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Silver cluster—biomolecule hybrids: from basics towards sensors

Vlasta Bonaci¢-Koutecky,**” Alexander Kulesza,® Lars Gell,” Roland Mitri¢,
Rodolphe Antoine,” Franck Bertorelle,”” Ramzi Hamouda,” Driss Rayane,”
Michel Broyer,” Thibault Tabarin® and Philippe Dugourd®

Received 7th January 2012, Accepted 17th February 2012
DOI: 10.1039/c2cp00050d

We focus on the functional role of small silver clusters in model hybrid systems involving peptides in the
context of a new generation of nanostructured materials for biosensing. The optical properties of hybrids
in the gas phase and at support will be addressed with the aim to bridge fundamental and application
aspects. We show that extension and enhancement of absorption of peptides can be achieved by small
silver clusters due to the interaction of intense intracluster excitations with the m—r* excitations of
chromophoric aminoacids. Moreover, we demonstrate that the binding of a peptide to a supported silver
cluster can be detected by the optical fingerprint. This illustrates that supported silver clusters can serve

as building blocks for biosensing materials. Moreover, the clusters can be used simultaneously to
immobilize biomolecules and to increase the sensitivity of detection, thus replacing the standard use of
organic dyes and providing label-free detection. Complementary to that, we show that protected silver
clusters containing a cluster core and a shell liganded by thiolates exhibit absorption properties with
intense transitions in the visible regime which are also suitable for biosensing applications.
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1 Introduction

Unique electronic and optical properties of metallic nano-
particles combined with the functionality of biomolecules led
to the development of novel hybrid materials which became an
important part of nanobiotechnology.'* The metallic nano-
particles are responsible for significant enhancement of photo-
absorption and emission of chromophores.>¢ Since fluorescence
labelling is a widely used technology in biosensing,”” the role of
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metal particles gained significant importance due to their
enhancement of fluorescence in hybrids. Usually, extrinsic
organic fluorophores that can specifically label biomolecules
have been used for detection.'®!! Therefore, the idea of label-free
detection by metallic nanoparticles that can replace such labeling
compounds and increase the sensitivity of detection'*'* became
very attractive in the context of numerous applications.'* The
most widely used label-free detection technique is based on
surface plasmon resonance (SPR) using thin metal films of gold"’
and silver.'® However, optical detection and sensitivity is strongly
dependent on the size and shape of nanoparticles'”"'® as well as
on their intrinsic metallic properties. The strong localized
enhancement of optical absorption and emission'® as well as
biocompatibility?®* are important factors that have to be
fulfilled. In this context, small noble metal clusters in the
nonscalable size regime with discrete electronic states exhibiting
unique structure-dependent strong absorption and emission in
the visible and UV range?>° are good candidates for replacing
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organic dyes such as chromophores. In fact, small silver
clusters forming hybrids with peptides substantially extend
and enhance optical absorption of pure peptides as shown in
theoretical and experimental studies in the gas phase.?” *?
Moreover, due to the large s—d energy gap in silver, the
localization of enhanced absorption in hybrid systems is
significant due to s-electron excitations within the silver subunit.
In contrast, in the case of gold clusters, the relativistic effects
responsible for the small s—d gap permit excitations of d
electrons. This leads to optical transitions of similar intensities
spread over a large energy interval.>? Therefore, in the context
of localization of strong absorption in a narrow wavelength
regime, silver clusters have preferable optical properties. Also a
number of successful applications of silver clusters in cell
imaging®® % and single molecule spectroscopy>>=> have been
reported. Concerning the investigation of metallic biomolecule
hybrid systems in the condensed phase, the systems involving
gold clusters have been considerably more extensively studied
than those with silver clusters. The gold clusters have been
successfully used to immobilize proteins at surfaces allowing to
build ordered arrays* that were used in the production of
biochips, in which only standard organic dyes have been
employed for detection.® Also liganded gold clusters have been
produced more than a decade ago and further intensively
experimentally and theoretically investigated.’’>* Their
fluorescence properties with different ligands were also reported.>
In contrast, the successful preparation of liganded silver clusters has
been achieved only recently*’ and their fluorescence properties
with different ligands were investigated. ™

