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Abstract: The photoelectrochemical charging of Au-nanoparticles (NP) in a Au-nanoparticle/CdS-nano-
particle array assembled on a Au-coated glass surface is followed by means of surface plasmon resonance
(SPR) spectroscopy upon continuous irradiation of the sample. The charging of the Au-NPs results in the
enhanced coupling between the localized surface plasmon of the Au-NP and the surface plasmon of the
bulk surface, leading to a shift in the plasmon angle. The charging effect of the Au-NPs is supported by
concomitant electrochemical experiments in the dark. Analysis of the results indicates that ca. 4.2 electrons
are associated with each Au-nanoparticle under steady-state irradiation. The photoelectrochemical charging
effect of the Au-NPs in the Au—CdS NP array is employed to develop a SPR sensor for acetylcholine
esterase inhibitors.

Surface plasmon resonance (SPR) is a versatile method toamplify the SPR signals upon modification of the surfaces. The
probe and characterize physicochemical changes of thin films surface plasmons (SP) are resonantly excited surface electro-
on metal surfaces such as Au or Agrhe assembly of magnetic waves, which propagate along the planar metal/
monolayers or thin films on SPR-active surfaces, or chemical dielectric interface and are strongly localized in its vicirity.
transformations occurring on such surfaces, were characterizedhe presence of the metal-NP layer, part of SP energy, no longer
by SPR spectroscopy. The ability to probe chemical modifiers guided by the interface, is transferred outside through scattering
on surfaces by means of SPR spectroscopy turned the methodvithin the NP layer. The interactions between the localized
into a useful analytical todl,and different biorecognition  surface plasmon (LSP), associated with noble metal NP, and
processes, such as protejorotein binding®* DNA hybridiza- SP on a metal-dielectric interface, that leads to a deformation
tion,> or photochemically triggered antigeantibody association  of the dispersion curve of the SP and to a shift of the plasmon
processe8,were analyzed by SPR. In most of these systems angle, have been observ&dThe coupling between the LSP
the chemical modification of the metal surfaces alters the associated with the Au-NP and the surface plasmon wave
refractive index and thickness of the modified surfaces. Several associated with the interface leads to the enhanced shifts in the
studies employed Au-nanoparticles (Au-NP) as labels that plasmon angles upon the chemical modification of the surfaces.
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reversible redox processes of polyanifiher Prussian-blué deficient by changing the potential from0.16 to +0.82 V
films were transduced by SPR spectroscopy. Furthermore, SPR(versus Ag quasi-reference electrode) causes the LSP band to
spectroscopy was employed to follow electrocatalytiand move to lower energy?c Since the localized plasmon of Au-
bioelectrocatalytic process&sl4driven by redox-active films NP immobilized on the interface is coupled to the bulk gold
associated with gold surfaces. The mediated electron transfersurface plasmon, the charging of the particles would alter not
in these systems yields a steady-state ratio between the oxidizeanly LSP band position but also the coupling between the Au-
and reduced forms of the interface, resulting in SPR spectraNP and the surface plasmon wave, resulting in the change in
that exhibit intermediary patterns of the two interface states. the SPR spectrum. Also, the charging of the Au-NP array is
This enabled the development of SPR-based electrochemicalanticipated to change the potential distribution across the
sensors. electrode interface.

The photochemical functionalities of semiconductor nano-  Here we wish to report on the probing of photoelectrochemi-
particles associated with electrodes were a subject of extensivecal properties of the AtCdS nanoparticles array by means of
research efforts in the past decd8é® Within these scientific SPR spectroscopy. Observed plasmon angle shifts and photo-
efforts, the understanding of the photophysical properties of voltage generated on the electrode were interpreted as originating
metal-semiconductor (e.g., AtTiO2) nanoclusters is of par-  from photoinduced charge injection into the outermost layer of
ticular interest’ It was demonstrated that electron-transfer of the Au-NP.
conduction-band electrons from the semiconductor to the metal As far as we are aware, this is the first example demonstrating
nanoclusters enhances the charge separation and thus decreasg@ combination of SPR spectroscopy with photoelectrochemical
the electror-hole pairs recombination. This observation was charging of Au-NP. Furthermore, recently enzyme-functional-
further developed by the tailoring of organized layered as- jzed CdS nanoparticle hybrids associated with electrodes were
semblies of Au-NP and CdS-NP on electrode surfaces for ysed as photoelectrochemical biosengdisor example, ace-
enhanced photocurrent generatnPhotoinduced electron  tyicholine esterase-functionalized CdS nanoparticles on elec-
transfer from CdS-NP to the Au-NP results in the separation of trodes were employed as active interfaces for photocurrent
the electrorrhole pairs in the two different particle entities generation and for the electrochemical transduction of the
against recombination. The subsequent transfer of the Au-NP-pjocatalyst inhibition. In the present study we demonstrate the
captured electrons to the electrode leads to the enhancedspRr read-out of the inhibition of acetylcholine esterase upon
photocurrent in the system. Thus, one may anticipate that uponthe irradiation of an interface consisting of the biocatalyst and
the photochemical excitation of the AWCdS nanoparticle a layered Au-CdS nanoparticle assembly.
system, the Au-NP will be charged by electrons, and the charge
density will be controlled by the effectiveness of the photoin- EXperimental Section
duced charge separation in the system. It is known that addition Chemicals. Acetylcholine esterase (AChE, EC 3.1.1.7, type VI-S
or removal of some number of electrons from noble metal NP from electric eel), acetylthiocholine, 1,5-bis(4-allyldimethylammoni-
produces a notable shift in LSP band position, and efforts have umphenyl)pentane-3-one dibromide (anticholinesterase BW284c51)
been made to account for such LSP band shifts using Mie were purchased from Sigma and used without further purification. All
theory!® These spectral shifts of nanoparticle LSP band position other chemicals, including 2;2lithio-bis(ethaneamine) (cystamine),
in aqueous solution as well as on the electrode surface are4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid sodium salt (HEPES),
attributed to the changes in plasma frequency, caused by thel-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydrochloride (EDC),
charge density increase resulting from the charging of Au-NP glutaric dialdehyde, sodium bis(2-ethylhexyl)sulfosuccinate (AOT),

