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The interactions between bovine serum albumin (BSA) and gold nanoparticles (AuNPs), and the conformational changes of BSA 
induced by this interaction, were investigated by UV-visible absorption spectroscopy, fluorescence spectroscopy, and Fourier 
transform infrared in combination with attenuated total reflection spectroscopy (ATR-FTIR). The critical adsorption density for 
preventing AuNP aggregation in 0.1 mol/L phosphate buffered saline (pH 7.2) was 23 BSA molecules per gold particle or 
3.8×1012 BSA molecules/cm2. BSA bound to the AuNPs with high affinity (binding constant Ks=7.59×108 L/mol), and the intrin-
sic fluorescence of BSA was quenched by the AuNPs in accordance with the static quenching mechanism. Both fluorescence 
spectroscopy and ATR-FTIR showed that AuNPs induced conformational changes in BSA, which resulted in it becoming less 
compact and increased the polarity of the microenvironment around the tryptophan residue Trp-212.  
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Gold nanoparticles (AuNPs) have many unique and attrac-
tive properties, such as excellent conductivity, size-dependant 
properties, optical properties, non-toxicity, and their capa-      
city for facile and highly variable functionalization. They 
can easily form conjugates with proteins through either co-
valent bonds or physical interactions, and these conjugates 
have been widely applied in biomedical fields, including 
diagnostics, bio-imaging and targeted drug delivery [1–5]. 
Proteins have very complicated three dimensional structures 
with multi-level conformations, which are highly correlated 
with their biological activities and activation of the immune 
response [6], and interaction with nanoparticles can disturb 
these proteins structures to various extents. In turn, proteins 
may affect the optical properties of AuNPs, and their stabi-      
lity in solutions with high ionic strength [7–13]. To design 
an effective AuNPs-protein system for biological applica-
tions, it is necessary to study the AuNPs-protein interactions 

systematically. Some studies have investigated the influence 
of AuNP size on the conformation of cytochrome c [14]; 
and the effect of pH on the conformation of BSA adsorbed 
on the surface of AuNPs [15]. Fluorescence spectroscopy 
[11,16], dynamic light scattering [8,17], circular dichroism 
[9,18], Fourier transform infrared spectroscopy (FTIR) [19], 
nuclear magnetic resonance spectroscopy [20], surface en-
hanced Raman scattering [21], time-correlated single pho-
ton counting spectroscopy [13,22] are among a variety of 
techniques commonly used to characterize AuNPs-protein 
interactions. The combination of different techniques will 
give us insight into the interactions of AuNPs and proteins.  

Bovine serum albumin (BSA) plays a significant role in 
many important physiological functions, and its structure 
and conformation can be easily changed [23]. AuNPs-BSA 
bioconjugates have been used in several applications such 
as intracellular delivery vectors and imaging agents [13]. 
Fundamental studies on the interactions between AuNPs 
and BSA may contribute to development of optimal condi-
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tions for forming bioconjugated nanomaterials that preserve 
the functionality of proteins. Recently, several studies on 
the AuNPs-BSA bioconjugates have been reported. Sen et 
al. [22] and Burt et al. [24] synthesized AuNPs directly 
conjugated to BSA by chemical reduction in aqueous solu-
tion. The conjugation of AuNPs-BSA occurred mainly through 
electrostatic interactions [11,15]. In addition, the binding 
constant for glutamic acid-AuNPs-BSA and a decrease in 
the -helical content after conjugation were reported [18]. 
Shang et al. [15] showed that the conformational changes of 
BSA were larger at higher pH and a blue shift of the fluo-
rescence emission maximum was observed after colloidal 
gold was added to the BSA solution. However, there are 
few reports of the specific interactions between citrate- 
coated AuNPs and BSA.  

In this study, BSA was conjugated with AuNPs (13.9 nm) 
and the interactions between them were studied by UV- 
visible absorption (UV-Vis) spectroscopy, fluorescence spec-
troscopy and Fourier transform infrared in combination with 
the attenuated total reflection spectroscopy (ATR-FTIR). 
Based on the data obtained using these techniques, the ef-
fects of BSA concentration on the stability of the AuNPs 
and the conformational changes of BSA upon interacting 
with the AuNPs are discussed, and a possible mechanism of 
the conjugation is proposed.  

