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We aim at studying global and local conformational changes in 
protein subsequent to two very important types of processes, i.e. 
ligand binding and non-covalent interactions with nanostructured 
systems. The methods used are Raman spectroscopy, a widely 
used tool for monitoring global changes in protein secondary 
structure, and time-resolved emission spectroscopy, which takes 
advantage of the fluorescent amino acid residues, mainly 
tryptophan, in order to highlight local conformational changes at 
the fluorophore level. In this paper we focus on human serum 
albumin, with one Trp residue, in interaction with the flavonoid 
kaempferol and silver nanoparticles. 
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INTRODUCTION* 

Global conformational changes in terms of 
secondary structure of a protein have been widely 
studied in solution through circular dichroism and 
Raman spectroscopy.1,2 Both methods take 
advantage of spectroscopic properties of peptide 
bonds adopting one specific conformation, i.e. α-
helix, β-turn, β-sheet, random coil, and quantifying 
the proportion of each of them.  

Far less studies deal with the changes in the 
population of conformers around the disulphide 
bridges, which exist throughout the protein chain.3 
                                                 
* Corresponding author: sorana@gw-chimie.math.unibuc.ro 

There are three possible conformations, combinations 
of gauche and trans conformers relative to the Cα-Cβ-
S-S’-Cβ’-Cα’ chain (ggg, ggt, tgt). Each of them has a 
characteristic band in the Raman spectrum, which 
may be used to quantify the global changes appearing 
in their population distribution.4 

Local conformational changes in proteins can 
be monitored through tryptophan (Trp) emission 
spectroscopy. Many authors speak of several 
conformations, usually two or three in solution, 
namely rotamers of Trp relative to the Cα-Cβ 
bond.5–9 More complex mechanisms which engulf 
the rotamer model were recently hypothesized.10 
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Even in solid state, Dahms et al.11 concluded that 
rotamers do exist in crystallized proteins, but they 
may be too difficult to resolve by X-ray under 
most circumstances. 

Both global and local conformational changes are 
relevant to understanding protein denaturation and 
binding processes, as well as interactions with 
surrounding media or nanostructured ones.12,13 In this 
paper we aim at combining these two approaches in 
the case of human serum albumin (HSA), a relatively 
accessible protein, present in the human blood and 
involved in a large array of non-covalent interactions, 
which was widely used as a model protein. We will 
monitor conformational changes due to ligand 
binding and adsorption on nanostructures. 

RESULTS AND DISCUSSION 

Raman spectroscopy 

As stated above, Raman spectroscopy brings 
about structural information on proteins and protein–
ligand complexes.14 This concerns global changes in 

the protein secondary structure, as well as local 
changes in the polarity sensed by the aromatic amino 
acids and in the conformation of disulphide bridges.  

Raman spectra of HSA, kaempferol and their 1:1 
complex are shown in Fig. 1. The changes in the 
HSA conformation upon binding of kaempferol have 
been analysed in a first step by following the spectral 
features in the amide I region of HSA (1600–1750 
cm-1), which gives indication of global secondary 
structure changes. The results in Table 1, obtained by 
spectral deconvolution as shown in Fig. 2, match the 
literature data in what concerns amide I bands 
position,15 and reveal that binding of one kaempferol 
molecule to HSA has little to no effect on the native, 
predominantly helical conformation of the protein. 
This is evident from the similar secondary structure 
contents and very small band shifts.  

In a second step, local conformational changes in 
HSA upon kaempferol binding have been probed, as 
revealed by the changes in the stretching modes of 
the Trp214 residue (1340–1360 cm-1) and disulphide 
bridges (480–550 cm-1). 
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Fig. 1 – Raman spectra of (1) kaempferol, (2) HSA and (3) HSA–kaempferol 1:1. Inset: molecular structure of kaempferol. 

