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Abstract We evaluated the potential of tryptophan (Trp)
phosphorescence spectroscopy for investigating conforma-
tional states of proteins involved in interaction with
nanoparticles. Characterization of protein—nanoparticle
interaction is crucial in assessing biological hazards related
to use of nanoparticles. We synthesized glutathione-coated
CdS quantum dots (GSH-CdS), which exhibited an absorp-
tion peak at 366 nm, indicative of 2.4 nm core size. Chemi-
cal analysis of purified GSH-CdS suggested an average
molecular formula of GSH §S5,Cd,. Investigations were
conducted on model proteins varying in terms of isoelectric
point, degree of burial of the Trp probe, and quaternary
structure. GSH-CdS fluorescence measurements showed
improvement in nanoparticle quantum yield induced by
protein interaction. Trp phosphorescence was used to
examine the possible perturbations in the protein native
fold induced by GSH-CdS. Phosphorescence lifetime mea-
surements highlighted significant conformational changes in
some proteins. Despite their small size, GSH-CdS appeared
to interact with more than one protein molecule. Rough
determination of the affinity of GSH-CdS for proteins was
derived from the change in phosphorescence lifetime at
increasing nanoparticle concentrations. The estimated affinities
were comparable to those observed for specific protein—
ligand interactions and suggest that protein—nanoparticle
interaction may have a biological impact.
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Introduction

The advent of nanotechnologies has had a major impact on
a wide range of medical and biological applications, as well
as electronics, water treatment technologies, and solar cells
(Brown and Kamat 2008; Bruchez et al. 1998; Deliyanni
et al. 2003; Michalet et al. 2005; Wu et al. 2003). Progress
in these fields, however, has raised concerns about human
health and environmental hazards. There is some evidence
of toxicity of nanoparticles to bacteria, algae, aquatic inver-
tebrates, fish species, and mammalian cell cultures (Handy
et al. 2008). However, little is known about how such
systems are affected, and safety remains an open issue.
Since the biological effect at cellular level is the sum of
interactions at molecular level, studying the interaction of
nanoparticles with biomolecules may be the key factor for
understanding the uptake and toxicity mechanisms in living
organisms. Proteins are fundamental for the proper func-
tioning of cells and organisms, thus the impact of nanopar-
ticles on living organisms in terms of protein structural
changes is a critical issue that has attracted increasing atten-
tion (Deng et al. 2011).

In a biological environment, nanoparticles are immedi-
ately covered by a corona of rapidly exchanged biomole-
cules, consisting mainly of proteins (Hellstrand et al. 2009;
Lundqvist et al. 2008). The protein coating changes the
chemical nature of the particle surface and consequently
can influence its fate in the body, by promoting or obstruct-
ing uptake by cells (Lynch et al. 2007, 2009). Interaction
with nanoparticles may result in loss of protein structure,
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leading to loss of biological activity (Hong et al. 2004;
Lundqvist et al. 2004; Shang et al. 2007). Moreover, the
conformational changes induced in the protein by nanopar-
ticle interaction may in turn affect biological mechanisms
(Deng et al. 2011).

Several different nanoparticle and protein combinations
have recently been studied using different techniques, such
as size-exclusion chromatography, isothermal titration cal-
orimetry, circular dichroism, fluorescence, and Fourier-
transform infrared spectroscopy (Cedervall et al. 2007; De
et al. 2007; Jiang et al. 2010; Rocker et al. 2009; Sabatino
et al. 2007). So far, the results show that the interaction is
dependent on specific protein—nanoparticle pairs, and there
are many open issues regarding the general paradigms
(Lynch and Dawson 2008). In addition, the analysis of
more recent results highlights the importance of investigat-
ing the microscopic details of the corona (Monopoli et al.
2011).

