduction method. At first, 90 mL of ultra-pure water added with 1 131 

mL of HAuCl4 solution (10 mg/mL) and 1 mL of cysteamine hydrochloride 27 mM. This 132 

solution was heated using a heating sand bath (250 °C) and a reflux system until it becomes 133 

colorless, corresponding to Au3+ reduction to Au+ by thiols. The second reduction Au+ to Au0 134 

was performed by adding 50 µL of 19 mM of NaBH4. Ionic gold quantification was 135 

performed on every synthesis with a previously developed in house method (Pallotta et al., 136 

2018). Synthesis yields were found above 99.6 % for each kind of AuNP.  137 

2.3 AuNP characterization 138 

Colloidal gold nanoparticles were characterized after synthesis without any dilution step. UV–139 

vis spectrophotometer (UV-1800 Shimadzu) was used for spectra recordings and absorbance 140 

measurements. The hydrodynamic diameter in volume mode (Dh) and zeta potential (ζ) of 141 

AuNP were measured at 20 ± 1 °C with a backscattering detection angle of 173°. Zeta 142 

potential was calculated after the conversion of electrophoretic mobility values measured by 143 

laser Doppler velocimetry using the Smoluchowski’s equation. Both, DLS and laser Doppler 144 

velocimetry measurements were conducted on a Zeta Sizer nanoseries Nano-ZS fitted with a 145 

helium-neon laser performing at 633 nm (Malvern Instruments, UK). Transmission Electron 146 

Microscopy (TEM) images were recorded using a Philips CM20 instrument with a LaB6 147 

cathode at 200 kV and with CF200-CU carbon covered copper grids. DigitalMicrograph 148 

software was used to determine AuNP cores diameters, Dc, by measuring at least 150 149 

individualized nanoparticles.  150 

 151 

2.4 Interaction of AuNP and proteins studied by spectrophotometry and dynamic light scattering 152 
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Concentrations of AuNP ranging from (3.5 nM to 21 nM for Citrate, PAH, Cysteamine 153 

stabilized AuNP and DHLA, PEG capped AuNP), corresponding to a quantity of 10 12 to 10 13 
154 

particles per samples were used. AuNP concentrations were comparable to those used in 155 

biodistribution studies after intravenous injection. For example, (Zhang et al., 2009) and 156 

(Semmler-Behnke et al., 2008) studied AuNP biodistribution in mice and rats after injection 157 

of quantities ranging from 1 × 10 12 to 9 ×10 13 and 4 × 10 12 to 4 ×10 13 per animals 158 

respectively. All AuNP dilutions were prepared in PBS 0.15 M pH = 7.4 containing albumin 159 

or fibrinogen with a final concentration of 50 nM. Visible spectra (400 – 800 nm) and 160 

hydrodynamic diameters were acquired just after mixing at 20 ± 1 °C. Results are reported as 161 

the main hydrodynamic diameters measured in volume. External layer thickness (sum of the 162 

ligand layer, the protein corona and the solvation shell) was determined by subtracting the 163 

AuNP Dc to the Dh of [AuNP, Protein] complexes. 164 

2.5 Fluorescence quenching study and constants determinations.   165 

The analysis of AuNP and proteins interaction was performed trough fluorescence quenching 166 

experiments as a function of temperature (4 °C, 20 °C, 37°C and 50 °C) and AuNP 167 

concentration (3.5 nM to 21 nM). Albumin and fibrinogen concentrations were kept constant 168 

(50 nM). This concentration was chosen greater than AuNP concentration and with a 169 

sufficient fluorescence signal for quenching studies. Proteins solutions, PBS and AuNP were 170 

pre-incubated at 4 °C, 20 °C, 37°C or 50 °C before mixing and measurements. The 171 

fluorescence intensity was measured immediately after sample preparation using a quartz 172 

cuvette with a light path 10x4 mm (Hellma Analytics, Müllheim, Germany). Hitachi F-2000 173 

