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Introduction

Metal nanoparticles (NPs) are used as active components
for the optical and electrical sensing of biorecognition pro-
cesses.[1] For example, the interparticle plasmon interactions
of Au NPs functionalized with nucleic acids were used to an-
alyze DNA and to detect single base mismatches.[2] Electro-
chemical detection of DNA was accomplished by the use of
nucleic acid-functionalized metal NPs as labels, that after
dissolution enable the electrochemical detection of the re-
leased ions.[3] Similarly, nucleic acid-modified Au NPs were
used as “weight labels” for the microgravimetric quartz crys-
tal microbalance analysis of DNA.[4] The catalytic properties
of metal NPs towards the deposition of metals were exten-
sively used for the amplified biosensing of antigen–antibody
complexes,[5] DNA hybridization processes[6] and aptamer–
protein binding.[7] For example, the catalytic enlargement of
Au NP-labeled DNA complexes between electrodes was

used for the biosensing of DNA by conductivity measure-
ments.[8] Also, the catalytic enlargement of Au NPs was re-
cently applied for the optical detection of aptamer–protein
interactions on surfaces.[7]

The integration of enzymes with metal NPs has attracted
recent scientific interest.[9] We have reported on the recon-
stitution of an apo-enzyme on cofactor-functionalized Au
NPs to yield an electrically contacted redox enzyme with
electrode supports.[9b] A different approach to couple en-
zymes and metal NPs has involved the use of the biocata-
lysts for growing NPs, and using the growth process to iden-
tify the substrate, the enzyme activity, or the enzyme inhibi-
tion.[10–12] For example, the catalytic enlargement of Au NPs
by the reduction of AuIII salts with NAD(P)H cofactors was
reported, and the optical detection of NAD+-dependent
biocatalytic transformations was accomplished.[10] Similarly,
the NADH-mediated growth of shaped Au NPs (in the form
of dipods, tripods and tetrapods) was used to develop an op-
tical biosensor for the detection of ethanol in the presence
of the NAD+/alcohol dehydrogenase system.[11] A related
approach was recently applied to analyze tyrosinase-gener-
ated neurotransmitters and to follow tyrosinase activity.[12]

The activation of redox enzymes by transition-metal com-
plexes that mediate electron transfer is a common practice
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in electrochemical biosensor design.[13,14] Specifically, OsII–
polypyridine complexes were extensively applied to activate
flavoenzymes such as glucose oxidase by providing electrical
contact between the redox-center of the enzyme and the
electrode support.[15] In the present study, we demonstrate
the novel use of a transition-metal complex as an electron-
transfer carrier between biocatalytic redox sites of enzymes
and Au NPs. We reveal that electron transfer mediates the
catalytic deposition of gold on Au-NP seeds and we apply
the optical imaging of the NPs growth to analyze the oxida-
tion of glucose and the inhibition of acetylcholine esterase.
In fact, in contrast to previous studies that used the mediat-
ed electron transfer to yield electrical current and to devel-
op amperometric biosensors,[15] the present system uses the
mediated electron transfer to grow NPs, and this enables the
optical assay of the respective bioprocesses. Besides the pos-
sible use of the NP growth for the optical imaging of sensing
processes, the systems have an important fundamental inter-
est, as they add a new facet for the synthesis of metallic
NPs.

Results and Discussion

The first system that will be described includes OsII–bisbi-
pyridine–4-picolinic acid (1), [Os(bpy)2PyCO2H]2+ , mediat-
ed growth of Au NPs in the presence of AuCl4

� , 1.5 � 10�3
m,

citrate, 7.5 � 10�3
m, GOx, glucose, and Au NP seeds, 2–3 nm,

2.5 � 10�8
m, that act as catalysts for the growth of the Au

NPs. Figure 1, curve a, shows the absorbance spectrum of
the Au NPs formed after 10 minutes of reaction in the pres-
ence of 5.9 �10�3

m glucose, when the system is under Ar.
An intense plasmon absorbance band of the formed Au NPs
is observed at 532 nm. Figure 1, curve b, shows the absorb-
ance spectrum of the same experiment, when performed
under air. Clearly, the Au NPs are also formed in this
system, but the intensity of the plasmon band at l=532 nm
is about 30 % lower, implying that oxygen results in the in-
hibition of the particle growth. Several control experiments
and complementary experiments were performed to eluci-
date the mechanism of formation of the particles. Figure 1
curves c–g depicts the absorption spectra of the system upon
the specific exclusion of the AuCl4

� , in the absence of [Os-
(bpy)2PyCO2H]2+ , but in the presence of O2, upon the ex-
clusion of citrate from the system, and upon the exclusion of
glucose or GOx from the system, respectively. The control
experiments reveal that in none of these systems Au NPs
are formed and that the effective formation of the Au NPs
depends on the presence of all of the components in the
system. The experiment where the OsII complex is excluded
from the system is particularly interesting. In the absence of
the OsII complex, the O2-mediated oxidation of glucose by
GOx proceeds to yield H2O2. Previous studies have suggest-
ed that H2O2 may act as a reducing agent for AuCl4

