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ABSTRACT 

It is of paramount importance to be able to accurately quantify surface coverage of antibodies 

on gold nanoparticles (AuNP) so as to optimize the sensitivity of AuNP-based 

immunosensors. Herein, we developed a fluorescence-based method to directly quantify 

rabbit immunoglobulin G (IgG) used as antibody model bound to AuNP. Rabbit IgG was first 

labelled with fluorescein-5-isothiocyanate (FITC) prior to conjugation to AuNP via either 

physisorption or chemisorption. IgG-conjugated AuNP were treated with NaCN to dissolve 

the AuNP and restore the fluorescence emission that was quenched in the presence of the 

metallic colloids, followed by quantification of fluorescein by spectrofluorimetry. This direct 

assay gave about 4 IgG bound to each 15-nm diameter AuNP for both immobilization 

strategies. This surface coverage value was in good agreement with that determined from the 

theoretical value calculated from the Localized Surface Plasmon Resonance (LSPR) band 

shift. For comparison, we also applied two indirect quantification methods based on the 

quantitation of excess IgG remaining in the supernatant using fluorescence assay or enzyme-

linked immunosorbent assay (ELISA). The indirect assays, either fluorescence or ELISA, 

commonly used to assess the antibody coverage on AuNP, overestimated the IgG surface 

coverage to a large extent, since up to 3 to 4 times higher coverages were measured. 

Therefore, the direct fluorescence method reported in this paper appears as a valuable method 

for quantification of surface coverage of antibody on AuNP. 

 

KEYWORDS. Gold nanoparticles, immunoglobulin G (IgG), quantification, fluorescence, 

adsorption. 
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1. INTRODUCTION 

Antibody-modified gold nanoparticles (AuNP) are widely used in optical biosensing 

technologies [1-10]. The performance of AuNP-based biosensors is markedly dependent on 

the conjugation chemistry between antibody (Ab) and AuNP that in turn controls surface 

coverage and antibody orientation [11-15]. In order to optimise the surface coupling 

chemistry and thereby the assay sensitivity, a reliable method to determine antibody surface 

coverage is highly desirable.  

Several quantitative methods to measure surface coverage of antibodies conjugated to AuNP 

have been reported to date. Generally, the quantity of adsorbed antibody, and thus the surface 

coverage, is indirectly deduced from the amount of unbound antibody remaining in the 

supernatant after adsorption to AuNP. It can be performed by the classical colorimetric 

Bicinchoninic Acid (BCA) or Bradford protein assays [16-19]. However, antibody 

quantification by these indirect methods often leads to overestimation of antibody surface 

coverage on AuNP. Moreover, when a blocking step with another protein, typically BSA, is 

performed to prevent aggregation of the nanoparticles in saline environment as well as to 

increase the long-term stability of the Ab-AuNP conjugates [20], this approach becomes 

inapplicable. In this case, unbound antibody can be quantified by ELISA using a microtiter 

plate coated with the corresponding antigen [2]. 

Direct methods for the quantification of antibody in AuNP conjugates have also been 

reported, like the BCA protein assay [21]. However, despite careful calibration treatment, i.e. 

removal of nanoparticles contribution by subtracting the absorbance of the AuNP, antibody 

concentration was still overestimated. To circumvent the interference from nanoparticles, 

dissociation of antibody from nanoparticles prior to quantification was also performed. For 

example, dissolution of the Ab-AuNP conjugate was achieved with KI/I2 mixture, followed 

by labeling of recovered antibody by the fluorescent dye NanoOrange and spectrofluorimetric 

measurement [19]. Although this method gave more reliable results than indirect protein 

assay methods, it is still not applicable to Ab-conjugated AuNP that are subsequently blocked 

by BSA. Similarly, the amount of a protein conjugated to AuNP was measured by complete 

digestion in 6 N HCl followed by fluorescent labeling of the generated aminoacids and assay 

of glycine by HPLC coupled with fluorescence detection [22, 23]. Alternatively, antibody 

coverage was quantified by ELISA using the corresponding antigen labeled by HRP [11, 18]. 
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Antibody coverage to AuNP can also be quantified from the LSPR peak shift caused by 

antibody-induced changes in the local refractive index (RI) [24, 25]. Though this approach 

provides a direct quantification of the adsorbed antibody, it requires accurate knowledge of 

proteins’ RI at the nanoparticles surface which in turn depends on the surface coverage, 

protein orientation and water content [26-28]. 