corel®.cFor example, causing the Au-NP core to be electron-
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cadmium perchlorate hydrate, sodium sulfide, 2-aminoethanethiol
(cysteamine), 2-mercaptoethanesulfonic aki@-mercaptopropionyl-
glycine (tiopronin), HAuCJ-3H,O (99,999%), sodium borohydride
(98%), triethanolamine hydrochloride (TEA) were purchased from
Sigma and Aldrich and used as supplied. Ultrapure water from
Barnstead NANOpure Diamond system was used in all experiments.
The CdS-nanoparticles (CdS-NP) were prepared in AOT/heptane
reverse micelledt The surfaces of the resulting CdS-NP were modified
both with 2-aminoethanethiol and with 2-mercaptoethanesulfonic acid
as described in the literatufe.The tiopronin-functionalized gold
nanoparticles were prepared as described in the liter&ture.
Modification of Electrodes. Glass supports (20 mmx 20 mm)
covered with a chromium sublayer$% nm) and a gold layer~50
nm) (AnalyticaluSystem, Germany) were used for the SPR measure-
ments and as working electrodes (with 0.38@rea exposed to the
solution and to irradiation). Prior to the modification the surfaces of
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Au-electrodes were cleaned with hot ethanol followed by rinsing with Microgravimetric Measurements. A QCM analyzer (Fluke 164T
water, after which the electrodes were soaked in an aqueous 50 mMmultifunction counter, 1.3 GHz, TCXO) linked to a computer with the
cystamine solution fo2 h and then rinsed thoroughly with water to homemade software was used for microgravimetric measurements.
remove any physically adsorbed cystamine. The cystamine-modified Quartz crystals (AT-cut, ca. 9 MHz, EG&G) sandwiched between two
electrodes were incubatedr® h in asolution of the tiopronin-capped  Au electrodes (geometrical area 0.2%noughness factor ca. 3.5) were
Au-NP (1 mgmL~1) in 0.1 M HEPES buffer, pH= 7.2, in the presence  used. The Au electrode surfaces were washed with ethanol and modified
of 5 mM EDC. The Au-NP-functionalized electrodes were then reacted in the same way as that described for Au-coated glass slides. Frequency
with the cysteamine-stabilized CdS-NP (1 1md.~?) solution in 0.1 changes of the quartz crystals were measured in air after each
M HEPES buffer, pH= 7.2, in the presence of 5 mM EDC for 2 h.  maodification step. All the measurements were carried out at ambient
The electrodes were then rinsed with water to remove the physically temperature (23 2 °C).

adsorbed material. For further functionalization with the enzyme, Impedance Spectroscopy Measurementslon-Faradaic impedance
acetylcholine esterase (AchE), the electrodes were activated with measurements were performed in the frequency range of 100 mHz to
glutaric dialdehyde by dipping the electrodes in a solution of glutaric 10 kHz in 0.1 M phosphate buffer, pe 7, under Ar, using the
dialdehyde 10% (v/v) in 0.1 M phosphate buffer, pH7.0, for 20 electrochemical analyzer (model 6310, EG&G) connected to a personal
min. After that, the electrodes were briefly washed with water, and computer (EG&G software 398). The tiopronin-modified electrode was
then reacted with AChE (1 mgiL™) in 0.1 M phosphate buffer, pH biased in the potential range of 0.3 t60.3 V. The experimental