Semiconductor nanoparticles, also termed quantum dots
(QDs), such as CdS, CdSe and CdTe, have been exten-
sively studied, due to their size-tunable optical, electronic,
and catalytic properties (Alivisatos et al. 1996; Michalet
et al. 2005). QDs in the range of 2—6 nm are interesting due
to their dimensional matching with biomolecules (Medintz
et al. 2005) and seem to be very promising agents also for
in vivo imaging (Tavares et al. 2011). QDs are typically
produced in organic solvents, resulting in hydrophobic
nanoparticles which are insoluble in water and not suitable
for biomedical purposes. Water-soluble surface stabilizers
have been successfully employed to coat QDs, which have
then been used as fluorescent probes in a variety of biologi-
cal applications (Bruchez et al. 1998; Medintz et al. 2005).
Of the commonly used coating agents, thiol-containing
molecules, such as mercaptoethanol, cysteine, glutathione,
and phytochelatins, have been usefully employed for direct
synthesis of biocompatible CdS quantum dots (Bae and
Mehra 1998; Jiang et al. 2007; Thangadurai et al. 2008).

In this study, glutathione (GSH) was chosen as a capping
ligand of CdS QDs, following a simple procedure at room
temperature, which involves directly incorporating sulfide
into preformed Cd-GSH complexes (Nguyen et al. 1999).
The interaction between glutathione-coated CdS quantum
dots (GSH-CdS) and model proteins was studied by fluo-
rescence and Trp phosphorescence spectroscopy. The Trp
phosphorescence lifetime (7) depends on the local viscos-
ity, and increases by 3-4 orders of magnitude from fluid
to rigid matrices (Strambini and Gonnelli 1995). In proteins,
7 is essentially a monitor of the local flexibility of the pro-
tein structure around the phosphorescent Trp residue, and is
quickly affected even by minor changes in protein confor-
mation (Gonnelli and Strambini 1995, 2005). Trp phospho-
rescence has been applied to study even subtle changes in
protein conformation such as those induced by ligand binding
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(Cioni and Strambini 1989; Strambini and Gabellieri 1990),
subunit association (Strambini et al. 1989), protein—protein
interactions (Gabellieri and Strambini 1994), as well as
variations in physical and chemical properties of the solu-
tion (Cioni and Strambini 2002; Strambini and Gabellieri
1996). In addition, Trp phosphorescence has been usefully
employed for investigating the effect on protein conforma-
tional states of adsorption on solid surface (Gabellieri and
Strambini 2000, 2001). Trp phosphorescence has also been
applied for investigating the interaction of model proteins
with dendrimers, synthetic polymers of nanometric size
(Gabellieri et al. 2006).

In the current study, model systems were selected from
proteins with well-characterized phosphorescence proper-
ties in a wide range of experimental conditions, with known
crystallographic structure and various degrees of quaternary
structure, namely C112S-azurin (C112S-Az) (monomer),
liver alcohol dehydrogenase (LADH) (dimer), aldolase
(Ald) (tetramer), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (tetramer). In the selected proteins, the
emission is due entirely to a single Trp residue per subunit,
which has been identified in all the above proteins except
Ald. In the latter, the emission is from either W295 or
W313, or both, as the third residue, W147, is totally
quenched by C149, which is in direct contact with it
(Gonnelli and Strambini 2005).

Our results highlight that GSH-CdS can interact with
proteins, forming complexes in which the protein structure
may be significantly altered. The induced conformational
changes are not confined to the superficial layers of the pro-
tein structure, but seem to propagate to the internal regions
where the phosphorescent probes are localized.

