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a b s t r a c t

In this work we used gold nanoparticles (GNPs) as probes to evaluate the pH- and temperature-induced
conformational changes of Bovine Serum Albumin (BSA) adsorbed on their surface. UV–vis and fluo-
rescence spectroscopy were employed to monitor the adsorption and binding modes of BSA on GNPs.
The results suggest that GNPs quenched the fluorescence emission of tryptophan residues of BSA mainly
through a static mechanism, the binding constant (K ) being sensitive to the pH values. The Stern–Volmer
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quenching constant (KSV) and the corresponding thermodynamic parameters (�H, �S and �G) were
also determined. In addition, the results concerning the thermally induced conformation changes of
BSA, before and after interfacing with GNPs, demonstrate the dependence of the protein conformational
transition temperature on pH. Moreover, the linking between BSA and GNPs was monitored by surface-
enhanced Raman scattering (SERS), assessing the influence of pH on this specific nano–bio interface.
ERS

. Introduction

A new trend in nanoscience concerns the development of
ovel nanomaterials, exhibiting outstanding physical, chemical
nd biological properties, and the exploitation of their behavior
n biological applications. The development of suitable nano–bio-
onjugates for relevant and specific biomedical applications and
he achievement of a profound understanding of the synergism
etween these biological systems and nanoparticles are important

ssues that must be addressed. The exploitation of surface plas-
ons sustained by metallic nanostructures offers the possibility of

eveloping novel devices that can be used for bio-chemical map-
ing at nanometer scale [1]. In this sense, due to their chemical
tability and unique optical properties, dominated by the excitation
f localized surface plasmon resonance (LSPR), gold nanoparticles
GNPs) are attractive nanomaterials for surface enhanced Raman

cattering (SERS) [2], metal-enhanced fluorescence (MEF) [3,4] and
ocalized surface plasmon resonance (LSPR) sensors [5]. Addition-
lly, due to their biocompatibility and surface chemistry which
llows their facile conjugation with different biomolecules, GNPs
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are ideal probes for the investigation of biological processes, local-
ized photo-thermal therapy of tumors, and localized and controlled
drug delivery [6,7]. However, it is well known that the interaction
of proteins with GNPs is highly sensitive to the particles surface
chemistry and the conformational state of the protein [8]. In this
context, a major challenge remains to investigate the conforma-
tional behavior of proteins in a protein–nanoparticles conjugated
system, including denaturation of their tertiary and secondary
structures, which is susceptible to occur due to protein adsorption
[9]. Brewer et al. demonstrated the interaction between citrate-
coated GNPs and Bovine Serum Albumin (BSA) proteins [10] and
more recently De Paoli Lacerda et al. reported the specific inter-
action between GNPs and human plasma proteins [11]. Moreover,
Guo et al. demonstrated the possibility of using GNPs as probes
to investigate the conformational change of poly-l-lysine in the
range of pH from 6.5 to 11.0 [12]. In addition, we demonstrated,
using spectroscopic techniques, the direct interaction between BSA
and GNPs, assessing the influence of the GNPs surface on the
binding of albumin, providing information concerning the possible
protein conformation changes induced after bioconjugation [13].
However, thermodynamic parameters, such as temperature and
pH, can also trigger the disruption of protein conformation which

could lead to cancer, diabetes and cardiovascular diseases [14] and
consequently can have a major influence on the nano–bio inter-
faces.