Interestingly, surface coverage of DNA on AuNP has been previously quantified by a 

fluorescence-based method involving fluorescently-labeled DNA strands. Its principle is 

based on the displacement of DNA strands chemisorbed on AuNP by mercaptoethanol or by 

nanoparticle dissolution in KCN followed by spectrofluorimetric measurement [29]. Such a 

strategy could be translated to antibody-AuNP conjugates using fluorescently labeled 

antibody. Since the antibody is labeled by the fluorophore prior to AuNP adsorption, only the 

adsorbed antibody and not the other proteins will be eventually quantified. 

In this paper, we wish to report the implementation of a fluorescence-based method for the 

direct determination of surface coverage of a model antibody, namely rabbit IgG, on spherical 

AuNP. FITC-labeled IgG (FITC = fluorescein-5-isothiocyanate) is first conjugated to AuNP. 

Then the AuNP conjugates are dissolved by NaCN to release FITC-labelled IgG [30, 31] 

which is subsequently assayed using spectrofluorimetry. This direct method is benchmarked 

against two indirect methods that rely on assay of excess FITC-labelled IgG in the supernatant 

using spectrofluorimetry or sandwich ELISA. This quantification method was successfully 

applied to IgG-AuNP bioconjugates resulting from physisorption of IgG on AuNP or 

chemisorption via sulfur-gold bonds. 

2. MATERIAL AND METHODS 

2.1. Material 

Gold(III) chloride trihydrate (99.9%), sodium citrate dihydrate, tannic acid, 2-iminothiolane 

hydrochloride (Traut’s reagent), bovine serum albumin (BSA), rabbit IgG (I-5006), goat anti-

rabbit IgG (R-5001), fluorescein-5-isothiocyanate (FITC), HRP conjugated goat anti-rabbit 

IgG (A-6154) were purchased from Sigma-Aldrich. Phosphate-buffered saline (PBS) (pH = 

7.4) was obtained from Fisher. Milli-Q water (18 MΩ·cm, Millipore) was used for the 

preparation of aqueous solutions. 

2.2. Gold nanoparticle synthesis 
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Colloidal spherical AuNP were prepared according to the Slot & Geuze method [32]. Two 

stock solutions were firstly prepared: solution A, 1 mL of 1% (w/v) HAuCl4 and 79 mL of 

deionized water; solution B, 4 mL of 1% sodium citrate, 0.025 mL of 1% tannic acid, and 16 

mL of deionized water. Solutions A and B were heated to 60 °C and mixed while stirring. 

Then the mixture was heated up to 90 °C, once the solution turned red. The temperature was 

increased until boiling and kept under reflux for 30 min. Finally, the solution was cooled on 

ice bath and stored in a light-proof container at 4 °C. The colloidal solution of AuNP was 

characterized by UV-Vis spectroscopy, dynamic light scattering (DLS), zeta potential and 

transmission electron microscopy (TEM). 

2.3. Chemical modification of IgG 

2.3.1. FITC labeling of IgG 

To a solution of rabbit IgG (2 mg/mL in 0.1 M sodium carbonate buffer, pH 9, 500 µL), was 

slowly added a solution of FITC (1 mg/mL in anhydrous DMSO, 25 µL) while gently and 

continuously stirring the protein solution. The reaction mixture was incubated overnight at 

4°C in the dark. A solution of NH4Cl (2 M, 12.5 µL) was added to a final concentration of 50 

mM and incubated for 2 h at 4 °C, to quench the reaction. Then glycerol (25 µL) was added to 

a final concentration of 5% (v/v). Unbound FITC was separated from the IgG(FITC) 

conjugate by diafiltration in PBS using an Amicon Ultracentrifugal filter (30 kDa cutoff). The 

concentration of FITC in filtrates after each centrifugation was quantified by reading the 

absorbance at 495 nm. Cycles of concentration/dilution were repeated until the concentration 

of FITC in filtrates no longer decreased. The IgG(FITC) conjugate was recovered and stored 

in a light-proof container at -20°C. IgG concentration of IgG(FITC) sample was determined 

from the absorbance at 280 nm (A280) and the absorbance at 495 nm (A495) according to 

equation 1 

     
  

  
  

              

   
 

Equation 1 

Where 1.4 is the A280 of IgG at a concentration of 1.0 mg/mL at pH 7.0, and (0.35 × A495) is 

the correction factor due to the absorbance of FITC at 280 nm. The F/P ratio is defined as the 

number of Fluorescein entities (F) per molecule of IgG (P stands for Protein) in the conjugate. 