Materials and methods
Chemicals and proteins

All reagents were of analytical grade: reduced glutathione
(GSH) was from Sigma-Aldrich (St. Luis, MO);
Na,S-9H,0, CdCl,-H,0, and tris(thydroxymethyl)amino-
methane (Tris) were from Carlo Erba (Milan, Italy). A solu-
tion of 50 mM Tris at pH 8 was used throughout the work.
Water was purified by a Milli-Q Plus system (Millipore
Corporation, MA). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) from Bacillus stearothermophilus was
kindly supplied by Prof. G.Branlant, University Henri
Poincaré (Nancy, France). The azurin C112S mutant
(C112S-Az) was constructed using the Quik Change kit
(Stratagene, La Jolla, CA) and confirmed by sequencing.
C112S-Az was prepared as described elsewhere (Karlsson
et al. 1989). With respect to the native protein, the C112S
mutant has lost the ability to bind metal ions. Horse liver
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alcohol dehydrogenase (LADH) was a generous gift from
Dr M. Gonnelli, Institute of Biophysics (CNR, Pisa, Italy).
Rabbit muscle aldolase (Ald) was from Sigma—Aldrich
(St. Luis, MO). Before use, a suitable amount of each protein
stock was dialyzed overnight against Tris buffer.

Preparation of synthetic GSH-coated CdS quantum dots

In vitro synthesis of GSH-coated CdS quantum dots
(GSH-CdS) was performed by following the procedure
reported by Nguyen et al. (1999) with some modifica-
tions. CdCl, was added to a solution of 10 mM GSH in
50 mM Tris (pH 8) at GSH:Cd molar ratio of 2, bubbled
with nitrogen, and left to react for 10 min. Sodium sulfide
was then added to the preformed Cd-GSH complexes at
S:Cd molar ratio of 1 under a nitrogen atmosphere, and
the sample was incubated at room temperature for 30 min
under stirring. By following this procedure, a pale-yellow
solution of GSH-CdS was obtained. Finally, the solution
was degassed with nitrogen (30 min) to remove excess
free sulfide, stored in the dark at +4°C, and used within a
few days. Before the reaction with proteins, small sample
volumes (500 pl) were dialyzed (cut-off 3,500 Da) over-
night against the same Tris buffer to remove unreacted
reagents.

Chemical characterization of GSH-CdS

Dialyzed GSH-CdS were assayed for their GSH, Cd, and
sulfide contents. GSH was analyzed by pre-column deriva-
tization with monobromobimane (mBrB) by following the
procedure reported elsewhere (Morelli and Scarano 2001).
The high-performance liquid chromatography (HPLC)
system consisted of two Shimadzu LC-10 AD pumps, a
Rheodyne 7725 injection valve connected to a 50-pl loop, a
RF-10 AXL Shimadzu fluorescence detector, and a Kinetex
(Phenomenex) 2.6 pum C18 reverse-phase column (100 x
4.6 mm). A linear gradient from 10% to 12% acetonitrile in
water containing 0.1% trifluoroacetic acid for 7 min was
used at flow rate of 1 ml min~".

Cd determination was carried out by atomic absorption
spectroscopy using a PerkinElmer spectrophotometer
(model 1100 B) equipped with a graphite furnace (model
HGA 700).

Acid-labile sulfide (S) was determined by the methylene
blue method (Rabinowitz 1978), by following the proce-
dure reported elsewhere (Scarano and Morelli 2003).

Spectroscopic measurements
Absorption spectra were measured by a double-beam

JASCO V-550 UV/Vis spectrophotometer. Fluorescence
measurements were performed using a Fluoromax-4

spectrofluorometer. Emission spectra were recorded using an
excitation wavelength of 366 nm. Blank spectra, recorded
under the same conditions, were subtracted throughout.

Phosphorescence decays were measured with pulsed
excitation on a home-made apparatus (Strambini et al.
2004). The exciting light (4., = 292 nm) was provided by a
frequency-doubled Nd:YAG-pumped dye laser (Quanta
Systems, Milan, Italy) with pulse duration of 5 ns and typi-
cal energy per pulse around 0.05 mJ. Phosphorescence
intensity was collected at 90° from the vertical excitation
through a filter combination with a transmission window of
405-445 nm (WG405; Lot-Oriel, Milan, Italy, plus inter-
ference filter DT-Blau; Balzer, Milan, Italy) and monitored
by a photomultiplier (EMI 9235QA, Middlesex, UK). The
prompt Trp fluorescence intensity from the same pulse was
used to account for possible variations in the laser output
between measurements, as well as to obtain fluorescence-
normalized phosphorescence intensities. All phosphorescence
decays were analyzed in terms of discrete exponential
components by a nonlinear least-squares fitting algorithm
(DAS6 fluorescence decay analysis software; Horiba
Jobin—Yvon, Milan, Italy).