= 7.0, for 20 min at room temperature. The resulting Au-electrodes impedance spectra were fitted to the equivalent circuit consisting of
were washed with water to yield the Au-NP/CdS-NP/AChE hybrid the resistance and the constant phase element connected in series using
array. For control experiments the electrodes were functionalized with commercial software (Zview, version 2.1b, Scribner Associates Inc.).
cysteamine-stabilized CdS-NP, omitting the modified Au-NP. The

cystamine-modified Au-electrodes were reacted with glutaric dialde- Results and Discussion

hyde, 10% (v/v) in 0.1 M phosphate buffer, pH 7.0, for 20 min. . .
After that, the electrodes were rinsed with water, and then reacted with According to the TEM measurements the mean sizes of the

CdS-NP (1 mgnL—3) in 0.1 M phosphate buffer, pk 7.0, for 20 NPs’ cores were estimated to be 23.5 nm and 5+ 1.1 nm

min at room temperature. The electrodes functionalized with cds-Np for the Au-NPs and for the CdS-NPs, respectively. Scheme 1
were rinsed with water to remove any physically adsorbed materials. depicts the method to assemble the Au- and CdS-nanoparticle
In Situ Photoelectrochemical-SPR MeasurementsThe surface arrays on the gold-coated glass slides. The tiopronin-modified
plasmon resonance (SPR) Kretschmann type spectrometer Biosuplar-2AU-NPs were covalently linked to a cystamine monolayer
(Analytical.«System, Germany) with a light-emitting diode light source, ~associated with the Au-surface. Then the CdS-NPs stabilized
A = 670 nm, prism refraction indem = 1.61, and a dynamic angle ~ with a mixed monolayer consisting of cysteamine and of
range up to 19in air was used in this work. The SPR data were 2-mercaptoethanesulfonic acid were covalently linked to the Au-
processed using Biosuplar-2 software (version 2.2.30). The SPRnanoparticle layer. The assembly of the Au-NP/CdS-NP array
sensograms (time-dependent changes of the reflectance minimum)on Ay-quartz QCM electrodes indicates that the surface coverage
represent ru_eal-tlme changes in the plasmon angle, and thesc_e_ Weret the Au-NP and of the CdS-NP corresponds to ca 3111
recorded using a home-built open cell under the flow of Ar. An auxiliary mol-cm=2 and 2.0 x 10712 mol-cm™2, respectively. These

Pt and a quasi-reference Ag electrode inserted into the cell were made t t that the d iti f AU-NP
from wires of 0.5-mm diameter. Multipotential step chronoamperometry measurements suggest that the deposition coverage ot Au-

experiments were performed using an electrochemical analyzer (EG&G,yields ca. 95% of a 2D densely packed _NP monolayer, while
VersaStat) linked to a computer (EG&G Software no.270/250). The for the CdS-NP the surface coverage is only ca. 10% of a
measured potentials are reported versus Ag-quasi-reference electrodedensely packed NP monolayer. Using values of the surface
The SPR sensograms were measured in situ upon application of ancoverage we conclude that each CdS-NP is linked to ca. 5 of
external potential onto the working electrode. the Au-NPs and that ca. 50% of the Au-NPs are in contact with
A blue light-emitting diode (LED UB 5306X with peak emission at the CdS-NPs.
A = 460 nm, spectrum half-width 30 nm) was employed as a light ~ The photocurrent action spectrum of the system shown in
source for the irradiation. The measured light power (at forward current gcheme 1 is depicted in Figure 1. The photocurrent spectrum
204mA1)01V;’at51 about ;Cf’ E‘W’ha”dhth's C?”esr’onds toa phomr}‘(ﬂ_”m Ca. generated upon irradiation of the nanoparticle system overlaps
3.4 107 photons se-. For the photovoltage measurements aKeithley o angorption spectrum of the CdS-NP (Figure 1, inset),
electrometer (model 617, input impedance greater than @) Has T g o
indicating that the photocurrent originates from the excitation

been used. The size distributions of Au-NP and CdS-NP were f th . d icl ltina in the el
determined by a Technai-12 FEI Philips transmission electron micro- of the semiconductor nanoparticles, resulting in the eleetron

scope (TEM) operated at 120 kV. Samples used for the TEm hole formation. The scavenging of the valence-band holes by
observations were prepared by placing a droplet of the nanoparticles€lectron donor, TEA, results in accumulation of electrons in
dissolved in water onto a Cu grid with amorphous carbon overlayers the conduction band and their transport to the electrode. This
followed by drying under vacuum. background experiment reveals the photoelectrochemical activi-
For the photocurrent measurements we used a home-built photo-ties of the Au-NP/CdS-NP system.
electrochemical system that consists of a Xe lamp (Oriel, model 6258, In contrast to the previous experiment that was performed
300 W), a monochromator (Oriel, model 74000), and a chopper (Oriel, under short-circuit conditions, in the rest of the present work
modz_al 76994_). The electrical output from the cell was sampled by a \ye studied the A4 CdS nanoparticle arrays in the open-circuit
lcohccl)("ni:n}fe"f'e;éitangi;?rsoe”aegg' Tdifgefo Deizzétz?esstg‘;tfﬁzconfiguration under continuous irradiation. Figure 2 shows the
pRIng frequency w yapu ya ( PR spectra observed upon the build-up of the—8dS