1  Experimental  

1.1  Materials 

Chloroauric acid (HAuCl4·H2O) was purchased from 
Shanghai Chemicals Co. (Shanghai, China). BSA was ob-
tained from Sigma-Aldrich (St Louis, MO), and a solution 
was prepared in 0.1 mol/L phosphate buffered solution 
(PBS, pH 7.2). Trisodium citrate (Na3C6H5O7·2H2O) was 
obtained from Lingfeng Chemicals Co. (Shanghai, China). 
All the reagents except for BSA were AR grade and used as 
received. The water used in the experiments was purified in 
a Milli-Q system (Millipore Co., Molsheim, France).  

1.2  Preparation of AuNPs 

All glassware used in the experiments was cleaned in fresh-
ly prepared aqua regia (HCl:HNO3=3:1, v/v) and rinsed 
thoroughly with water prior to use. AuNPs were prepared 
following Frens’ method [25]. An aqueous solution of 
HAuCl4 (0.25 mmol/L, 20 mL) was heated to its boiling 
point while stirring vigorously, and then 0.2 mL of trisodium 
citrate solution (0.189 mol/L) was added quickly, which 
resulted in the solution changing color from pale yellow to 
deep red. This mixture was boiled for an additional 20 min 
and then cooled to room temperature by stirring. This col-
loidal gold had an average particle size of 13.9 nm and a 
polydispersity index of 0.222 as measured by laser particle 
size analyzer. The concentration of the AuNPs was calcu-

lated using an established method [26] to be approximately 
3.0 nmol/L, assuming that all gold in the HAuCl4 was reduced. 

1.3  Preparation of AuNPs-BSA bioconjugates 

The AuNPs-BSA bioconjugates were prepared by mixing 
the solution of BSA and AuNPs in PBS (0.1 mol/L, pH 7.2), 
then incubating the mixture at 277 K for at least 1 h in the 
wells of a microtitre plate. A series of bioconjugates with 
different amount-of-substance ratios of BSA/AuNPs were 
prepared by keeping the concentration of AuNPs  (1.3 
nmol/L) constant while varying the concentration of BSA 
from 0 to 152 nmol/L for the UV-Vis absorption spectra. 
For the fluorescence emission spectra, the BSA concentra-
tion was kept constant at 1 mol/L while the AuNPs con-
centration was varied from 0 to 0.5 nmol/L. To prevent 
shear forces from disrupting the structure of the bioconju-
gates, no separation techniques (e.g., centrifugation or fil-
tration) were used in the experiment. All the measurements 
were performed at room temperature (293 K).  

1.4  Absorption spectra 

The absorption spectra of different AuNPs-BSA conjugates 
were recorded from 400–700 nm with an interval of 2 nm 
using a 5 nm slit-width. Absorption blanks, water for the 
aqueous solution of AuNPs and PBS for the AuNPs-BSA 
conjugates, were subtracted from the absorption spectra of 
the relevant samples to correct the influence of the back-
ground.  

1.5  Fluorescence measurements  

The fluorescence emission spectra were recorded from 315 
to 500 nm with an excitation wavelength of 295 nm and a  
2 nm interval and 5 nm slit-width. Each spectrum is the ave-     
rage of three scans. PBS was used as a fluorescence emis-
sion blank and subtracted to correct the fluorescence back-
ground. Before analysis of the samples, it was confirmed 
that the AuNPs alone did not fluoresce on excitation at 295 nm.  

1.6  ATR-FTIR measurements 

The concentrations of BSA and AuNPs in the bioconjugates 
for the FTIR study were 3×104 and 2.5×109 mol/L, re-
spectively. All the spectra of the bioconjugates were rec-
orded via the ATR method with a resolution of 2 cm1 from 
4000 to 1000 cm1. A reference spectrum of the same solu-
tion without protein was recorded under identical conditions. 
Spectra of BSA in solution and of BSA interacting with 
AuNPs were obtained from corresponding difference spec-
tra, which were smoothed slightly to eliminate the influence 
of the absorption from residual vaporized water.  