Fluorescence Spectrophotometer equipped with a Xenon lamp and with a temperature-174 

controlled analysis chamber was used to perform the assay. The excitation and emission 175 
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wavelengths were set at 280 ± 5 nm and 340 ± 5 nm, respectively. Sensitivity was set in high 176 

mode for albumin conditions and on medium for fibrinogen. 177 

The protein fluorescence quenching relied on the interaction of albumin or fibrinogen with 178 

AuNP assimilated to a ligand according to the following equation (1): 179 

AuNP +  Protein 

�
�� [AuNP, Protein] (1) 180 

 181 

Ka being the affinity constant. For referring to the formation of this complex, in the text the 182 

following notation was used [AuNP-X/@X, albumin or fibrinogen], where -X or @X 183 

represent the stabilizing or capping ligand under consideration, respectively.  184 

  185 
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The fluorescence quenching mechanism was determined with the Stern-Volmer equation (2):  186 

��

�
= 1 + ����[����� = 1 + �� [����� (2) 187 

In which, F0 and F are the fluorescence intensities of albumin or fibrinogen in the absence and 188 

presence of quencher (AuNP), respectively. KSV is the Stern-Volmer quenching constant, Kq 189 

the quenching constant, [AuNP] the molar concentration of AuNP and τ0 is the lifetime of 190 

albumin and fibrinogen without quencher, which was considered as 10-7 s.  191 

Static quenching allows the calculation of affinity constant (Ka) and Hill coefficient (n) with 192 

the following equation (3): 193 

log
�� − �

�
= log �' + ( log[�����(3) 194 

Previously mentioned constants were determined by plotting log  
*+,*

*
 versus log  [�����. 195 

Slopes and intercepts of the resulting curves represented Hill coefficient and 196 

log �' respectively.  197 

 198 

Entropy (ΔS) and enthalpy (ΔH) variations were determined with the Van’t Hoff model. 199 

Previously mentioned constants were determined by plotting ln �' as a function of 
2

3
 , where 200 

T is the temperature in K.  201 

Slopes and intercepts of the resulting curves respectively represented 
,45

6
 and 

47

6
 . 202 

R being the perfect gas constant taken equal to 8.314 J.K-1.mol-1. 203 

 204 

 205 

Gibbs free energy (ΔG) was calculated with the following equation (4):  206 

ΔG =  −RT ln �'  (4) 207 
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2.6 AuNP induced hemolysis  208 

AuNP ability to induce hemolysis was adapted from a previously described method (Pallotta 209 

et al., 2017) using blood from a Wistar male rat. Briefly, Red Blood Cells (RBC) washing was 210 

performed after centrifugation (20 min, 3000 rpm, 4 °C) by substituting the plasma by the 211 

same volume of NaCl 0.9 % (m/v). A stock solution was prepared by mixing 1 mL of 212 

previously described RBC solution and 1.25 mL of NaCl 0.9 % (W/V). Working solutions 213 

were obtained by a 25-fold dilution on PBS alone, with albumin or fibrinogen. Positive and 214 

negative controls were obtained through the same dilutions in ultra-pure water or PBS, 215 

respectively. Protein (albumin and fibrinogen) final concentration was 50 nM and AuNP 216 

concentration ranged from 3.5 to 21 nM. PBS was preferred instead of NaCl 0.9 % to ensure 217 

the same proteins protonation state as in vivo. Samples were prepared in triplicates and 218 

incubated in a shaking and heating water bath (80 oscillations.min-1 and 37 °C) during 2 h. 219 

The hemolysis rate was determined by measuring the absorbance of the samples at λ = 541 220 

nm after centrifugation (10 min, 5 000 rpm). Hemolysis rates induced by AuNP were 221 

expressed as a percentage of the hemolysis found with the positive control.  222 

  223 
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3. Results and Discussion 224 