Research, model DE 535). The photogenerated current was measure ticl the A ted gl lid Clearlv. th
between the working electrode and the counter electrode (graphitenamopar Icle arrays on the Au-coated giass slides. Llearly, the

electrode). The photoelectrochemical measurements were performed@Ssociation of the Au-NP to the interface shifts significantly
in 0.1 M phosphate buffer, pH= 10, in the presence of various the plasmon angle due to the plasmon coupling between the
concentrations of TEA under Ar at ambient temperature 422 LSP of the nanoparticle and the SP of the bulk electrode. The
C°). binding of covalently linked CdS nanoparticles further shifts

16008 J. AM. CHEM. SOC. = VOL. 125, NO. 51, 2003
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Scheme 1. Stepwise Assembly of the Photoelectrochemical System Composed of Functionalized Au and CdS Nanoparticles on a Au
Electrode Surface and Its Operation upon lllumination
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Figure 2. SPR spectra corresponding to the assembly of the Au-NP/CdS-

NP array: (a) the bare Au surface, (b) the Au surface modified with a

L monolayer of the functionalized Au-NP, (c) the Au surface modified with
480 the functionalized Au-NP and CdS-NP.

440

A, nm

400

efficiency and the recombination rate. lllumination leads to
Figure 1. Photocurrent action spectrum generated upon the irradiation under electron accumulation in the conduction band, and the CdS-NP
e e o e o s o 4 quasi Fermi level moves up toward the low cdge of the
spectrum of CdS-NP. conduction band energy level. Thus, since the concentration of
TEA at a given efficiency of charge separation defines the
the plasmon angle due to enhanced SP scattering and possiblelectron-hole recombination rate, it should define the value of
changes of the refractive index of the interface. Figure 3A shows the quasi-Fermi level of CdS-NP, depending on the concentra-
the SPR spectra observed upon the irradiation of the Au-NP/tion of electrons in the conduction band. Upon the electron
CdS-NP array in the presence of different concentrations of the transfer to the Au-NP, the Fermi level of the Au-NP is shifted
sacrificial electron donor, TEA. Irradiation of the ACdS array negatively until it merges with the CdS-NP conduction band
in the absence of TEA does not alter the SPR spectrum, curve|ow edge. We believe that the saturation of the plasmon angle
(a), as compared to the spectrum recorded in the dark. As theghift is caused by the equilibration of the Fermi levels of Au-
concentration of TEA increases, the plasmon angle of the SPR\p and the low edge of the CdS-NP conduction band, following
spectra is shifted to higher values, curves€), and the change e electron transfer from CdS-NP to the Au-NP. Recently the
in the plasmon angle reaches a saturated shift that correspondgocess of Fermi level equilibration in ZnO quantum-dotetal
to A6 = 0.4 at TEA concentrations higher thanx. 1072 M, nanojunctions has been observed by using changes of the surface

Figure 3A, inset, curve (a). The changes in the plasmon angles,p|asmon band of the metal nano-islands following the photo-
Figure 3A, inset, curve (a), are calculated relative to the plasmon;,4.,ced electron accumulatid

angles of the systems including similar TEA concentrations in
the dark. Thg number of electrons_a_ccumulated in the con(_juc_tlon(24) Wood, A.: Giersig, M.; Mulvaney RL. Phys. Chem. B001, 105 8810~
band is defined by the competition between the excitation 8815.
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Figure 3. (A) SPR spectra of the Au surface modified with Au-NP/CdS-NP array upon illumination in the presence of various concentrations of TEA: (a)
0 mM, (b) 2 mM, (c) 5 mM, (d) 10 mM, (e) 20 mM. Inset: The plasmon angle shifts upon: (a) The irradiation of the Au electrode modified with Au-
NP/CdS-NP array in the presence of different concentrations of TEA. (b) The irradiation of the Au electrode modified with a monolayer of the CdS-NP in

the presence of different concentrations of TEA. (B) The SPR spectra of the Au surface modified with the functionalized Au-NP/CdS-NP-afyalarka
(b—b') under irradiation. Inset: Reversible shifts of the plasmon angle upon irradiation and dark conditions.