In this perspective feature contribution we focus on the role
of silver clusters in hybrid systems following the concept from
basics towards sensors. First, the gas-phase investigation of
structural and optical properties of silver cluster—peptide
hybrid systems will be addressed. It provides fundamental
insight into the binding between metal clusters and peptides
and into the mechanism of coupling of electronic excitations in
hybrid systems. The joint theoretical and experimental work in
the gas phase serves as an important prerequisite for proposing
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Fig. 1 Schematic representation of silver clusters interacting with
different surroundings following the concept from basics (left) to
sensors (right).

suitable building blocks for biomarkers. In order to proceed
towards applications, the hybrid systems studied in the gas
phase have to be stabilized or protected (¢f. Fig. 1). This can be
achieved by investigating the optical properties of hybrids at
surfaces and of liganded clusters, respectively. In this context
the silver—peptide hybrids at support can be considered as
models towards the realization of label-free biosensing. For
this purpose, the silver clusters should have double role, to
immobilize biomolecules giving rise to ordered arrays and
simultaneously to be used for detection due to their strong
absorption and fluorescence. In addition, the silver clusters
protected by thiolate ligands represent an alternative route for
bioanalytical applications, since their easy surface functionalization
and tuneable optical properties can be used for sensing in living
cells. The small size of the clusters associated with an appropriate
peptide sequence could greatly improve the penetration through
the cell membrane.

Following the above outlined concept, we present first
results on optical properties of silver cluster—peptide hybrid
systems in the gas phase showing absorption enhancement of
peptides by small silver clusters. Furthermore, we address
optical properties of a silver cluster—dipeptide hybrid system
at defect centers of MgO in order to illustrate that the
comparison with the spectrum of the supported cluster allows
us to identify the spectroscopic fingerprint of the peptide. Finally,
the optical properties of a prototype for thiolate-liganded silver
clusters that contain a silver cluster core with confined electrons
will be presented. The choice of these model systems serves to
outline and propose perspective features.

2 Computational and experimental

The structural and optical properties of the gas phase hybrid
systems as well as of liganded clusters have been determined
using density functional theory (DFT) and its time-dependent
version (TDDFT).

For the silver atoms the 19-e~ relativistic effective core
potential (19-e” RECP) from the Stuttgart group®® taking
into account scalar relativistic effects has been employed. For
all atoms triple zeta plus polarization atomic basis sets (TZVP)
have been used.*®! Becke’s three-parameter non-local exchange
functional together with the Lee—YangParr gradient-corrected
correlation functional (B3LYP®* ) and its Coulomb-attenuated
version (CAM-B3LYP®) have been employed to determine

structural and optical properties of gas-phase hybrids and
liganded clusters, respectively.

An extensive search for structures of the silver hybrid
systems was performed using the simulated annealing method
coupled to molecular dynamics simulations in the frame of the
semiempirical AM1 method.®” The found structures were then
reoptimized in the frame of the DFT method using the
functionals and AO basis sets as described above. The vibrational
frequencies have been computed in order to find true minima on
the potential energy surfaces.

The ionic MgO support was modelled by an embedded
cluster approach in which a quantum mechanically (QM)
described MgO cluster is embedded into a classical polarizable
environment of point charges.®® The QM part consists of a
diamond-shaped Mg;30,; section of the MgO (100) surface.
Mg?>" cations are introduced at the boundary of the QM
model in order to avoid strong polarization by neighboring
positive point charges, finally resulting in a Mg;30;3(Mg? )16
QM subunit. Removing the central five-fold coordinated surface
O atom leads to the creation of an Fg center defect (Fs.). The
boundary Mg?" cations have been described by effective core
potentials from Hay and Wadt,” replacing the 1s, 2s and 2p
electrons, while the valence 3s electrons are described by a single
s-AO basis function contracted from two s-type primitive
functions. For details describing the embedding of the QM
subunit in an array of point charges as well as for determination
of the structural properties of the supported clusters and
supported hybrid systems compare ref. 70 in this issue and
ref. 71. The optical properties for optimized structures of
supported systems have been also calculated with the TDDFT
method as those of free hybrid systems and liganded clusters.