3.1 Nanoparticles characterization  225 

Several types of gold nanoparticles were synthesized using stabilization agent of various 226 

chemical nature with increasing binding energy for Au core: carboxylate groups for citrate 227 

ions, amine groups for PAH, thiol groups for cysteamine and dithiol groups for DHLA and 228 

PEG. Their physicochemical characterization was performed, and the results are presented in 229 

Table 2. and Figure 1. Spectrophotometric properties of these particles showed a single 230 

plasmon band (λmax) characteristic of metallic nanoparticles. No other peak was detected, 231 

meaning that little to none aggregation was observed. This was confirmed by transmission 232 

electron microscopy observations that showed spherical and individualized particles. 233 

Hydrodynamic diameters (Dh) and core diameters (Dc) measurement allowed the 234 

determination of AuNP stabilization and solvation layers thickness. The use of different 235 

ligands during synthesis provided negatively charged NP (AuNP-Citrate and @DHLA), or 236 

neutral particles (AuNP@PEG) or positively charged NP (AuNP-PAH and @Cysteamine)  237 

3.2 Protein effect on AuNP physicochemical characterization 238 

Albumin and fibrinogen were selected as models for studying the interaction of AuNP with 239 

blood proteins. Albumin is known to be a ubiquitous carrier able to rapidly bound on NP. In a 240 

second step, this non-specific binding is replaced by complexation with other more 241 

specialized blood proteins such as fibrinogen corresponding to the Vroman’s effect. The study 242 

of the physicochemical characterization of AuNPs in the presence of these two proteins 243 

represents a first step towards understanding the fate of AuNP in blood. 244 

  245 
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3.2.1 Modification of AuNP optical properties  246 

The interaction of [AuNP, Protein] and its effect on their optical properties were studied by 247 

visible spectrophotometry (Figure 2.). Variation of the Surface Plasmon Band was studied by 248 

mixing an increasing concentration of AuNP with a constant concentration (50 nM) of either 249 

albumin or fibrinogen. This physicochemical parameter is specific to metallic nanoparticles 250 

and gives information on their size, their form, their surrounding medium, and neighbors 251 

particularly the inter-nanoparticular distance (Amendola et al., 2017). As reported in the 252 

histograms a redshift of the plasmon band was observed, corresponding to NP surrounding 253 

modification due to proteins. The highest increases in maximal wavelength were observed for 254 

citrate, PAH and cysteamine AuNP (Figure 2. A, B, C) reflecting a significant impact on the 255 

physicochemical properties of these particles after protein binding. Plasmon band broadening 256 

was related to an increase of AuNP size dispersion (Moores and Goettmann, 2006) due to the 257 

formation of a protein corona around them and/or to the formation of aggregates. For DHLA 258 

and PEG AuNP (Figure 2. E, F) these changes were less pronounced representing a limited 259 

impact of proteins on these particles.  260 

  261 
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3. 2.2 Variation of AuNP Dh induced by proteins  262 

The variation of Dh as a function of AuNP concentration with either albumin or fibrinogen 263 

was probed (Figure 3.). Differences between AuNP Dc and Dh gave an estimation of the 264 

surrounding layer thickness. This external layer thickness was defined as the sum of the 265 

ligand layer, the protein corona and the solvation shell. It was calculated only when particles 266 

were not aggregated. Values of typical diameters measured or estimated at AuNP 267 

concentration of 7 nM are listed in Table 3. AuNP-citrate Dh were found more important in 268 

presence of albumin than without. Still, for this kind of AuNP, the Dh stayed stable at any NP 269 

concentration, suggesting the formation of a stable protein corona on individualized particles. 270 

At the opposite, as far as AuNP-citrate are concerned, the formation of increasingly important 271 

aggregates was observed in the presence of fibrinogen. For PAH stabilized nanoparticles large 272 

aggregates over 500 nm were observed in both protein conditions at any AuNP concentrations 273 

revealing an important instability of these particles in a biological-like medium. 274 

