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We present the theoretical investigation of structural @ptital properties of silver and gold cluster-dipeptidéifigs bound to
the Fs defect of the MgO (100) surface. We use DFT and its TDDFT vari@mbined with the polarizable embedded cluster
model for the description of the extended MgO environmestmdel peptide we have chosen CysTrp since the cysteimieesi
interacts strongly with metal particles through the sulpdtom and tryptophan is the most important chromophoricaagid.
Our results show that in the case of CysTrp bound to the stgqbdtg, cluster an intense optical signal arises at 400 nm. In
contrast, in the case of gold no strongly localized absonpis present since the optical response of supported ggdtee
hybrids is dominated by a large number of low intensity ds&ten excitations spread over a broad energy range. Sualided
optical signal which is present in supported silver hybdas be exploited for the optical detection of peptides and tan serve
as basis for the development of biosensing materials.

1 Introduction nigue. However, in general, optical detection sensitivsty
strongly dependent on the size and shape of the nanoparti-
One of the most flourishing fields in nanobiotechnolbdy  clel415 The question which arises in the context of the label-
involves the development of nanomaterials that combine théree detection concerns the proper choice of metal pasticle
recognition and catalytic properties of biomolecules wite  which should strongly localize the enhancement of the aptic
unique electronic and optical properties of metallic nartip  absorption and emissidf and at the same time remain bio-
cles. In particular, remarkable enhancement of photogbsor compatiblé’-1°
tion and emission of chromophores, that takes place du@to th  gmq|| sjlver clusters in the size regime where "each atom

plasmonic effect of metallic nanoparticles, has been widel .o nts” are ideal candidates for label free detection since

. ’6 . . . )
recognized®. Since fluorescence labelling has become ongpey can replace organic dyes as chromophores due to their
of the central technologies in biosensing, metal particle € niquely strong absorption and emission in the visible and
hanced fluorescence is of particular importance. Up to new thy, range?®-23 Moreover, it has been shown that small sil-
detection is mostly accomplished using organic fluorophiore ey cjusters in hybrid systems involving biomolecules such

that can specifically label biomo!echg% However, such a5 peptides significantly extend and enhance their optizal a
labelling compounds can be avoided if the intrinsic ﬂuores'sorptior?“. Also a number of succesful applications of small
cence of the biomolecule can be enhanced to such extent thglyer clusters in cell imaging—2°and single molecule spec-
sen_sitivity of detectipn drastica!ly increadé8. This can be troscopy?® has been reported. Gold clusters show also inter-
achieved by metallic nanoparu.cles anq therefore the Jabglesting emissive properties that are governed by largeibontr
free detlecuon became of high interest in a number of applitions of d-electrons due to the pronounced relativistiee.
cations'™. Therefore it has been recognized that thiolated and deedrim

Surface plasmon resonance (SPR) using thin metal filmgncapsulated gold clusters have high potential in apjiest
of gold*? or silver® is the most widely used detection tech- of hiocompatible fluorophor@&-28
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Fig. 1 Lowest energy isomers for gas-phase and supported g8ysjrp and b) AyCysTrp hybrid systems. Relative energies in eV are
given in brackets.

due to a small s-d energy gap, thus increasing drasticadly th
density of states with low intensities spread in a broad en-
ergy interval. These findings may have singificant impact for
biosensing applications utilizing the metal enhanced ésor
cence. However, in the context of proposing new materials,
the investigation of optical properties of liganded or suqbed
metal-cluster hybrid systems is mandatory.