Therefore, to gain a better insight on the nano–bio interaction,
it is clearly of great interest to extend our previous studies by
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ntegrating the effects of pH and temperature on the nano–bio
onjugates. To address this issue we investigate the interface
etween GNPs and BSA, as a function of pH and temperature, by
mploying three different spectroscopic techniques: LSPR, fluores-
ence and SERS. BSA is a globular protein with the approximate
llipsoidal shape of 4 nm × 4 nm × 14 nm [15], widely used for
io-nanotechnology applications [16]. The native structure of BSA

s characterized by a single polypeptide chain composed of 583
mino-acid residues, its tertiary structure comprising three homol-
gous domains (I, II and III), each one formed by six helices, which
re stabilized by an internal network of 17 disulfide bonds [17].
owever, the conformation of BSA is highly dependent on pH and

emperature, each conformational state being characterized by its
wn shape and dimension. In this context, Raman and fluores-
ence spectroscopy, due to their high sensitivity, were employed in
omplementary manner to provide valuable information concern-
ng protein conformational changes, induced by the interactions

ith GNPs, pH and temperature. Fluorescence spectroscopy, an
deal and powerful technique to evaluate protein conformational
hanges, was used to monitor the intrinsic emission characteristics
f tryptophan (Trp) residues in albumin in order to demonstrate the
ocal interaction between albumin and GNPs, and subsequently, to
nvestigate the pH and thermally induced conformational changes
f BSA. We found that pH has a major impact on the nano–bio
nterfaces, influencing the binding constant, number of binding
ites and quenching constant. Moreover, the detection of conforma-
ional changes of the protein as well as the specific interaction with
NPs with respect to pH was confirmed by SERS measurements.

n view of future biological applications, we also investigated the
eat-induced changes in the tertiary structure of both free and
ioconjugated BSA, assessing different pH specific critical temper-
tures at which conformational changes of BSA are susceptible to
ccur.

. Materials and methods

.1. Materials

Tetrachloroauric acid (HAuCl4·4H2O, 99.99%), sodium citrate
C6H5Na3O7), aminopropyltriethoxysilane (APS) and Bovine Serum
lbumin (BSA, MW 66 kDa) were purchased from Aldrich and used
s received. Reagent-grade NaOH and HCl were used to adjust the
H values. Ultra-pure water with a conductivity of 18.2 M� was
sed throughout the experiments.

.2. Gold nanospheres synthesis and conjugation with BSA

Spherical GNPs with a diameter of about 18 ± 2 nm (determined
rom TEM image) were synthesized according to the Turkevich

ethod, which uses the reduction of chloroauric acid (HAuCl4)
ith sodium citrate [18]. The as-prepared nanoparticles exhibit a
lasmonic resonance peak at 520 nm.

The albumin solutions were prepared freshly at room tem-
erature by dissolving solid BSA in ultrapure water at pH 6 to a
oncentration of 1 mg/mL, which corresponds to the native form of
SA. The solution was adjusted to pH 2 and pH 5 by the addition of
mall volumes of 0.1 M HCl and to pH 9, respectively, by the addi-
ion of 0.1 M NaOH solution. The albumin solutions were stirred
or 30 min to ensure complete protein dissolution. The BSA–GNPs
ioconjugates were prepared by mixing 100 �L of BSA solution, at

ifferent pH values, with 500 �L of GNPs solution. The as-prepared
SA–GNPs solution was used for the UV–vis measurements. For
he fluorescence measurements various BSA–GNPs solutions were
repared by mixing the BSA and GNPs solutions in different molar
atios between 1:0 and 1:6. The concentrations of GNPs were
tobiology A: Chemistry 217 (2011) 395–401

ranged from 0.55 × 10−9 M to 2.75 × 10−9 M. All pH measurements
were made with a 315 I pH meter.

2.3. Substrate preparation for SERS analysis

For SERS measurements, the preparation of GNPs substrate com-
prises a few steps: (i) the glass slides were treated in Piranha
solution (3:1 H2SO4:H2O2) for 24 h in order to remove the organic
groups; (ii) the cleaned glass slides were functionalized in APS
MeOH for 1 h; (iii) the as-prepared substrates were rinsed several
times with MeOH and ultrapure water; (iv) the silanized substrates
were immersed in colloidal GNPs solution for 120 min; (v) the
substrates coated with GNPs were immersed for 2 h into the BSA
protein solution at different pH.