Gas phase experiments were performed using a quadrupole
ion trap mass spectrometer, coupled to an electrospray ion
source and an UV-Vis optical parametric oscillator tunable
laser.”>7® The laser is injected at the center of the ion trap. The
complexes were obtained from an electrolyte solution that was
prepared by mixing a solution of silver salt and a peptide
solution.” Electrospraying this solution leads to the formation
of metal-peptide complexes. Specific complex (i.e. Trp-GlyAg; )
ions were then obtained by collisional activation of precursor
complexes, isolated and irradiated in the quadrupole ion trap.
The yield of fragmentation (Y) is given by Y = In((parent +
>_frag)/parent)/F, where F is the laser fluence, parent is the
intensity of the precursor peak and Y frag represents the total
intensity of the photofragment peaks.

Protected silver clusters were synthesized by reducing silver
thiolates with NaBH, in the presence of excess glutathione
(GSH) as reported by Bigioni and co-workers.”> The raw
product was separated using polyacrylamide gel electrophoresis
(PAGE). Absorption spectra of different sizes of clusters were
recorded using bands within the gel employing an Avantes
spectrophotometer.

3 Results and discussion

The gas-phase approach on small prototypes is valuable since
it allows the theoretical and experimental study of well defined
systems without the influence of the environment. Exploration
of optical properties of isolated silver cluster—peptide hybrid
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Fig. 2 Comparison of calculated absorption spectrum of the pure protonated dipeptide (Trp-GlyH ") and tripeptide (Trp-Ala,H ™) (red lines)
with absorption spectra of hybrid systems with Ag; " (a and c) and with Age™ (d) clusters (blue line). Broadening of the lines is simulated by the
Lorentzian function with a half-width of 20 nm. The calculated oscillator strengths (f.) for hybrid systems are drawn as black sticks. Analysis of
transitions labeled by * is given in Fig. 3. (b) Experimental photofragmentation yields for protonated dipeptide (red triangles), bare Ag; ™ (black
dots) and Trp-GlyAgs;™ hybrid (blue dots) as a function of wavelength. The solid lines serve to guide the eye.

systems at the molecular level was performed in order to
rationalize the enhancement of absorption that is induced by
metallic particles. For this purpose, we compare absorption
spectra of pure peptides with those obtained for cluster—peptide
hybrids as shown in Fig. 2. We consider cationic hybrids since
the charged systems are experimentally accessible.”>! The
chosen prototype examples contain Trp-Gly dipeptide and
Trp-Ala, tripeptide with two cluster sizes Ags™ and Agy™.
The purpose is to identify the structures and to show that
enhancement of absorption is present for systems with both
cluster sizes, independent of the peptide length. Moreover,
Fig. 2b displays also experimental fragmentation yields of the
Trp-GlyAg; " hybrid system and two isolated subunits. This
allows comparison with theoretical results of Fig. 2a and
provides the proof of principle. Since the spectroscopic pattern
is strongly dependent on the structural properties, the calculated
lowest-energy structures are also shown for all three systems in
Fig. 2. The presence of the metal cluster reduces significantly the
conformational flexibility of the peptides. Structures are of
“charge-solvated” nature in which positively charged silver
clusters are bound to free electron pairs of oxygen atoms and
to the m-system of the indole ring, thus allowing the interaction of

excitations within the cluster and within the indole ring. The
absorption spectrum calculated for the lowest-energy isomer
of Trp-GlyAg; ™ shown in Fig. 2a exhibits two pronounced
bands centered around 250 and 290 nm. The intense band
at 290 nm is due to a series of electronic transitions resulting
from the coupling of S — P, cluster-type of excitations
within the Ag;" subunit with charge transfer excitations
between Ags™ and indole subunits. The electron density
difference between the electronic ground and excited state at
288 nm presented in Fig. 3a shows that the major charge
redistribution after excitation takes place within Ag;*. The
considerably less intense band centered at 250 nm is due to the
coupling of the S — P. excitation of Ag; " (which is located
around 215 nm in pure Ag;") with the charge transfer
excitation involving the indole subunit and the peptide bond.
In summary, the strong optical absorption of the hybrid
system, which originates mainly from the contribution of the
Ags" cluster, thus, significantly extends and enhances the
absorption of the peptide from the range of 250 nm into the near
UV regime. Complementary to the theoretical investigation
Fig. 2b displays experimental fragmentation yields of the
protonated dipeptide (Trp-GlyH "), the free Ag; " cluster and
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Fig. 3 Electron density difference between the electronically excited state and ground state (a) for TrpGlyAg; ™ at 288 nm (b) for Trp-Ala,Ag; ™
at 341 nm and (c) for Trp-Ala,Age™ at 319 nm corresponding to the transitions labeled by * in Fig. 2.