Figure 3A, inset, curve (b), shows the changes in the plasmon -25
angles upon the irradiation of the CdS-nanoparticle array linked
to the electrode in the absence of the intermediary Au-NP. The
shift in the plasmon angle corresponds to ca’,0ahd this is
explained by charge transfer to the surface states of CdS-NP.
Indeed a charge-induced absorption-edge shift has been observed
earlier for thin CdS layer® These results clearly indicate that >
the SPR spectrum of the AtCdS nanopatrticle array is strongly
affected by the irradiation of the system in open circuit é_
configuration. These effects are rationalized in terms of the »>
electron transfer from the CdS-NP to the Au-NP and the
sequential charge storage on the Au-NP.

The effect of light on the SPR spectra of the -AQdS
nanoparticle array is reversible, and upon the cyclic switching
“ON” and “OFF” of the external light source, the plasmon angle
is switched between high and low values, Figure 3B and inset. 5 ) , , ,
Thus, the plasmon angle may be used as the transduction means 0 5 10 15 20
of the optical signal that activates the charging of Au-NP array.
It should be noted that the nanoparticle-functionalized Au [TEA], ™M
surfaces reveal stability, and upon repeated washing (four cycles)rigure 4. Photovoltage measured on the Au electrode modified with the

the results could be reproduced within 5%. Au-NP/CdS-NP array upon its illumination in the presence of various
. . . concentrations of TEA.
Additional experiments were performed to elucidate the

charging that occurs in the irradiated AGdS nanoparticle array
with the attempt to correlate these changes with the resulting
plasmon angle shift. The surface photovoltags,, is defined

as the illumination-induced change in the surface potentiay; (

= Viight — Vdark). The photovoltaic effect is the result of charge

transfer and/or redistribution within the system due to the .
S . . . .. the photovoltage on the gold electrode-i25 mV. In a control
irradiation. Since the electric potential and the charge distribution . . . :

experiment the Au-NP array was irradiated in the presence of

are interdependent through the Poisson and conFlnuny equatlonsTEA’ 2 x 102 M (no CAS-NP array). A minute shift ey,
the stored charge, and hence the surface potential, changes upon

irradiation. It is important to note that the formation @y ca. 5 mv, was ob;grved that could o.rlglnate from the minor
occurs only if charge generation per se is followed by net spatial photochemical activity of the Ag-quasi-reference electrode.
charge redistribution. Figure 4 shows the photovoltags;, Provided that the charging of the Au-NP core leads to the
generated on the electrode that includes the-&dS nanopar- ~ observed changes in the plasmon angle, that are accompanied
ticle array upon irradiation of the system under open-circuit Py changes iVpy, one may perform the reverse dark experiment
conditions in the presence of different concentrations of the Where a negative potential is applied on the same electrode that
sacrificial electron donor, TEA. The photovoltage increases as contains the Au-CdS nanoparticle array. Figure 5 shows the
the concentration of TEA is elevated, and it reaches a saturationchanges in the plasmon angle of the -ADdS nanoparticle

and higher. At these concentrations of TEA the plasmon angle
of the SPR spectrum is shifted y¢ = 0.4° as compared to
the nonilluminated Aa-CdS nanoparticle array. Thus, at the
conditions where the irradiation of the system leads to the
maximum changes in the plasmon angle of the SPR spectrum,

value ofVpy = —25 mV at TEA concentrations of £ 1072 M system at different applied potentials in the dark. At an applied
potential of—225 mV on the bulk electrode, the change in the
(25) Liu, C. Y.; Bard, A. JJ. Phys. Chem1989 93, 7749-50. plasmon angleX6 = 0.4°) is similar to that observed under
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04 - whereVy, is the potential drop across the cystamiitiepronin
layer, andVpy is the photopotential measured at electrode. The
obtained value of/p is found to be—125 mV, and henc¥y, is
equal to—100 mV.

We conclude that the large changes in the plasmon angles of
the illuminated Au-CdS nanoparticle array probably originate
from the photoinduced charging of the Au-NP. The higher
02 | electron density in the nanoparticle alters the LP frequéhcy,
and hence the coupling of the particle LP with the surface
plasmon of the gold interface, that should result in a shift in
the plasmon angle. It should be noted that this potential drop
across the monolayer suggests a high local electric field in the
order of magnitude of ov/cm. This value is consistent with
the value of local electric field across monolayer assemblies
0L that were extracted from-V curves of related systems (0

10° V/cm).28

' ' : : ; ! For the better understanding of the mechanism leading to the

250 -200 -150 -100 -SO 0 photochemical charging of the Au-NP we made an effort to
estimate quantitatively the degree of Au-NP charging. An ionic

E, mV space charge layer is formed around the Au-NP core, and it is
Figure 5. The plasmon angle shift observed at the Au electrode modified Separated from the core by the capping monolayer that serves
with the Au-NP/CdS-NP array upon application of variable potentials to a5 a dielectric medium of the double-layer capacitor. In the
the electrode i the dark in the presence of TEA, 20 mM. studies of Murray and co-workéfsit was reported that the
double-layer capacitance of monolayer-protected Au-NP in an
electrolyte solution is well described by the simple concentric
sphere model, eq 2

03 -

A0 , deg.