2.4. Characterization of the BSA–GNPs bioconjugates

The optical absorbance spectra of the prepared solutions were
recorded at room temperature using a Jasco V-670 UV–vis-NIR
spectrophotometer with a slit width of 2 nm. The morphology and
size distribution of as-formed GNPs were analyzed by transmission
electron microscopy (TEM) using a JEOL JEM 1010 microscope. For
BSA–nanoparticles conjugates imaging, the negative staining tech-
nique was employed using uranyl acetate dihydrate as the contrast
agent. The samples for TEM were prepared by placing a drop of
gold colloidal solutions onto carbon-coated copper grids and dried
at room temperature. The fluorescence spectra were recorded using
a Jasco LP-6500 spectrofluorimeter coupled with a Jasco ADP-303T
temperature controller (−10 to 110 ◦C). The intrinsic fluorescence
of BSA was obtained at 337 nm by exciting the fluorescence of Trp
residues at 280 nm using bandwidths of 3 nm and quartz cells with
1.0 cm path length. The SERS measurements were conducted using
a Confocal Raman microscope (CRM 200 Witec) equipped with
a 100× microscope objective. The spectra were recorded using a
632.8 nm He–Ne laser with a power of 1.5 mW. The typical exposure
time for each SERS measurement was 30 s. The SERS spectra were
collected from different points on the sample in order to ensure the
reproducibility of the measurements.

3. Results and discussion

3.1. Monitoring the formation of BSA–GNPs bioconjugates at
different pH

pH is one of the most important external stimuli that affects the
conformation of the BSA protein in solution, also influencing the
charge of the protein functional groups and moreover, can cause
the attraction or repulsion of GNPs in solution. As such, we decided
to monitor the effect of the pH on the optical response of BSA,
both pure and absorbed on the surface of GNPs. We must point
out that the surface of the as-prepared GNPs is negatively charged
due to citrate coverage which prevents their aggregation. How-
ever, the net charge of BSA molecule is highly sensitive to the pH
of the solution, being positive for pH < pI, neutral for pH = pI and
negative for pH > pI, where pI represents the isoelectric point [19].
In our case, the isoelectric point of BSA is 4.7 [20]. In agreement
with these observations, Fig. 1 shows the UV–vis absorption spec-
tra of BSA solution in the absence (spectra a–c) and presence of
GNPs (spectra d–f) at pH 2, 6 and 9, respectively, together with
the reference spectrum (g) of the as-prepared GNPs in solution.

The BSA in solution exhibits a specific absorption band in UV at
about 278 nm due to the electronic transition of aromatic amino
acids, slightly shifting as a function of pH. Compared to free GNPs
in solution, the spectral position of the LSPR band of bioconjugated
GNPs exhibited a pH sensitive red-shift, from 520 nm to 527 nm,



M. Iosin et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 395–401 397

Fig. 1. Absorption spectra of BSA solution in the absence (spectra a–c) and pres-
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in absence and presence of GNPs, Kq is the bimolecular quench-
ing rate constant, �0 = 5 × 10−9 s is the average lifetime of the
BSA in the absence of GNPs, [GNPs] is the concentration of the
quencher and KSV is the Stern–Volmer quenching constant, which
nce of GNPs (spectra d–f) at pH 2, 6 and 9, respectively; spectrum g represents
he absorption spectrum of the as-prepared GNPs in solution. The inset shows a
epresentative TEM image of BSA–GNPs bioconjugate at pH 6.