Fourier self-deconvolution and secondary derivative 
analysis were applied to the spectrum from 1600–1700 cm1 
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with OMNIC 8.0 (Thermo Fisher Scientific, Waltham, MA) 
software to estimate the number, position and width of the 
component bands. Based on these parameters, a curve-fitting 
process was carried out to obtain the best Gaussian-shaped 
curves that fit the original protein spectrum. After indenti-
fying individual bands with the representative secondary 
structure, the percentages of each secondary structure of 
BSA were calculated from the relative area of the compo-
nent bands.  

1.7  Instrumentation 

The size of AuNPs was measured with a laser particle size 
analyzer, HPP5001 (Malvern Instruments, Malvern, UK). 
The optical absorption and fluorescence spectra were rec-
orded on a Multiskan Spectrum Microplate Spectrophotom-
eter (Varioskan Flash, Thermo Fisher Scientific). FTIR 
spectra were recorded on a Nicolet Magna 6700 FTIR spec-
trometer (Thermo Fisher Scientific) equipped with a germa-
nium ATR accessory, a DTGS (Deuterated triglycine sulfate) 
KBr detector, and a KBr beam splitter.  

2  Results and discussion 

2.1  Effect of BSA concentration on the AuNPs stability  

UV-Vis absorption spectroscopy is the most widely used 
method for characterizing the optical properties of AuNPs 
because the intensity and position of the surface plasmon 
band of colloidal gold are related to the size, shape and dis-
persity of the AuNPs. An aqueous solution of pure AuNPs 
showed a narrow and symmetric absorption peak at ap-
proximately 518 nm (curve h, Figure 1), which agreed with 
an earlier report [27]. This indicates the AuNPs are mono-
disperse and spherical [28]. A red shift and a broadening of 
the absorption band were observed in the presence of BSA. 
These changes indicate that BSA has adsorbed on the sur-
face of AuNPs [17]. Although it may seem unusual that the 
negatively charged, citrate-coated AuNPs could adsorb onto 
BSA, which is also negatively charged overall at pH 7.2, 
BSA has 60 surface lysine residues that can be protonated 
and interact electrostatically with the negatively charged 
AuNPs [29]. Moreover, other forces such as hydrophobic 
interactions may also be involved in the conjugation of the 
protein with the AuNPs [30].  

The absorption bands gradually shifted and widened as 
the BSA content in the mixture decreased. At a BSA con-
centration of 30 nmol/L, a new peak centered around 606 nm 
appeared (curve c, Figure 1), which signals the AuNPs have 
aggregated. The spectrum also shows a broad band centered 
around 662 nm in the absence of BSA (i.e., AuNPs in PBS, 
curve a, Figure 1), while the absorbance at 518 nm became 
weaker and blue-shifted. The aggregation is caused by the 
electrolytes in PBS, because of the shielding of the repul-
sive double-layer charges that normally stabilize the AuNPs  

 

Figure 1  Absorption spectra of mixtures of 1.3 nmol/L AuNPs and BSA 
at concentrations of 0 (a), 15 (b), 30 (c), 38 (d), 61 (e), 121 (f) and 152 (g) 
nmol/L in 0.1 mol/L PBS (pH 7.2); and 1.3 nmol/L aqueous solution of 
AuNPs (h). 

[14,17]. However, aggregation can be avoided if sufficient 
BSA is added to PBS. This may be attributed to the follow-
ing reasons: firstly, BSA forms a protective layer on the 
AuNPs surface, and the colloidal suspensions could be sta-
bilized by the interaction of protein side chains or domains, 
resulting in a reduction in entropy and a loss of solvation 
enthalpy, both of which keep the system stable [29]; sec-
ondly, BSA bound to the AuNPs surface is continuously 
exchanged with free BSA [20], which should also improve 
the stability of the AuNPs solution. Because AuNPs started 
to aggregate when the BSA concentration decreased to be-
low 30 nmol/L, this roughly indicates the critical concentra-
tion of BSA to prevent AuNP aggregation. Therefore, 23 
BSA molecules per gold particle (i.e., 3.8×1012 BSA mole-
cules/cm2) are required to prevent aggregation. At this con-
centration, BSA should be attached to the nanoparticle sur-
faces as a monolayer [14]. Xie et al. [13] reported that no 
more than 50 BSA molecules could be adsorbed to form a 
monolayer on a citrate stabilized AuNP with a particle size 
of 15 nm. This means that the amount of BSA required to 
stabilize AuNPs is less than the amount required to reach 
monolayer saturation for AuNPs.  

