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1. INTRODUCTION

The miniaturization of structures in the guise of nanoscale
materials has created a so-called nanoplatform for applied
biomedical research in developing novel and improved diagnos-
tics and therapeutics.1 Nanoparticles offer large surfaces for
reactions involving biomolecules, thus providing a promising
pathway to combine biomolecular functionality with unique
electronic and optical attributes of nanoparticles for creation of
hybrid nanoscaffolds. Such scaffolds with specific features are of
particular interest in recognition and modulation of biomacro-
molecules, protein interactions, protein�nucleic acid interac-
tions, enzyme activity, biomimetic reactions, etc.1�3 Because of
intriguing optoelectronic properties and biocompatibility, gold
nanoparticles have widely been exploited for diagnostics and
therapeutic applications.2 The long-term fascination for gold was
substantially facilitated by the ease of their size-controlled
synthesis and functionalization with multifunctional ligands such
as amino acids, proteins, peptides, and DNA.2 It was previously
established that serum proteins become associated with nano-
particles in biological medium and form protein ‘corona’, which

defines the biological identity of the particles within the biolo-
gical system thus making protein�nanoparticle interaction of
particular interest.4 The underlying fact is that the adsorption of
proteins on nanoparticles can alter their three-dimensional
structure, activity, and biological responses that can lead to
unpredicted perturbations in the biosystem.

Protein�nanoparticle interactions and their effect on protein
structure and activity are generally determined by various
spectroscopic and thermodynamic methods. For example, in-
trinsic fluorescence quenching is a powerful spectroscopic tool
for investigating protein structure and binding upon interaction
with nanoparticles.5,6 The fluorescence of proteins is due to
aromatic amino acid residues, among which tryptophan (Trp)
has the stronger fluorescence and higher quantum yield attrib-
uted to the π�π* transitions of the indole functional group.7,8

Trp is an essential amino acid of the human diet and is known to
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ABSTRACT: The nature of interaction between tryptophan
(Trp) and gold (Au) nanoparticles is studied using first-
principles density functional theory calculations and described
in terms of equilibrium configurations, interaction energies,
density of states, molecular orbitals, and charge density. The
calculated results find the binding involving both carboxyl and
indole functional groups with mixed salt�bridge and charge�
solvation structure to be energetically preferred and is attributed
to the stronger-than-expected π interactions facilitated by the
indole group in Trp. In the Trp�Au conjugates, modification of the molecular orbitals associated with Trp occurs because states
associated with Au and the hybrid orbitals havemixedmetal�molecule character. We find that the nonradiative energy transfer from
excited states of Trp to hybrid states of Trp�Au may reduce intrinsic fluorescence intensity of Trp in the conjugated system.
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form hydrogen bonds together with weak ionic bonds in a
conjugated system. Also, the indole group contains a benzene
ring fused with a nitrogen-containing pyrrole ring, thus a deloca-
lized π electron cloud to interact. At the excitation wavelength of
280 nm, the fluorescence of proteins is dominated by Trp along
with minor contributions from tyrosine and phenylalanine. The
intensity and wavelength of Trp fluorescence are sensitive to the
environment and hence indicative of the protein conformational
alterations upon binding to nanoparticles.

Earlier studies suggested that gold efficiently quenches the
fluorescence of Trp,9 and efficiency of quenching determines
the binding affinity and accessibility of gold particles to the Trp
residue in proteins. In the experimental study of bioconjugated
gold nanoparticles with BSA protein, the static mode of
intrinsic Trp fluorescence quenching revealed ground-state
complexation between protein and nanoparticles.5,10,11 The
moderate binding observed for gold�BSA conjugation was
consistent with weak van der Waals and hydrophobic interac-
tions between nanoparticle and biomolecules.5,10,11 Also, in
recent studies, Trp- and Trp-based peptides were used for
synthesizing stable Au nanoparticles in water.12,13 The study on
Trp-reduced Au nanoparticles suggested indonyl polymeriza-
tion at the Au surface.12 We now investigate the Trp fluores-
cence quenching by gold nanoparticles and their binding

interaction using quantum mechanical methods, though it has
been largely investigated experimentally.