Results and discussion
Characterization of GSH-CdS

GSH-coated CdS quantum dots were synthesized in vitro
by incorporating sulfide into preformed GSH-Cd com-
plexes at GSH:Cd:S stoichiometric ratio of 2:1:1, as
described in the experimental section. Optical and chemical
properties of GSH-CdS are shown in Fig. 1 and Table 1.
The absorption spectrum exhibited a narrow peak centered
at 366 nm (Fig. 1). As the position of the absorption peak is
related to the average size of the CdS core of the nanoparti-
cles (Efros and Rodina 1989), a diameter of 2.4 nm was
calculated for the inorganic inner core, according to Yu
et al. (2003). Barglik-Chory et al. (2003) assessed the thick-
ness of the GSH capping around the CdS inner core to be
0.5 nm. Using this value, we estimated the overall size of
the synthesized nanoparticles as being approximately
3.4 nm. The concentration of GSH-CdS was determined
from the absorbance at 366 nm, by using the ¢ value calcu-
lated from Yu’s equation (Yu et al. 2003), as reported in
Table 1. Chemical assays of the synthesized GSH-CdS
showed a Cd:S:GSH molar ratio close to 1:0.9:0.3. A simi-
lar S:Cd ratio (0.92) was also determined by Thangadurai
et al. (2008), in a structural and photophysical study carried
out on thiol-capped CdS. By taking into account the ratio
between the concentrations of GSH, Cd, S, and GSH-CdS,
we inferred an average molecular formula of
GSH,3S5,Cdg. This formula is in rough agreement with the
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Fig. 1 Absorption spectrum (solid line) and fluorescence emission
spectrum (dashed line) of GSH-CdS in 50 mM Tris, pH 8 at 20°C;
excitation wavelength, 366 nm

inorganic core of 70-90 atoms of Cd described by other
authors for GSH-CdS (Neder and Korsunskiy 2005).

The fluorescence emission spectrum (4., =366 nm)
shows a large Stokes shift, with the maximum of the emission
located at 530 nm (Fig. 1). The spectrum shape appears
rather broad (~175 nm, half-band width), as often described
for CdS nanoparticles synthesized in aqueous solution
(Chestnoy et al. 1986; Zou et al. 2009). Overall, the optical
properties agree well with those reported by other
authors using different protocols for nanoparticle synthesis
(Barglik-Chory et al. 2003; Jiang et al. 2007; Zou et al. 2009).

Effect of model proteins on the fluorescence emission
of GSH-CdS

Addition of micromolar quantities of different proteins
changed the fluorescence properties of GSH-CdS. Figure 2
shows that 2 uM Ald, GAPDH, and LADH shifted the peak
wavelength and increased the fluorescence intensity of
0.8 uM  GSH-CdS. Table2 summarizes the changes
induced in the fluorescence emission of the nanoparticles
by each protein. A blue-shift in the peak wavelength of 22

Table 1 Chemical properties of dialyzed GSH-CdS

+C112S-Az

Fluorescence (a.u.)

