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Abstract: Gold nanoparticles (AuNPs) are modified immediately by the adsorption of 

β-lactoglobulin (βlg) when designed as colorimetric probe in raw milk, leading to the 

formation of a protein corona. This adsorption results mainly from a fast electrostatic 

force and a slow formation of Au-S covalent bonds, which is a precondition for the 

use of AuNPs in biodetection. The proteins corona influences the structure and 

bioactivity of adsorbed protein, such as the allergy. In this study, the mechanism of 

βlg adsorbed on AuNPs was investigated in terms of stoichiometry, binding affinity 

(Ka), time evolution of Au-S bond, and general secondary structure changes to 

address the desensitization of AuNPs. The results show that about 3,600 βlg are 

adsorbed on a single AuNPs, and the Ka is 2.9 ± 0.7 × 106 M-1. The formation of Au-S 

bonds takes about 9 h, which is the time needed for complete changes in secondary 

structure and the IgE combining capacity. The structure of allergenic epitopes 

assigned to β-sheet was destroyed by the formation of Au-S bond, then induced to the 

decrease allergy. Furthermore, Fourier transform infrared spectroscopy confirmed a 

decrease in β-sheet contents after conjugated with AuNPs. 

Keywords: Gold nanoparticles (AuNPs), β-lactoglobulin (βlg), protein corona, Au-S 

bonds, desensitization 

1. Introduction 

Gold nanoparticles (AuNPs) have been known a significantly developments in the 

field of biotechnology and biomedicine [1-6], as sensing probes [2,3] and in drug 

delivery [4,5] and cancer therapy areas [6], because of their high surface energy and 

unique chemical and optical properties [3,6]. Especially in biodetection, AuNPs are 

commonly designed as a sensitive colorimetric probe in raw milk to detect of 
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melamine, tetracycline and tobramycin [7,8]. However, nanoparticles (NPs) surface is 

modified directly by the adsorption of proteins, forming a “protein corona” when 

exposed to the biological matrix (ie, milk) as a colorimetric probe [3,9,10], which 

consists of a hard corona or soft corona with strong or weak binding force, 

respectively, to the NPs surface [9,11]. The formation of a protein corona is a 

double-edged sword in biodetection [12], On one hand, it would improve the 

utilization and intracellular fate of AuNPs, especially those that enter into the 

organism [13], on the other hand, it not only hinders the efficiency of detection [14], 

but also may change the conformation of proteins and further perturbs their normal 

function and activity [15,16]. However, from this perspective of denaturing proteins, 

this adverse property can be extended to denature the unwanted or harmful proteins, 

such as allergenic proteins in milk. 

Allergic reactions to food are causing increasing concern around the word, 

especially of milk allergy, which is one of the most common and serious of the 

immediate hypersensitivity reactions to food in terms of persistence and severity of 

reaction [17,18]. β-lactoglobulin (βlg) is one of the main allergenic proteins that 

contribute to milk allergies [19], and it contains of 162 amino acids residues with a 

molecular mass of 18.4 kDa. There are five cysteine residues with four involved in 

two disulfide bridges (Cys66-Cys160 and Cys106-Cys119) and one free thiol group 

(Cys121) [20]. βlg can be mediated by allergen-specific immunoglobulin E (IgE) 

antibodies that causes mast cell receptors to crosslink, inducing a signal transduction 

cascade that ends in degranulation and release of a variety of mediators [21]. 

Desensitization is a complex but a necessary process for the food safety. Nowadays, 

Heating and hydrolyzing are the most common treatments to decrease IgE binding 

and hypersensitivity of milk by changing the structural and chemical properties of βlg. 

Whereas, high temperature treatments (Mailard reaction or glycation) would decrease 

the biological properties and nutrition of the food, hydrolyzation could expose some 

inner epitopes to induce another allergen in some case [19,22,23]. Thus, developing 

better desensitization methods will be of great potential importance in food safety. 
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NPs-denatured adsorbed proteins provide a new approach for the desensitization, 

and a deep and comprehensive understanding of binding mechanism of βlg and 

AuNPs is required when it used as the desensitizer to food allergy. Adsorption of 

proteins upon the NPs surface is a complex dynamic process and depends on several 

factors, such as the size, charge and material of the NPs, as well as which protein it 

interacts with (number of cysteine residues) [11]. Moreover, binding affinity (Ka) 

and stoichiometry (molar ratio) are the critical parameters describing the adsorption.3 

It is conceivable that βlg would be adsorbed on the surface of AuNPs to form a βlg 

corona (AuNPs-βlg conjugates) through a fast electrostatic force (ionic interactions 

and hydrogen bonds), as well as a slow formation of Au-S covalent bond [24]. The 

Au-S covalent bond is identified as the main force to induce the structural and 

conformational changes of proteins, and determine their stability and functional 

properties.14 This corona of native-like or unfolded proteins expressed at the surface 

of the AuNPs is the key phenomenon for the desensitization of NPs [25,26].   