We employed first-principles methods based on density func-
tional theory (DFT) to determine the details of the interaction
between gold (Au) nanoparticles and the amino acid tryptophan
(Trp). We will determine the (i) preferred interaction site of
Trp, (ii) chemical bonding in Au�Trp bioconjugates, and
(iii) modifications to Trp electronic states that may be responsible
for its fluorescence quenching in the bioconjugate configuration.

Researchers have shown keen interest in searching for stable
clusters as building blocks of nanostructured materials. The
highly symmetric small clusters of cagelike structures exhibiting
exceptional stability and reactivity are considered promising
candidates especially since the discovery of C60, C70, and C20

cagelike clusters.14 A recent report on the magic numbers in gold
clusters using the shell jellium model suggests that Au32 is highly
stable and a potential candidate for studying cagelike structures
with an energy gap comparable to other cage structures: C60,
Au16, Au42.

15 During an extensive search for electron numbers up
to 110, the shell jellium model predicted cagelike structures to
appear for electron number 32 or 90 for the clusters.15 Themodel
explained the stability and exceptional properties of the newly found
magic number 32 due to the relativistic effects, high HOMO�
LUMO energy gap, and aromaticity of the Au32 cage.15,16

Figure 1. The calculated ground-state configurations and total charge density of (a) the gold nanocluster (Au32) and (b) tryptophan (Trp). The Au32
interaction sites of tryptophan are also shown. Charge density is shown at one-third of its maximum isosurface value.
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Therefore, a cagelike hollow gold cluster, Au32 of diameter 8.9 Å
(∼ 9 Å), was used to study the interaction of Trp with
representative gold nanoparticles.

The binding offered by Trp are salt-bridge interaction invol-
ving the carboxylic group (COO�), charge�solvent interaction
involving the indole ring, and amine group interaction involving
the NH2 group.

17 Trp is reported to form a very weak zwitter-
ionic state in the gas phase,18 which is not considered in the
present study. The equilibrium configurations with correspond-
ing interaction energies, density of states, molecular orbitals, and
charge density distribution of the Trp�Au32 complex were
obtained through DFT-based quantum mechanical calculations,
and results are discussed to elaborate the details of the interaction
between Au and Trp.

2. COMPUTATIONAL DETAILS

All calculations were carried out within the framework of
density functional theory (DFT) as implemented in SIESTA
code using the exchange-correlation function proposed by
Perdew, Burke, and Ernzerhof (PBE).19,20 Only the valence
electrons of each chemical species in the Trp and Au nanocluster
were treated explicitly, and their interactions with the ionic cores
were described by ultrasoft norm-conserving pseudopotentials

using the Trouiller and Martins scheme.21 The valence config-
urations of H (1s1), C (2s2 2p2), N (2s2 2p3), O (2s2 2p4), and Au
(5d10 6s1) were represented by double-ζ basis sets with polar-
ization functions (DZP).22 The numerical integrals were per-
formed on a real space grid with an equivalent energy cutoff of
3400 eV. The calculations were considered to be converged when
the force on each ion was less than 0.001 eV/Å. Also, total energy
convergence criterion of 10�5 eV was used.