It was calculated according to equation 2 
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Equation 2 

2.3.2. Thiolation of IgG(FITC) 

Traut’s reagent (1 mg/mL, 40 equiv.) was allowed to react with IgG(FITC) in 40 mM 

phosphate buffer, pH 8.0 for 1 h at room temperature to generate sulfhydryl groups [33]. The 

thiolated IgG(FITC)-SH was separated from excess Traut’s reagent by gel filtration (Dextran 

desalt column, 10 mL, Thermo Fisher) using 10 mM phosphate buffer, pH 7.4 (PB) as eluent. 

One-ml fractions were collected and analyzed at 280 nm. The fractions containing the protein 

were pooled and the resulting IgG(FITC)-SH solution was concentrated by ultrafiltration 

using a centrifugal filter (Amicon ultra-4, 50 kDa cutoff, Millipore). 

2.4. Conjugation of IgG to gold nanoparticles 

For chemisorption of IgG to AuNP, the colloidal AuNP solution (5 mL, 14.8 ± 1 nm 

diameter) was adjusted to pH 8 - 9 with K2CO3 solution (0.1 M), followed by addition of 55 

μg of IgG(FITC)-SH (in PB). The solution was incubated for 1 h at room temperature, then 

BSA was added to a final concentration of 0.5% (w/v) to block the free binding sites on the 

AuNP. After another 1 h, the solution was centrifuged at 10,000g for 30 min at 4°C and the 

supernatant (S1 in Fig. S2) was retrieved and re-centrifuged to give S1a that was kept for 

analysis (Fig. S2). The first (P1) and second (P1a) pellets were pooled and redispersed in PB 

supplemented with 0.25% BSA (w/v) (5 mL). The solution was submitted to a second round 

of centrifugation and the resulting pellet was finally re-dispersed in storage buffer (0.25% 

BSA (w/v) in PB, 4 mL) while the supernatant (S2a, Fig. S2) was kept for analysis. The final 

conjugate is named AuNP-S-IgG(FITC). Physisorption of IgG(FITC) or BSA to AuNP was 

carried out according to the same protocol using IgG(FITC) or BSA and the final conjugates 

are named AuNP-IgG(FITC) and AuNP-BSA, respectively. 

2.5. Dissolution of IgG-conjugated AuNP 

AuNP or IgG(FITC)-conjugated AuNP (500 µL) were mixed with NaCN (1 mg/mL adjusted 

to pH 12 with NaOH, 325 µL) and incubated overnight. Complete dissolution of the 

nanoparticles was evidenced by the disappearance of the LSPR peak of AuNP (Fig. S5). 

2.6. Quantification by spectrofluorimetry 



 7 

Quantification of fluorescein in the supernatants S1a and S2a and in the bioconjugates after 

dissolution of nanoparticles according to the above procedure was done by 

spectrofluorimetry. Fluorescent signal is highly sensitive to medium change. In order to build 

up accurate calibration curves, standard solutions were prepared in the same matrix as the 

samples. The appropriate steps performed to match the matrix are given in the supplementary 

part and illustrated in Fig. S6 and the calibration curves are shown in Fig. S7-9. 

2.7. Quantification of excess IgG by ELISA 

Goat anti-rabbit IgG (10 µg/mL in carbonate buffer, pH 9.5, 100 µL) was pipetted into each 

well of a flat-bottomed polystyrene 96-well plate (Greiner bio-one) and incubated overnight at 

4°C. The content was discarded and non-specific sites were blocked by PBS-0.1% BSA (100 

µL) for 1 h at room temperature. Wells were washed 3 times with PBS-0.05% Tween 20. 