Hydrodynamic diameters of cysteamine nanoparticles increased gradually for both albumin 275 

and fibrinogen conditions, highlighting an aggregation mediated by AuNP concentration. 276 

Fibrinogen tendency to form large aggregates or to induce the formation of thicker corona 277 

compared to albumin is due to its shape and dimensions (Table 1.), in fact, this protein is able 278 

to bridge several nanoparticles or to be organized as a loop on a single particle (Deng et al., 279 

2012). Hydrodynamic diameters of DHLA and PEG particles were found to be stable over the 280 

whole range of the studied AuNP concentration.  281 

3.3. Mechanism of AuNP binding to protein 282 

As reported in Table 1, albumin and fibrinogen both carry tryptophan residues which 283 

fluorescence can be quenched as a function of the presence of various compounds. Then, a 284 

thorough characterization of AuNP-protein interactions was allowed through fluorescence 285 
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study. Thermodynamics parameters, quenching, KSV, and affinity, Ka, constants were 286 

determined for both proteins and as a function of AuNP surface ligands.  287 

 288 

3.3.1. Quenching constants  289 

Fluorescence quenching studies relied on the native fluorescence (F0) of proteins mainly 290 

carried by tryptophan residues. The addition of molecules or particles able to bind on protein 291 

induces a fluorescence quenching. Then, a decreasing fluorescence intensity (F) was observed 292 

when AuNP concentration was increased. Plotting of F0/F as a function of AuNP 293 

concentrations (Figure 4.) allowed the determination of Stern-Volmer constant (KSV) for 294 

albumin and fibrinogen. In all the studied conditions, the quenching rate constant (Kq) was 295 

greater than the maximum diffusion collision quenching rate constant (2 × 10 10 L.mol-1 .s-1 296 

(Bi et al., 2004)) meaning that the fluorescence quenching relied on the formation of a static 297 

complexes ([AuNP, Albumin] and [AuNP, Fibrinogen]). For a static quenching, the 298 

interaction site between AuNP and protein is located in the close vicinity (between 10 Å and 299 

100 Å (Swathi and Sebastian, 2009)) of the fluorophores (tryptophan) and the distance 300 

between protein and quencher stays constant, on the contrary to a collisional or dynamic 301 

complex.  302 

3.3.2 Thermodynamics constants of AuNP proteins interaction   303 

Plotting of log
*+,*

*
 as a function of log[����� values at 37 °C (Figure 5.) gave the 304 

parameters listed in Table 5. Hill coefficient can also be defined as a measure of binding 305 

cooperativity. The value lower than 1 obtained for [AuNP@DHLA, Albumin] corresponds to 306 

an anticooperative binding indicating that the association energy per particle progressively 307 

decreases with further protein adsorption. For AuNP citrate, PAH, cysteamine, Hill 308 
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coefficient was found greater than 1 meaning that their interaction with either albumin or 309 

fibrinogen relied on a cooperative binding. The association energy increases gradually as long 310 

as particles bind on proteins. In the case of [AuNP@DHLA, Fibrinogen] and [AuNP@PEG, 311 

Fibrinogen], Hill coefficient was equal to 1 indicating that the association energy of these 312 

complexes was not varying as a function of protein adsorption. Besides, ΔG negative values 313 

revealed a spontaneous formation of all the [AuNP, Protein] complexes. Affinity constant 314 

(Ka) was found greater than 103 (excepted for [AuNP@DHLA, Albumin]), indicating a high 315 

affinity between each type of AuNP and either albumin or fibrinogen. In the case of the 316 

[AuNP@DHLA, Albumin], a low Ka value was found, suggesting a moderate affinity for the 317 

complex formation. 318 

Entropy and enthalpy variations signs and values (ΔS and ΔH, respectively) allowed the 319 

determination of the types of chemical interactions between AuNP and proteins.The negative 320 