T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2 Fluorescence emission spectra of a 0.8 pM GSH-CdS solution
before and after addition of C112S-Az, LADH, GAPDH or Ald at final
concentration of 2 uM in 50 mM Tris, pH 8

and 30 nm induced by Ald and GAPDH, respectively, was
measured. Ald and GAPDH also produced a remarkable
effect on the quantum yield of GSH-CdS, which increased
1.9 and 1.6 times, respectively. A smaller but significant
enhancement in the fluorescence intensity was also induced
by LADH. The emission properties of QDs mainly depend
on the surface structure, especially surface defects (Spanhel
et al. 1987). Consequently, changes in quantum yield of
fluorescence are directly related to changes in the surface
states. These changes may be induced by different coating
agents (Thangadurai et al. 2008), or the formation of com-
plexes between ions and surface groups (Chen and Rosen-
zweig 2002), or protein binding (Jiang et al. 2007).

Based on this evidence, the increase in fluorescence
emission observed in our experimental conditions suggests
that LADH, Ald, and GAPDH interact with GSH-CdS
strongly enough to alter the states distribution on the sur-
face of the nanoparticles. On the other hand, no effect on
the spectrum and quantum yield of QDs was measured after
addition of C112S-Az up to 10 pM. This finding indicates
the absence of any interaction between C112S-Az and
GSH-CdS. The different behavior of the examined proteins

Amax Diameter® (nm) & [GSH-CdS] pM

[GSH] M [S] M [Cd] M

366 24 1.65 x 10° 50

905 + 180 2,800 £ 300 3,000 £ 200

4 Calculated from equations in Yu et al. (2003)
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Table 2 Fluorescence emission properties of GSH-CdS before and af-
ter protein addition

Sample Peak Half-band Relative
(nm) width (nm) quantum
yield*
GSH-CdS 530 177 1.0
GSH-CdS + LADH 518 160 1.1
GSH-CdS + Ald 508 151 1.9
GSH-CdS + GAPDH 500 154 1.6

? Fluorescence quantum yield was calculated by integration of the
emission spectrum of samples at the same absorbance. Relative quan-
tum yield is the ratio between the fluorescence emission of GSH-CdS
with added protein and that of GSH-CdS alone

suggests that the interaction of GSH-CdS is not common to
all proteins but rather depends on specific molecular char-
acteristics. In our experimental conditions, at pH 8, nano-
particles covered by residues of glutamic acid of GSH were
negatively charged. At this pH, C112S-Az is negative (pl
5.4), while LADH, GAPDH, and Ald are positive (pI 8.3,
8.44, and 8.2, respectively), and for these three proteins, it
is reasonable to suppose that the interaction with GSH-CdS
is facilitated. Although the number of proteins examined
here was limited, the correlation between protein charge
and binding to GSH-CdS seems to indicate the importance
of electrostatic attraction for this interaction. Electrostatic
attraction has often been indicated as the main force
governing surface adsorption of protein, using both experi-
mental approaches and molecular dynamics simulation (Arai
and Norde 1990; Hung et al. 2011; Makarucha et al. 2011).

Effect of GSH-CdS on the phosphorescence lifetime
of model proteins

Phosphorescence spectroscopy was applied to investigate
the possible protein conformational changes induced by the
interaction with GSH-CdS. The effect of GSH-CdS
(10 uM) on the phosphorescence lifetime of the model pro-
teins (1-3 pM) was measured at 20°C in 50 mM Tris, pH 8.
Figure 3 shows the decay in phosphorescence intensity of
GAPDH after addition of GSH-CdS. The reduction in the
signal-to-noise ratio, observed in the presence of GSH-
CdS, was mainly due to its absorbance at the excitation
wavelength. No signal from GSH-CdS was measured in the
wavelength range of the Trp phosphorescence emission.
The inner filter effect did not affect the decay rate. With the
exception of C112S-Az, whose emission decays exponen-
tially, the phosphorescence decay of each protein is not
exponential, both before and after addition of QDs. Conse-
quently, we decided to analyze the decay data in terms of
the average lifetime, 7 (t = Zo,7;, where o; is the amplitude
of the 7, component) obtained by a two-component fit to
the decay. Multiple lifetime components arise from the

GAPDH

=

Phosphorescence Intensity
e
=

GAPDH + GSH-CdS

L L
0 100 200 300
time (ms)