Therefore, in this contribution we present a theoretical in
vestigation of the structural and optical properties o¥esil
and gold tetramers interacting with the model dipeptide-Cys
Trp and supported at thesklefect center of MgO. We have
f:hosen a gystein—containing dipeptide, sipce typicalbtgins Fig. 2a) Binding energies (in eV) of A@ysTrp (left) and
interact with metal clusters and nanoparticles througtstte Ay, cysTrp (right) to the E defect center of MgO b) binding
phur atom of the Cys residue. Moreover, silver hybrids showenergies of the CysTrp dipeptide to Adeft) and Au (right)
unique optical properties due to interactions betweent@xci clusters bound to thedtlefect center of MgO
tions within the silver clusters and the indole ring of trypt
pharfC. In addition, our study on structural and optical prop-
erties of small noble metal clusters at thedenter defect of
the MgO(100) support showed that the smallest clusters are
good candidates for emissive centers, since they exhibi lo
excited state lifetime¥. Therefore, our aim here is two-fold. sus s-electron excitations in silver subunits. Second, isb w
We first show the comparison of optical absorption of the supto show how the support influences the structural and optical
ported hybrid systems involving silver and gold clusterslte ~ properties of these noble metal-dipeptide hybrids in odrde
cidate the influence of excitations of d-electrons in gold ve possible label-free biosensing applications.
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Fig. 3a) and b) Calculated absorption spectra for gas-phag€ysirp hybrid (left) and AyCysTrp hybrid (right) systems. The

corresponding structures are shown in the insets. Thermal broadersimulated by convolution of lines with a Lorentzian function with the

half width of 20 nm. ¢) and d) Analysis of labeled dominant transitions insesfieading Kohn-Sham orbital excitations for ALysTrp
(left) and Ay CysTrp (right).

2 Computational Methods has been employed to determine structural and optical prop-
erties.

Density functional theory (DFT) and its time dependent ver- An extensive search for structures of the silver hybrid sys-
sion (TDDFT) have been used for determination of structuratems was performed using the simulated annealing method
and optical properties of the gas phase hybrid systemsgecesp coupled to molecular dynamics simulations in the frame of
tively. The same approach was extended for the description dhe semiempirical AM1 methad. In the case of the gold
the quantum mechanical part (QM) of the ionic MgO support,cluster hybrids the structures of silver cluster hybridcipe

as described below. were used as starting points for searching the lowest energy
structures. The vibrational frequencies have been cordpute

In order to take into account scalar relativistic effect®; 1 . . .
in order to find true minima on the potential energy surfaces.

e~ relativistic effective core potentials (19-eRECP) from
the Stuttgart grouf? have been employed for both Ag and  The ionic MgO support was modelled by an embedded
Au. For gold the optimized (9s7p5d1f)/[7s5p3d1f] basis setcluster approach in which a quantum mechanically (QM) de-
and for all other atoms the triple-zeta plus polarizatiamn@t  scribed MgO cluster is embedded into a classical polarizabl
basis sets (TZVP) have been uééf Becke’s three-parame- environment of point chargé® The QM part consists of a

ter non-local exchange functional together with the Leagfa  diamond-shaped MgO13 section of the MgO (100) surface.

Parr gradient-corrected correlation functional (B3L3¢F7 Mg?* cations are introduced at the boundary of the QM model
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1297 AgH-SCH the PBE functiond*#*has been used together with the Reso-
1.00 p 3 lution of Identity (RI) approximatiof®, which is adequate for
] the determination of structural properties and computalig
0.804 less demanding than using the hybrid B3LYP functional.
- All calculations have been performed using the program
f, ] package TURBOMOLES which allows calculation of ener-
0.409 gies and forces using analytic gradients acting on QM atoms
020_5 and point charges for ground as well as excited electronic
] J state§”*8  An interface program has been developed in
0,00 b IR N ! ~———r—— order to include the corrections due to the classical envi-
200 250 300 350 400 450 500 ronment as well as to provide the interface to the limited-
A/nm memory Broyden-Fletcher-Goldfarb-Shanno (L-BF&3)p-
Fig. 4 Calculated absorption spectrum for A4 SCHs, the timization routine. The optical properties for optimizecls-
possible chromophoric subunit present inySysTrp. Thermal tures of supported hybrid systems have been calculated with

broadening is simulated by convolution of lines with a Lorentzian TDDFT method as for free hybrid systems.
function with the half width of 20 nm.