0.1 |

irradiation, resulted in a photovoltagésy, of —25 mV on the
Au-electrode. As the changes in the plasmon angle of the
cystamine-coated Au-electrode upon application of the same
potential of —225 mV are minute (ca. 0.09, the observed
changes in the plasmon angle of the sample containing nano-
particles array originate from the charging of the Au-NP as a ) ) o )
result of the application of the negative potential on the where Caue is the capacitance of an individual Au-NPjs
macroscopic Au-electrode. Charging of the Au-NP alters the the metal core radiug, andd are the static dielectric constant

coupling between the LSP of the particle and the SP of the bulk and the _thickness of the capping monolayer, respectivel_y._ We
gold, and this leads to the changes in the plasmon angle. apply this model to the Au-NPs studied by us that exhibit a

Whil irradiati f the AGCdS ‘icl core diameter of 2.3 nm and the tiopronin monolayer of a
e upon irradiation of the Ad nanoparticle amay - -1 ness of 0.7 nm, as a capping interface. Using the extracted
the value of photopotential generated on the bulk electrode is

- ) value for the dielectric constafit32 of the tiopronin layer of
_Z?hm\t/), Iall(n ?thm:l pt)oten_ual of_22_|5 m\t/1 has t(_) bt?\ appl)lled ca. 16, we obtained a capacitance valu€gfyp = 5.4 aF for
on the bulk electrode 1o gain a simifar change in the plasmon , single Au-NP. Thus, a storage of a single electron on the Au-
angle of the system in the dark (or to obtain the similar charging

of the Au-NP obtained under irradiation). Thus, one may (27) Ashcroft, N. W.; Mermin, N. DSolid State PhysicsHolt, Rinehart &
conclude that a resistance for the electron transfer (tunneling) g Winston: New York, 1976.

Cpunp = drtee,r (r + d)/d @)

. . Adams, D. M.; Brus, L.; Chidsey, C. E. D.; Creager, S.; Creutz, C.; Kagan,
between the tiopronin-capped Au-NP and the bulk electrode C.R.; Kamat, P. V.; Lieberman, M.; Lindsay, S.; Marcus, R. A.; Metzger,

H . : - H R. M.; Michel-Beyerle, M. E.; Miller, J. R.; Newton, M. D.; Rolison, D.
results in a potential drop across the tioprenaystamine layer. R: Sankey, O.: Schanze. K. S.; Yardley, J.: Zhu, XJYPhys, Chem. B

It is well-known that a molecular monolayer provides both the 2003 107, 6668-6697.
supporting layer and the tunneling barrier for the electron % ,\H,l'ucrﬁfh'_:\;vﬁgg’l!eémrﬁiggéC72e2’7§é'_§’7°§‘i‘_&‘f’ T. G Whetten, R. L;

transfer across them, originating from the high resistance of the (30) t,The in_terfacialI capacitantﬁ of éhfe bulk Aud—electrode tmodified by the
26 o . . lopronin monolayer was obtained rrom iImpeaance spectroscopy measure-
layer=® Since this resistance for the electron transfer causes the  ents, and the data were fitted to the equivalent circuit composed of a

potential drop,Vy, it is necessary to apply a high negative resistance and a constant phase element (CPE) in series. The impedance
. . of a CPE is given bycpdw) = CX(jw)™". For an ideal capaciton will
external potential on the electrode to reach the respective be equal to ®! For the tiopronin-modified electrode the value fowas

potential on the Au-NP. Assuming an equal potential drop for found to be ca. 0.96; thus, the CPE was considered as mainly capacitance.
. . K i R The minimum value of the interfacial capacitance, corresponding to the

any direction of the potential, applied to the cystamine zero-charge potentiaEgce = —0.1 V) was found to be ca. 14F cnr2.

tiopronin |ayer’ we can calculate the potential on the Au-NP, Assuming that the interfacial capacitance consists of a bare gold electrode

. ] . capacitance (measured value ca82cn1?) and the capacitance of the
Vb, generated either by the light-induced process or by the tiopronin monolayer connected in series, the later was found to be ca. 20
i il i P uF cm2. The static dielectric constant of the tiopronin monolayer was

applled potentlal in the dark, tha_t ylelds the same plasm_on a_ngle calculated using the formula for the ideal flat capacitor, and the obtained
shift of 0.£. The Au-NP potential under steady-state irradia- v?ltr,l]élpfeequals to cla. 16. Thhishrestrj]ltimﬁlies thlat the specif_if(_: capacitance
: of the tiopronin monolayer is higher than the analogous specific capacitance
tion,Vp, may be eXpressed by €q 1 of the 2D-SAM monolayers formed on Au surfaces with alkanethioRtes,
because of the higher dielectric constant of the tiopronin.