23 nm and 521 nm for pH 2, pH 6 and pH 9, respectively. The
SPR spectral shifts transduce the modification of the refractive
ndex that occurred in the local environment of the nanoparti-
les as a result of the formation of the bioconjugates. We infer
he presence of BSA at the surface of GNPs from the TEM images
see inset in Fig. 1), which clearly reveal a white layer contour of
.5 nm surrounding the nanoparticles, referred in the literature as
protein corona” [21]. Additionally, the measured spectral modi-
cations were accompanied by a visual change of the solution’s
olor, from red, corresponding to isolate GNPs, to violet, corre-
ponding to bioconjugates. These spectral changes inform about
he formation of BSA–GNPs bioconjugates which modify the elec-
romagnetic coupling of GNPs and their optical response. At pH 2
he positive charge of BSA molecules interacts with the negatively
harged GNPs, leading to a larger LSPR red shift and a concomi-
ant broadening of the plasmonic band of GNPs. On the contrary,
t high pH there is an electrostatic repulsive interaction between
he negatively charged GNPs and BSA, keeping most of the GNPs
solated and stable. In addition, the interaction between BSA and
NPs was also assessed by the observed changes in the shape of

he recorded absorption spectrum of BSA before and after biocon-
ugation (see Fig. 1). Nonetheless these results are not conclusive
or obtaining relevant information concerning the conformational
ehavior of the albumin, due to the significant overlapping with the
bsorption of Au3+ ions and auric species in solution [22]. However,
ore specific information concerning the pH-induced conforma-

ional changes of BSA, as well as the degree of exposure of the Trp
esidues in albumin to solvent can be obtained using fluorescence
pectroscopy.

In fact, the fluorescence properties of BSA are due to the exis-
ence of Trp residues in two different positions, one located on
he surface of the protein in domain I (Trp-134), more exposed
o a hydrophilic environment, and the other in the hydrophobic
ocket in domain II (Trp-213) [23]. As we can seen in Fig. 2, the
ure BSA solution at pH 6 (spectrum c) exhibits an intrinsic emis-
ion band centered at 337 nm, while at pH 2 (spectrum a), pH 5
spectrum b) and pH 9 (spectrum d) the emission band was shifted
t 324 nm, 336 nm and 339 nm, respectively, indicating different
ossible conformation states of albumin as a consequence of pH
hanges. Actually the shift of the emission maximum provides valu-
ble information about the polarity changes around the fluorophore

olecule [24], the blue shift indicating that Trp residues in albu-
in were placed in a more hydrophobic environment due to its

ertiary structural change, whereas the red shift indicating that
rp residues were more exposed to solvent. Thus, at neutral pH,
Fig. 2. Fluorescence spectra of BSA at pH 2 (spectrum a), pH 5 (spectrum b), pH 6
(spectrum c) and pH 9 (spectrum d).

BSA presents a normal/native form (‘N-form’), whereas at pH 2
and pH 9 BSA presents a fully expanded (‘E-form’) and basic (‘B-
form’) form, respectively. In the ‘E-form’, the fluorescence emission
of BSA is blue shifted compared to the ‘N-form’, due to the increased
inter-domain separation and rearrangement of the Trp in a more
hydrophobic environment of the protein matrix [25].

In order to obtain local information concerning the Trp emis-
sion behavior in albumin at different pH, in the presence of GNPs,
a fixed concentration of BSA was titrated with different amounts
of GNPs solution. The results presented in Fig. 3 demonstrate the
drastic quenching of the fluorescence emission of the Trp residues
in albumin at pH 2 with increasing concentrations of GNPs (from
0.55 × 10−11 M to 2.75 × 10−11 M). From the recorded fluorescence
spectra, the quenching constant (KSV) can be calculated using the
Stern–Volmer equation [26]