Standard solutions of IgG(FITC) or samples (100 µL in duplicate) to be quantified were 

dispensed into the wells. The plate was incubated 2 h at room temperature. After washing 

with PBS-0.05% Tween 20 (3x100 µL), HRP-labelled goat anti-rabbit IgG conjugate (1/4000, 

100 µL) was added to each well and incubated 1 h at room temperature. After washing with 

PBS-0.05% Tween 20, a mixture of o-phenylenediamine dihydrochloride (OPD) and H2O2 (7 

mg OPD + 4 µL H2O2 in 10 mL of citrate-phosphate buffer, pH 5, 100 µL) substrate solution 

was added to each well. After the color developed, H2SO4 (2.5 M, 50 µL) was added to each 

well to stop the enzymatic reaction. After 10 min in the dark, the absorbance of each well was 

read at 485 nm with a microplate reader (Fluostar Optima, BMG Labtech). The concentration 

of IgG(FITC) or IgG(FITC)-SH in the samples was deduced from the calibration curve 

established by plotting A485 vs. IgG(FITC) concentration (Fig. S11). 

2.8. Immunoreactivity of IgG conjugated to AuNP 

HRP-conjugated goat anti-rabbit IgG (10 µL, 0.45 mg/ml) was added AuNP-S-IgG(FITC), 

AuNP-IgG(FITC) or AuNP-BSA colloidal suspension (500 µL) and the mixture was 

incubated for 30 min. Excess HRP-anti-IgG conjugate was removed by repeated cycles of 

centrifugation (10 000 g; 30 min; 4°C) and resuspension in storage buffer (500 µL) until the 

supernatant showed no colour upon addition of OPD and H2O2. The final AuNP pellet was 

resuspended in storage buffer (500 µL) and a 1:100 dilution was made in storage buffer. The 

solution (100 µL/well in duplicate) was dispensed in a 96-well microtiter plate and the 

mixture of OPD and H2O2 was added (100 µL/well). After exactly 3 min, the enzymatic 

reaction was stopped by adding H2SO4 (2.5 M; 50 µL/well) and the absorbance at 485 nm was 
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read after 10 min in the dark as above. A calibration curve was established from solutions of 

HRP-anti-IgG in storage buffer. The concentration of AuNP was determined by measuring 

the absorbance of the AuNP suspensions at 520 nm taking an extinction coefficient of 3.8x10
8
 

M
-1

.cm
-1

. 

2.9. Characterization techniques 

UV-Visible (UV-Vis) spectra were acquired on a Cary 50 spectrophotometer (Varian, Inc.). 

Analysis of colloidal solutions was performed in the range 300 - 800 nm. Protein solutions 

were analyzed at 280 nm and 495 nm (for FITC). Milli-Q H2O was used as the blank. 

Dynamic light scattering (DLS), and zeta potential (ELS) measurements were performed 

using Litesizer™ 500 apparatus (Anton Paar) equipped with a 658 nm laser operating at 40 

mW. The backscattered light collection angle was set to 90°. The zeta potential was measured 

in a Ω-shaped capillary tube cuvette with an applied potential of 150 V. AuNP were 

visualized using a JEOL JEM 1011 transmission electron microscope (TEM) operating at an 

accelerating voltage of 100 kV. A drop of AuNP colloidal solution was dispensed on a 

carbon-coated copper grid and dried at room temperature before imagining. The size 

distribution of AuNP was determined using Image J. Fluorescence spectra were acquired 

with a FP-6200 spectrofluorimeter (Jasco) using a 1-cm pathlength quartz cuvette. The 

bandwidth of emission/excitation is 5 nm/5nm. Excitation was set at 485 nm and emission 

was measured in the range of 495 nm to 600 nm with a scanning speed of 250 nm/min. 

Temperature was controlled by a Peltier element and set at 20 ± 0.1 °C. 

3. RESULTS AND DISCUSSION 

3.1. Gold nanoparticle synthesis and characterization 

As synthesized AuNP were characterized by UV-visible spectroscopy, transmission electron 

microscopy (TEM), dynamic light scattering (DLS) and zeta potential measurements. The 

absorption spectrum exhibits a distinct plasmon peak at ~520 nm (Figure 1-A), corresponding 

to spherical AuNP with a narrow distribution in size and shape. This observation is confirmed 

by TEM images (Figure 1-C and D). The size distribution taken by analyzing ca. 1000 

particles is narrow (Figure 1-B) and the average size of AuNP is centered at 14.8 ± 1 nm 

obtained by Gaussian distribution. The concentration of AuNP solution was equal to 2.8 nM 

using an extinction coefficient of 3.8 x 10
8
 M

-1 
cm

-1
 taken from the literature [34]. The 
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colloidal solution was further characterized using DLS and zeta potential measurements. 