In the present work, we implemented a range of methods for studying binding 

mechanism of βlg-AuNPs interactions that facilitated a deeper understanding of NPs 

applied in the field of desensitization. In particular, transmission electron microscopy 

(TEM) was used to obverse the corona image and details. Dynamic light scattering 

(DLS) was used to detect the hydrodynamic diameter changes of AuNPs before and 

after incubation with βlg, as well as the molar ratio. Isothermal titration calorimetry 

(ITC) and fluorescence quenching (FQ) were used to determine adsorbed parameters, 

such as, the Ka, binding sites of AuNPs and βlg, respectively. Surface enhanced 

raman spectrum (SERS) was used to illustrate the adsorbed mechanism of βlg and 

AuNPs that the time of the Au-S bond up-shifted. Fourier transform infrared 

spectroscopy (FTIR) was used to monitor the complete secondary structure changes 

of βlg and the relation with the formation of Au-S bonds. Finally, An indirect 

enzyme-linked immunosorbent assay (ELISA) and inhibition ELISA was performed 

to determine the changes of IgE combining capacity to evaluate the allergy of 

AuNPs-βlg conjugates at different incubation time. Figure 1 illustrates the schematic 
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overview of βlg adsorbed on the surface AuNPs by Au-S covalent bonds and 

decreased IgE combining capacity and allergy. 

 
Figure 1. Scheme of βlg adsorbed on the surface of AuNPs by Au-S bonds and denaturation of 
IgE combining capacity and allergy. 

2. Materials and methods 

2.1. Materials. Bovine β-lactoglobulin (βlg) from bovine milk, goat antihuman 

IgE-HRP, and tetrachloroaurate (HAuCl4·3H2O) were purchased from Sigma Aldrich 

(USA). Other chemical reagents were of analytical grade and were purchased from 

Sinopharm Chemical Reagents Co., Ltd. (Shanghai, China). 

2.2. Fabrication of AuNPs. AuNPs were fabricated by chloroauric acid reduced by 

sodium citrate [27]. Briefly, 100 ml HAuCl4 (10-2%, w/v) was reduced by 1 ml 

sodium citrate (1%, w/v) to fabricate ~40 nm AuNPs using vigorous stirring under 

boiling for 30 min. The resulting suspension was cooled to room temperature under 

continuous stirring then stored at 4 °C in the dark. The concentration was calculated 

using the UV-vis method [28]. 

2.3. Transmission electron microscopy. AuNP-βlg conjugates were obtained by 

incubating βlg (200 µl, 50 µM) with AuNPs (1000 µl, 5×10-4 µM) for 1 h at 20 ℃, 

then centrifuging at 10000 rpm for 5 min to remove the unbound proteins. 50 μl 

phosphate buffer solution (PBS, 10 mM, pH 7.2) was used to re-suspend the sediment. 

These steps were repeated three times to wash the conjugates. The samples for field 

emission TEM (Tecnai G2 G20 S-Twin, FEI, USA) observation were prepared by 

placing 5 µl of freshly prepared AuNP-βlg conjugates on aluminum stubs covered 

with a carbon substrate. The stubs were quickly frozen by liquid nitrogen. 



2.4. Dynamic light scattering. AuNP-βlg conjugates were prepared by incubating at 

the molar ratios (βlg: AuNPs) of 100: 1, 500:1, 1000:1, 2000:1, 3000:1, 4000:1, 

6000:1, 10000:1 and 30000:1, following the same preparation protocol as for TEM. 

All the solutions were filtered through a PTFE 0.45 µm filter. The hydrodynamics 

diameters of the βlg, AuNPs, and AuNP-βlg conjugates were estimated by an average 

of three separate measurements by DLS (Nicomp 380, PSS, USA). The data 

collection time was set to 60 s for temperature equilibrium and 5 s during kinetic 

series acquisition. 

