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Ditta Ungor a,b, Ádám Juhász a,b, Norbert Varga a,b, Edit Csapó a,b,* 
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A B S T R A C T   

In this review, we clearly highlight the importance of the detailed study of the interactions between noble metal 
colloids (nanoparticles (NPs) and nanoclusters (NCs)) with serum albumins (SAs) due to their rapidly growing 
presence in biomedical research. Besides the changes in the structure and optical property of SA, we demonstrate 
that the characteristic localized surface plasmon resonance (LSPR) feature of the colloidal noble metal NPs and 
the size- and structure-dependent photoluminescence (PL) property of the sub-nanometer sized NCs are also 
altered differently because of the interactions between them. Namely, for plasmonic NPs – SA interactions the PL 
quenching of SA (mainly static) is identified, while the SA cause PL enhancement of the ultra-small NCs after 
complexation. This review summarizes that the thermodynamic nature and the possible mechanisms of the 
binding processes are dependent partly on the size, morphology, and type of the noble metals, while the chemical 
structure as well as the charge of the stabilizing ligands have the most dominant effect on the change in optical 
features. In addition to the thermodynamic data and proposed binding mechanisms provided by three- 
dimensional spectroscopic techniques, the quantitative and real-time data of “quasi” two-dimensional sensor 
apparatus should also be considered to provide a comprehensive evaluation on many aspects of the particle/ 
cluster – SA interactions.   

1. Introduction 

Noble metal nanostructures containing gold (Au), silver (Ag), or 
copper (Cu) are promising materials in the diverse field of science like 
chemistry, physics, biology, pharmacy as well as several medical uses 
(diagnostics, bio(sensing), imaging, therapy etc.) [1]. For their potential 
biomedical applications, the detailed understanding of the thermody
namic and kinetic features of the interactions between noble metal 
nanostructures (plasmonic nanoparticles (NPs) [2] or fluorescent sub- 
nanometer-sized nanoclusters (NCs)) [3] and plasma/serum proteins 
(SAs) is a key factor. The nature of the mentioned interactions such as 
coordination, hydrogen bonding, electrostatic or hydrophobic in
teractions, van der Waals forces, or steric hindrance is highly control
lable by the size, morphology, surface functionalization, charge, and 
material quality of the metal structures, as well as the NPs/NCs–protein 
ratios, the pH and the incubation time, are also play an important role in 
the formation of these possible interactions [4–7]. Through the forma
tion of the interactions the natural properties of both particles/clusters 

(e.g. optical features, aggregation etc.) and the proteins (e.g. secondary/ 
tertiary structure, aggregation etc.) may be changed which can be easily 
followed by several physicochemical techniques like UV–Vis spectro
photometry, spectrofluorimetry, circular dichroism (CD) or Fourier- 
transformation infrared (FT-IR) and Raman spectroscopy, dynamic 
light scattering (DLS), electron microscopic images or two-dimensional 
(2D) measuring apparatus etc. 

Several excellent articles can be found in the literature relating to the 
interpretation of the formation and the nature of the protein corona 
(“soft” or “hard” type) formed on the surface of particles [5,8–11], but 
this review exclusively focuses on the evaluations of the interactions 
between bovine (BSA) and human (HSA) serum albumins with plas
monic Au, Ag and Cu NPs and fluorescent Au, Ag and Cu NCs based on 
quantitative, thermodynamics, and kinetics aspects in 2D and 3D sys
tems. We want to provide a comprehensive analysis of how the size, 
material quality, morphology, and the surface coatings of NPs (d > 2 
nm) and NCs (d < 2 nm) affect the formation of interactions with pro
teins; how the optical properties of metals and the structure of proteins 
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change. In contrast with the NPs, there are significantly fewer reports 
(ca. 3–4) on the interpretation of protein interactions with noble metal 
NCs [12,13] which possess several prominent features like well-defined 
molecular structure, discrete electronic transitions, and characteristic 
size-tunable PL. This review highlights and interprets the main 

differences and similarities of the interactions of SAs with metal nano
structures having different sizes and optical properties. The possibilities 
and benefits of the 2D techniques on the extract of the quantitative and 
real-time data of the NPs/NCs- SA interactions were also summarized. 

Fig. 1. (A) Localized surface plasmon resonance (LSPR) bands of spherical Ag, Au, Cu NPs, and rod-like Au nanoparticles (Au NRs) with (B) representative TEM 
images. (C) Schematic representation of a possible binding of an Au NP to HSA. Copyright (2011) ACS Publications. Used with permission from Ref. [27]. 

Table 1 
Interaction of different noble metal colloids with SAs: summary of the different structural parameters, conclusions of CD and FT-IR/Raman experiments, and the main 
thermodynamic data (if available) of the interactions calculated by the Stern-Volmer equation (n = number of binding sites; KSV = Stern-Volmer constant (M− 1); ΔG◦

= Gibbs free energy (kJ mol− 1); ΔH◦ = enthalpy (kJ mol− 1); ΔS◦ = entropy (J mol− 1 K− 1); *1 reduced by NaBH4; *2 sonochemically synthesized).  