Hydrodynamic diameter (intensity weighted peak) of AuNP is 20.9 nm with polydispersity of 

0.12, and the mean zeta potential is -55.75 ± 2.5 mV. 

 

Figure 1 : Characterization of AuNP: A. UV-Vis absorption spectrum of colloidal AuNP 

solution, B. histogram of AuNP size distribution; C. and D. TEM images of AuNP. 

3.2. Chemical modification of IgG 

Labeling of rabbit IgG by FITC was done according to Figure 2-A to yield an IgG(FITC) 

conjugate with a F/P ratio of 1.9 (Fig. S1 and Table S1). IgG(FITC) was used as such for 

physisorption to AuNP. Alternatively, since rabbit IgG does not contain any free cysteines, 

thiol functions were chemically introduced via the lysine amino groups using Traut’s reagent 

to produce IgG(FITC)-SH (Figure 2-B). This thiolated bioconjugate was then used for 

chemisorption to AuNP by formation of S-Au bonds. Surprisingly, the calculated F/P ratio of 

IgG(FITC)-SH is 1.34. (Table S1) The decrease of F/P may be due to the additional 

diafiltration steps performed after thiolation that may have further removed weakly bound 

FITC. 
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Figure 2 : Schematic illustration of chemical modification of IgG: A. FITC labelling of IgG; 

B. thiolation of IgG(FITC). 

3.3. Engineering of IgG(FITC)-AuNP bioconjugates 

Stepwise conjugation of IgG(FITC)-SH to AuNP was characterized by absorption 

spectroscopy. Figure 3-A shows the absorption spectrum of the colloidal solution of AuNP 

before and after chemisorption of IgG(FITC)-SH. The position of the LSPR peak was 

determined from the zero value of the first derivative of spectrum shown in Figure 3-C as 

recommended in the literature [35]. The LSPR peak of AuNP initially at 519 nm (black trace) 

shifted to 522 nm (red trace) after 1 h incubation, as a result of chemisorption of IgG(FITC)-

SH on the AuNP. Addition of BSA to block the free binding sites led to a further shift of the 

LSPR peak to 526 nm (not shown). The final AuNP-S-IgG conjugate was re-analyzed after 

centrifugation and re-suspension in storage buffer and its LSPR peak appeared at 527 nm 

(dark cyan trace). The LSPR peak of AuNP after physisorption of IgG(FITC) and BSA 

blocking step followed the same trend, as shown in Figure 3–B and D. We noticed that LSPR 

peak shift for the IgG adsorption step (i.e. 3 nm, for both chemisorption and physisorption) 

was smaller than that of native IgG on AuNP (Fig. S3 ~5 nm). The UV-Vis spectrum of 

IgG(FITC) (Fig. S1) displays a peak at 495 nm owing to the contribution of FITC that is quite 

close to that of AuNP. Its presence interferes with the peak of AuNP, by counterbalancing the 

red shift due to antibody adsorption, thus leading to an overall smaller peak shift after 

adsorption of IgG(FITC). 
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Figure 3 : Normalized UV-Vis absorption spectra of A. chemisorption and B. physisorption of 

IgG(FITC)-SH and  IgG(FITC) on AuNP. First order derivative of UV-Vis absorption spectra 

in A and B are shown in C. and D. 

Dynamic light scattering (DLS) and zeta potential measurements were performed on the 

colloidal solution before and after conjugation, in order to check the changes in the 

hydrodynamic diameter (DH) and the zeta potential due to the adsorption of IgG(FITC) to 

AuNP. The results are summarized in Table 1. Chemisorption of IgG(FITC)-SH followed by 

BSA blocking step induced a large increase of the DH of nanoparticles from 20.9 nm to 101.9 

nm while physisorption of IgG(FITC) resulted in an increase of DH to 120.4 nm. Let us note 

that a large amount of BSA was used at the blocking step (0.5% (w/v)) and that the final 

storage buffer also contains a large amount of BSA (0.25% (w/v)). We can reasonably 

suppose that a multilayer of BSA molecules formed on top of the layer of IgG molecules is 

responsible for the large increase of DH [19]. The zeta potential increased from -55.8 mV to -

15.7 mV for AuNP-S-IgG(FITC) and -18.3 mV for the AuNP-IgG(FITC) conjugate. On the 

other hand, the net charge of the bioconjugates is expected to be close to that of the protein 

itself at the working pH, if the protein fully covers the surface of AuNP. Here as AuNP 

surface is covered by a mixture of IgG and BSA. The zeta potential of rabbit IgG is -16.1 mV 

[2] and we measured the zeta potential of BSA which is -10.9 mV at pH 7.4. The zeta 
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potential of the bioconjugates measured here is in agreement with the values for rabbit IgG 

and BSA. 