2.5. Isothermal titration calorimetry. All ITC experiments were performed on a 

MicroCal ITC-200 system (GE Healthcare, USA) and conducted in 10 mM PBS (pH 

7.2) at 20 °C. Proteins and AuNP solutions were thoroughly degassed by gentle 

stirring under vacuum for 5 min before titration. The βlg was titrated into the AuNPs 

solutions (200 μl, 5×10-4 μM). The reference cell contained 10 mM PBS (pH 7.2). 

The injection syringe was filled with 40 μl of 30 µM βlg solution. Titration consisted 

of 20 injections, with 0.5 μl for the first injection and 2 μl each subsequent injection. 

A blank titration of protein into the buffer under the same conditions was performed 

to determine the mixings and dilutions heats, which were later subtracted from the 

heat obtained during the titration of protein into the AuNPs suspensions. 

2.6. Fluorescence quenching. All protein quenching experiments were performed on 

a Cary Eclipse fluorescence spectrophotometer (Varian, Sweden). The βlg 

concentration was 0.01 mM, and the concentration range of AuNPs was from 0 to 

5×10-4 μM. The incubating temperature was from 0, 20, 40 and 60 °C. The 

AuNP-protein conjugates at different temperature were all equilibrated to its 

corresponding temperature before the experiments. Excitation was performed at 295 

nm with a slit width of 5 nm and the emission signal was collected from 300 to 500 

nm. The values were calculated as an average of triplicate measurements. 

2.7. Surface enhanced raman spectroscopy. In order to monitor the kinetics of Au-S 

formation, the SERS experiments were performed on a Jobin Yvon XploRA (France). 

The conjugates were obtained by incubating βlg with AuNPs for 1, 4, 7, 9, and 11 h. 

The spectra were measured at 532 nm (10 mW) excitation and Rayleigh scattering 



light was removed by an edge filter. The collection time was set to 30 s and the 

emission signal was collected from 200 to 800 cm-1. All SERS spectra were the 

results of a single 1 s accumulation.  

2.8. Fourier transform infrared spectroscopy. The AuNPs-βlg conjugates were 

prepared by incubating βlg (200 µl, 50 µM) with AuNPs (1000 µl, 5×10-4 µM) for 1, 

4, 7, 9, 11 h. FTIR spectra were recorded at 20°C on a Bomen MB series FITR 

Spectrometer (Quebec, Canada) equipped with a dTGS detector and purged 

constantly with dry air as described by Yu’s lab [29,30]. A 128-scan interferogram 

was collected in single-beam mode with 4 cm-1 resolution. The relative secondary 

structure content was determined from a curve-fitting analysis of the amide I band in 

the range from 1600-1700 cm-1.  

2.9. Allergenic experiments. The IgE capacity of AuNPs-βlg conjugates prepared at 

different incubation time were determined by an indirect ELISA and inhibition 

ELISA with minor modifications.11 Microtiter plates polystyrene MaxiSorp 96 U-well 

(Roskilde, Denmark), were coated with 120 μl/well of 5 μg/ml AuNPs-βlg conjugates 

in phosphate buffer solution (PBS, 10 mM, pH 7.2), and incubated overnight. The 

residual free-binding sites were blocked with 1% fish gelatin and washed by 

PBS/Tween solution (PBST) for 3 times. 100 μl human serum (1:30 in PBST) was 

added to the wells, incubated for 2 h at 37 °C and washed 3 times, then 100 μl goat 

anti-human IgE-HRP (1:200 in PBST) was added and incubated. 100 μl tetramethyl 

benzidine solution was immediately added to each well after washing. The reaction 

was ended after an appropriate time (40 - 60 min) by adding 100 μl sulfuric acid (2M). 

The absorbance was measured at 450 nm using a Bio-Rad Microplate Reader. For 

inhibition ELISA, Microtiter plates were coated, blocked and washed as the indirect 

ELISA. 100 μl antisera samples (1:10 diluted by human sera) and AuNPs-βlg 

conjugates (inhibitors) were mixed and incubated 1 h at 37 °C. The wells were filled 

with 100 μl of each mixture, and incubated at 2 h 37 °C. The subsequent experimental 

steps were following the same as for the indirect ELISA. The inhibition rate was 

calculated using the following equation: 



Inhibition (%) = (1 − B𝐵0) × 100                           (1) 

Where B and B0 are the absorbance values of the well with and without the 

inhibitor, respectively. 