2.2  Analysis of the AuNPs-BSA interactions  

BSA have tryptophan (Trp), tyrosine (Tyr) and phenylala-
nine (Phe) residues, which can absorb and emit ultraviolet 
light. The fluorescence intensities of these residues decrease 
in the following order: Trp>Tyr>Phe [30]. Each BSA mole-     
cule has two Trp residues, one of which is located at the 
bottom of the hydrophobic pocket in domain II (Trp-212), 
while the other is in domain I (Trp-134) on the surface of 
the molecule [31–33]. Because the excited-state dipole 
moment of Trp is relatively large, the emission energy is 
highly sensitive to the polarity of the environment. Confor-
mational changes in BSA may disturb the microenvironment 
around the Trp residues and thus influence the fluorescence 
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emission. Therefore, the Trp fluorescence is widely used to 
monitor conformational changes in proteins [31,34]. 

In this paper, Trp was used as the intrinsic fluorescence 
probe with excitation at =295 nm to monitor the fluores-
cence quenching of BSA by the AuNPs [34–36]. The fluo-
rescence intensity of BSA gradually decreased as the AuNPs 
concentration increased (Figure 2(a)), which indicates that 
the AuNPs are responsible for quenching of the fluores-
cence [28]. When the binding site on the surface of the 
AuNPs is in close proximity to the Trp residues of BSA, the 
fluorescence from the Trp is quenched and the remaining 
fluorescence is from other free Trp residues in the solution. 
We suspect that the majority of these quenched Trp residues 
should be Trp-134, because it is present at the surface of 
BSA and therefore more likely to be positioned close to the 
surface of AuNPs in the conjugates. 

The main quenching mechanism includes dynamic 
quenching and static quenching. The former results from the 
collision of quenchers and excited-state fluorophores, while 
the latter involves the formation of a nonluminous complex 
between quenchers and ground-state fluorophores [37,38]. 
The Stern-Volmer equation (eq. (1)) was used to determine 
the dominant quenching process in the AuNPs-BSA conju-
gate system. 

 0
q 0 SV=1 [Au] 1 [Au].

F
k K

F
    (1) 

In this equation, F0 and F are the relative fluorescence 
intensities in the absence and presence of AuNPs, respec-
tively; [Au] is the concentration of AuNPs; kq

 is the 
quenching rate constant; KSV is the Stern-Volmer dynamic 
quenching constant, which is related to the bimolecular col-
lision process; and 0 is the lifetime of a fluorophore in the 
absence of quenchers. 

According to eq. (1) and the trend-line shown in the 
Stern-Volmer plot (Figure 2(b)), KSV was calculated to be 
7.64×108 L/mol, which indicates the AuNPs have a strong 
quenching ability. The intrinsic fluorescence of BSA is 
known to have 0=5×109 s [15], and the kq can be calculat-
ed at 1.53×1017 L/(mol s). This value is much greater than 
the maximum value for a diffusion-controlled quenching 
process (approximately 2.0×1010 L/(mol s) [19]), which 
suggests that the fluorescence quenching process of BSA in 
the presence of AuNPs is a static quenching process [35,39]. 
For the static quenching process, if the protein has the same 
and independent binding sites, the binding constant (Ks) and 
the number of binding sites (n) can be calculated based on 
the following equation [38,40]:  

 