Fig. 3 Comparison between Trp phosphorescence decay of GAPDH
(1.3 uM) before and after addition of GSH-CdS (10 uM), in 50 mM
Tris, pH 8 at 20°C. The triplet-state lifetimes, 7;, and the pre-exponen-
tial terms, o;, obtained from a two-component fit to the phosphores-
cence decay [P(f) = ae~"" + a,e ™" are 7, =9 ms («, =0.09) and
7, =113 ms (o, =0.91) for GAPDH alone and 7, =3 ms (o; = 0.50)
and 7, = 55 ms («, = 0.50) for GAPDH + GSH-CdS

conformational heterogeneity of protein in solution (Cioni
etal. 1994), a heterogeneity that is apparently increased in
the presence of QDs (Fig. 3). For each protein, Table 3
reports the Trp residue responsible for the phosphores-
cence emission and its minimum distance from the solvent
interface (r,), as measured from the crystallographic
structures. Table 3 also shows the Trp intrinsic phospho-
rescence lifetime (7,), and the change in 7 induced by
GSH-CdS, as measured by the lifetime ratio (t/zy). The /7
values reveal that the phosphorescence lifetime of LADH,
GAPDH, and Ald was significantly altered by GSH-CdS,
whereas that of C112S-Az was unchanged. This finding
thus shows the same trend as the QD fluorescence measure-
ments. The increase in QD fluorescence intensity induced
by LADH, Ald, and GAPDH is concomitant with changes
in their conformational states, as highlighted by the
decrease in the phosphorescence lifetime. On the other
hand, the inability of C112S-Az to affect the fluorescence
properties of GSH-CdS is in agreement with no change in
lifetime.

Trp phosphorescence lifetime is a monitor of the internal
flexibility in proteins. A decrease in 7 indicates an increase
in the internal mobility of the protein structure (Gonnelli
and Strambini 1995, 2005). In the case of LADH, GAPDH,
and Ald, QDs cause a reduction in t as if, locally, the native
fold becomes more flexible through its association with
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Table 3 Change in phosphorescence lifetime (7) of different proteins
after addition of 10 uM GSH-CdS in 50 mM Tris, pH 8, at 20°C

Protein Trp? rpb A) 7,° (ms) /1,
C112S-Az w48 8.0 340 £+ 20 1.00
GAPDH w4 5.5 98 + 10 0.53
LADH W314 45 450 £ 25 0.75
Ald W313/W295 34 20+2 0.67

# Residue responsible for the phosphorescence emission at room tem-
perature

® Thickness of the protein spacer separating the indole ring from the
solvent interface, measured from crystallographic structures

¢ Trp intrinsic phosphorescence lifetime

them. The effects of the interaction propagate to the interior
of the macromolecule (3-5.5 A, see Table 3) and alter the
environment around the phosphorescent residue. On the
other hand, for the deepest Trp residue, W48 of C112S-Az,
our results show that the structure within the internal rigid
core (r, =8 A) is unaffected by GSH-CdS. Thus, a possible
perturbation of protein flexibility in the outer layer, if any,
does not propagate to the interior.

A decrease in T may also be caused by quenching reac-
tions with the chemical groups of the nanoparticle itself or
with traces of unreacted reagents. Caution is particularly
necessary with GSH-CdS because sulfur compounds, such
as sulthydryl and disulfide groups, are strong quenchers of
Trp phosphorescence (Bent and Hayon 1975; Lapidus et al.
2001). We checked to ensure that the GSH-Cd complex
(before sulfide addition) did not affect the decay rate of Trp.
In GSH-CdS, S?~ ions are thought to be bound to Cd* to
form the inner crystalline core, and the thiol group of GSH
is involved in the binding of Cd of the external layer. Con-
sequently, sulfur groups should not be available for quench-
ing. To definitively rule out quenching effects we carried
out the phosphorescence lifetime measurements at increas-
ing concentrations of GSH-CdS. In fact, a nonlinear depen-
dence of the decay rate (1/r) on the perturbing agent
concentration is a strong indication that quenching mecha-
nisms are not dominant. The nonlinear behavior of 1/t
versus [GSH-CdS] observed for LADH, Ald, and GAPDH
(Fig. 4) reasonably rules out strong quenching effects, at
least in our experimental conditions.