3. Results and discussion  

3.1. AuNPs-βlg conjugates and molar ratio. TEM and DLS are the most commonly 

used methods for studying protein corona [3,31]. Typical TEM images and DLS 

results for βlg, AuNPs and AuNP-βlg conjugates are shown in the Figure 2. It can be 

deemed that the surface of AuNPs was covered by layers of βlg to f1orm a protein 

corona (Figure 2B). DLS measurements show that the hydrodynamic diameters of the 

AuNPs increased dramatically from 36.7 ± 4.2 nm for AuNPs to 56.7 ± 5.1 nm for 

AuNP-βlg conjugates as a result of protein adsorption (Figure 2C). This increase can 

only be attributed to the molecules adsorbed and not to NPs aggregation (Figure 2A). 

The βlg bound layers onto AuNPs were estimated by dividing the corona thickness 

divided by the βlg diameter and the theoretical maximum number of proteins 

absorbed on a single AuNP at 100% surface coverage was based on the minimal 

cross-sectional area [3,32]. In briefly, the surface area of the particles at half a protein 

diameter above the particle was divided by the protein cross-sectional area to obtain 

the stoichiometry of βlg. For instance, the diameter of βlg molecules in neutral 

condition is about 2.1 ± 0.8 nm (Figure 2C). Thus, considering 4 layers, made of 

“hard” and “soft” coronas, and about 6.6 × 103 molecules are theoretically adsorbed 

on the surface. The hard corona is often referred to as being made of irreversible 

bound proteins, furthermore, defines the biological identity of NPs and disturbs the 

bioactivities of adsorbed proteins [33,34]. 
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Figure 2. The TEM images (A and B) of AuNPs-βlg conjugates and typical DLS size-distribution 

for βlg, AuNPs, and AuNPs-βlg conjugates (C). 

The hydrodynamic diameter of AuNPs-βlg conjugates as function of different 

molar βlg/AuNPs ratio from 100 to 30,000 were also obtained by DLS measurements 

(Figure 3). The results show that the diameter of the conjugates first increases with 

increasing of βlg concentration, to reach a plateau of ~56 nm, when the molar is 

~4,000. In essence, for the moment, we see there are about 3,600 βlg molecules on a 

single AuNPs, which indicated the surface coverage was about 55% compared with 

the theoretical number obtained above. This result is relatively good, since 

assumptions such as close-packing at the interface and spherical shape of βlg were 

made in the theoretical calculations. 

 

Figure 3. Diameter as a function of AuNPs-βlg conjugates made with molar ratio of βlg/AuNPs. 

Bars corresponds to standard deviations. 

3.2. Detection of Ka and stoichiometry. ITC is a straightforward method for 

studying the protein-NPs interaction with a high signal-to-noise ratio [35,36]. The 



binding parameters of stoichiometry, Ka and enthalpy change (ΔH) can be assessed 

by monitoring the interaction heat in the sample cells compared to a reference cells 

[3,32]. The global calorimetry data of ITC were analyzed by the published methods 

[37,38] .All the ITC curves were collected automatically by Origin software with the 

subtracted basal heat. The free energy change (ΔG) and entropy change (ΔS) are 

calculated according to the eqn (2) and (3) below: ∆G =  −RTlnKa                            (2) ∆G =  ∆H − T∆S                          (3) 

Where Ka is the binding affinity, R is gas constant and T is the absolute 

temperature. 

Ka is one of key factors, which describes the binding behavior of proteins and 

NPs, and can give a general idea of whether one protein would be replaced by another 

one [3,39]. βlg (30 μM) was titrated into 40 nm AuNPs solution (40 nm, 2.5 × 10−4 

μM) to estimate the stoichiometry, Ka, and ΔH of NPs-protein interaction, as 

exemplified in Figure 4. The area beneath each peak represents the heat exchange 

within the calorimeter cell containing AuNPs after each injection of βlg [37]. The 

results show that the negative injection signals implied a strongly exothermic process 

(ΔH < 0) and the results show a gradually decreased with the increasing of βlg 

injections due to the reduction of AuNPs remaining in the sample cell. When the 

molar ratio reached ~7,000, all of the reactions reached an equilibrium, which 

suggested that ~3,500 βlg molecules adsorbed on a single AuNPs molecule (Figure 

4A). This value of 3,500 is in very good agreement with the results obtained by DLS 

(Figure 3). 