F0

F
= 1 + Kq�0[GNPs] = 1 + KSV[GNPs] (1)

where F0 and F are the relative fluorescence intensity of Trp residues
Fig. 3. The fluorescence spectra of tryptophan residues in BSA (pH 2) at
different concentrations of GNPs: (a) 0, (b) 0.55 × 10−11 M, (c) 1.1 × 10−11 M,
(d) 1.65 × 10−11 M, (e) 2.2 × 10−11 M and (f) 2.75 × 10−11 M. Inset shows the
Stern–Volmer plot of BSA fluorescence quenching induced by GNPs at pH 2.
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ndicates the sensitivity of the fluorophore to a quencher. For pH
, the Stern–Volmer curve of F0/F versus concentration of GNPs
as plotted in the inset in Fig. 3. From the linear fit of the data,
e found that KSV = 1.11 × 109 M−1. Similarly, we calculated the

tern–Volmer quenching constants for pH 6 and 9 (data not shown
ere), yielding KSV = 1.7 × 109 M−1 for pH 6 and KSV = 1.6 × 109 M−1

or pH 9. Thus, from Eq. (1) the bimolecular quenching rate con-
tant Kq was calculated to be Kq = 0.22 × 1018 M−1 s−1 for the
SA–GNPs bioconjugates at pH 2, Kq = 0.34 × 1018 M−1 s−1 at pH 6
nd Kq = 0.32 × 1018 M−1 s−1 at pH 9, respectively. The calculated Kq

s greater compared with the value obtained for biological macro-
olecules due to the collision mechanism (2.0 × 1010 M−1 s−1),

mplying that in our case the quenching is not initiated by dynamic
ollision but by the formation of a nonfluorescent complex resulted
rom static quenching mechanism [27].

The equilibrium binding constant (Kb) and the number of bind-
ng sites (n) between GNPs and BSA can be also determined from
he above results, as we previously described [13]. Thus, the num-
er of binding sites n were found to be 1.77 at pH 2, 1.97 at pH 6
nd 1.76 at pH 9, whereas the binding constant Kb, which indicates
he equilibrium between adsorbing and desorbing species, were
alculated to be 2.6 × 109 M−1 at pH 2, 1.81 × 109 M−1 at pH 6 and
.03 × 109 M−1 at pH 9, higher values corresponding to stronger
ttraction. Moreover, in order to mimic the real biological envi-
onment we specifically studied the formation of bioconjugates at
H 5 which is common in many cellular organelles. We calculated
he Stern–Volmer quenching and bimolecular quenching rate con-
tant, yielding KSV = 1.74 × 109 M−1 and Kq = 0.348 × 1018 M−1 s−1.
he number of binding sites and the equilibrium binding constant
n this case were n = 1.85 and Kb = 2.82 × 109 M−1, revealing that the

aximum adsorption of albumin molecules on the surface of GNPs
ccurs close to the pI of BSA.

.2. Monitoring the thermal denaturation of BSA at different pH

The thermal denaturation of the proteins is an intricate process
nd therefore its elucidation is vital for understanding the protein
tability. In fact, by increasing the temperature, the native form
f the protein becomes more flexible, and as a consequence, free
SH groups or hydrophobic regions become available to new inter-
olecular interactions. However, the information concerning the

hermal denaturation of proteins in the presence of GNPs is lim-
ted in the literature, and therefore, the second purpose of this
tudy was to investigate the structural changes that accompany
he thermal denaturation of BSA, both before and after adsorption
nto the surface of GNPs, by analyzing the fluorescence emission of
rp residues in albumin. In this sense, we monitored the changes
n fluorescence emission of Trp residues in albumin between 22 ◦C
nd 85 ◦C, a range of temperature variations which are expected to
reatly influence the tertiary structure of albumin.

As we mentioned before, the pure BSA aqueous solution at
oom temperature exhibits a strong intrinsic fluorescence emis-
ion band centered at 337 nm, which is highly sensitive to the
icroenvironment [28]. As such, by increasing the temperature,

he fluorescence spectrum of Trp exhibited a significant blue shift
f its emission maximum from 337 nm to 330 nm. The graphical
epresentation presented in the inset of Fig. 4 (denaturation curve)
eveals a nonlinear relationship between the measured blue shift
nd temperature. Thus, the denaturation curve of pure BSA sug-
ests the existence of two transition temperatures, at 43 ◦C and
5 ◦C, at which a change in the Trp environment occurs as a conse-

uence of temperature increase leading to changes of the protein
onformational structure. Interestingly, the plateau of the denat-
ration curve indicates that albumin maintains its native state up
o about 42–43 ◦C and the first transition temperature occurs near
he maximum temperature of fever in pathological conditions (i.e.
Fig. 4. Temperature dependence of the fluorescence emission spectra of Trypto-
phan residues in BSA at pH 6. The inset shows the temperature-induced variation
of fluorescence peak position of tryptophan, both during heating and cooling.