3 Results and Discussion

in order to avoid strong polarization by neighboring pesiti  The jnvestigation of structural properties of silver anddgo
point charges, finally resulting in a M@l3(Mg_2+)16 QM " tetramer-Cys-Trp complexes gave rise to the lowest energy
subunit. Removing the central five-fold coordinated swefac ¢jass of structures in which one of the metal atoms is inderte
O atom leads to the creation of the éenter defect (k). The  into the sulphur-hydrogen bond of cysteine and the other one
boundary Mg cations have been described by effective corejpteracts either with the oxygen atom of tryptophan or with
potentials from Hay and Watft, replacing the 1s, 2s and 2p the nitrogen atom of the cysteine as shown in the upper part
e]ectrons, wh|le.the va!ence 3s electrons are descnbed. by@: Fig. 1. The lowest energy structures of the free silved an
single s-AQ basis function contracted from two s-type primi god-cluster hybrids belong to the latter and the formesgla
tive functions. of structures, respectively. Both contain A" bound to the

The QM subunit is embedded in an array ofxX2Dx10  thiolate form of cystein (R-S). Such metal cluster-hydrogen
point charges (gg =+2.0, g =-2.0) which simulate the ions species were also observed in the gas phase formation ef silv
of the surrounding lattice ensuring the correct inclusibthe clusters using different aminoacffsL. In the case of Ecen-
distant part of the electrostatic field of the quasi-infioftgstal  ter supported hybrids both silver- and gold-cluster coxgse
(Madelung potential). In order to take into account latfiee  interact with atoms belonging to cysteine and to tryptopn
larization, these charges are described by the shell ribdel shown in the lower part of Fig. 1. This means that supported
In this model, an ion is represented by two charges, a poingilver- and gold-cluster hybrids with CysTrp dipeptide dav
charge core and shell, which are connected by a spring teommon structural properties. The binding energy of the gol
simulate the dipole polarizability of the environment. ¥he cluster hybrid system to the MgQsEenter (see Fig. 2) is con-
interact between themselves and with the QM subunit ionssiderably stronger than in the case of the silver clusteritlyb
via specified classical inter-atomic potentials (Coulomid a due to the larger electron affinity of gold. Moreover, thedsin
Buckingham potentials). Corresponding shell model parameing energy of the biomolecule to the supported cluster igow
ters suitable for the MgO surface have been taken fronfRef. than the binding energy of the hybrid system to the Mg F
A small 10x10x8 cube of polarizable shellions (region I) has center (see Fig. 2), which means that the biomolecule might b
been chosen to describe the nearest surrounding of the Qlversibly bound and can be removed without destroying the
subunit in which all point charges (cores and shells) are alsupported cluster. Notice, that the binding energies off@tys
lowed to relax. The ions outside region | consist of fixed non-to the supported Agor Aus species (1.29 and 1.21 eV, respec-
polarizable shell ions forming region II. tively) are due to the chemical transformation which ineslv

In order to determine the ground state structural properthe insertion of the Ag atom into the S-H bond generating a
ties of the supported hybrid systems, energetically lowgy cluster-thiolate species. Therefore it is expected thadibgy
isomers obtained for the gas-phase hybrids were placed onto cystein will be preferred to all other aminoacids.
the oxygen vacancy of thesfeenter with different orienta- The TDDFT spectra of free silver- and gold-cluster hybrid
tion. Subsequently, full geometry optimization involvihng-  systems together with the analysis of leading excitatidvesg
brid systems, the QM part of the MgO model and shell ions inin Fig. 3. show clearly, in the case of silver cluster hybrid,
region | (cores and shells) was performed. For this purposehat for the intense transition below 350 nm, the excitation
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Fig. 5 Calculated absorption spectra for a) supported@gTrp (left) and b) supported AGysTrp hybrid systems. Thermal broadening is
simulated by convolution of lines with a Lorentzian function with the half width@h#nh. For comparison the envelopes of corresponding
gas-phase spectra (solid grey and yellow lines) as well as the spedtthentiare k5 defect center of MgO (upper panels) are shown.
Corresponding structures are also presented in the insets. Analys&lk#dmominant transitions in the spectra of supported g)CA&gTrp
and d) Ay CysTrp hybrid systems in terms of leading Kohn-Sham orbital excitations.

are localized within the Ag"™ subunit. This means that the the localization of dominantly intense transitions in thevér
silver subunit is responsible for the low energy spectrappr energy regime is not present as it is the case for silvetalus
erties of the cluster hybrid systems since the transiti®®bat  hybrid systems.