ΔS and ΔH values obtained for [AuNP-citrate, Albumin], [AuNP-PAH, Albumin], 321 

[AuNP@cysteamine, Albumine], [AuNP@DHLA, Albumin] and [AuNP-PAH, Fibrinogen] 322 

are characteristics of an interaction based on Van der Waals and/or H-bond formation. These 323 

weak energy interactions are frequently managing contacts between particles and 324 

biomolecules. They allow stabilizing interactions between the solvating layers of each object 325 

as well as between their respective surfaces. The positive values of ΔS and ΔH are linked to 326 

hydrophobic interactions. A positive ΔS and a positive or negative value for ΔH indicate an 327 

ionic interaction. In this context, definitions of these two forces are important to understand 328 

the precise nature of the interactions leading to the complex formation. Hydrophobic 329 

association (Ross and Subramanian, 1981) is exclusively referring to the partial withdrawal of 330 

a nonpolar group from water and/or from the solvation layers of AuNP or proteins and not to 331 

an interaction between nonpolar groups themselves. The ionic association represents a 332 

neutralization of opposite charges (Manning, 1978). Here, the scale at which this interaction 333 
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occurs is an important consideration. This must be understood as an electrostatic interaction 334 

between the particle and the protein and not between two net charges present on the different 335 

objects. Considering those definitions, hydrophobic and ionic interactions found for 336 

[AuNP@PEG, Albumin], [AuNP-citrate, Fibrinogen] and [AuNP@cysteamine, Fibrinogen] 337 

relied on the modification of the species (non-polar and charged groups or ions) involved in 338 

the solvation layers of AuNP and the protein resulting from the association. The ionic 339 

association found for [AuNP@DHLA, Fibrinogen] is based on the interaction of negatively 340 

charged AuNP@DHLA (carboxylate groups) and positively charged residues of fibrinogen. 341 

Concerning [AuNP@PEG, Fibrinogen] an analogous phenomenon explains the ionic 342 

interaction found. it has already been described that a PEG capping layer does not offer a total 343 

screening of charge(Wang et al., 2013) carried by the particle gold core. In the case of 344 

AuNP@PEG, the electron cloud of the core may stay mobilizable for electrostatic 345 

interactions.  346 

3.4 AuNP interaction with blood  347 

AuNP were incubated with RBC without (Figure 6. A) or with albumin (Figure 6. B) and 348 

fibrinogen (Figure 6. C) to probe their ability to induce hemolysis. For each condition and all 349 

AuNP types, hemolysis was found increasing as a function of AuNP concentration.  350 

In the first condition without protein (Figure 6. A), two opposite behaviors were identified. 351 

Citrate and PAH stabilized and cysteamine capped AuNP induced a significant level of 352 

hemolysis greater than 10 % from the lowest concentration. The mechanisms explaining these 353 

results are based on AuNP surface ligands. It is commonly known that citrate ions with the 354 

lowest binding energy for NP gold core (Table 2) are forming an easily displaceable shell. 355 

These particles strongly interacted with RBC through ligand exchange with their membrane 356 

components such as sialic acid. On the other side, cysteamine, a strongly bound ligand, could 357 
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not be removed. These positively charged NP interacted with negatively charged RBC 358 

membranes through electrostatic interactions. PAH, an intermediate strength ligand between 359 

carboxylic acid and thiol reacted through a combination of ligand exchange and charge 360 

interaction. Whereas for DHLA and PEG capped AuNP, hemolysis greater than 10 % was 361 

generated only at the highest concentration. Here, those particles are capped by non-362 

displaceable ligands carrying two thiols. The low hemolysis rate found also relied on the 363 

negative charge of AuNP@DHLA and the steric hindrance provided by AuNP@PEG. Here, 364 