Metal Shape Size 
(nm) 

Surface 
stabilizer 

Protein 
type 

Type of PL 
quenching 

Thermodynamics data CD FT-IR/ 
Raman 

Ref 

Cu Spherical 7.5 -*1 BSA Static n ~ 1; KSV ~ 108 M− 1 

(310K) 
ΔG◦ < 0 (− 44.5 kJ 
mol− 1) (310 K) 
ΔH◦ > 0 (62.3 kJ mol− 1) 
ΔS◦ > 0 (344.5 J mol− 1 

K− 1) 

Basic structure of the 
protein does not change 

Basic structure of the 
protein does not change 

[33] 

Ag Spherical 62 citrate BSA Static +
dynamic 

n ~ 1; KSV ~ 10− 9 M− 1 

(301K) 
ΔG◦ < 0 (− 92.3 kJ 
mol− 1) (301 K) 
ΔH◦ > 0 (37.7 kJ mol− 1) 
ΔS◦ > 0 (396.8 J mol− 1 

K− 1) 

– – [32] 

Au Spherical 13 Citrate BSA Static n ~ 1; KSV ~ 108 M− 1 

(298 K) 
Basic structure of the 
protein does not change 

Basic structure of the 
protein does not change 

[29] 

Cysteine Static n ~ 1; KSV ~ 108 M− 1 

(298 K) 
CTAB Static n ~ 2; KSV ~ 109 M− 1 

(298 K) 
Secondary structural 
changes occur 

Secondary and tertiary 
structural changes occur 

PEG (2 k) Static n ~ 1; KSV ~ 108 M− 1 

(298 K) 
Basic structure of the 
protein does not change 

Basic structure of the 
protein does not change 

PEG(5 k) Static +
dynamic 

– 

Au Spherical 16 Curcumin HSA Dynamic n ~ 1; KSV ~ 104 M− 1 

(308 K) 
ΔG◦ < 0 (− 24.8 kJ 
mol− 1) (308 K) 
ΔH◦ > 0 (35.5 kJ mol− 1) 
ΔS◦ > 0 (195.6 J mol− 1 

K− 1) 

Secondary no, but tertiary 
structural changes occur 

– [30] 

Au Spherical 16 Oleamide HSA Static n ~ 1; KSV ~ 105 M− 1 

(298 K) 
ΔG◦ < 0 (− 26.81 kJ 
mol− 1) 

– – [28] 

Au Spherical 16 PVP*2 BSA 
HSA 

Static n ~ 1; KSV ~ 104 M− 1 

(298 K) 
– – [31]  
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2. Noble metal nanoparticle – serum albumin interactions 

Detailed studies of interactions between biologically important 
macromolecules (e.g. proteins) and colloidal particles (d = 2–30 nm) at 
solid/liquid interfaces have become increasingly dominant since the 
1990s; several basic articles were published by Z. Adamczyk and his 
group [14–16]. In these works, numerous aspects like the random 
sequential adsorption (RSA) of spheroidal particles, several experi
mental and numerical simulations of the adsorption kinetics, the role of 
electrostatics double-layer interactions etc. have been summarized. 
Among colloidal particles, the noble metal-based particles (Au NPs, Ag 
NPs, Cu NPs) are in the focus of interest from the 2000s because of their 
excellent size- morphology- and composition-dependent optical features 
[1]. 

Namely, the noble metal particles having d > 2 nm in size show 
characteristic plasmonic features, because the collective oscillation of 
the free electron occurs. This optical property originates from the so- 
called localized surface plasmon resonance (LSPR) phenomena which 
results in the appearance of a characteristic plasmon band in the visible 
range of the electromagnetic spectrum (λ = 400–800 nm) (Fig. 1.A) 
[17,18]. This LSPR band can be tuned systematically with the size, 
morphology, and composition of NPs which are regulated by changing 
the synthesis conditions. For rod-like NPs [19,20] the tunability of LPSR 
to the near-infrared region (NIR) (Fig. 1.A) is extremely beneficial to 
overcome limited penetration of optical imaging systems achieve active 
penetration into tissues. The visible (VIS) and the NIR region with a 
wavelength ranging from 650 nm to 900 nm, referred to as the first 
“biological window”, provides enhanced transparency to biological 
molecules and water. The noble metal NPs, especially Au NPs, are po
tential candidates in biomedical fields including, but not limited to 
imaging [21], (bio)sensing [22], diagnostics [23], therapy [2], or drug 
and gene delivery [24]. When these NPs are exposed to biological fluids, 
mainly proteins and other biomolecules are easily adsorbed onto the 
surface to form a protein “corona”, which strongly depends on the size, 
morphology, composition, and surface functionalization of the NPs 
[5,8–10]. 

Several articles can be found in the literature relating to the evalu
ation of noble metal NPs - protein interactions based on several aspects. 
J. Simon et al. studied the modifications in nonlinear optical response 
and thermal diffusivity of BSA and HSA proteins induced by Au NPs 
[25], but the antibacterial properties of the mentioned protein-Au NPs 
complex were also investigated against several pathogens (e.g. Bacillus 
pumilus, Escherichia coli, Staphylococcus aureus etc.) [25]. It was found 
that the BSA/HSA-Au NPs combinations, containing citrate-stabilized 
spherical Au NPs having 13 nm in size, do not show antibacterial ac
tivity against the studied pathogens. A significant part of the publica
tions is based on molecular dynamics calculations. Molecular 
simulations of Q. Shao et al. showed that even though the HSA protein 
remains in a folded structure, the presence of Au NPs (d = 4.0 nm) can 
cause more than 50% of the residues to decrease their flexibility 
significantly, and approximately 10% of the residues to change their 
secondary structure [26]. It was also reported previously by the work of 
T. Sen et al., that the Au NPs are attached to HSA by linkage through 
Cys53-Cys62 (Cys: cysteine) disulfide bond which is located at sub
domain 1A of HSA confirmed by Surface Energy Transfer (SET) method, 
as the Fig. 1.C represents [27]. Their work also clearly highlights the 
importance of taking allosteric effects into account. The simulations 
suggested that allosteric effects must be considered when designing and 
applying NPs in medical and biological applications that depend on 
protein–NP interactions [27]. Because of the high importance of theo
retical calculations, more specialized data can be found in Section 2.3. 