nm is not present in the pure CysTrp dipeptide. For the dom-

inant transition around 300 nm the mixture of contributions . . .
L o . support on optical properties of hybrid systems we pregent t
due to the excitations within the Agl subunit and the charge . .
comparison of calculated spectra fog €enter with those of

transfer between the sulphur-bonded part of cysteine and th ) o
tryptophan chain is present. This finding is confirmed by th supported hybrid systems in Fig. 5. The spectra of the free hy

calculated spectrum for the A§-SCH;z subunit shown in Fig. rid systems are als_o msert_ed in order to dlsc_uss QUi .

. . . : e . the outcome of the interaction between hybrid systems with
4 in which the dominant intense transition is also localiaed the Fs center of MgO on spectroscopic fingerprints of sup-
~ 350 nm. Due to the electron withdrawing effect by sulphur g P P gerp P

and oxygen atoms, the Af-SCH; model system is charac- ported syste_ms. Slnf:e in the case of supported hybndsghe F
X ; L . center contributes with two electrons and the dominanstran
terized by two electrons localized within the Ag subunit.

. X : : .. tion is located close to 350 nm, in the case of the silver eflust
The absorption of Ag is also dominated by intense transition ; ; ST
. . complex the dominant intense transition is shifted to theeio
located at 300 nm. In contrast to silver cluster hybrid com-

. . energy of~ 400 nm. The analysis of this intense transition
plex, the spectrum of ACysTrp shown in the right part of o i
Fig. 3 is characterized by high density of transitions witka shows that excitations between the electrons from thech

n . i .
tively low intensities due to d-electron excitations. Tdfere, ter and t.he Ag" subunit of the hybr!d system occur (cf. Fig.
5c¢). This means that four delocalized valence electrons are

In order to investigate the influence o Eenter of MgO
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available in the supported system. In fact, the dominanstra
tion of the free Ag cluster is also localized at 400 nm which is
in accord with the above qualitative analysis of the leadirag
tures in the spectrum of supported AGysTrp system. The
fundamental quantity relevant for the development of elst
based biosensors is the change of the optical absorptiashwhi
occurs upon binding of the biomolecule to the supported-clus
ter. In Fig. 6 we present the difference of the optical sgectr
between supported AG@ysTrp and bare supported AgAs
can be seen, the binding of the biomolecule causes strong in-
crease of the optical absorptionat400 nm and disappear-
ance of the optical absorption in the visible range~a480

nm. This result indicates that the binding of peptides such a
CysTrp can be detected by optical means and thus supported
silver clusters can serve as biosensing materials. In asimtr
the spectrum for supported gold cluster-hybrid system show
on the right hand side of the Fig. 5 is dominated by the contri-
bution from Fs center excitations (cf. Fig. 5d) since the tran-
sitions for Ay CysTrp are spread over a large energy interval
due to the high density of d-electron excitations.

The above findings clearly show the advantage of supported
small silver-hybrid systems which may be good candidates fo
the development of new nanostructured biosensing magerial
Interestingly enough, the combination of the interactien b
tween the subsystems and the number of electrons contribut-
ing from the metallic subunit and the electrons from the F Fig. 6 Optical signal generated upon binding of a bare Cys-Trp
center are determining the optical properties of thg@sTrp  dipeptide to a supported Agluster given by difference of spectra
hybrid supported system. The above described results casf supported Ag-CysTrp and bare supported Ags indicated by
serve as the starting point to guide the design of emissivéhe scheme in the upper panel. A"+" (red areas) indicates an
cluster-hybrid centers stabilized by the support or by ilpe | increase of absorption intensity, ™" (black areas) a decrease of
ands. Supported cluster-hybrid systems can be used to buiRPsorption intensity.
nanostructured arrays for biochips that are employed fug-di
nostics of human serum samples, while ligand-protectest clu
ters might serve for sensing in living cells.

rTTrTyTrTrTrTryrTTrTTyTTTTTTTTITTTTITITTT
[ [ | I [ I

250 300 350 400 450 500 550 600
A/ nm

supported silver cluster hybrid systems can be suitable-bui
ing blocks for development of biosensing materials.