Table 1 : Hydrodynamic diameter and zeta potential of AuNP and IgG-conjugated AuNP. 

Nanoparticles DH (nm) Polydispersity Mean zeta potential (mV) 

AuNP  20.9 0.12 -55.8 ± 2.6 

AuNP-S-IgG 101.9 0.24 -15.7 ± 0.7 

AuNP-IgG 120.4 0.28 -18.3 ± 0.6 

3.4. Quantification of surface coverage by fluorescence spectrometry 

FITC-based fluorescence assay was set up to quantify IgG adsorbed on AuNP. Not 

surprisingly, once adsorbed on AuNP, the emission of fluorescein entities of Ig(FITC) was 

mostly quenched (Figure 4) [36, 37]. To recover the FITC fluorescence emission, the AuNP 

had to be dissolved by NaCN. Complete dissolution of the IgG-conjugated nanoparticles was 

assessed by the disappearance of the LSPR peak of AuNP (Fig. S5). Subsequent release of 

IgG(FITC) restored the fluorescence emission of fluorescein entities bound to IgG which was 

detected and quantified by spectrofluorimetry (Figure 4). The concentration of IgG(FITC) 

was calculated according to the related calibration equation (Table S3). The concentration of 

AuNP in the bioconjugate was calculated from the optical density of the colloidal solution at 

527 nm (before cyanidation) assuming the same extinction coefficient as the citrate-coated 

AuNP ( = 3.8 x 10
8
 M

-1
.cm

-1
). An antibody surface coverage of 3.9 or 4.3 IgG per AuNP was 

calculated for the AuNP-S-IgG and AuNP-IgG conjugates, respectively. The surface coverage 

of IgG immobilized via chemisorption did not differ significantly from the surface coverage 

resulting from physisorption of IgG to AuNP. 

 

Figure 4 : Fluorescence emission spectra of IgG-AuNP conjugates before and after 

cyanidation. 



 13 

3.5. Indirect quantification of surface coverage  

3.5.1. By fluorimetry 

The concentration of excess IgG(FITC) in the supernatants S1a and S2a collected after both 

washing steps was also measured using fluorescein emission and the related calibration 

equations listed in Table S3. The quantity of IgG(FITC) bound to the AuNP was assumed to 

be the difference between added IgG(FITC) and the unbound IgG(FITC) present in both 

supernatants. As a result, the antibody coverage was found equal to 13.3 IgG per AuNP for 

AuNP-S-IgG and 15 IgG per AuNP for AuNP-IgG. These values are much higher than those 

measured by the direct fluorescence-based method. 

3.5.2. By ELISA  

In the process of cyanidation at basic pH, both inter-chain and intra-chain disulfide bonds of 

IgG are cleaved by cyanide, followed by elimination of thiocyanate ions [38]. The alkali 

solution also leads to the degradation of IgG [39]. Both effects led to the denaturation of IgG 

that prevented its quantification by ELISA. So ELISA was only used to quantify excess IgG 

in supernatants S1a and S2a. The calibration curve of IgG concentration is shown in Fig. S11. 

After subtracting the quantity of IgG in supernatants, surface coverages of 6.9 IgG per AuNP 

for AuNP-S-IgG and 9.9 IgG per AuNP for AuNP-IgG were calculated. Again the coverages 

are substantially higher than those calculated by the direct method. 