In addition to these articles, a significant number of publications 
discuss the nature of PL quenching during the interaction of noble metal 
NPs with SAs as well as the thermodynamic parameters and proposed 
mechanisms of the quenching process, which is the main topic of this 
review. Table 1. summarizes some relevant articles which discuss the 

main thermodynamic data of the interactions of Au [28–31], Ag [32], 
and Cu [33] nanospheres with SAs calculated by the Stern-Volmer 
equation. Regardless of the quality of the noble metal colloids, the 
size, and type of surface-bounded ligands, a decrease in the fluorescence 
of the protein, i.e., PL quenching of the SA, occurs in all cases when 
noble metal NPs interact with SAs. The quenching mechanisms between 
SAs and plasmonic NPs are divided by static and dynamic types and this 
PL quenching mechanism may be evaluated using the Stern-Volmer eq. 
[28–31]. As Table 1. shows dominantly the static quenching can be 
obtained which supports the formation of a non-fluorescent complex 
between the albumins and the particles as quenchers. We can also state 
that the size of the NPs has no dominant effect on the number of binding 
sites (n), which is in almost every case n = 1. Based on articles published 
up to 2021 [28–33] the regardless of the quality of the metals, the in
teractions occur spontaneously (ΔG◦ < 0). Both ΔH◦ and ΔS◦ values are 
positive implying an endothermic process, which is entropy-driven. 
Moreover, both the positive values of ΔH◦ and ΔS◦ also suggest that 
the interaction forces are hydrophobic in nature. 

The most marked difference is caused by the quality of the surface 
stabilizer molecules. Nor is the size of the molecules, much less its 
charge having a dominant effect on the nature of the interaction. G. 
Wang et al. presented in 2019 [29] that among the various surface- 
modified spherical Au NPs (stabilized by citrate-, Cys, polyethylene 
glycol (PEG) and cetyltrimethylammonium bromide (CTAB)) the CTAB- 
coated Au NPs having well-defined positive surface charge caused 
measurable conformational changes in the secondary structure of the 
SAs indicated that the surface charge of the NPs plays an important role 
in the interactions of SAs with noble metal colloids. It was also 
confirmed that the thickness of the protein coronas (ca. 3–13 nm) and 
the aggregation behaviors of different Au NPs are tightly related to the 
surface charge (e.g. Cys-Au NPs: ζ = − 40.1 mV (thickness of corona =
13 nm); PEG(5 k)-Au NPs: ζ = − 2.82 mV (thickness of corona = 2.5 
nm)). Besides the type of the surface-bounded ligands, the morphology 
of the NPs may cause more significant changes in the protein structure. 
However, in Table 1., the main parameters of only spherical noble metal 
NPs–SA interactions are summarized, but G. Wang et al. published an 
article relating to the effects of Au NP morphologies on interactions with 
fibrinogen [34]. They found that compared to a spherical shape, the NPs 
having anisometric morphologies (rod/star) had the capacity to cause 
higher structural changes of the proteins confirmed by CD experiments. 
Among several spectroscopic techniques the combined use of CD and FT- 
IR or Raman techniques provide a comprehensive understanding of how 
protein structure changes because of the interaction with particles. For 
CD experiments the bands at 208 nm and 222 nm belongs to the char
acteristic signals of BSA or HSA produced by α-helical structure. 

When proteins interact with NPs the intensity of these bands can 
decrease which resulting in change of the ratio of the secondary struc
tural elements depending on the degree of the intensity change, while in 
case of Raman studies, the shift of the position as well as the intensity 
decrease of the amide-I (1600–1700 cm− 1), amide-II (1500–1600 cm− 1) 
and amide-III (1335–1340 cm− 1) peaks refer to same structural changes 
of the protein. The amide I band has contributions from different sec
ondary structural elements, such as 1620–1645 cm− 1 through β-sheet 
content, 1645–1652 cm− 1 by random coil content, and 1652–1662 cm− 1 

by α-helix content. For example, for the formation of Cu NPs-BSA 
interaction [31] CD studies confirm the decrease of the helicity 
(α-helix content of the protein) from 52% to 47%, while the Raman data 
strongly confirm that the microenvironment around Trp is changed due 
to the interaction of Cu NPs. These results suggest the binding of Cu NPs 
to Trp fluorophore of BSA by forming ground state complex. Another 
article also confirms the similar conclusion of the experimental results of 
these two techniques in case of the study of the interaction of BSA with 
differently surface modified gold nanoparticles [27]. Among the citrate-, 
Cys-, PEG- and CTAB-coated Au NPs the positively charged CTAB- 
functionalized Au NPs cause measurable structural changes in the BSA 
conformation which is confirmed by the intensity changes of the above- 
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mentioned characteristic CD bands and amide bands in FT-IR spectra. 