4 nclusion
Conclusions 5 Acknowledgement

We have presented the theoretical study of the optical prop- ) . )

erties of silver and gold cluster-peptide hybrid systems- su We ac.knowled_ge long ter.m stlmulatmg an.d fruitful coopera-
ported at the Ecenter defects of the MgO surface. Our resultstion with L. Woste and his team. Financial support by the

show that the binding of the peptide to the supported silvelP€utsche Forschungsgemeinschaft priority program SP® 115
cluster leads to the appearance of the strong absorptidioat 4 "Clusters at Surfaces: Electron Structure and Magnetism” i

nm which can be used as an optical signal for the detection dfratefully acknowledged. A. K. and R. M. acknowledges the
peptides. The strong localized absorption arises due tie exclinancial support in the framework of the "Emmy-Noether-

tations of delocalized electrons in the Agstructural subunit ~Programme” (ENP-MI-1236) of the Deutsche Forschungsge-
combined with the E center excitations. The Ag subunit ~ Meinschaft (DFG).

is created after insertion of one Ag atom of Aigto the SH

bond of the cysteine residue. Such strong localized atisarpt References

is typical for silver hybrids and is not present in gold hylsri 1 E. Katz and I. WillnerAngew. Chem. Int. Ed2004,43, 60426108

since there the d-electrons dominate the excitations grge > M.E. Stewar't, C R Andert.on, LB T.hompsorll, 3. Maria, S. Kay:;

to a number of low intensity transitions spread over a braad e J. A. Rogers and R. G. Nuzz6hem. Rey2008,108, 494-521.

ergy range. In summary, the presented findings indicate that R. wilson,Chem. Soc. Rex2008,37, 2028-2045.

6| Journal Name, 2010, [vol]1-7 This journal is © The Royal Society of Chemistry [year]



o 0 b

© 0

11
12

13

14
15

16

17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

35

36

37

38

39

40

R. E. Palmer and C. Leungrends Biotechnal2007,25, 48 — 55.

J. R. LakowiczAnal. Biochem.2005,337, 171-194.

L. Zhao, L. Jensen and G. SchalzAm. Chem. Sqc2006,128 2911—
2919.

A. N. Kapanidis and S. Weis3, Chem. Phys2002,117, 10953-10964.
R. Ando, H. Mizuno and A. MiyawakiScience2004,306, 1370-1373.
J. R. LakowiczPlasmonics2006,1, 5-33.

E. G. Matveeva, T. Shtoyko, |. Gryczynski, |. Akopova and=yczyn-
ski, Chem. Phys. Le{t2008,454, 85-90.

N. Nath and A. Chilkoti)). Fluoresc, 2004,14, 377-389.

I. Gryczynski, J. Malicka, Z. Gryczynski and J. R. Lakowyid. Phys.
Chem. B2004,108 12568-12574.

J. R. Lakowicz, J. Malicka, |. Gryczynski and Z. Gryczyindkiochem.
Biophys. Res. Commuyr2003,307, 435 — 439.

M. A. El-SayedAcc. Chem. Res2001,34, 257-264.

K.-S. Lee and M. A. El-Sayed]. Phys. Chem. B2006,110, 19220-
19225.

E. Cottancin, G. Celep, J. Lerme, M. Pellarin, J. R. Huigzin J. L.
Vialle and M. Broyer,Theor. Chem. Acc2006,116 514-523.

J. Yu, S. A. Patel and R. M. DicksoAngew. Chem. Int. Ed2007,46,
2028-2030.

J. Yu, S. Choi and R. M. DicksoAngew. Chem. Int. Ed2009,48, 318—
320.

Y. Antoku, J. ichi Hotta, H. Mizuno, R. M. Dickson, J. Hofie and
T. Vosch,Photochem. Photobiol. Sc010,9, 716-721.

V. Bon&ic-Koutecky, V. Veyret and R. Mit6, J. Chem. Phys2001,115
10450-10460.

C. Sieber, J. Buttet, W. Harbich, Célix, R. Mitric and V. Bonéi ¢
Kouteck, Phys. Rev. A2004,70, 041201.

P. Radcliffe, A. Przystawik, T. Diederich, Toppner, J. Tiggestumker
and K.-H. Meiwes-BroerPhys. Rev. Lett2004,92, 173403.