the spectrum of the hybrid system Trp-GlyAg; ". The proto-
nated Trp-Gly dipeptide exhibits one absorption band centered
around 255 nm which is characteristic for Trp-containing
peptides and is due to excitation of the m-electrons within the
indole ring. No fragmentation is observed above 295 nm. For
the silver trimer cation one intense transition around 320 nm is
observed, which is due to the degenerate S — P, , transition of
Ags".® The experimental photofragmentation spectrum for
Trp-GlyAg; ™ exhibits two fragmentation bands between
225 and 330 nm. The less intense band around 255 nm is
also present in the experimental spectrum of the protonated
dipeptide, although with weaker intensity. The second band
arises around 275 nm and continuously extends up to 325 nm.
The intensity at the maximum of this band is lower than the
recorded one for isolated Ag; ", but the photofragmentation is
spread over a larger range of wavelengths. The agreement
between theoretical and experimental results shown in Fig. 2a
and b is of qualitative nature, due to the fact that experiments
were carried out at 7 = 300 K and the presented theoretical
results correspond to 7 = 0 K. If temperature-broadening is
taken into account, the agreement is more quantitative as
shown previously.”” The above presented theoretical and
experimental results show that the smallest silver clusters such
as Agy" can serve as optical absorbing labels.

In order to illustrate that the concept is more general, we
present the stable structures and corresponding calculated
absorption spectra for Trp-Ala,Ag; ™ and for Trp-Ala,Age "
in Fig. 2c and d, investigating the influence of the peptide
length and cluster size on optical properties of hybrids. The
absorption spectra of both hybrid systems, compared with the
ones calculated for free protonated tripeptide, exhibit strong
absorption enhancement and extension in the UV regime due
to the presence of the clusters. Moreover, the intense transitions in
the hybrid system with the Agy® cluster are one order of
magnitude stronger than in the case of hybrids with Ag;™. The
analysis of excitations responsible for intense transitions at 341 nm
and 319 nm for Ag; " -tripeptide and Ag, -tripeptide, given in
Fig. 3b and c, respectively, shows that major charge redistribution
after excitation takes place within the clusters. This is also the
case for higher energy intense transitions below 275 nm.
Therefore the conclusion can be drawn that gas-phase investigations

of silver cluster—peptide hybrids strongly suggest that the role of
clusters as local probes replacing commonly used organic dyes
might be substantially advantageous, avoiding the chemical
coupling of the peptides with the dyes and simultaneously
increasing the sensitivity of the detection.