3. RESULTS AND DISCUSSION

3.1. Au32. The 32 atom cluster of Au was found to favor
cagelike structure, hence termed a golden fullerene.23 The
calculated ground-state configuration of Au32 has icosahedral Ih
symmetry with a hollow cluster shape as shown in Figure 1a. The
geometry was obtained by placing one atom on each pentagon of
a dodecahedron. The cluster demonstrated only two different
kinds of sites on the cage: 12 sites with co-ordination number five
and 20 sites with coordination number six, i.e., each atom binds
to either five or six neighboring gold atoms. In other words, the
symmetry is similar to the truncated icosahedron C60, with
interchanged vertices and planes. The bond lengths of 2.72
and 2.8 Å were obtained for five-coordinated sites and six-
coordinated sites, respectively (Figure 1a). These values are in

Figure 2. The ground-state configurations of the Trp�Au32 conjugate for the different sites of interaction between Trp and Au32.
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agreement with the values of 2.74 and 2.85 Å for five- and six-
coordinated sites, calculated using density functional theory with
generalized gradient approximation in Au32, respectively.

23 The
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is calcu-
lated to be 1.31 eV. The total charge density of Au32 is also shown
in Figure 1b.
3.2. Tryptophan. The presence of an indole functional group

together with amine and carboxyl functional groups is the
discriminating structural characteristic of the aromatic amino
acid residue tryptophan (Trp). Figure 1 shows the optimized
ground-state configuration and total charge density of the Trp
molecule. The indole ring is oriented perpendicular to the
carboxyl and amine groups. In the optimized configuration, the
indole ring is 113.77� out-of-plane with respect to the plane
containing COOH and NH2 functional groups, i.e., C1�C2�
C4. The C�C and CdC bond lengths in the hexagonal benzene
ring of indole are 1.42 and 1.40 Å, respectively, whereas the C�C
and CdC bond lengths of the pentagonal pyrrole ring of indole
are 1.45 and 1.39 Å, respectively. The C�Cbond distinguishing a
plane of the indole ring and COOH/NH2 functional groups is
1.56 Å, making an angle (C2�C4�C9) of 105.45� with the
COOH group directed toward the indole ring. The O�C�O
angle of the COOH group is 123.23�. The calculated HOMO�
LUMO gap and dipole moments are 3.66 eV and 4.01 debye (D),
respectively. The calculated values of bond lengths and bond
angles of Trp corroborates previously reported values obtained at
the same level of theory.24

3.3. Trp�Au32 Conjugates. 3.3.1. Structural Properties. The
optimized isomeric configurations of Trp�Au32 conjugates involv-
ing (i) COOH (ii) indole, and (iii) NH2 functional groups as
preferred interaction sites are presented in Figure 2. No geome-
trical constraints were imposed to obtain the optimal structures
of these isomeric configurations of Trp�Au32. The binding
energy, bond lengths, dipole moment, and HOMO�LUMO
energy gap of the optimized isomeric configurations are listed
in Table 1.
The binding energy of the Trp�Au32 cluster complex is

calculated as the difference of the energy associated with the
equilibrium configuration and the energies associated with the
isolated cluster and Trp. As noted from Table 1, the salt-bridge
structure involving the COOH group appears to be energetically
more favorable than the two comparably interacting indole and
NH2 groups. The larger binding energy of Trp�Au32 in the
COOH group conjugation appears to result from interaction of

Au with carbonyl oxygen atoms (Figure 2a). Besides OTrp�Au
interaction, there exists a weak nonconventional OTrp�H 3 3 3Au
interaction which seems to provide additional stability for the
Trp�Au complex. Figure 2a also shows Au atoms interacting
with the indonyl functional group including both the pyrrole and
benzene ring in Trp. There are some structural changes observed
for Trp: Angle C1�C2�C4 is found to be 117� compared to the
initial value of 113.77�, and the angle C2�C4�C9 becomes
111.9� compared to its initial value of 105.45�. However, none of
the HTrp is found to be perturbed. During indole group interac-
tion, Au atoms are found interact well with the indole group of
Trp (Figure 2b). Though no noticeable structural changes
occurred during indole group interaction, the angles C1�C2�
C4 and C2�C4�C9 show minor alteration and are found to be
114.54� and 106.93�, respectively. Note that, unlike COOH site
interaction having an indole contribution, the NH2 site interacts
through the nitrogen of the amine, oxygen of the carboxyl, and
hydrogen of the carbon backbone (Figure 2c). Figure 2c shows
double coordination of Auwith COOH andNH2 groups, and the
angles C1�C2�C4 and C2�C4�C9 are 118.76� and 112.69�,
respectively. Additionally, the angle between the COOH group
and NH2 group in Trp is decreased to 106.33� from an initial
value of 109.52�.
In protein chemistry, structures involving the COO� group of