J. Zheng, P. R. Nicovich and R. M. Dicksofinnu. Rev. Phys. Chem.
2007,58, 409-431.

T. Tabarin, A. Kulesza, R. Antoine, R. MittiM. Broyer, P. Dugourd and
V. Bon&i ¢ Koutecl, Phys. Rev. Lett2008,101, 213001.

K. Kneipp, H. Kneipp, I. ltzkan, R. R. Dasari and M. S. Fehem.
Phys, 1999,247, 155 — 162.

T. G. Schaaff and R. L. Whetteh,Phys. Chem. B000,104, 2630.

J. Zheng, J. T. Petty and R. M. Dicksah,Am. Chem. S0c2003,125,
7780.

J. Zheng, P. R. Nicovich and R. M. Dicksofinnu. Rev. Phys. Chem.
2007,58, 409.

A. Kulesza, R. Mitit and V. Bonai¢-Koutecky,Chemical Physics Let-
ters, 2011,501, 211 — 214.

|. Compagnon, T. Tabarin, R. Antoine, M. Broyer, P. Dugo&®dMitric,
J. Petersen and V. Botia-Kouteck/, J. Chem. Phys2006,125 164326.
C. Burgel, R. Mitric and V. Bonaic-Koutecky,Physica Status solidi (B)
2010,247,1099-1108.

D. Andrae, U. Haeussermann, M. Dolg, H. Stoll and H. Prelisepr.
Chim. Acta 1990,77, 123.

S. Gilb, P. Weis, F. Furche, R. Ahlrichs and M. M. Kapp&sChem.
Phys, 2002,116, 4094-4101.

A. D. BeckeJ. Chem. Phys1993,98, 5648.

C. Lee, W. Yang and R. G. PaRhys. Rev. B1988,37, 785.

S. J. Vosko, L. Wilk and M. Nusai€an. J. Phys.1980,58, 1200.

P. J. Stephens, F. J. Devlin, C. F. Chabalowski and M. Scird. Phys.
Chem, 1994,98, 11623.

M. J. S. Dewar, E. G. Zoebisch, E. F. Healy and J. J. P. Stedvakm.
Chem. S0¢.1985,107, 3902.

P. V. Sushko, A. L. Shluger and C. R. Catl@urface Scien¢000,450,
153.

P. J. Hay and W. R. Wadl, Chem. Phys1985,82, 284.

41
42

43
44

45

46

47

48

49

50
51

B. G. Dick and A. W. Overhausd?hys. Rey.1958,112, 90.

A. L. Shluger, A. L. Rohl, D. H. Gay and R. T. William3, Phys.: Con-
dens. Matter1994,6, 1825.

J. P. Perdew and Y. Warighysical Review B1992,45, 13244-13249.
J. P. Perdew, K. Burke and M. ErnzerhBhysical Review Letter4996,
77, 3865-3868.

K. Eichkorn, F. Weigend, O. Treutler and R. Ahlricli&eoretical Chem-
istry Accounts: Theory, Computation, and Modeling (ThecaeChimica
Acta), 1997,97, 119-124.

R. Ahlrichs, M. Bar, M. Haser, H. Horn and C. 8mel,Chem. Phys. Lett.
1989,162, 165.

D. Rappoport and F. Furch&,Chem. Phys2005,122 064105.

F. Furche and D. Rappoport, Density functional theory for excited
states: equilibrium structure and electronic spectea. M. Olivucci, El-
sevier, Amsterdam, 2005, vol. 16, ch. IIl.

R. H. Byrd, P. Lu, J. Nocedal and C. ZI&IAM J. Scientific Computing
1995,16, 1190.

G. N. Khairallah and R. A. J. O'HaiDalton Trans, 2005, 2702-2712.

G. N. Khairallah and R. A. J. O’'HaiAngewandte Chemi€005,117,
738-741.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [voll, 1-7 |7