 
Table 1 

Secondary structure content of HSA and HSA–kaempferol 1:1 

HSA HSA–kaempferol 1:1 Band 
assignment ν (cm-1) Area % ν (cm-1) Area % 

1707 13.90 1705 47.22 
1693 30.56 1695 81.95 
1681 52.53 1683 200.24 β-turn 

– – 

25.65 

1673 60.57 

24.38 

α-helix 1658 218.11 57.67 1657 924.37 57.80 
random coil 1640 12.13 3.21 1640 38.35 2.40 

1631 18.30 1632 93.29 β-sheet 1619 32.66 13.48 1620 153.14 15.41 
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Fig. 2 – Deconvolution of the Raman bands in the amide I spectral region: (A) HSA, (B) HSA–kaempferol 1:1. 
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Fig. 3 – Deconvolution of the Raman bands in the Trp214 spectral region: (A) HSA, (B) HSA–kaempferol 1:1.  

 
Among the aromatic amino acids of HSA, 

Trp214 is of interest as it is the only Trp residue, 
and is located in the Sudlow site I of the protein, 
which is the binding site of kaempferol.16,17 
Spectral deconvolution has evidenced for the 
characteristic Trp214 band a shift to larger 
wavenumbers accompanied by an intensity 
decrease (Fig. 3). These changes can be ascribed to 
a difference in the polarity of the 
microenvironment in the vicinity of the amino acid 
in the free and complexed albumin. Namely, a 
more hydrophobic medium is sensed by Trp214 in 
the complex with kaempferol. 

Spectral modifications were also observed in 
the spectral region characteristic to the stretching 
vibrations of the disulphide bridges (νS-S in Fig. 1). 
This includes contributions from the three 
rotamers: ggg (500–510 cm-1, the most 

energetically stable), ggt (515–525 cm-1) and tgt 
(530–550 cm-1).18 There are 17 disulphide bridges 
in HSA, involving the Cα-Cβ-S-S’-Cβ’-Cα’ chain 
and holding together the α-helices. Internal rotation 
about the S-S and C-S bonds upon ligand binding 
can determine a change in the position of these 
Raman bands.19  

Conformer populations were determined from 
the area of the individual components obtained by 
deconvolution (Fig. 4), expressed as a fraction of 
the total area of the bands. We observed that the 
population distribution is modified upon 
kaempferol binding. For the 17 disulphide bridges, 
the intensity ratio of the ggg:ggt:tgt conformers 
changes from 7:7:3 in HSA to 6:6:5 in HSA–
kaempferol 1:1, and the bands of all conformers 
shift towards larger wavenumbers.  
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Fig. 4 – Deconvolution of the Raman bands in the disulphide bridges spectral region: (A) HSA, (B) HSA–kaempferol 1:1.  

 
Fluorescence lifetime measurements 

As literature data indicate,20 HSA excited at 295 
nm has three lifetime components, which have 
been all attributed to Trp214.21–23 The three excited 
states are different Trp rotamers, i.e. Trp214 
rotational conformations relative to the protein 
backbone.24 In these rotamers, indole rotation 
around the Cα-Cβ bond is partially hindered and 
three different dihedral values (60°, 180°, –60°) 
give rise to stable intercalated conformers. The 
photophysical parameter that is most appropriate to 
study local conformational changes is the 
fractional amplitude of a species, ai. Its value in 
different media is a measure of changes in the 
equilibrium between species and in the population 
of the various excited states. 

Our experimental fluorescence decays, depicted 
in Fig. 5, were fitted with three exponential 
functions and the results are presented in Table 2.  

HSA in phosphate buffer has lifetimes of 0.28, 
1.49 and 6.26 ns, with an average value of 4.26 ns. 
These three excited states will be subsequently 
noted as R1, R2 and R3, respectively, in order of 
increasing lifetimes. The fractional amplitudes, 
which may be interpreted as populations of Trp214 
rotamers in the excited state, reveal the 
predominance of the one that possesses the shortest 
lifetime (75.42%), while the others are equally 
distributed, thus equally stable, with values of 
around 10%.  