3. Noble metal nanocluster – serum albumin interactions 

As it was mentioned in the Introduction, the ultra-small NCs are one of 
the most prominent nano-objects among the noble metal nanostructures. 
According to the generally accepted scientific views, they are defined 
based on their size and structural characteristic-originated optical 
properties. These small nano-objects contain only a few ten or hundred 
metal atoms; therefore, their size becomes comparable with the Fermi 
wavelength. This phenomenon causes the rupture of the continuous 
conductive band to discrete energy levels. Thus, the clusters show 

molecular-like behavior such as an intensive PL feature, which can 
easily tune with their size and the chemical structure of the surface li
gands [35,36]. For the preparation of these ultra-small fluorescent noble 
metals, several routes are available. It can be stated that in the case of 
bottom-up strategies [37], the application of biomolecules (e.g. amino 
acids [38,39], nucleotides [40,41], proteins [42,43]) as a reducing and 
stabilizing agent is preferred for future biomedical uses. Furthermore, 
these biomolecules are applied directly as surface functionalizing agents 
as well. Several articles discuss the formation and exact structure of 
metal cluster cores in a protein cage [44–46]. Among these compre
hensive works, Y. Xu et al. selected four model peptides (BSA, LYZ, 
trypsin, and pepsin) to analyze the different characteristics of the tem
plate molecules on the formation of fluorescent Au NCs [47]. Their work 
clearly presented that the positively charged amino acids of the selected 
proteins have a key role on the coordination of AuCl4‾ to the protein 
chain. The tyrosine/tryptophane (Tyr/Trp) moieties reduce the pre
cursor metal ions, while the Cys and histidine (His) residues are also 
important to stabilize the formed cluster cores. B. Maity and co-workers 
[48] also confirmed these findings for investigation of the nucleation of 
Au NCs in crystalline protein using theoretical calculations. They stud
ied the ferritin as a model solid “bio-template”, where the His49/Glu45/ 
Arg52 (Glu: glutamate; Arg: arginine) cavity was a suitable cave for the 
cluster formation. While the Cd(II) ions, which integrated into the pro
tein cage from the (NH4)2SO4/CdSO4 during the crystallization, served 
as an excellent seed for the Au NCs nucleation. 

However, the formation of protein-directed Au NCs is a well-defined 
reaction, the direct interaction of SAs and noble metal NCs is discussed 
only to a negligible extent against the larger particles. The articles of L. 
Shang and G. U. Nienhaus are the most prominent works related to the 
dihydrolipoic acid (DHLA)-stabilized Au and Ag NCs [49–53]. They 
demonstrated firstly that the DHLA-Au [49] and DHLA-Ag NCs [50] 
have weak absorption in the visible light region, which originated the sp 
to sp and d to sp transitions. 

The Au-based clusters show near-infrared emission at 684 nm using 
550 nm excitation wavelength but the quantum yield (QY%) is very low 
value (< 1%). The average diameters are ca. 1.5 nm and 3.2 nm 
confirmed by HRTEM and DLS measurements, respectively. For the 
analysis of the binding between HSA and DHLA-Au NCs, classical steady- 
state fluorescence spectroscopy was applied. During investigations, it 
was determined that the emission intensity of the clusters is growing ca. 
6-fold after the addition of 3.0 μM HSA, as Fig. 2. represents. 

Moreover, the maximum of the emission wavelength was also shifted 
towards the blue region with 7 nm, which refers to the reduction of the 
local environment polarity due to the protein absorption. Based on the 
Hill evaluation of fluorescence spectra, the KD and the n values were 
determined, which represent the strength of the interaction by equilib
rium dissociation constant and the association cooperativity, 

Fig. 2. (A) The PL spectra of red-emitting DHLA-Au NCs in the absence and the 
presence of HSA using different concentrations of HSA, λexcitation = 550 nm (B) 
with the photos of the appropriate samples under UV-light, λlamp = 360 nm. 
Copyright (2012) Wiley-VCH GmbH. Used with permission from Ref. [49]. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 3. (A) The hydrodynamic diameters and (B) the measured PL intensities of the studied DHLA-Au NCs – HSA complexes depending on the time with the 
schematic illustration of the HSA having various charges. Copyright (2013) Wiley-VCH GmbH. Used with permission from Ref. [51]. Copyright (2015) Elsevier. Used 
with permission from [52]. 
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respectively. In the case of DHLA-Au NCs and HSA interaction, it was 
established that the strength of the interaction is comparable with larger 
NPs (KD = 0.9 ± 0.1 μM). Besides, the n is also larger than 1, which refers 
to the cooperative binding, where the affinity increases with the protein 
adsorption. To analyze the fluorescence decay profiles before and after 
the addition of HSA to DHLA-Au NCs, it was calculated that the origin 
450 ns average lifetime became slower decay. This new 980 ns average 
lifetime origins from the shifts of the surface gold atom binding energies 
after the protein adsorption, which was also proved by XPS measure
ments. The interaction with HSA has been studied with DHLA-Ag NCs, as 
well. Choosing the 425 nm as excitation light source, the DHLA-Ag NCs 
show red emission at 630 nm. The QY% is better than the Au-based form, 
2.4% was measured using sulforhodamine 101 as reference. The average 
size is 1.3 ± 0.3 nm, while the hydrodynamic diameter is 2.1 ± 0.4 nm. It 
was established that a two-fold fluorescence increasing was observed 
and the fluorescence lifetime was also changed in the presence of SA. 
The fluorescence lifetime of DHLA-Ag NCs is 5.6 ± 0.3 ns, which is 
modified with the presence of HSA to 6.8 ± 0.4 ns. Analyzing the PL 
properties of HSA by Stern-Volmer and Hill equation, it was evaluated 
that the emission of Trp214 was three-fold lower after the addition of Ag 
NCs. The magnitude of the determined KD was in a similar range in the 
case of particle-protein interactions. In contrast, the characteristic CD 
spectrum of HSA was almost similar after the formation of a protein- 
cluster complex. 

After modifying the charge of the HSA protein [51], it was also 
proved that the protein charge has a key role on the nature of the 
interaction. Namely, the positively charged cHSA shows a two-fold 
stronger affinity to the negatively charged DHLA-Au NCs. While the 
aHSA having negative charge binds ca. 15-fold weakly than the neutral 
HSA, which can be explained by the different magnitude of Coulomb 
forces in the case of various charged protein chains. 