AuNP induced hemolysis was driven by two factors, ligand binding energy and the particle 365 

charge. 366 

Addition of either albumin (figure 6. B) or fibrinogen (Figure 6. C) during the assay revealed 367 

a protein influence on the AuNP induced hemolysis. Considering the previous results showing 368 

the spontaneous formation of the static complex [AuNP, Protein], hemolysis should now be 369 

considered as being generated by new objects resulting from this association. The two 370 

previously described behaviors were still found. Concerning citrate and PAH stabilized AuNP 371 

and cysteamine capped AuNP at a concentration greater than 7 nM, hemolysis was found 372 

increased in presence of the proteins. The positive binding cooperativity (Hill coefficient, n 373 

>1) certainly promoted the interaction between the [AuNP, Protein] complexes and RBC. 374 

Furthermore, for those particles, the hemolysis ratio was more important with fibrinogen. This 375 

could be explained by the strongest affinity constants (Ka) and higher positive binding 376 

cooperativities found for fibrinogen compared to albumin, leading to the formation of larger 377 

aggregates.  378 

On the other hand, hemolysis generated by [AUNP@DHLA, Albumin], [AUNP@DHLA, 379 

Fibrinogen], [AUNP@PEG, Albumin] and [AUNP@PEG, Fibrinogen] complexes was lower 380 

than the one induced by the 3 others particles. The values were not significantly different 381 
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from the negative control at low AuNP concentration. Even if the formation of static 382 

complexes between those particles and proteins has been identified, spectrophotometric and 383 

dynamic light scattering studies demonstrated a limited modification of AuNP 384 

physicochemical parameters induced by proteins. Fluorescence quenching gave Hill 385 

coefficient values less than or equal to one, suggesting that protein corona surrounding 386 

AuNP@DHLA and AuNP@PEG did not promote the interaction of [AUNP@DHLA, 387 

Albumin], [AUNP@DHLA, Fibrinogen], [AUNP@PEG, Albumin] and [AUNP@PEG, 388 

Fibrinogen] complexes with RBC. 389 

Taken altogether, these results fully described [AuNP, Protein] complexes interaction. Indeed, 390 

the influence of proteins on nanoparticle characterization was probed through 391 

spectrophotometric and dynamic light scattering studies. An important modification of citrate 392 

and PAH stabilized and cysteamine capped AuNP physicochemical parameters was observed 393 

in the presence of proteins. Weakly stabilized citrate AuNP remained in the nanoparticle form 394 

with albumin but were aggregated with fibrinogen, showing that the protein nature is also an 395 

important parameter (Zhang et al., 2014). Also, this study points out that working on solely 396 

albumin represents a limited model for the study of protein - nanoparticle interaction. 397 

Positively charged AuNP (PAH and cysteamine) formed aggregates with either albumin or 398 

fibrinogen. Other studies have already shown such results. For example, it has been 399 

demonstrated that cetyltrimethylammonium bromide (CTAB) stabilized AuNP aggregate with 400 

albumin through electrostatic interactions (Boulos et al., 2013; Wang et al., 2019). Besides, 401 

we showed here, that this aggregation also depends on the binding energy of the AuNP 402 

surface ligands. Impact of the nanoparticles on the native fluorescence of proteins allowed 403 

quenching studies and the determination thermodynamics constants describing those 404 

interactions. It has been shown that the corona protein formation on AuNP is a dynamic 405 

phenomenon responding to the Vroman’s effect. At first, AuNP interact with unspecialized 406 
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protein such as albumin and then, they tend to be bound by other more specialized proteins. In 407 

this study, a higher affinity was found between all particles and fibrinogen rather than 408 

albumin. We also demonstrated that this affinity depends on the nature of the AuNP surface 409 

ligand. Lastly, many studies described the formation of protein corona on AuNP as a  function 410 

of protein nature, of NP hydrodynamic diameter (Xiao et al., 2018) or medium conditions 411 

such as pH (Sotnikov et al., 2019). The conditions of corona formation, its evolution over 412 

time or its impact on the bioavailability of nanoparticles were previously published. In this 413 

work, we proved that hemolysis can be strengthened by the formation of this protein corona 414 

and to the best of our knowledge this article is the first to report this behavior.  415 