The thermodynamic parameters of stoichiometry, Ka, ΔH and ΔS as a function 

of the total βlg concentration in the syringe and AuNPs concentration can be derived 

using nonlinear least-squares fitting (Table 1). The results indicate that βlg association 

with AuNPs is an entropy-driven process (ΔS <0) [30]. Ka was measured as being 2.9 

× 106
 M-1, which is often considered a moderate-strength binding. The thiol groups 



contributed to this binding and then defined the change in structure and function of 

proteins after conjugation with AuNPs [3,40]. 

 
Figure 4 (A) Titration of βlg (30 μM) was titrated into the AuNPs (5×10-4 μM) at 20 °C. Upper 
figure is the raw data and lower figure represent the integrated heats for each injection plotted 
against βlg:AuNPs ratio. Solid line is obtained from a one site binding model. (B) βlg (30 μM) 
titrated into PBS solution for comparison. 

Table 1. Stoichiometry parameter, Ka, ΔH and ΔS as determined by ITC 

Temperature 
Stoichiometrya 

(×103) 
Kaa 

(×106 M-1) 
ΔH 

(×106 J M-1) 
ΔGb 

(×104 J) 
ΔSb 

(×104 J M-1 deg-1) 
20 °C 3.5 ± 0.5 2.9 ± 0.7 -3.2 ± 1.3 -3.6 -1.1 

aderived from one site binding model, bcalculated according to the eqn (2) and (3). 

3.3. Detection of Ka by Fluorescence quenching. Fluorescence quenching is an 

indirect photophysical techniques widely applied in characterizing various aspects of 

the NPs-protein interaction due to its high sensitivity, convenience and reproducibility 

[41,42]. Tryptophan, tyrosine and phenylalanine residues have specific fluorescence 

emission characteristics that are convenient handles when investigating the binding 

behaviors between proteins and NPs [43]. βlg molecules contains 2 tryptophan, 4 

tyrosine and 5 phenylalanine residues, and most of them are located at the surface 

[44]. When βlg adsorbs on the surface of NPs, these residues would be accessible 

within quenching distance [40]. The quenching efficiency, described by Ka, depends 

on the distance between the quencher and the chromophore. Ka is calculated 

according to eqn (4) [45]: log[(F0 − F)/F] = n log[D] + logKa                               (4) 



Where F0 and F are maximum fluorescence intensities of the protein in the 

absence and presence of quencher, respectively. D is the quencher concentration, and 

n is the number of binding site of a single molecule.  

The adsorption of βlg on the surface of AuNPs occurs mainly due to fast 

(minutes) electrostatic interaction drawing the chromophore in quenching distance 

(Figure S1) and a slow formation of covalent bonds in hours that further attach the 

proteins [11]. The effect of AuNPs on the fluorescence intensity of βlg as function of 

temperature is illustrated in Figure 5, which shows the emission spectra in the 

presence and absence (control) of the AuNPs. As expected, AuNPs at 40 nm 

efficiently quench the βlg fluorescence, and the relative kinetic efficiency of 

fluorescence quenching can be estimated using Eq. 4 (Figure S2), by calculating Ka 

and n for different temperatures (Table 2). Notably, the value of Ka at 20 °C (2.5 ×106 

M-1) is in agreement with that derived from ITC measurement (2.9 ± 0.7 ×106 M-1). 

Moreover, Ka decreased with the increase in temperature, indicating weakening of the 

conjugates at higher temperatures, suggesting static quenching and unfavorable 

entropy. This results in ground-state complex formation between the fluorophores and 

NPs. In addition, at all temperatures investigated here, n is approximated to 1, 

signaling that there is a single binding site on βlg for AuNPs.  

 
Figure 5 Fluorescence quenching spectra of βlg (0.01 mM) by 40 nm AuNPs (0 to 5.4 × 10-4 μM) 
at (A) 0°C, (B) 20 °C, (C) 40°C, and (D) 60°C.  



Table 2. The Ka and n of βlg adsorbed on AuNPs at different temperature determined by 
fluorescence quenching 

Temperature Ka (×106 M-1) na R2 b 
0 °C 3.1 1.03 0.993 
20 °C 2.5 0.97 0.989 
40 °C 2.2 1.10 0.994 
60 °C 1.8 0.95 0.992 

a n is the number of βlg binding site.  
b R2 is the correlation coefficient from the least squares fit. 