Nevertheless, these interactions can be easily tuned by ionic 
strength. To study the secondary structure of the HSA by CD spec
trometry, it can be estimated that any significant change cannot be 
observed after the complexation of DHLA-Au NCs by neutral and 
negative HSA, while a fast and large-scale aggregation was identified in 
cHSA/DHLA-Au NCs complex (Fig. 3.). 

In contrast to the DHLA-noble metal NCs, if the stabilizing ligand was 
changed to His amino acid, a combined fluorescence quenching of the 
blue-emitting NCs was observed during the steady-state fluorescence 
measurements of the interaction with BSA [54]. To analyze the PL 
spectra, it was determined that the quenching efficiency shows strong 

size-dependent because the calculated Stern-Volmer constants are 5-fold 
lower than in the case of plasmonic Au NPs. Based on the temperature 
effect, the thermodynamic parameters were also calculated. They 
proved that the interaction is thermodynamically favorable and hydro
phobic force helps the contact between the cluster and protein. This π⋅⋅⋅π 
stacking of the aromatic amino acids of protein and imidazole ring of His 
was also supported by CD spectra, where the α-helix content of BSA was 
decreased from 54.3% to 35.2% after the interaction. 

On the other hand, D. K. Sahu and K. Sahu proved in their work that 
the “naked” Cu NCs having blue emission at 430 nm do not cause any 
deficiency in the biological activity of BSA based on the negligible 
changes in secondary protein structure after the interaction [55]. The 
time-resolved fluorescence spectrometry pointed out that a Förster en
ergy transfer (FRET) takes place between the Cu NCs-BSA, which de
creases the Trp lifetime and increases the average τ value of Cu NCs by 3- 
fold as well. 

The mentioned works demonstrated that the number of the exact 
studies is rather negligible related to the interaction between ultra-small 
NCs and SAs than it was presented for NPs, but for NCs, several 
application-oriented works can be found in the literature. The first 
article, which was written by Y. Wang et al., included the potential 
application of red-emitting Ag NCs (λem = 656 nm) for fluorescent im
aging of SA in gel electrophoresis [56]. For the stabilizing, a poly
cytosine oligonucleotide template was applied, which generate a 
negative surface charge of the DNA-Ag NCs due to the phosphate-sugar 
backbone. Thus, the serum proteins have a positive charge at pH 3.4, the 
simple detection can be realized thanks to the electrostatic forces. The 
binding of HSA, the PL intensity of Ag NCs is drastically increased after 
2 h, but the maximum value of the emission is decreased after 5 h due to 
the formation of large-scale cluster aggregates. 

Besides the above-mentioned possibility, some articles can also be 
found, where multicolored sensor arrays were developed for identifi
cation not exclusively the SA [57–59]. S. Xu et al. synthesized two 
different blue-emitting Au NCs stabilized by collagen (Col) and macer
ozyme (Mac), which can produce a spectacular color change (Fig. 4.) in 
the emission wavelength depending on the nature of the identified 
proteins (lysozyme (Lys), human serum albumin (HSA), egg white al
bumin (EA), pepsin (Pep), hemoglobin (Hb), trypsin (Try), catalase 
(CAT), transferrin (Tf)). They established that Au NCs bind exothermi
cally in the hydrophobic sites on the proteins by hydrophobic forces, 
while the folded structure of the proteins is also destroyed by the 
interaction. The lifetimes of the Au NCs are increased, and the maxima 

Fig. 4. The change of the PL of collagen (Col)-Au NCs and macerozyme (Mac)-Au NCs after the addition of different proteins under UV-light. Copyright (2014) ACS 
Publications. Used with permission from Ref. [57]. 
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of emission show red shifts due to the partial reoxidation of Au0 to Au+

and formation of thiol–Au(I) complex on the surface after the protein 
adsorption. 

The research group of Wei Chen widely investigates the biomedical, 
especially sensor applications of various Au NCs. In their work, they 
firstly demonstrated the 6-aza-2-thio-thymine-stabilized Au NCs (ATT- 
Au NCs) as a potential BSA sensor [60], where the green emission in
tensity of ATT-Au NCs increased more than 13-fold after the SA binding. 
Based on the temperature-dependent PL measurements, the nature of 
the binding process was also calculated, where the positive enthalpy and 
entropy change refers to the hydrophobic forces between the nucleo
bases and the aromatic side chains of amino acids in BSA. 

A. Akhuli et al. studied the interactions of Cu NCs with BSA with 
fluorescence correlation spectroscopy (FCS), isotherm titration calo
rimetry (ITC), and ζ-potential studies [61]. For stabilization of the NCs, 
tannic acid (TA), chitosan (Chit), and Cys amino acid were applied; the 
stabilized NCs have ca. 2.3 nm average diameter by TEM. Using 360 nm 
as excitation wavelength, the TA-Cu NCs, the Chit-Cu NCs, and the Cys- 
Cu NCs show 430, 432, and 490 nm emission wavelength, respectively. 
The fluorescence intensity of all three Cu clusters increases after the 
complexation of BSA. In the case of TA- and Chit-Cu NCs, the 1:1/NCs: 
BSA stoichiometry was observed due to the good linear correlation of 1/ 
(F–F0) vs reciprocal of the protein concentration function, while a 
multiple binding was assumed between Cys-Cu NCs and BSA. Moreover, 
the decay profiles were also changed, a systematic increase of the 
measured lifetimes was identified in the presence of the protein. Based 
on the DLS measurements, it was estimated that the formed BSA layer is 
smaller than a complex protein corona thickness on a classical particle. 
Based on the experimental results they proposed that the clusters adsorb 
onto the surface of an individual protein molecule instead of the protein 
adsorption on a metal surface. The study of the change in the fluores
cence of BSA after the interaction with Cu NCs shows that all clusters 
cause quenching in the PL of protein by two different mechanisms 
depending on the metal concentration. For small concentrations, a static 
quenching was observed dominantly based on the determined quench
ing constants, while in the case of larger NC concentration the fluores
cence lifetime of BSA was decreased, which proved a dynamic process. 