an amino acid are known as salt-bridge structures, whereas interac-
tions involving the indole ring are represented in charge-solvent
structures.25 Following this nomenclature, the Trp�Au32 isomer
formed through COOH group interaction can be classified as a
salt-bridge structure, but as noted from Figure 2a and Table 1, the
Au cluster interacts equally with the indole group during this
interaction. Hence, the isomeric configuration involving the
COOH group may be considered to have characteristics of both
salt-bridge as well as charge solvation structure, therefore show-
ing maximum binding energy (Table 1). Likewise, the isomeric
configuration involving the indole group may be considered as
charge solvation structure. The isomer with the NH2 group shows
double coordination with COOH and NH2 groups (Figure 2c).
Thus, the calculated results show ground-state complexation
in agreement with the experimental observation10,11 with a
preference for mixed salt-bridge and charge solvation type
bonding interaction.
3.3.2. Electronic Structure.TheMulliken charge analysis of the

isomeric configurations of the Trp�Au32 complex reveals a small
charge transfer during conjugation and is noted from Trp to Au
cluster in all three sites of interaction. The results therefore
excluded charge transfer as the main mechanism for Trp-Au32
conjugation for COOH and indole group interaction. However,
the charge transfer is comparatively higher in the case of NH2

group interaction, which may govern the conjugation. This is in
agreementwith the relatively larger dipolemoment, 7.44 debye (D),
of the complex compared to the native Trp during NH2

group interaction, suggesting rearrangement of electron density
upon complex formation. The comparatively large dipole mo-
ment of the COOH group relative to that of the indole group is
correlated with a larger structural rearrangement demonstrated
during the formation of COOH group conjugation whereas no
such structural perturbation is noted for indole group conjuga-
tion. Interestingly, note that both COOH and indole interaction
sites, showing nearly the same values of small charge transfer,
share a common factor, i.e., indole group, during conjugation
with Au32 (Figure 2). The relatively stronger-than-expected
interactions offered by the indole group, demonstrated by the

Table 1. Calculated Structural and Electronic Properties of
the Isomeric Configurations of the Trp�Au32 Conjugate

isomers I�COOH group II�indole III�NH2

binding energy/eV �2.72 �1.86 �1.8

R(cluster‑Trp) � � �
Au�N 3.0 3.31 2.60

Au�O 2.58 � 2.9

Au�Cindole‑benzene 2.48 2.35 �
Au�Cindole‑pyrrole 2.38 2.95 �
Au�H 2.57 2.71 2.40

dipole moment/D 5.97 3.78 7.44

HOMO�LUMO gap/eV 1.2 1.51 1.45

Mulliken charge/e� Au = �0.062 Au = �0.08 Au = �0.13

Trp = +0.062 Trp = +0.08 Trp = +0.13
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computed results, basically originate from donation of the π
electron cloud to the Au atoms. The planarity of indole also
maximizes the delocalization interaction. These effects are
realized in the previous studies.26 Thus, our calculation suggests
that the preferred nature of the bonding is dominated by π
interactions with a small charge transfer involving the indole
functional group. The present study provides evidence verifying
the indonyl role in auric chloride reduction.12,13 It is considered
that indole has an inherent ability to interact with Au nanopar-
ticles through delocalized π electrons, and this active indonyl
further induces the polycondensation of the π electron cloud for
making a long π conjugated system in Trp molecules at the Au
surface. In fact, amino acids interact differently with Au nano-
particles. For example L-cysteine undergoes oligomerization, and
methionine was found to form a H-bonding network at the Au
surface depending upon the active functional groups and reaction
conditions.27,28