In order to proceed from basics towards sensors, we present
structural and optical properties of one prototype example of
a hybrid system at the support. We have chosen the neutral
silver tetramer interacting with the dipeptide Cys-Trp supported
at the Fg defect center of MgO. Our previous study of small
noble metal clusters at the Fg defect center of the MgO support
showed that the silver tetramer is a good candidate for an
emissive center, because of long-living low-lying electronic
excited states.”! The cysteine-containing dipeptide has been
chosen because proteins interact typically with metal particles
via the sulfur atoms of the cysteine residue. Moreover, the
defect center of MgO binds metal clusters and strongly
stabilizes cluster—biomolecule hybrids. In the lowest energy
structure of Cys-TrpAg, at the Fg center of MgO, one Ag
atom is inserted into the sulfur-hydrogen bond of cysteine, the
other one is bound to the carboxyl-oxygen atom of Trp and a
third one is interacting with the Fg center of MgO, as shown in
Fig. 4. The identification of an AgsH-SCHj3 subunit in the
hybrid system implies that due to the electron withdrawing
effect of the sulfur and oxygen atoms, two confined electrons
in the Agy™ subunit are present, Thus together with two
electrons of the Fg center of MgO, systems with four confined
electrons are formed. It is well known from our previous work
that the dominant absorption transition for Ag;™ is located
close to 300 nm and for the free Ag, cluster at 400 nm.”> In
Fig. 4a and b we compare the calculated absorption spectrum
for the Fg center of MgO with the one obtained for Cys-TrpAg,
at support. The dominant transition for the Fg center is located
close to 350 nm. Consequently, the interaction between the
hybrid system containing an Agz™ subunit and the Fg center
forming a system with four confined electrons should give rise
to an absorption spectrum with a dominant transition close to
400 nm (in analogy to the spectrum of Ag,). This is the case as
shown in Fig. 4b. The analysis of the dominant transition at
397 nm confirms that excitations between the electrons from
the Fg center and the Ag; ™ subunit of the hybrid system occur,
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Fig. 4 Comparison between calculated spectra of (a) Fg defect center of MgO, (b) supported hybrid Cys-TrpAg, and (c) supported Ag, cluster.
Broadening of the lines is simulated by the Lorentzian function with a half-width of 20 nm. The calculated oscillator strengths (f.) are drawn as
black sticks. (d) Structure of the Fg defect center of MgO and supported hybrid Cys-TrpAg, (only QM part is presented). (¢) Structure of the
supported Agy cluster (only QM part is presented). Analysis of the marked transition in spectra of (f) supported hybrid and (g) supported cluster in

terms of leading excitation between Kohn—Sham orbitals.

which confirms the qualitative considerations described above. In
order to address the question how the supported silver cluster can
be used to detect the binding of the dipeptide, we present in
addition to the calculated spectrum of supported hybrid systems
also the spectrum of the bare silver tetramer at support in Fig. 4c.
The latter system is characterized by a low-lying transition at
480 nm and dominant transitions at 350 nm. This can be qualita-
tively considered as the fingerprint of systems with six confined
electrons (four from the cluster and two from the Fg center of
MgO). In fact, the leading features of the supported silver tetramer
spectrum resemble the absorption of Age.>* The comparison of
spectra of the supported hybrid with the one for the supported
cluster (¢f. Fig. 4b and c) shows explicitly that the appearance of the
intense transition for the supported hybrid system at 400 nm is the
signature of the presence of the Cys-Trp dipeptide. This means that
the binding of peptides can be detected by the optical fingerprint,
and thus supported silver clusters can serve as building blocks for
biosensing materials.

Finally we wish to address the protection of clusters by
ligands as another possibility for sensing applications. An

example of silver clusters liganded by glutathione obtained
following the Bigioni synthesis® is shown in Fig. 5a. The
resolved bands in the inset of Fig. 5a correspond to different
magic size clusters. The absorption spectrum of band 6 is also
displayed in Fig. 5a. It exhibits a strong absorption peak at
~ 500 nm. The absorption for Ag:SG clusters around 500 nm
can have a great advantage for biological applications. The
phototoxicity induced by an UV blue laser can be significantly
reduced by an excitation in the visible range. To rationalize the
effect of thiolated liganded shells on structural and optical
properties of silver clusters, we present theoretical results
obtained for a prototype example in Fig. 5b and c containing
S—CHj; ligands (see ref. 76 in this issue). Since sulfur can be
considered as an electron acceptor, each pair of Ag and S
atoms formally consists of Ag " and S™. Thus, by combining
silver atoms and x ligands the excess of Ag atoms determines
the count of confined electrons, which is similar to the
“superatom” model used successfully for thiolate protected
gold clusters.’® In the case of anionic species, which are
experimentally accessible, one additional electron has to be