Conclusion  416 

Pulled together, our results drew up of the composite sketch of an ideal surface ligand for 417 

blood compatibles AuNP. The best capping agent should be strongly bound to the gold core 418 

by one or more thiols group and it must confer a negative charge to the particles. 419 

Further studies are still required to fully describe the influence of AuNP surface ligand in the 420 

interaction with the blood compartment. Our future works will focus on AuNP effect on the 421 

coagulation and the inflammatory response. Indeed, thrombin activation as a function of 422 

AuNP nature or with the proteins of the complement pathway will be studied.  423 

  424 
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Figure 1. Observation by TEM of AuNP stabilized by citrate (A), PAH (B), capped by cysteamine 
(C), DHLA (D) and PEG (E) and histograms representing AuNP Dc measured on at least 150 
individualized particles. Schematic representations of the studied nanoparticles are also 
represented.  



 

 

Figure 2. Typical visible spectra of citrate, PAH, cysteamine AuNP(A,B,C) at 70 nM and DHLA, 
PEG AuNP at 50 nM (solid line) and spectra of AuNP (21 nM) mixed with either albumin (short 
dashed lines) or fibrinogen (long dashed lines) at 50 nM. Histograms represent the variation of the 
Surface Plasmon Band wavelength after mixing AuNP (at 7, 14, and 21 nM) with albumin (short 
dashed) or fibrinogen (long dashed) at 50 nM.  

  



  

 

Figure 3. AuNP Dh measured by Dynamic Light Scattering. AuNP concentrations were increased 
from 3.5 nM to 21 nM in interaction with either albumin (A) or fibrinogen (B) which concentrations 
were fixed at 50 nM. 

  



 

Figure 4. Stern-Volmer plot at 37 °C determined through fluorescence quenching of albumin (A) 
and fibrinogen (B) by an increasing concentration of AuNP.  

  



Figure 5. Ka plot at 37 °C determined through fluorescence quenching of albumin (A) and 
fibrinogen (B) by an increasing concentration of AuNP.  

  



 

 



Figure 6. Hemolysis ratio (n = 3), errors bars represent the standard deviation) induced by an 
increasing concentration of AuNP in PBS (except for negative and positive controls) without 
proteins (A), or with either albumin at 50 nM (B) or fibrinogen at 50 nM (C). Statistical analyses 
were performed through two-way ANOVA followed by a post-hoc Bonferroni test (* p < 0.001 vs 
negative control)  

 



Table 1. Physicochemical parameters of human proteins used in this study. 

Physicochemical properties Albumin Fibrinogen 

Molecular mass (g.mol-1) 69 000 340 000 

Isoelectric point 4.7 5.8 

Net charge at pH = 7.4 (mV) -26 -38 

Number of tryptophan residues 
accessible for quenching 1 25 a 

Dimensions (nm) 7 × 6 × 4 b 9 × 47 × 6 c 

Shape Heart  Rodlike  

a:(Gonçalves et al., 2007) b:(Erickson, 2009) c: (Cieśla et al., 2013) 

  



Table 2: Physicochemical characterization of colloidal gold nanoparticles (n = 3 on three 
independent syntheses). 