3.4. Detection of Au-S covalent bond. Surface-enhanced raman scattering (SERS) 

has been proven to be a powerful, ultra-sensitive, and reliable analytical tool for the 

detection of analytes even at the single-molecule level [46,47]. βlg contains a single 

cysteine and 2 pairs of disulfide bonds. The thiol group can be easily attached to 

AuNPs to form the Au-S covalent bond, observed at 296 cm-1 by Raman spectroscopy 

[48]. 

Covalent bond is the main force involved in the attachment of proteins on the 

surface of NPs, and this can induce a change in the secondary structure and 

bioactivity of the protein [14,24]. The SERS spectrum of AuNPs-βlg conjugates as a 

function of the incubation time is shown in Figure 6. It can be seen that the conjugates 

exhibit a Raman peak at 296 cm-1, whereas, βlg and AuNPs alone do not show any 

peak at this shift. The intensity of Au-S bonds peak increases with time to reach a 

maximum after ~9 h incubation, indicating that formation of Au-S bonds takes ~9 h in 

the AuNPs-βlg conjugates, which defined the completely change in the structure and 

properties βlg. 

 
Figure 6 Raman spectra of AuNPs, βlg, and AuNPs-βlg conjugates at different incubation time. 
Inert, the intensity of AuNPs-βlg conjugates as a function of incubation time.  

3.5. Detection of secondary structure. FTIR is a vibrational spectroscopy technique 

for studying the structure analysis of proteins in aqueous environments [14]. The 



second-derivative spectrum of the amide I band (1700-1600 cm-1) has been widely 

used to analyze the secondary structure of proteins and polypeptides, and the method 

is not limited by the protein size or the physical state of the samples [29,30]. FTIR 

was performed to probe the effect of Au-S interaction on the secondary structures of 

βlg as a function of time. The fitted inverted second-derivative amide I curves of 

AuNPs-βlg conjugates at different incubation times are shown in Figure 7 and the 

resulting secondary structural components are summarized in Table 3. The β-sheet 

(1628 and 1637 cm-1), the main secondary structural component of βlg (Figure 7A) 

are is consistent with the results from X-ray crystallography (PDB: 6QPE). The 

results show that the significant changes in the secondary structure composition of βlg 

occurred over time after its adsorption on the AuNPs surface. The intensity of bands 

assigned to β-sheet and 310-helix (1663 cm-1) decreased, whereas, the bands assigned 

to a-helix (1658 cm-1), β-turn (1667 and 1675 cm-1) and random coil (1648 cm-1) 

increased. The spectrum and structural composition do not further change after 9 h 

incubation (Figure 7E), which is well consistent with the time needed to form Au-S 

bonds observed by SERS. This result indicates that the formation of Au-S bonds is the 

main effect inducing the changes in secondary structure changes upon βlg adsorption 

on AuNPs. The disulfide bridges are located at different place (Figure S3A, 

Supporting Information), Cys66-Cys160 is likely directly in contact with AuNPs 

surface, while, Cys106-Cys119 and a free thiol group (Cys121), which are located in 

the core region of the protein, may require longer time to come into contact with the 

AuNPs. This may be the reason for the continuous protein structural changes with the 

incubation time.  



 
Figure 7 Curve-fitted inverted second-derivative amide I (1600~1700 cm-1) spectrum of βlg 
adsorbed on 40 nm AuNPs at different incubation times (A) βlg alone, (B) 1 h, (C) 4 h, (D) 7 h, (E) 
9 h, (F) 11h. 

Table 3. Secondary structural component of βlg adsorbed to AuNPs-βlg conjugates as different 
incubation time as detected by FTIR. 

 310-helixa a-helixb β-sheetc β-turnd Side chaine Random coilf 

0 15% 0 81% 0 4% 0 
1 h 8% 8% 65% 12% 4% 3% 
4 h 0 15% 55% 22% 6% 2% 
7 h 0 21% 39% 30% 5% 5% 
9 h 0 24% 32% 35% 3% 6% 
11 h 0 22% 35% 33% 4% 6% 

a310-helix is 1663 cm-1, bα-helix is 1658 cm-1, cβ-sheet is 1628 and 1637 cm-1, dβ-turn is 1667 and 1675 cm-1, eSide 
chain is 1617 cm-1, fRandom coilis is1648 cm-1 in the FTIR spectrum [47]. 