Besides SAs, several great works can be found in the literature about 
the evaluation of other protein–NCs interactions, which are not 
currently covered by this comprehensive work. Without the claiming of 
completeness, an interesting manuscript can be read about the interac
tion of fluorescent nano metals and MPT63 protein [62], application as 
immunoassay for the detection of a-fetoprotein [63], aggregation pro
cess by insulin and γ-globulin immunoprotein [64], as well as the 
detection of human papillomavirus E6 protein by DNA-Ag NCs [65]. 

In summary, it can be estimated that if the stabilizing ligand of the 
synthesized NCs has electron-rich atoms or moieties (e.g. -COOH, -NH2), 
the p orbitals from the surface ligands can easily overlap with the 
adjacent O or S atoms in proteins, which can activate the luminescent 
sites of cluster surface. Generally, this interaction can be supported by 
the hydrophobic forces, which can be realized by aromatic surface li
gands and amino acids in a protein having aromatic side chains. Besides, 
the aggregation-induced emission (AIE) can also facilitate the 
enhancement of the fluorescence by the inhibited intramolecular rota
tions and vibrations. 

4. Theoretical simulation in studying the interactions between 
noble metal nanostructures and serum proteins 

Addition of noble metal NPs and NCs into the bloodstream leads to 
the creation of a solid/liquid interface where dynamic interactions be
tween the solid surfaces of nano-object and blood components take 
place. Considering the particle size and the strongly curved surface is a 
common consequence the formation of the protein corona, what is a 
network of self-assembled proteins, and that new semi-solid biomimetic 
surface can sharply alter the properties of the nanoparticle. This 

biomimetic surface can lead to substantial divergences from the pro
jected cellular uptake as well as biological responses. Peptide coating 
can not only ensure biocompatibility upon nano-sized particles, but also 
provides with specific functionalities as far as the transportation of Au 
NPs and NCs through cell membrane. Reaching a deeper understanding 
of the nano–object and biomolecule created interface is still challenging 
due to the synergistic effects of numerous manipulating factors (pH, 
ionic strength, hydrophobic effects etc.). Because of the complexity of 
these hybrid nanomaterials, modeling approaches at a molecular level 
represent the ideal tools for a detailed understanding of the governing 
forces and processes at the nano–bio interface. 

MD simulations have been frequently used to discover the properties 
of biofunctionalized Au NPs. For example, for alkanethiol-type ligands, 
asymmetric allocation on gold substrates is preferred, resulting in 
anisotropic self-assembly on the mesoscale [66], and adsorption to lipid 
bilayers and degradation of the bilayer structure have also been char
acterized [67]. Modifying of self-assembly properties and structural 
changes of DNA-covered Au NPs have also been investigated using MD 
techniques, as well as the influence of DNA coatings on their interactions 
with cell membranes [68]. Despite the widespread applicability of 
peptide-coated Au NPs and NCs, to our knowledge there is a relatively 
small amount of computational data for these peptide-coated and 
especially SA-coated systems. The topic of the study of the interactions 
between Au NPs and proteins is limited in this work to bare or “small” 
molecule covered NPs [26,27,69] and disregarding the details of the 
interaction between protein-coated Au NPs and proteins [70]. 

Due to the aforementioned widespread application of Au NPs, 
especially in medicine, the docking of HSA to Au NPs has been investi
gated via MD simulation by Ramezani et al. [71]. In this theoretical 
study the helix structure of adsorbed HSA, such as length-, dipole-, 
radius- of helix as well as the length of hydrogen bonds, were estimated. 
Results of simulation indicated that sorption of protein on the Au NPs 
modifies the hydrophobic space between the alpha helix, and then the 
conditions for the entry of water into the protein are provided in this 
way primary denaturation occurs. 

Tavanti and Menziani studied the interaction of four common blood 
proteins, including SA, with hydrophobic 11-mercapto-1-undecanesul
fonate (MUS) covered Au NPs by MD method [72]. The object of the 
research was to gain quantitative insight into the kinetics of the inter
action, the physicochemical properties of the binding site and the 
adsorption capacity of the NPS. Simulations have shown that SA bind to 
MUS-terminating AuNPs through hydrophobic interactions, and this 
adapt to Au surfaces to increase area, but in contrast to previous 
mentioned study [71], dramatic transformation in the secondary struc
ture of proteins was not observed. 

Therefore, it cannot be ignored that in the case of functionalized and 
bare particles, the interaction in terms of protein structure may be 
completely different. Furthermore, it should be noted that in these 
models, the particle size of NPs is nearly equal or larger than the average 
diameter of the protein. Radically different results are expected for NCs 
that are small enough to reach the interior part of the protein. Russell 
et al. investigated the location of Au NCs within bovine serum albumin 
(BSA) combining MD simulations and fluorescence spectroscopic mea
surements [73]. Outcomes of MD simulations demonstrated that the 
gold NCs growing close to the cysteine sites within all three domains of 
BSA. Besides, only two domains (IIB and IA) were found to accommo
date large NCs containing more than 12 atoms. 

The importance of all these simulations stems from the fact that an 
understanding of the exact orientation of Au NPs and NCs is essential for 
any future work that seeks to exploit the plasmonic and fluorescent 
properties of these hybrid materials. 