Figure 2  (a) Fluorescence emission spectra of BSA solutions (1 mol/L) in the presence of AuNPs with the following concentrations: 0 (A), 0.15 (B), 0.25 
(C), 0.3 (D), 0.5 (E) nmol/L; (b) the Stern-Volmer plot of BSA with an increasing concentration of AuNPs; (c) the plot of log[(F0F)/F] vs. log[AuNPs] for 
BSA conjugated with AuNPs; (d) position of the Trp emission maximum as a ratio of the fluorescence intensities 20 nm left (FL) and right (FR) of the emis-
sion maximum of curve A in Figure 2(a). 
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  0 slog log log[AuNPs].F F F K n      (2) 

Based on the experimental data, log[(F0 F)/F0] was 
plotted against log[AuNPs] (Figure 2(c)), and the number of 
binding sites was calculated to be 0.972. This shows that n 
is almost equal to 1, and that the average number of inde-
pendent classes of binding sites on BSA for AuNPs is 1 [38]. 
The binding constant (Ks) was calculated to be 7.59×108 
L/mol, which is much greater than those of the binding of 
proteins with small molecules (typical range 103–106) 
[35,41].  

To identify the changes in the emission peak of BSA in 
the presence of AuNPs in Figure 2, the parameters FL and 
FR were introduced. These parameters represent the fluo-
rescence intensities at the wavelength 20 nm to the left (FL) 
and right (FR) of the emission maximum of curve A in Fig-
ure 2(a) at 339 nm [35]. By comparing the values of FL/FR 
calculated from the spectra, the direction the emission 
maximum shifted in could be determined. As shown in Fig-
ure 2(d), the value of FL/FR decreased as the concentration 
of AuNPs increased, which indicates that a red shift oc-
curred. This suggests that the polarity of the microenviron-
ment around the Trp residues increases because of the con-
formational changes of BSA at the tertiary structure level 
[15,35]. By contrast, Shang et al. [15] found that conjuga-
tion of BSA and AuNPs led to a blue shift in the fluores-
cence emission maximum. This blue shift was attributed to 
the proximity of the Trp residues to the hydrophobic surface 
of the AuNPs. However, Brewer et al. [29] suggested that 
BSA conjugates with citrate-coated AuNPs mainly through 
electrostatic interactions, rather than through direct binding 
to the surface of the bulk AuNPs. Herein, we suggest that 
the adsorption of BSA on the AuNPs forces the BSA mole-
cules to transform into a less compact structure, which al-
lows the solvent to penetrate into the hydrophobic cavity of 
BSA, which increases the polarity of the microenvironment 
around Trp-212. Therefore, the microenvironment changes 
around Trp-212 should be the main reason for the red shift 
of the fluorescence emission maximum that was observed.  

2.3  Effects of AuNPs on the BSA secondary structures 

ATR-FTIR spectroscopy was used to monitor the changes 
in the secondary structures of BSA upon interaction with 
the AuNPs. Amine I is the most sensitive probe for detect-
ing changes in the protein secondary structures. Its charac-
teristic absorption band is located at 1600–1700 cm1. By 
comparing the spectra of BSA both with and without the 
presence of AuNPs in this region, information about the 
different types of secondary structures such as -helix, 
-sheets, turns and random coil can be obtained. The spec-
trum of BSA in PBS displayed a strong signal between 1600 
and 1700 cm1, while the spectrum of BSA and AuNPs in 
PBS showed changes in the strength and position of the 
absorption peak (Figure 3). This suggests that by interacting  

 

Figure 3  ATR-FTIR spectra of native BSA and BSA conjugated with 
AuNPs at pH 7.2 (after smoothing).  

with AuNPs, changes in the secondary structures of BSA 
have occurred.  