Kaempferol binds to Sudlow site I, in the 
vicinity of Trp214.16 This is why binding is prone 
to modify the Trp microenvironment, in what 
concerns the dielectric constant, hydrophobicity 
and steric hindrance. The direct effect on its 
photophysical properties is the decrease in lifetime 

of all three rotamers and, consequently, of the 
averaged lifetime, as seen from Table 2. Another 
effect is a change in the population of excited 
species. As seen from the values of the fractional 
amplitude, ai, the equilibrium between conformers 
shifts to the predominant one (89.86% for R1 
compared to 75.42% for free HSA), so the less 
stable ones, while remaining equally populated, 
become more unstable. The relative intensity, fi, of 
the two short components slightly increases with 
binding of kaempferol from approximately 18% to 
22%, while the long one decreases, in agreement 
with the study of Rolinski et al. on quercetin 
binding to HSA.25 

Previous studies proved that HSA adsorbs on 
silver nanoparticles (NPs).26 This process modifies 
the secondary structure of the protein, as found by 
circular dichroism spectroscopy. In this study, we 
aim to monitor local changes to the Trp214 
residue, buried in the protein Sudlow I binding site. 
The effect of silver NPs is greatly influenced by 
the reducing agent used, which determines their 
dimensions. The averaged lifetime only slightly 
decreases when on borohydride-reduced NPs 
(NP1) from 4.26 to 4.12 ns, but it decreases to 1.53 
ns when on citrate-reduced NPs (NP2). Dynamic 
quenching is more efficient when HSA is adsorbed 
on citrate-reduced NPs. 

Rotamer populations in the excited state are 
nonetheless perturbed to a larger extent when HSA 
is adsorbed on NP1. The most stable one, R1, is 
further stabilised, having an 90.19% fractional 
amplitude. The other two diminish, but remain 
equally stable, thus equally populated. On NP2, the 
long-lived conformer R3 is practically non-existent, 
as the equilibrium seems to be shifted towards R1, 
at no expense for R2. Furthermore, when looking at 
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values of the fractional intensity in Table 2, one 
observes an increase of the emission of rotamers 
R1 and R2, while that for R3 decreases, which is 
seen only for HSA on this type of NPs. This 
behaviour shows that NPs affect the local 
environment of Trp214 in the protein Sudlow I 
binding site and that steric hindrance due to 
conformational changes of the protein backbone in 
the IIA domain acts differently in the two cases. 

Lastly, we investigated kaempferol binding to 
HSA adsorbed on NPs. In the case of NP1, the 
lifetimes were too short to be accurately measured. 
But photophysical properties and rotamer 
populations when kaempferol binds to HSA 
adsorbed on NP2 are very similar to the ones of 
unbound HSA adsorbed on these NPs, i.e. only R1 
and R2 are populated, R3 being destabilized, R2 has 
a large fractional emission, followed by R1. 
 

EXPERIMENTAL  

HSA (fatty acids free, 99%), kaempferol, silver nitrate, 
sodium citrate and sodium borohydride were purchased from 

Sigma and used as received. Klarite substrates for surface 
enhanced Raman scattering were acquired from Renishaw 
Diagnostics Limited.  

Silver nanoparticles were prepared following two 
procedures reported in the literature, by reduction of silver 
nitrate with either sodium citrate27 or sodium borohydride.28 
The appearance of the surface plasmon resonance band in the 
UV-Vis absorption spectrum confirmed the formation of 
nanoparticles. The position of the band varied with the 
reducing agent, from 395 nm for citrate to 425 nm for 
boronhydride, indicating different diameters of the NP2 and 
NP1 nanoparticles of 10 and 50 nm, respectively.  

HSA solutions in pH 7.4 phosphate buffer were 2×10-5 M 
for fluorescence measurements and 10-4 M for Raman 
measurements. Silver concentration was 2×10-5 M in the 
fluorescence lifetime measurements. 