5. Two-dimensional studies at solid/liquid interface 

In previous chapters (2.1 and 2.2), it was summarized, that based on 
the experimental results of mainly spectroscopic techniques, we can 
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provide information on the nature of noble metal NPs/NCs-SA in
teractions (through main thermodynamic parameters and the proposed 
mechanisms), but quantitative and real-time data cannot be given on the 
sorption properties, the structure of the adsorption layer and the kinetic 
characteristics of the emerging interactions. It is indisputable that 
several real-time and equilibrium analysis techniques are available that 
can be used to observe and quantify the mentioned sorption processes 
[74,75]. For example, the radiolabeled methods with strong scientific 
background are reproducible and rapid techniques [76], but they carry 
some disadvantages being that they are dangerous to human health; 
produce radioactive waste, and require special laboratory conditions. 
Perhaps this was one of the biggest motivations that led to the devel
opment of “label-free” assays based on optical methods. To determine 
these essential data, various two-dimensional (2D) measurement tech
niques, such as atomic force microscopy (AFM) [77] surface plasmon 
resonance (SPR) spectroscopy [78,79], optical waveguide light mode 
spectroscopy (OWLS) [80], or quartz crystal microbalance (QCM) 
[81,82], are excellently applicable. In addition to all these, there are 
really promising examples of combined techniques in the mentioned 
topic such as AFM and ellipsometry (ELM) - [83], AFM and SPR- [84], 
time-of-flight secondary-ion mass spectrometry (ToF-SIMS), and OWLS 
[85] coupled investigations. There is a serious potential of multi- 
technique applied approaches that can study the change in sorption 
processes as a function of time and temperature. 

Based on the possibilities offered by 2D techniques, F. Höök et al. 
have been studied and compared the adsorption kinetics of three model 
proteins (HSA, fibrinogen, and Hb) using three different experimental 
techniques OWLS, ELM, and QCM [86]. The difference between the 

physical fundamentals of the applied methods is at least as important as 
the possibility of real-time studies (Fig. 5). While OWLS is sensitive to 
changes in the refractive index in the evanescent field thus, it measures 
the “non-solvated” amount of the adsorbed layer, whereas the QCM 
oscillations drag every molecule below the shear-plane and as such 
measure the hydrated mass of the adsorbed macromolecules (Fig. 5.) 
[88]. Thanks to the above-mentioned fast, small sample-demand, and 
variable techniques, the interaction between gold film-coated sensor 
surface, which can be modeling the surface of noble metal NPs, and the 
studied SAs can be characterized at solid/liquid interface [89,90]. Z. 
Adamczyk et al. studied the adsorption kinetics of HSA on a gold-coated 
QCM sensor surface at pH = 3.5 medium using different ionic strengths 
and bulk concentrations [91]. The studies have shown that the rough
ness of the sensor surfaces significantly affects the QCM-determined 
kinetic results. In addition, it has been demonstrated that the adsorp
tion of HSA changes linearly at the low surface coverage region, where 
the slope is significantly influenced by the bulk HSA concentration. For 
the rougher gold sensor ((root mean square) rms = 2.5 nm; (average 
roughness height) hc = 6 nm; flow medium: pH 3.5, cNaCl = 0.15 M, flow 
rate 2.5 × 10− 3 cm3 s− 1), the mass transfer rate constant, the water 
factor and the hydration function were much smaller at t < 20 s than in 
case of their previous results of the silica sensor (sensor surface: rms =
0.86 nm, hc = 2 nm) [92]. It is important to note that the hydration 
function determined at the gold sensor increases with HSA coverage and 
it is significantly influenced by the ionic strength of the medium. Scott B. 
Thourson et al. studied the adsorption properties of BSA on the N- 
hydroxysuccinimide-functionalized and the non-functionalized QCM 
gold sensors [93], where it was found that regardless of the used surface, 

Fig. 5. Schematic representation of the advantages of the combination of QCM and OWLS for detailed structural analysis of the adsorbed macromolecules at solid/ 
liquid interfaces. Copyright (2018) Nature Publications. Used with permission from Ref. [87]. 
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the BSA saturation was 450 ± 26 ng cm− 2 (pH = ~ 7.6), which can be 
explained in both cases by a large number of binding sites relative to the 
size of the protein. In a later work, E. Csapó et al. proved by SPR tech
nique, that after the rinsing phase, which is caused the desorption of the 
reversibly bound BSA, the amount of BSA bound on the gold surface was 
ms

pH=7.4 = 86.0 ng cm− 2 and ms
pH=3.0 = 56.5 ngcm− 2 at pH = 7.4 and 

pH = 3.0, respectively [90]. Using a previous calculation procedure 
[94], it was found, the BSA has a larger cross-sectional area at lower pH 
values, which confirmed, that the changing of the pH-dependent sec
ondary structure of the BSA was affected the adsorption processes. Based 
on the experiments in different pH and apparent potential surfaces, 
Burcu Beykal et al. showed, that the amount of adsorbed protein in
creases significantly in the case of the oppositely charged protein and 
gold electrode surface, which can be further increased by increasing the 
potential [95]. For the latter mentioned 2D SPR techniques, every small 
refractive index change related to the immobilized species on the surface 
of the gold sensor chip can be detected in the form of response unit (RU) 
signals (Fig. 6.A). The variation in the refractive index created by the 
capture of molecules depends on the concentration of analyte (Fig. 6.B) 
at the evanescent fields of the sensor and the properties of the target 
molecules/NPs [96,97]. Fig. 6.A shows a representative SPR sensor
gram, which represents the determination possibilities of the real-time 

kinetic parameters (association (ka) and dissociation (kd) rate con
stants) of the studied system. If the measurements have been carried out 
at different analyte concentrations (as the Fig. 6.B summarizes) and 
various temperatures besides the mentioned kinetic parameters, the 
main thermodynamic functions, like Gibbs free energy, enthalpy and 
entropy changes can be obtained. 