— (31) Macdonalds, J. R., Etmpedance Spectroscapy/iley-Interscience: New
Vo = Vi + Vey ) York, 1987.
(32) The derived dielectric constant reveals an apparent low value as compared

to polar molecules of similar structure. This is explained by the fact that
(26) Finklea, H. O. IrElectroanalytical chemistryBard, A. J., Rubinstein, I., tiopronin is bound to the electrode surface and its mobility is hindered by

Eds.; Marcel Dekker: New York, 1996; Vol. 19, pp 11818. the charged double layét.
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Scheme 2. Photobioelectrochemical System Composed of the Au-NP/CdS—NP/Acetylcholine Esterase Hybrid and Its Operation under
lllumination in the Presence of Acetylthiocholine

(0]
S g~ N*(CH3);
(D
\) 0
Mo
SO;Na*\ s0; Na*
~ N+(CH3}3 e- Hs"“\.’ N+(CH3)3
7 2)
S~ NH(CHy);
CH4
| +
"\_\_—
5 en,
0 2Br
(2 /°"°
NS
3) LHa

NP of that capacitance will change its potential by a step holine esterase (AChE) to restore the resting potential of the
corresponding ta\V = &/Cayne = 30 MV, whereeis the charge synaptic membrane. Different reagents, such as the nerve gas
of electron (1.602x 1071° C). diisopropyl fluorophosphate (Sarin) or toxins (e.g., cobratoxin)
To extract the average number of electrons that are ac-act as inhibitors or blockers of AChE. Blocking of the enzyme-
cumulated on an individual nanoparticle, one has to calculate stimulated nerve conduction leads to rapid paralysis of vital
the potential generated on a single nanoparticle and translate ifunctions of living systems. Thus, the assembly described here
to the number of electrons per particle using the calculated may be considered as a biomaterisemiconductor hybrid
capacitanceCaunp. The potentialp is generated by the charge  system for biosensors of biological warfare.
Q, accumulated on _the Au-NP_that is proportional to the number Recently, we reported on the organization of a CdS-NP/
of stored electrons in the partich, accumulated under steady-  4cetyicholine esterase (AChE) hybrid system on a Au-electrode
§tate |rrac_i|at|on,.wher@ = Ne Assuming that the Au-.NP layer  ond on the photoelectrochemical detection of the enzyme
is an equipotential layer, the Au-nanoparticle potentig|,may inhibitors2° In the reported system, the biocatalyzed hydrolysis
be expressed by eq 3 of acetylthiocholine 1) generates in situ the thiocholing) ¢hat
Vp = N&Cynp A3) acts as an electron donor f_or Fh_e photocu_rrent generation in the
system. In the presence of inhibitors, the biocatalyzed hydrolysis

whereCaup is the capacitance of the double-layer of monolayer- of 1 is inhibited, and the photocurrent generation is blocked.
protected Au-NP. Dividing the extractag value (-125 mV) The fact that the At-CdS nanopatrticle array enables the SPR
by the calculated value afV (30 mV) we estimate that ca. 4.2  readout of the photoelectrochemical functions of the system
electrons are associated with each Au-NP under steady-statéuggests that the assembly of the AChE biocatalyst on the
irradiation. Thus, the use of the SPR spectroscopy upon system would enable the SPR probing of the enzyme activity
irradiation together with the concomitant voltage measurementsand its inhibition. Scheme 2 depicts the assembly of the AChE
in the dark revealed the mean number of electrons stored onAu—CdS nanoparticle hybrid system on the Au-coated glass
Au-NP. slide and its operation under irradiation. The stepwise formation
The enzyme-Au/CdS nanoparticle system may be employed of the biocatalytic structure could be followed by SPR spec-
as a versatile photoelectrochemical label for biosensing events troscopy. Parallel microgravimetric quartz-crystal-microbalance
Acetylcholine is a central neurotransmitter that activates the analysis of the stepwise assembly of the array reveals that the
synapse and the neural response. After activating the neuralsurface coverage of AChE is ca. 39102 mol-cm™2. Figure
system, it is rapidly hydrolyzed by the serine protease acetyl- 6 shows the SPR spectra upon illumination of the system at
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Figure 6. The SPR spectra corresponding to the Au electrode surface modified with the Au-NP/CdS-NP/acetylcholine esterase (AChE) hybrid system upon
illumination in the presence of various concentrations of acetylthiochaline(@) 0 mM, (b) 6 mM, (c) 12 mM, (d) 30 mM. Inset: Calibration plot of the
plasmon angle shifts at different acetylthiocholine concentrations.