3.6. Inhibition of IgE combining capacity. βlg is the main whey protein and the 

most frequently and intensively recognized by human IgE, which mediates type I 

hypersensitivity reactions, including both systemic and localized anaphylaxis [49,50]. 

The combining capacity of IgE is the main assessment criteria of allergy, and it can be 

determined by indirect ELISA and inhibition ELISA [51,52]. 

For protein mixtures, the formation of protein corona is a continuous dynamic 

exchange process where the proteins with higher Ka would displace at the surface of 

NPs those with a lower one [11,53]. In order to eliminate the effect of IgE adsorption 

to AuNPs, and then influence its combining capacity with βlg, the titration of 

IgE-HRP into AuNPs were also carried out to determine the binding parameters 

(Figure S4 and Table S1). The results show that the Ka is 1.1 × 106 M-1, which is 

lower than that of AuNPs-βlg (2.9 ± 0.7× 106 M-1), indicating that the adsorption of 



βlg on the surface of AuNPs would not be hindered by the presence of IgE [11]. In 

addition, we also conjugated βlg with FITC to obtain the βlg-FITC (βlg*) at pH 8 

according to our previous work [19], followed by incubation with AuNPs to form 

AuNPs-βlg* conjugates, then added IgE-HRP to monitor the βlg* fluorescence 

intensity changes as function of time (Figure S5) [19]. The results show that the 

intensities were not affected, meaning that the concentration of βlg* did not change, 

and thus confirmed the absorbed βlg* would not be replaced by IgE during indirect 

ELISA and inhibition ELISA experiments [11]. 

The binding capacity of IgE at different incubation time with AuNPs-βlg 

conjugates was studied by indirect ELISA and inhibition ELISA (Figure 8). The 

results show that the IgE combining inhibition increased with the increase of the 

incubation time. The inhibition reached a maximum at ~9 h, which is consistent with 

the time required for the complete formation of Au-S bonds and complete change in 

the secondary structure of the adsorbed βlg (Figure 7). This time point indicates that 

the IgE combining capacity changes is related to the structural changes of βlg. There 

are three main IgE allergenic epitopes located at 41-60, 102-124, 149-162 in its amino 

acids sequence, and most are assigned β-sheet [54]. The three dimensional model (Fig. 

S3B) indicates that these three epitopes are stabilized by a ring formed by disulfide or 

hydrogen bonds. The reaction of βlg and AuNPs needs to break the disulfide bonds of 

βlg firstly, then form an Au-S bond, which would destroy the structure of these 

epitopes and their anaphylaxis (IgE binding capacity). Furthermore, the FTIR 

confirmed a decrease of β-sheet contents of βlg molecule after conjugated with 

AuNPs, indicating the conformation change of the three main IgE allergenic epitopes. 



 
Figure 8 The changes of IgE binding abilities of AuNPs-βlg conjugates at different incubation 

time as determined by inhibition ELISA. 

4. Conclusion 

Proteins, especially βlg, adsorb on the surface of AuNPs to form the protein corona 

(AuNPs-βlg conjugates) when it exposed to milk. This adsorption results mainly from 

a fast electrostatic force (minutes) and a slow formation of Au-S covalent bonds 

(hours). The protein corona may have many effects on living organisms, on one hand, 

it dominates the cellular uptake and intracellular fate of NPs in living systems, and on 

the other hand, it induces changes in structure and conformation of adsorbed proteins, 

their bioactivities and functions. The allergenicity of βlg would change after 

conjugated with AuNPs. 

In summary, the binding mechanism is the key to study the bioapplication of NPs. 

The binding parameters, namely, stoichiometry, Ka and time evolution of Au-S bond 

and general secondary structure changes were assessed to address the desensitization 

mechanism. The results showed that about 3,600 βlg molecules are adsorbed on a 

single AuNPs and the Ka is 2.9 ± 0.7 × 106 M-1, indicating a moderate-strength 

interaction. The formation of Au-S bonds takes ~9 h, which is the time needed for 

complete changes in the secondary structure and in IgE combining capacity. The 

structure and conformation of allergenic epitopes were destroyed by the formation of 

Au-S bond, then induced to the decrease of allergy.  
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