This journal is © the Owner Societies 2012
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Fig. 5 (a) Optical absorption spectrum of the selected Ag:SG band (band 6 as labeled in ref. 55). This band contains mainly magic-size
cluster with 31 silver atoms and 19 glutathione protected ligands. Inset: Bands from PAGE gel separation. (b) and (c) Structure and
absorption spectrum of the [12Ag + 11(SCH3)]” complex with an Ags core protected by two types of ligands: LS1 and LS2. (d) Analysis of
transitions labeled by A and B in terms of leading excitations between Kohn—Sham orbitals. S and P denote the nature of cluster-like orbitals of the

Ags core.

taken into account. Therefore anionic systems with n Ag
atoms and x = n — 1 ligands contain two confined electrons.
In the case of » = 12 and x = 11 the structure of the [12Ag +
11(SCH3)]” complex contains an Ags core which is protected
by four ligands belonging to two different types. One ligand is
of the type labeled by LS1 (CH3;S-Ag-SCH3) and the other
three ligands are of the type labeled by LS2
(CH3S—-Ag-SCH;-Ag-SCH3) as shown in Fig. 5b and c. Thus,
the fully ligand-protected Ags core containing two confined
electrons plays an important role for determining the spectro-
scopic pattern as shown in Fig. S5c. The pattern is characterized
by three intense transitions between 350 and 420 nm arising by
excitations from the S-cluster-core orbital to the three compo-
nents of P-cluster-core-orbitals labelled by A, B and C in
Fig 5c. The analysis given in Fig 5d shows two components
corresponding to A and B transitions. The first transition
with considerable intensity is located close to 420 nm.
Different ligands are likely to influence locations of the intense
transitions which is important for sensing applications. Of
course, the size and the structure of the core can also influence
the details of the spectroscopic patterns. The question can be
raised concerning the formation of liganded clusters for a
given number of silver atoms and ligands. In this respect, we
have chosen to present the [12Ag + 11(SCH;3)]” complex,
which might be formed from [rAg + (n + 1)(SCH3)]™ systems
by dissociation of two ligands according to preliminary energetic
considerations.

Interestingly enough, for the chosen prototypes presented
here, the absorption spectra of the supported silver—dipeptide
hybrid as well as of the liganded silver cluster with an Ags core
exhibit intense transitions close to 400 nm which indicates
convenient emissive properties in both cases. Thus, comparison
with the optical properties of hybrid systems in the gas phase
indicates strongly that the surrounding plays an important role,
not only for stabilization or protection of the clusters, but also
concerning the location of intense transitions. Therefore, the
interplay between enhancement of absorption of biomolecules

due to the metallic subunit and the surrounding is decisive for
the design of systems with emissive properties suitable for sensing.

4 Conclusions and outlook

We have shown that the small silver clusters in the nonscalable
size regime (<2 nm) can serve as optical probes for
biomolecules. In contrast to quantum dots, low nuclearity
silver clusters are highly attractive for applications due to their
low toxicity and very small size, as recently reported on
surfaces’””® and in vivo.” However, the synthesis, isolation
and functionalization of size selected low nuclearity silver
clusters are still a bottleneck. Since protected silver clusters
are not as stable as analogous gold clusters, their identification
by mass spectrometry, X-ray or nuclear magnetic resonance
is still scarce. For example, it would be desirable to
achieve X-ray determination of structures for ligand protected
silver clusters in analogy to those obtained for gold.®® In
addition, the theoretical exploration of their structural and
electronic properties as well as the mechanism for growth and
stabilization are needed. Bioconjugation can provide extra
functionality such as stability, biocompatibility and targeting.
Moreover, fluorescent metallic nanoclusters could also be
directly synthesized at the biological template®! ® without
further bioconjugation steps, thus opening a bright perspective
for applications.

The basics gained from the gas phase studies serve to
build up realistic model systems towards applications. There
are two routes to proceed in the future. First, metallic
clusters at support can be used to immobilize proteins in order
to form ordered arrays and simultaneously provide enhanced
fluorescent properties due to the coupling with the proteins.
Thus, the ultimate goal is to realize label-free biosensing at
the molecular level. This route leads towards the design of
materials for biochips in which, for example, human serum
can be poured over the biochip array and diagnostics
with increased sensitivity can be achieved. The second route
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concerns ligand-protected clusters which might be used for
sensing and diagnostic in living cells. Both routes might profit
from unique optical properties of small silver clusters.
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