Figure 3 shows the charge density plots projected along the
(001) plane for all the isomeric configurations of the Trp�Au32
complex (Figure 3b) compared to native Trp and Au32
(Figure 3a). Figure 3b clearly shows that the interaction and
charge redistribution is taking place through the indole ring and
carbonyl oxygen in the Trp�Au32 complex for I�COOH group
interaction, corroborating the previous results. For the II�indole
group complex, the charge density plot in Figure 3b implies
indonyl participation during indole group interaction, and weak
charge delocalization indicates the existing π electronic interac-
tions for Trp�Au32 conjugation. The charge density plot for
III�NH2 in Figure 3b reveals the electronic charge redistribution

during NH2 group interaction, and it is higher than the other two
mentioned interactions. Hence, charge density results provide
evidence for the nature of interactions as predicted in section
3.3.1 and Figure 2.
Previous experimental studies demonstrated the altered op-

tical absorption characteristics and quenching of fluorescence of
Trp upon binding to Au nanoparticles.12,13,29 In a similar way, the
experimental protein�nanoparticle studies described that the
binding site of Au nanoparticles in BSA contains Trp in the near
vicinity, hence resulting in its fluorescence quenching.10,11 Be-
cause the spectral signatures of the protein�Au conjugate are
dominated by the π�π* transition of Trp’s indole functional
group, the formation of the complex could modify the electronic
states or introduce new states in Trp, resulting in a loss of
fluorescence energy. To examine this, we plot the HOMO and
low-lying excited states of pristine Trp, Au32, and Trp�Au32
isomers in Figure 4.
As seen from the figure, the HOMO and LUMO in the case of

pristine Trp are localized at the indole functional group. How-
ever, significant modification to the nature of the molecular
orbitals, and hence the charge redistribution, happens upon
Trp�Au32 conjugate formation. The orbitals associated with
Au atoms appear as low-lying LUMO in the energy spectrum of
all three isomers. This LUMOmay potentially act as an acceptor
from the excited fluorescence state of Trp in the complex, thus
reducing the fluorescence intensity. The higher LUMOs, i.e.,
LUMO+1, LUMO+2, are delocalized over the Au atoms as well
as on the interacting Trp atoms. The delocalized higher LUMOs
indicate that the hybridization in Trp�Au32 yields orbitals of

Figure 3. Total charge density plot of Au32, Trp, and isomeric configurations of the Trp�Au32 conjugate projected along the (001) plane.
A superimposed ball and stick model identifies the atoms in the complex. Total charge density is shown at one-third of its maximum isosurface value.
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mixed metal�molecule character. Appearance of Au-localized
LUMO, hybrid LUMO+1, and LUMO+2 orbitals is further
confirmed by total density of states (DOS) of isomers as shown
in Figure 5. The DOS of Trp�Au32 isomers show hybrid states
near the Fermi energy that is introduced in the system by Au.
Experimental evidence from UV�vis spectroscopy suggests

that the absorption wavelength (λmax) for π�π* transitions in
bare Trp at 270 nm shifted to 260 nm, and in Trp-based peptide
the λmax was shifted to 265 nm from the initial value of 280 nm
during interaction with Au nanoparticles.12,13 The appearance of
Au-induced hybrid states near the Fermi energy in the present

study (Figures 4 and 5) explains the spectral shift observed in the
Trp spectrum upon interaction with Au nanoparticles during
experiments.
The modification to Trp electronic states has a significant

effect on its fluorescence characteristics. Experimental studies
have shown that the emission of bare Trp at 353 nm diminished
rapidly after addition of Au nanoparticles under excitation at
278 nm.29 The appearance of Au32-localized LUMO in Trp�
Au32 explains the mechanism of fluorescence energy transfer
fromTrp to Au, which is recognized as fluorescence quenching in
fluorescence spectroscopy experiments. The detailed process

Figure 4. The contour plots of molecular orbitals of pristine Trp, Au32, and Trp�Au32 conjugate isomers shown at one-half of its maximum
isosurface value.