42 ◦C). Between 43 ◦C and 65 ◦C a blue shift of the maximum fluo-
rescence of albumin was observed, this drop-off of the denaturation
curve of pure BSA, suggesting a transition from its compact/native
state to a more open state. Rezaei-Tavirani et al. also observed a
similar behavior for albumin protein using different methods [29].
The full protein denaturation ends after 65 ◦C where we recorded
the second plateau of the denaturation curve. Additionally, in good
agreement with our results, Lin and Koenig reported the same tran-
sition temperatures for BSA using Raman spectroscopy, concluding
that up to 42 ◦C the BSA protein remains in the native state, between
50 ◦C and 60 ◦C the �-helix unfolding occurs, while at 70 ◦C the gel
formation or intermolecular association takes place, suggesting the
presence of �-conformation [30]. It is worthwhile to mention that
this behavior of the denaturation curve was accompanied by a lin-
ear decrease of the intensity of the Trp emission by increasing the
temperature. Thus, increasing the temperature from 22 ◦C to 85 ◦C
lead to a 72% decrease of the emission intensity, due to the fully
exposure of Trp residues to the solvent, which is in good agree-
ment with the principle of micelle sensitization [31]. In addition, we
investigated the reversibility of the thermal denaturation of BSA by
monitoring the emission spectra of Trp during the cooling process,
the results yielding an irreversible behavior of the denaturation
curve of BSA (see inset Fig. 4).

Further we proceed to investigate the combined effects of
temperature and pH on the behavior of BSA, before and after bio-
conjugation with GNPs. For this purpose we compared the thermal
denaturation curve of the protein solution between 22 ◦C and 85 ◦C
for four different pH values: 2 (Fig. 5, spectra �), 5 (Fig. 5, spectra
�), 6 (Fig. 5, spectra �) and 9 (Fig. 5, spectra �). Firstly, we observe a
high dependence of the protein conformational transition temper-
atures on pH. Compared to pH 6, the alkaline medium has a much
more drastic effect on the protein demonstrated by the lower tem-
perature of the first transition point, which occurred at 32 ◦C. On the
contrary, the acidic medium is less harmful to the protein, the BSA
denaturation curve exhibiting in this case the first transition tem-
perature at 46 ◦C. The bioconjugation with GNPs has a pH-sensitive
effect on the denaturation curve of the BSA. As shown in Fig. 5,
spectrum �, at pH 6 the presence of GNPs induces a red shift of BSA
emission as discussed before, yielding a first transition temperature
at 47 ◦C. This temperature difference implies that the presence of

GNPs modifies the thermal behavior of BSA fluorescence, improv-
ing thus the thermal stability of the protein. However, the thermal
denaturation of the bioconjugated BSA at pH 2 and 9, exhibits sim-
ilar behaviors with that of BSA before bioconjugation, at the same
pH values.
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Fig. 5. Temperature-induced variation of the fluorescence emission peak position
of BSA solution compared with BSA–GNPs conjugates at different pH; �exc = 280 nm.
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ig. 6. Stern–Volmer plots for the quenching at pH 6 of BSA by GNPs at the four
ifferent temperatures. The inset shows the dependence of the Stern–Volmer KSV

uenching constant on the temperature.