Time-resolved fluorescence decays were collected at 340 
nm on a time-correlated single photon counting FLS920 
system from Edinburgh Instruments, equipped with an 
electroluminescent NanoLED-295 diode (λem = 295 nm, pulse 
duration 762.7 ps, bandwidth 10 nm), on a lifetime scale of 50 
ns and 1024 channels. The nanoLED pulse was recorded using 
a diluted Ludox solution. To obtain the fluorescence lifetimes 
(τ), data were fitted by reconvolution analysis using tri-
exponential functions. Fit accuracy was checked on grounds of 
the reduced chi-square (χ2) value, which was less than 1.2.  

 
Table 2 

Fluorescence lifetime results for HSA in different experimental conditions: pre-exponential factors, αi, lifetimes, τi in ns, fractional 
amplitudes, ai in %, fractional intensities, fi in % 

Sample α1 α2 α3 τ1 τ2 τ3 <τ> a1 a2 a3 f1 f2 f3 
HSA 0.089 0.016 0.013 0.28 1.49 6.26 4.26 75.42 13.56 11.02 18.86 18.40 62.74 
HSA–kaempferol 0.257 0.018 0.011 0.11 1.43 6.13 3.71 89.86 6.29 3.85 23.60 21.14 55.26 
HSA–NP1* 0.285 0.017 0.014 0.10 1.03 6.09 4.12 90.19 5.38 4.43 21.55 13.39 65.06 
HSA–NP2** 0.267 0.042 0.002 0.11 0.74 6.54 1.53 85.85 13.50 0.64 39.51 42.58 17.91 
HSA–NP2–
kaemp 

0.177 0.046 0.001 0.15 0.75 7.75 1.24 79.06 20.55 0.40 38.43 51.31 10.26 

* borohydride-reduced NPs; ** citrate-reduced NPs. 
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Fig. 5 – Fitted fluorescence intensity decay of (1) HSA, (2) HSA–kaempferol 1:1, (3) HSA in the presence of citrate-reduced silver 
nanoparticles and (4) HSA–kaempferol 1:1 in the presence of citrate-reduced silver nanoparticles. λem = 340 nm; the instrument 
                                                                     response function is depicted as hollow grey dots. 
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Intensity-averaged lifetimes were calculated according to 
eq. (1).29  
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Raman spectra of samples deposited on Klarite 
nanostructured supports were recorded on a Jasco NRS-3100 
Raman spectrometer with laser excitation at 785 nm, laser 
power of 150 mW and focusing beam diameter of 1 µm. The 
spectra were averaged over 100 scans at 2 s exposure. After 
baseline correction, spectral deconvolution in three spectral 
regions was performed in order to evidence specific bands of 
HSA: amide I (1600–1750 cm-1), disulphide bridges (450–550 
cm−1) and tryptophan (Trp214) (1340–1360 cm-1).30 Starting 
band positions were selected as the positive maxima in the 
fourth-derivative of the Raman spectrum. This was done in 
order to separate the HSA bands of interest from other 
overlapping bands.31  

CONCLUSIONS 

The two spectroscopic methods used in this 
study, i.e. Raman spectroscopy and time-resolved 
emission spectroscopy, were able to highlight 
global and local changes, respectively, induced in 
human serum albumin by non-covalent interactions 
with both an organic ligand and inorganic 
nanoparticles. The effect of ligand binding is mild 
in what concerns the secondary structure of the 
protein, but some two out of the 17 disulphide 
bridges change their conformation, as revealed 
from the Raman spectra. Trp214 used as an 
intrinsic fluorescence probe showed that the 
equilibrium between the three possible rotamers is 
perturbed according to a different pattern as a 
function of the nanoparticles properties. Further 
improvement of this study may arise from adding 
time-resolved fluorescence quenching and 
anisotropy experiments, as well as lifetime 
measurements on a whole wavelength domain and 
using the advantages of global analysis. 
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