Figure 5. Density of states of Trp, Au32 and Trp�Au32 conjugate isomers: (a) I�COOH, (b) II�indole, and (c) III�NH2. The HOMO is aligned to
origin in the energy scale. The low-lying hybrid excited states introduced by Au are marked by pink circles.
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may be correlated with time-resolved fluorescence decay and
lifetimemeasurements. It is not only Trp that undergoes electronic-
statemodification; Au also faces the same, as seen in Figures 4 and 5.
For example, the surface plasmon of Au undergoes a change
upon interaction with Trp. Also, experimentally shown enhanced
SERS signals in Trp-conjugated Au nanoparticles is the evidence
for modification to the optoelectronic properties of Au.29 The
calculated results in the present study also provides an explana-
tion to the enhanced NIR luminescence from Au nanodots
(1.8 nm) via energy transfer from surface-bound fluorophores,30

as we can see the red shift in the HOMO�LUMO gap of Au32
upon interaction with Trp in Figure 5 and Table 1.

3.3.3. Nature of Hybridization. The aromatic organic mol-
ecules are reported to show signatures of weak chemisorption at
the gold surface, producing bonding- and antibonding-like
hybrid orbitals below and above the middle of the metal d band
as interpreted by the Newns�Anderson model (Figure 6f).31

The model says that the metal d electron band interacts with the
highest occupied electron level of the interacting atom and
produces bonding and antibonding levels. Because the chemi-
sorption is weak, the signatures for these levels are also expected
to be weak. Thus, the nature of hybridization at the interacting
interface of Trp�Au32 isomers is determined in detail from the
computed projected density of states (PDOS).

Figure 6. The projected density of states (PDOS) of interacting atoms in (a) native Au32, (b) native Trp, (c) COOH group, (d) indole group, (e) NH2

group isomers of the Trp�Au32 conjugate, and panel f shows the Newns�Anderson bonding scheme. Fermi levels are aligned at the origin of the
energy scale.
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Figure 6 represents projected density of states (PDOS)
centered on atoms involved in hybridization during Trp�Au32
conjugate formation compared to their native state. Figure 6a
shows PDOS of native Au d electrons before conjugation,
showing strong peaks in the �6 to �2 eV energy range and is
apparently localized. Figure 6b shows the PDOS of p orbitals on
native Trp atoms participating in the hybridization. The PDOS of
carbon atoms in the indole ring are summed and presented
together as the indole C, while the indole nitrogen N1 is shown
separately. The structure of Trp with marked atom numbers is
already shown in Figure 1b. The indole carbon atoms show sharp
peaks due to presence of the delocalized π electron cloud from
the aromatic ring. The nitrogen atom N1 is also a part of this
aromatic π electron system and therefore found to follow the
same trend observed in the indole C spectrum but with less
intensity (Figure 6b). There is a strong peak noted around�1.2 eV
and is attributed to the lone pair of nitrogen atom N2 of amine
group in Trp. The oxygen O1 also appears with a strong peak
around �3.5 eV related to its lone pairs. The oxygen atom O2
appears with two strong peaks around�3.5 and�2 eV related to
its lone pair and carbonyl π electrons, respectively.
Figure 6c represents the PDOS of hybridizing atoms of the