In order to investigate the temperature effect on fluorescence
uenching of BSA by GNPs we calculated the KSV quenching con-
tant at different temperatures. Fig. 6 presents the Stern–Volmer
lots for the quenching of the Trp residues in albumin at pH 6 by the
NPs at four different temperatures (295, 318, 338, 358 K), demon-
trating that the KSV quenching constant is inversely correlated
ith temperature. The corresponding values of KSV at different tem-
eratures are presented in Table 1. This inverse proportionality
etween the quenching constant and temperature also confirms,

s demonstrated previously, that the quenching mechanism of the
SA–GNPs binding reaction is initiated by the formation of a non-
uorescent complex between BSA molecules and GNPs quenchers
26].

able 1
tern–Volmer quenching constant (KSV) and thermodynamic parameters for BSA binding

pH Temperature (K) KSV (mol−1 L) SDa

6
295 1.70 × 109 0.0651
318 1.41 × 109 0.0782
338 9.60 × 108 0.0683

2
295 1.11 × 109 0.0601
318 6.88 × 108 0.0721
338 5.05 × 108 0.0700

a SD is the standard deviation of the KSV values.
b R is the correlation coefficient.
Fig. 7. Van’t Hoff plot of BSA–GNPs bioconjugates at pH 6 calculated for three dif-
ferent temperatures.

3.3. Determination of the thermodynamic parameters and
binding mode between BSA and GNPs

The potential interaction forces between GNPs and biolog-
ical macromolecules, in general, may include hydrogen bonds,
hydrophobic forces, electrostatic forces, and van der Waals’ interac-
tions, and therefore, it is important to investigate the binding mode
of BSA to GNPs. In order to elucidate this interaction we proceed to
a thermodynamic analysis of the GNPs-induced quenching of the
fluorescence emission of BSA at three different temperatures. The
standard enthalpy change (�H) and standard entropy change (�S)
for the binding reaction can be evaluated according to the Van’t
Hoff equation:

ln Kb = �H

RT
+ �S

R
(2)

where Kb is the binding constant at the corresponding temperature
and R is the gas constant. The temperatures used in our experiment
were 295, 318 and 338 K, respectively. As we can seen from Fig. 7,
the Van’t Hoff plot of ln Kb versus 1/T exhibits a very good linear-
ity, allowing us to calculate the enthalpy change (�H) and entropy
change (�S).

Subsequently, the Gibbs free energy change (�G) can be esti-
mated from the following equation:

�G = �H − T�S (3)

The calculated values for �H, �S and �G are listed in Table 1.
The positive entropy (�S) and negative enthalpy (�H) values for
the interaction of BSA and GNPs at pH 6 indicate that the electro-

static interactions played a major role in the binding reaction [32],
while the negative value of �G shows that the binding process is
spontaneous. Contrary, at low pH the acting force between BSA and
GNPs surface was mainly hydrophobic interaction force.

to GNPs.

Rb �H (kJ/mol) �S (J/mol K) �G (kJ/mol)

0.9994
−28.96 81.35

−48.29
0.9988 −54.70
0.9980 −64.32
0.9983

10.79 132.87
51.11

0.9982 53.59
0.9975 55.22



400 M. Iosin et al. / Journal of Photochemistry and Pho

F
a

3
b

f
s
R
i
u
c
d
a
n
p
f
t
c
a
s
6
1
n
t
s
t
T
o
m
o
i

T
B

ig. 8. Raman spectrum of solid BSA and SERS spectra of bioconjugates BSA–GNPs
t pH 2 (spectrum c), at pH 6 (spectrum b) and pH 9 (spectrum a).