The second derivative of the region between 1600 and 
1700 cm1 and Fourier self-deconvolution were used to 
study these changes in detail. The frequencies of the com-
ponent bands identified in the resolution enhanced spectrum 
were subsequently used as the input parameters for curve 
fitting of the original broad amide I band. Finally, with use 
of the Gaussian/Lorentzian profile, each spectrum was de-
convoluted into seven peaks in the 1700–1600 cm1 region 
(Figure 4). According to other protein-related research, the 
bands can be roughly assigned as follows [42–47]: 1660– 
1649 cm1 (-helix), 1638–1614 cm1 (-sheet), 1680–1660 
cm1 (-turn), 1648–1640 cm1 (random coil), and 1692– 
1680 cm1 (antiparallel  sheet). Other reports suggested 
that the 1625 cm1 band corresponds to the intramolecular 
-strand structure, the 1616 cm1 band is a result of inter-
molecular -strand [48], and the 1610 cm1 band is because 
of side-chain vibrations [49]. Therefore, the seven absorp-
tion bands in the BSA solution spectrum at 1693, 1669, 
1653, 1648, 1637, 1626 and 1609 cm1, should correspond 
to antiparallel  sheet, -turn, -helix, random coil, -sheet, 
intramolecular -strand, and side-chain vibrations, respec-
tively. After adding colloidal gold to BSA, new absorption 
bands were observed at 1699 cm1 (antiparallel  sheet), 
1671 cm1 (-turn), 1653 cm1 (α-helix), 1648 cm1 (ran-
dom coil), 1637 cm1 (-sheet), and 1609 cm1 (side-chain 
vibrations) in Figure 4. The appearance of the intermolecu-
lar -strand band resulted from the unfolding of proteins, 
and the peak position changed from 1626  (intramolecular 
-strand) to 1620 cm1. The total area of all the bands as-
signed to a given conformation were divided by the total 
area, and the number obtained was taken as the proportion 
of BSA in that conformation.  

The curve-fitting results show that upon interaction with 
AuNPs, the -helical content in BSA decreased from 41.5% 
to 25.3%, while the random coil content increased from 
1.0% to 1.9%, -sheet increased from 20.9% to 26.6%, and  
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Figure 4  Curve fitting in the amide I region (1600–1700 cm1) with 
secondary structure determination of free BSA (a) and the AuNPs-BSA 
complex (b) in PBS (pH 7.2).  

antiparallel  sheet increased from 4.2% to 11.1%. The re-
duction in the -helix content in favor of the -sheet, ran-
dom coil, -antiparallel and intermolecular -strand struc-
ture is indicative of a partial unfolding of protein in the 
presence of the AuNPs. Compared to the conformation of 
BSA alone, these changes indicate the conformation of BSA 
in the presence of AgNPs become more flexible and more 
exposed to the solvent. It is possible that this conformation-
al change resulted in the exposure of the hydrophobic cavi-
ties to more hydrophilic environments, and increased the 
polarity in the microenvironment around Trp-212 as dis-
cussed in Section 2.2. However, 61% of the -helix, as 
compared with the BSA solution, was retained after the ad-
dition of AuNPs, probably because the high curvature of the 
AuNPs surface greatly favors the retention of the original 
structure of the protein. This is important for the application 
of the AuNPs-BSA bioconjugates in nanobiosensors, dis-
ease diagnostics, drug delivery, biological labeling and im-
aging, and where biological activity is required.  

3  Conclusion 

In this study, the interactions of BSA and AuNPs with a 
mean particle size of 13.9 nm were analyzed by UV-Vis, 
fluorescence and FTIR spectroscopic methods. It can be 

concluded that BSA adsorbs onto the surface of the AuNPs 
and acts to stabilize them in PBS. The critical adsorption 
density for preventing AuNP aggregation was 23 BSA 
molecules per gold particle or 3.8×1012 BSA molecules/cm2. 
The fluorescence spectra showed that the AuNPs were a 
strong quencher and bound to BSA following the static 
quenching process with a high binding constant (Ks=7.59× 
108 L/mol). The number of binding sites indicates that there 
is on average one independent class of binding site on BSA 
for AuNPs. The formation of AuNPs-BSA conjugates led to 
a red shift in the intrinsic fluorescence emission of BSA. 
Both the data from fluorescence and ATR-FTIR analysis 
indicated that the tertiary and secondary structures of BSA 
were altered as it bound to the surface of the AuNPs, and 
these alterations forced the BSA structure to become less 
compact. This allowed the solvent to penetrate into the hy-
drophobic cavity of BSA and increase the polarity of the 
microenvironment around Trp-212.  
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