Trp�Au32 conjugate at the COOH site. Following the Newns�
Anderson model, the energy range of �8 to �4 eV is assigned
to the bonding region, and �2 to 0 eV is assigned to the
antibonding region. The peaks corresponding to Au, oxygen
O1 andO2, and indole C andN1 aremodified compared to those
of the initial spectrum in Figure 6b and confirm their participa-
tion in hybridization and contribution to bonding and antibond-
ing orbitals. Figure 6d represents PDOS of the Trp�Au32
conjugate for the indole interaction site showing the participa-
tion of Au, C2, and indole C and N1 in hybridization and the
formation of bonding and antibonding peaks in a range of�8 to
�4 eV and �2 to 0 eV, respectively. Figure 6e shows PDOS of
hybridizing atoms of the Trp�Au32 conjugate during NH2 site
interaction. Note from the figure that the lone pairs of N2 andO2
are largely modified, which confirms that Trp is interacting mainly
through these atoms.O1 also seems to participate in this interaction,
as its orbital signatures are modified. The antibonding region of the
hybridizing system in all three interacting sites is actually crossed by
the Fermi level; therefore, the region is found to be less populated.
The presence of an underlying broadmetal s band affects the nature
of the hybrid bonding and antibonding orbitals and generates spread
peaks rather than single localized peaks.
PDOS plots of Trp�Au isomers clearly demonstrate that the

peak corresponding to the LUMO (∼1 eV) of the isomer is
mainly centered at interacting Au atoms, though the higher
excited levels show mixed Au�Trp character as evident by
molecular orbital (Figure 4) and DOS analysis (Figure 5).
Small Au nanoparticles (size ≈1 nm) have been found to

exhibit size-tunable luminescence properties,32 and their lumi-
nescence efficiency is said to be increased by their interaction
with electron-rich groups of the interacting fluorophore.33 The
Trp�Au32 system could potentially be used to study such
applications, as we have seen discrete electronic states and the
HOMO�LUMO gap in a Au32 cage together with the energy
transfer pathway from excited states of Trp to Au. The synthetic
reality of fullerenic Au32 will open new avenues for biological
labels, energy transfer pairs, and other light-emitting sources in
nanoscale electronics.
The Trp�Au nanoparticle interactions have important im-

plications in various fields of research, as the interaction is

currently being used for electroanalytical, SERS, and fluores-
cence sensing studies.34,35 A recent experimental study has
shown that Trp at the surface of Au nanoparticles is capable of
producing strong SERS signals which were then used for detect-
ing toxic mercury in trace amounts.34 A Au nanoparticle-
modified electrode was shown to improve the adsorption of Trp
on the nanointerface and amplified the current response.35 There
are various studies utilizing fluorophore-conjugated Au nanopar-
ticles for diagnosing/detecting biomolecules, cancer cells, bac-
teria, etc., using fluorescence sensing techniques.36�38 During
protein�nanoparticle interactions, as discussed earlier, Trp�
nanoparticle interaction is an essential measure for determining
protein structure and stability.10,11 Note that the spatial position
of Trp contributes to the protein tertiary structure. Our results
predict that the indole group has strong affinity for Au
(nonspecific π interaction) that may lead to disruption of helical
structure, thereby resulting in protein aggregation, as shown by a
recent study.39

4. CONCLUSION

First-principles calculations based on DFT are performed on
Trp, Au32, and Trp�Au32 to study the details of the nature of
the interaction between tryptophan and gold. We find that the
preference for binding that involves both carboxyl and indole
functional groups, yielding the mixed salt-bridge and charge
solvation structure, to be energetically more favorable and
mediated by stronger-than-expected π interactions offered by
the indole group. The present study does support the experi-
mental finding of a ground-state Trp�Au complex formation.
However, the present study depicts π interactions along with
small ionic interactions instead of van der Waals interactions
between Trp and Au nanoparticles. The hybridization during
formation of stable the Trp�Au complex is anticipated tomodify
the nature of Trp’s molecular orbitals by introducing hybrid
states associated with Au as low-lying excited states. PDOS
analysis suggests that these hybrid orbitals, produced by the
coupling of a narrow Au d band with Trp atomic orbitals, have
mixed metal�molecule character and are delocalized at the
interface. The nonradiative energy transfer to these states is
likely to cause the experimentally observed fluorescence quench-
ing in Trp.5,10,11
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