.4. SERS investigation of molecular interaction in BSA–GNPs
ioconjugates

Specific molecular information concerning the BSA–GNPs inter-
ace can be provided by SERS spectroscopy, an ultra-sensitive
pectroscopic tool for interface studies. It is well known that the
aman signal of a molecule can be highly amplified by adsorb-

ng the analyte on the surface of GNPs, leading to amplifications
p to107, by combining the electromagnetic enhancement and
hemical charge transfer mechanisms [33]. Fig. 8 depicts the pH-
ependent SERS spectra of BSA molecules at pH 9 (spectrum a),
t pH 6 (spectrum b) and at pH 2 (spectrum c), together with the
ormal Raman spectrum of solid BSA (spectrum d), assessing that
H induces great difference at interface. The band assignments
or the normal Raman spectrum of BSA and recorded SERS spec-
ra are listed in Table 2. The recorded SERS spectra confirm the
hange in the �-helix and �-sheet content of the conjugated BSA
t different pH values. At neutral pH, BSA protein reveals a heart-
haped molecule and is know to be rich in �-helix structure (about
8%), confirmed in our SERS measurement by an intense band at
657 cm−1 due to the amide I mode as shown in Fig. 8. As such, at
eutral pH, the first indication of changes in the secondary struc-
ure of BSA due to the protein adsorption onto the GNP surface is
uggested by the shift of the amide I band, which is characteris-
ic to the �-helix content in albumin, from 1657 to 1649 cm−1 [34].
hese spectral changes point out that some of the �-helix structure

f BSA may become modified to a �-sheet or random coil confor-
ation due to the interaction with GNP surface. In addition, this

bservation is sustained by the decrease in the SERS spectrum of the
ntensity of the skeletal C–C vibration of �-helix conformation at

able 2
and assignments for the normal Raman and SERS spectra of BSA.

BSA (Raman) BSA pH 2
(SERS)

BSA pH 6
(SERS)

BSA pH 9
(SERS)

Band
assignmentsa

1655 1614 1649 Amide I
1580 1590 Phe
1455 1446 ıCH2

1403 1420 COO−

1211 1214 Phe or Tyr
1033 1038 Phe
1005 1002 Phe

943 927
860 862 Tyr
833 838 Tyr

a Ref. [31].
tobiology A: Chemistry 217 (2011) 395–401

943 cm−1, indicating its unfolding. The conformational changes of
BSA as a function of temperature were investigated by Das et al. by
Raman spectroscopy, demonstrating that the secondary structure
of albumin is also extremely sensitive to temperature [35]. The con-
tribution from different amino acids can be observed at 1007 and
1033 cm−1 (Phe ring breathing), at 1590 cm−1 (Trp) and 862, 838
and 1214 cm−1 (Tyr). In addition, spectral changes in SERS in the
704–620 cm−1 region are due to the �C–S stretching modes of cys-
teine, the most abundant amino acids in albumin protein, located
at position 34 in domain I. However, at low pH values, the amide
III band at 1230 cm−1 increased in intensity, suggesting a higher
contribution from the �-sheet to the albumin structure (see Fig. 8,
spectrum c). This means that prior to the molecular expansion of
BSA at pH 2, some local disruption of helices can occur. At pH 9,
the band at 1420 cm−1 due to the symmetric vibration of the COO−

group is significantly enhanced in the SERS spectrum of BSA, sug-
gesting that the carboxyl groups are also interactive with GNPs (see
Fig. 8, spectrum a).

4. Conclusions

In summary, in this work we have studied the conformational
changes induced by pH and temperature on BSA, before and after
conjugation with GNPs, using a combination of spectroscopic tech-
niques from LSPR to fluorescence and SERS. The results show that
BSA protein in the bioconjugates underwent important confor-
mational changes on both secondary and tertiary structure levels.
The thermal denaturation of BSA adsorbed onto the GNPs surface
exhibits a distinct behavior compared to BSA in solution, suggesting
the possibility of employing GNPs as probes to monitor the thermal
denaturation of proteins. Moreover, we use SERS spectroscopy of
some specific vibrational bands to follow conformational changes
of BSA at metal interface at different pH. These results confirmed
that extern stimuli, in this case pH and temperature, greatly influ-
ence the nano–bio interfaces, and subsequently the behavior of
bioconjugates in biological environments.
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