Nanosized noble metal (primarily gold) nanoobjects (NOs) are suc
cessful enhancers in ultra-sensitive SPR-based biosensors [98]. The use 
of SPR methods is limited to the detection of low concentrations [99] 
and/or low molecular weights [99] of analytes due to the smaller 
refractive index change by the sorption on the sensor surface. Hence, 
enhancing procedures using metal NOs can cause a more characteristic 
shift in SPR response, as the Fig. 7 represents, because of intensifying the 
refractive index change. Usually, a “sandwich” structure [98] is applied 
(e.g. gold sensor surface/BSA/Au NPs) in order to bind the analyte 
specifically to an aptamer with high density and thus high specific mass 
tags like spherical Au NPs [99–104], Au NRs [105–108], nanostars (Au 
NSs) [109] and nanocages [110]. The interactions between SA and noble 
metal NPs can be influenced by many factors, knowledge of which are 
essential for the characterization of the systems. The effect of each 
parameter is not fully known, so there is great research potential to 
examine these. 

Fig. 6. (A) Determination of the real-time kinetic parameters (association (ka) and dissociation (kd) rate constants) of a studied system by using an SPR sensorgram. 
(B) Representative SPR sensorgram series at different analyte concentrations. 

Fig. 7. Schematic representation of the detection of an analyte having low concentration by using 2D SPR technique without (c) and with (d) the application of 
plasmonic Au NPs. 
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6. Conclusion 

Nanoparticles are key components of modern nanotechnology de
velopments in both material and life sciences in the 21st century. Among 
the large variety of nanoparticle types, the Au, Ag and Cu NPs/NCs have 
unique size-, shape- and composition-dependent optical, electric, and 
magnetic features which properties are strongly dependent upon 
methods to synthesize, purify, and characterize them. Detailed in
vestigations of noble metal nanostructure–SA interactions play an 
increasingly important role in medical applications, like imaging, 
sensing, diagnostics, therapy, drug, and gene delivery as well. The noble 
metal NPs and NCs possess different size-, and structure-dependent op
tical features, which change differently by albumin-binding. To the best 
of our knowledge as well as according to the articles published till 2021, 
in this review, we summarized all the works related to the direct 
investigation of only SAs with noble metal NPs and NCs. It was estab
lished, while the classic plasmonic NPs cause dominantly the quenching 
of SA emission, the complexation between the mentioned proteins and 
the NCs results in the enhancement of NCs fluorescence mainly. Because 
the number of articles for interpretation of SA – NCs binding is relatively 
few, there is a growing demand to study these systems as well. It was also 
highlighted that the combination of 2- and 3-dimensional techniques 
gives more overall data (quantitative, thermodynamic, kinetic) on these 
important interactions. 
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financial support of the ÚNKP-21-4-SZTE-516 new National Excellence 
Program of the Ministry for Innovation and Technology from the source 
of the NRDIF. This work is supported by the János Bolyai Research 
Fellowship of the Hungarian Academy of Sciences. 

References 

[1] Dykman L, Khlebtsov N. Gold nanoparticles in biomedical applications: recent 
advances and perspectives. Chem Soc Rev 2012;41:2256–82. https://doi.org/ 
10.1039/c1cs15166e. 

[2] Huang X, El-Sayed MA. Gold nanoparticles: optical properties and 
implementations in cancer diagnosis and photothermal therapy. J Adv Res 2010; 
1:13–28. https://doi.org/10.1016/j.jare.2010.02.002. 

[3] Zheng Y, Lai L, Liu W, Jiang H, Wang X. Recent advances in biomedical 
applications of fluorescent gold nanoclusters. Adv Colloid Interf Sci 2017;242: 
1–16. https://doi.org/10.1016/j.cis.2017.02.005. 

[4] Wang P, Wang X, Wang L, Hou X, Liu W, Chen C. Interaction of gold 
nanoparticles with proteins and cells. Sci Technol Adv Mater 2015;16:34610. 
https://doi.org/10.1088/1468-6996/16/3/034610. 
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[90] Csapó E, Juhász Varga N, Sebők D, Hornok V, Janovák L, et al. Thermodynamic 
and kinetic characterization of pH-dependent interactions between bovine serum 
albumin and ibuprofen in 2D and 3D systems. Colloids Surfaces A Physicochem 
Eng Asp 2016;504:471–8. https://doi.org/10.1016/j.colsurfa.2016.05.090. 

[91] Adamczyk Z, Pomorska A, Nattich-Rak M, Wytrwal-Sarna M, Bernasik A. Protein 
adsorption mechanisms at rough surfaces: Serum albumin at a gold substrate. 
J Colloid Interface Sci 2018;530:631–41. https://doi.org/10.1016/j. 
jcis.2018.06.063. 

[92] Pomorska A, Adamczyk Z, Nattich-Rak M, Sadowska M. Kinetics of human serum 
albumin adsorption at silica sensor: Unveiling dynamic hydration function. 
Colloids Surf B: Biointerfaces 2018;167:377–84. https://doi.org/10.1016/j. 
colsurfb.2018.04.017. 

[93] Thourson SB, Marsh CA, Doyle BJ, Timpe SJ. Quartz crystal microbalance study 
of bovine serum albumin adsorption onto self-assembled monolayer- 
functionalized gold with subsequent ligand binding. Colloids Surf B: Biointerfaces 
2013;111:707–12. https://doi.org/10.1016/j.colsurfb.2013.06.053. 
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