Physicochemical parameter 
AuNP-
Citrate 

AuNP-
PAH 

AuNP@    
Cysteamine 

AuNP@             
DHLA 

AuNP@ 
PEG 

λ max (nm) 514 ± 1 528 ± 2 522 ± 3 521 ± 2 518 ± 1 

Hydrodynamic diameter Dh (nm) 5.8 ± 0.9 11.9 ± 0.7 10.5 ± 1.5 8.4 ± 0.9 28.5 ± 0.5 

Core diameter Dc (nm) 2.7 ± 0.8 7.4 ± 2.1 7.3 ± 2.0 5.0 ± 0.7 3.7 ± 0.8 

Zeta potential ζ (mV) -32 ± 1 31 ± 3 28 ± 2 -46 ± 3 -4 ± 2 

Ligand binding Energy (kJ.mol-1) 11a 25b 188c 188c 188c 

a: energy per interaction Au-O involved in the stabilization of the gold core by citrate ions (Al-
Johani et al., 2017), b: energy per interaction Au-N (Nuzzo et al., 1987) involved in the stabilization 
of the gold core by poly(allylamine), c: binding energy of a single thiol on AuNP gold core (Nuzzo 
et al., 1987), note that in the case of DHLA and PEG capping two thiols each ligand molecule is 
bound by two thiols.  

  



Table 3. AuNP Dh and external layer thickness at a concentration of 7 nM. 

 Dh (nm) External layer thickness (nm) 

AuNP concentration 7 nM 

Protein none Albumin Fibrinogen Albumin Fibrinogen 

AuNP-citrate 5.8 14.8 32.9 12.1 
Aggregation 

above 3.5 nM 

AuNP-PAH 11.9 537 981 Aggregation 

AuNP@Cysteamine 4.4 38.2 67.7 Aggregation above 3.5 nM 

AuNP@DHLA 8.4 9.9 16.7 4.9 11.7 

AuNP@PEG 28.3 27.5 45.3 23.8 41.6 

 

  



Table 4. Albumin and fibrinogen fluorescence quenching constants at 37 °C. R stands for the 
correlation coefficient. 

  AuNP ligand 

 Protein Citrate PAH Cysteamine DHLA PEG 

Ksv (L.mol-1) 
Albumin 3.4 × 10 8 7.5 × 10 7 3.4 × 10 7 3.8 × 10 7 1.6 × 10 7 

Fibrinogen 3.9 × 10 8 2.7 × 10 8 4.7 × 10 7 2.6 × 10 7 5.0 × 10 7 

Kq (L.mol-1. s-1) 
Albumin 3.4 × 10 15 7.5 × 10 14 3.4 × 10 14 3.8 × 10 14 1.6 × 10 14 

Fibrinogen 3.9 × 10 15 2.7 × 10 15 4.7 × 10 14 2.6 × 10 14 5.0 × 10 14 

R 
Albumin 0.9984 0.9343 0.9964 0.9708 0.9896 

Fibrinogen 0.9553 0.9861 0.9974 0.9932 0.9869 

 

  



Table 5. Thermodynamics constants of AuNP- albumin or fibrinogen complexation at 37°C 

  AuNP ligand 

 Protein Citrate PAH cysteamine DHLA PEG 

Hill 
coefficient 

Albumin 1.6 1.2 1.2 0.2 1.0 

Fibrinogen 2.3 1.5 1.3 1.0 1.2 

Ka 
Albumin 1.8 × 10 13 4.8 × 10 10 6.3 × 10 8 8.1 × 10 1 3.1 × 107 

Fibrinogen 1.7 × 10 18 3.6 × 10 12 8.1 × 10 9 6.1 × 10 7 2.5× 10 9 

ΔS 
(J.K-1.mol-1) 

Albumin -432 -227 -501 -88 821 

Fibrinogen 574 -278 189 225 123 

ΔH 
(kJ.mol-1) 

Albumin -200 -106 -208 -37 207 

Fibrinogen 69 -157 104 -45 -18 

ΔG 
(kJ.mol-1) 

Albumin -65 -35 -53 -9 -48 

Fibrinogen -54 -52 -48 -50 -56 

Interaction 

Albumin H bound and Van Der Waals bound 
Hydrophobic/

ionic 

Fibrinogen 
Hydrophobic/

ionic 

H bound 
and Van 

Der Waals 
bound 

Hydrophobic/ 
ionic 

Ionic Ionic 

 