For each protein, the curve was roughly hyperbolic, rem-
iniscent of a binding curve. Two kinds of parameters may
be estimated from the profiles of Fig. 4. First, we can evalu-
ate the dissociation constant of the complex (Kp). In fact, in
a binding process of a phosphorescent protein to an non-
phosphorescent ligand, the overall decay rate (1/t) depends
on the decay rates of the free and bound protein and on the
equilibrium constant of the reaction, i.e., K, (Gabellieri and
Strambini 1994). The profiles shown in Fig. 4 provide K,
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Fig. 4 Effect of GSH-CdS concentration on the phosphorescence life-
time of: a3.1 uM LADH, b3.2uM Ald or ¢ 1.3 uM GAPDH in
50 mM Tris, pH 8 at 20°C

values lower than 0.5 pM for all the proteins measured.
This value is similar to those reported for specific protein—
ligand complexes, such as subunit—subunit interaction in
multimeric proteins (Chothia and Janin 1975), and suggests
that the protein—nanoparticle binding may interfere with
biological processes. Second, we can evaluate the number
of protein molecules bound to one nanoparticle. All curves
reach a saturation plateau at protein:QD ratio greater than
1:1 (1.3, 2, and 4.4 saturation ratio was found for GAPDH,
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Fig. 5 Schematic depiction of the interaction between proteins and
GSH-CdS. Proteins are represented by the crystallographic structure of
LADH, in which bold red spheres represent phosphorescent Trp

Ald, and LADH, respectively), suggesting that more than
one protein molecule binds to one QD. Figure 5 shows the
hypothesized interaction between protein and nanoparticle.
In their discussion of the energy involved in protein—pro-
tein interactions, Chothia and Janin (1975) estimated that
an energetically stable complex needs a contact surface
area of at least 6 nm? (Chothia and Janin 1975). Consider-
ing the size of GSH-CdS (3.4 nm overall diameter), the
nanoparticle surface area (about 36 nm?) appears sufficient
to yield a stable interaction with a maximum of six protein
molecules. Steric hindrance and group-specific repulsion
can reduce the number of molecules involved.

Conclusions

We have described the interactions of in vitro-synthesized
water-soluble GSH-CdS with selected proteins, by follow-
ing changes in the fluorescence properties of nanoparticles
and in the Trp phosphorescence of proteins. The interaction
between some proteins, namely GAPDH, LADH, and Ald,
and nanoparticles is proven by the increase in the fluores-
cence emission of GSH-CdS and the decrease of the protein
phosphorescence lifetime. No change in fluorescence and
phosphorescence signals was measured in the presence of
C112S-Az, suggesting that the interaction is protein depen-
dent. The sensitivity of Trp phosphorescence to perturba-
tions of the native fold showed that the interaction with
GSH-CdS may significantly alter the protein structure. The
results obtained with model proteins indicated that these
conformational changes can propagate to the interior of the
macromolecules and loosen the structure. To the best of our
knowledge, this is the first time that alterations in the

internal dynamics of protein have been detected for this
kind of protein—nanoparticle interaction. Protein interaction
seems to involve multiple sites on the GSH-CdS surface, in
agreement with the protein “corona” model. The estimated
affinity was similar to that involved in many protein-ligand
complexes, thus supporting the hypothesis of possible
effects of nanoparticles on biological processes.

The use of Trp phosphorescence provides a new and
interesting approach for understanding the impact of nano-
particles on protein dynamical structure. More in-depth
investigations are needed to understand the relationship
between conformational and functional changes.
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