68

different concentrations of acetylthiocholing).(As the con- (1), 1.2x 1072 M, in the absence d, curve (a), and upon the
centration of acetylthiocholine increases, the plasmon anglesaddition of different concentrations of the inhibit8y curves

are shifted to higher values, and at concentrationktbht are (b) and (c). As the concentration 8fis elevated, the plasmon
higher than 1.5x 1072 M the changes in the plasmon angle angles are shifted to lower values, consistent with the inhibition
reach saturation with a shift in the plasmon angle that id\éa. of the enzyme and the blockage of the photoelectrochemical
= 0.35, Figure 6, inset. Control experiments reveal that addition functions of this system. Figure 7, inset, shows the calibration
of 1 to the system does not have any effect on the SPR spectruncurve that corresponds to the changes in the plasmon angles at
of the assembly without the illumination. Also, irradiation of different concentrations of the inhibit8t The inhibitor can be

the Au—CdS nanoparticle array that lacks AChE in the presence detected with a sensitivity limit of ¥ 1076 M. Thus, the minute

of 1 does not alter the SPR spectra of the system. These resultgperturbation of the photoinduced charging of the Au-NP in the
are consistent with the fact that the biocatalyzed hydrolysis of presence of the inhibitd® are sufficient to affect the resulting

1 yields thiocholine 2) that acts as an electron donor for the SPR spectra.

valence-band holes generated in CdS-NP upon irradiation of _

the system. The transport of conduction band electrons to theonclusions

Au-nanopatrticles with the concomitant oxidation of thiocholine The present study has demonstrated the analysis of the

(2) by the valence-band holes, results in the charging of the phqigelectrochemical response of composite Au-NP and semi-
Au-particles and the respective changes in the SPR spectra. onquctor nanoparticle arrays on gold surfaces by means of

The compound 1,5-bis(4-allyldimethylammoniumphenyl)-
pentane-3-one dibromide (anticholinesterase BW284c3)1) (
(see Scheme 2), is known to act as an inhibitor for AGhE.
Thus, in the presence &the AChE-biocatalyzed hydrolysis

surface plasmon resonance (SPR) spectroscopy. We reveal that
the cystamine layer on the electrode and the monolayer capping
of the Au-nanoparticle form a barrier for electron transfer
between the metal particle and the bulk SPR active surface.

is inhibited, and this is expected to block the photoelectro- s parrier allows the photoelectrochemical charging of the

chemical response of the ACRRAU—CdS array. This is

Au-NP on the electrode. The resulting plasmghasmon

expected to be reflected in the SPR spectra by shifting the coupling between the nanoparticle and the bulk Au surface
plasmon angle of the s'ystem to lower values due to the b|OCkagechanges the SPR spectrum of the system and enables the probing
of the holes scavenging by the donor and hence due to theut the photoelectrochemical response of the system. Besides
decreased charging of the Au-NP by the photoinduced electronyhe fundamental interest in the observed phenomenon, it has

transfer. Figure 7 shows the SPR spectra of the ACA&E—

significant practical implications. In the present report we

CdsS array upon irradiation in the presence of acetylthiocholine yemonstrate that a hybrid system consisting of AChE and Au-

(33) Bokris, J. O'M.; Reddy, A. K. N.; Gamboa-Aldeco, Mlodern Electro-
chemistry 2nd ed.; Kluwer Academic: Dordrecht, The Netherlands, 2000;
Vol. 2A.

(34) Barman, T. EEnzyme HandboglSpringer-Verlag: New York, 1969; Vol.
2, pp 508-509.

NP/CdS-NP array is an active structure for the SPR transduction
of the enzyme activity and its inhibition. The fact that other

enzymes may be coupled to the Au-semiconductor nanoparticle
arrays and activate their photoelectrochemical functions suggests
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Figure 7. The SPR spectra corresponding to the Au surface modified with the Au-NP/CdS-NP/acetylcholine esterase (AChE) hybrid system upon illumination
in the presence of acetylthiocholing)(12 mM, and in the presence of variable concentrations of inhilBitofa) 0 mM, (b) 10uM, (c) 20 uM. Inset:
Calibration plot of the plasmon angle shifts at different concentrations of the added inl8ibitor

that the method could be further developed for other enzyme/ DNA-cross-linked Au-NP and semiconductor nanoparticles on
Au-semiconductor nanoparticle systems. Furthermore, recentbulk Au surfaces could provide a new approach to develop SPR
research activities demonstrated that nucleic acid-functionalizedDNA sensor systems based on the photoelectrochemical func-
semiconductor nanoparticles (e.g., C83inked to electrodes  tions of the arrays.

by the cross-linked hybridization with a complementary DNA,
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