The bar chart in Figure 5 gathers the experimental surface coverages of IgG determined by 

the three methods. For comparison, the monolayer surface coverage of IgG on 14.8-nm 

diameter spherical gold nanoparticles theoretically estimated from the surface area of one 

nanoparticle and the average footprint of one antibody was calculated to be 9.8 IgG per 

nanoparticle (see Appendix). We also evaluated the surface coverage from the LSPR peak 

shift consecutive to adsorption of native IgG to AuNP (Fig. S3) that gave a value of 3.9 IgG 

per AuNP (see detailed calculations in Appendix). This value is in very good agreement with 

the fluorescence-based direct method to quantify antibody coverage. 
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Figure 5 : Surface coverages of IgG adsorbed on AuNP measured by direct fluorescence-

based assay of IgG(FITC) released from the AuNP conjugates (direct Fluo), indirect 

fluorescence assay (indirect Fluo) and ELISA by analysis of unbound IgG(FITC) in the 

supernatants. 

Experimentally, the direct fluorescence assay gave around 4 IgG per AuNP for both AuNP-S-

IgG and AuNP-IgG, which is in agreement with the calculation according to LSPR band shift, 

but lower than the theoretical value of 9.8 calculated from the IgG footprint assuming equal 

probability of IgG orientations on AuNP. We then compared surface coverages of differently 

oriented IgG on AuNP (Fig. S4 and Table S2) and we found the value obtained from ‘flat-on’ 

mode is very close to the direct fluorescence assay result. With this mode, the contact surface 

between IgG and AuNP is maximized, leading to stronger electrostatic interactions between 

IgG and AuNP, therefore, better stability of conjugates. For chemisorption, electrostatic 

interactions between IgG and AuNP may still predominant even in the presence of S-Au 

bonds. The indirect fluorescence assay gave 13.3 or 15 IgG per AuNP, this overestimation 

may be partially due to the loss of IgG in the washing steps. Errors in the estimation of 

IgG(FITC) concentration may also arise from the fluorescence measurements themselves 

since, as mentioned above, emission of fluorescein is highly sensitive to the medium. Indeed, 

the two supernatants correspond to two different media, and even if great care was taken that 

the standard solutions of IgG(FITC) be prepared in the same media, there is still more chance 

of calibration errors compared to the indirect ELISA method. On the whole, both adsorption 

methods gave similar surface coverages of IgG on AuNP as measured by the fluorescence-

based assays. In contrast, for a still unknown reason, the indirect ELISA method gave an IgG 

per AuNP of 9.9 for the physisorbed bioconjugate and 6.9 for the chemisorbed bioconjugate. 

3.6. Immunoreactivity of IgG adsorbed to AuNP 
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Finally, the immunoreactivity of IgG physisorbed or chemisorbed to the AuNP was 

investigated by ELISA with HRP-labelled goat-anti-rabbit IgG [40, 41]. The same assay was 

also performed with AuNP-BSA conjugate to take into account non specific binding. Overall, 

AuNP-IgG(FITC) bound 4.6 HRP-anti-IgG per AuNP while AuNP-S-IgG(FITC) bound 3.6 

HTP-anti-IgG per AuNP. By comparison, the amount of HRP-anti-IgG bound to AuNP-BSA 

was negligible. Since on the other hand, the IgG-to-AuNP ratio was equal to 4.3 and 3.9 for 

AuNP-IgG(FITC) and AuNP-S-IgG(FITC), respectively, we can conclude that the 

immunoreactivity of the chemisorbed IgG was very similar to that of the physisorbed IgG and 

that each IgG molecule bound one HRP-anti-IgG in average. 

4. CONCLUSIONS 

In this paper, we set up a direct, fluorescence-based assay to quantify the amount of 

immunoglobulin G (IgG) adsorbed on AuNP via two different coupling chemistries, i.e. 

physisorption and chemisorption of thiolated antibody, and we compared its analytical 

performances with two indirect assays based on fluorescence or ELISA. We found that the 

direct fluorescence assay of the bioconjugates after dissolution by NaCN gave a more 

reasonable quantification of IgG surface coverage compared to the other indirect methods 

based on the difference between added IgG and excess IgG in supernatants. The method of 

preparation of IgG conjugated AuNP, either by physisorption or by chemisorption, did not 

influence the final IgG-to-AuNP ratio, according to the direct fluorescence assay. Conversely, 

more IgG was adsorbed on AuNP via physisorption compared to chemisorption as calculated 

by indirect ELISA. We believe that the direct fluorescence-based method is reliable for 

quantification of antibody surface coverage on AuNP. This assay can be employed with 

confidence whatever the conjugation method, and by then it will be useful to assess novel 

coupling chemistries of antibody to AuNP and the reproducibility of the antibody-AuNP 

bioconjugation. 
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