� to
form Au NPs.[16] Nonetheless, under the present experimen-
tal conditions the H2O2-stimulated growth of the particles is
excluded (cf. Figure 1, curve d). To understand the functions

of the OsII complex in the system, we added the comple-
mentary experiments shown in Figure 1, inset. An aqueous
buffer system of the OsII complex, 1 � 10�4

m, shows a spec-
trum consisting of a broad low absorbance band at about
670 nm and two bands of higher intensities at l=498 and
400 nm (cf. inset, curve a). The AuCl4

� buffer solution in-
cludes an absorbance increase towards the UV region (see
inset, curve b). Addition of AuCl4

� to the OsII solution
changes the structured OsII-complex spectrum; this indicates
that AuCl4

� oxidizes the OsII complex to the OsIII species,[17]

see Figure 1, inset, curve c. This set of experiments allows us
to formulate the mechanism of Au NPs growth in the com-
posite system (see Scheme 1). The OsII-complex 1, acts as
electron-transfer mediator for the catalytic growth of the
particles. The complex is reduced by AuCl4

� to form the
OsIII complex that mediates the oxidation of the FADH2 site
in GOx formed upon the oxidation of glucose to gluconic
acid; that is, the mediated biocatalytic oxidation of glucose
generates continuous formation of the OsII complex and the
reduction of the AuCl4

� salt. Also, the control experiments
allow us to define the detailed path for the growth of the
NPs. Specifically, we see that added citrate, as co-reducing
agent, is essential to stimulate the growth of the NPs. Thus,
the enlargement of the Au NPs proceeds in two steps: In
the first step, AuCl4

� is reduced by the OsII complex to AuI,
as in Equation (1). In the second step, the citrate-mediated

Figure 1. Absorbance spectra corresponding to: a) Au NPs formed in the
glucose/GOx system in the presence of [Os(bpy)2PyCO2H]2+ , AuCl4

� ,
citrate and 2.5� 10�8

m Au-NP seeds under Ar; b) Au NPs generated in
the glucose/GOx system in the presence of [Os(bpy)2PyCO2H]2+ ,
AuCl4

� , citrate and Au NP seeds, under air; c) as described in b) but
without AuCl4

� ; d) as described in b) but without [Os(bpy)2PyCO2H]2+ ;
e) as in b) but without citrate; f) and g) as described in b) but without
glucose or GOx, respectively. The concentration of the respective compo-
nents in the systems correspond to: 5.9� 10�3

m glucose, 4.7 U mL�1 GOx,
1.5� 10�3

m AuCl4
� , 7.5 � 10�3

m citrate, 1� 10�4
m [Os(bpy)2PyCO2H]2+ ,

2.5� 10�8
m Au-NP seeds. All spectra were recorded after a fixed time in-

terval of 10 minutes. Inset: Absorbance spectra of: a) 1�10�4
m [Os(bpy)2-

PyCO2H]2+ ; b) 1.5� 10�3
m AuCl4

� ; c) 1 � 10�4
m [Os(bpy)2PyCO2H]2+ ,

after the addition of 1.5� 10�3
m AuCl4

� .
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2 ½OsIIðbpyÞ2py-COOH� þ AuCl4
� !

2 ½OsIIIðbpyÞ2py-COOH� þ AuI þ 4Cl�
ð1Þ

reduction of AuI in the presence of the Au NP seeds as cata-
lytic sites takes place [Eq. (2)].

This stepwise formation of Au NPs with two reducing agents
has already been reported for the NADH-mediated growth
of Au NPs.[10] The elucidation of the mechanism for growing
the Au NPs explains also the effect of the inert atmosphere
on the growth of the NPs (cf. Figure 1 curve a vs b). The O2-
mediated oxidation of glucose to yield H2O2 competes with
the OsII-mediated growth of the particle. As a result, only a
part of the enzyme (ca. 70 %) is active in the mediated NPs
growth, resulting in a lower growth efficiency under O2 as
compared to the inert atmosphere. These results indicate,
however, that the formed H2O2 does not significantly affect
the enhancement process of the NPs. Thus, most of the re-
sults that are presented here were performed under air. It
should be noted that the concentration of the Au NP seeds
is 2.5 �10�8

m in all experiments shown in Figure 1. Al-
though, the seeds gave a plasmon band at about 520 nm (e=

6.5 � 105 cm�1
m
�1), they are not observed in the displayed

spectra due to their low concentration.
Figure 2 shows the time-dependent absorbance of the

GOx-generated Au NPs in the presence of two different
concentrations of glucose. It can be seen that the absorbance
of the Au NPs tends to saturate after a reaction time of
about 30 minutes. After �10 minutes the absorbance values
of the Au NPs reach about 50 % of the saturation value;
thus all biosensing experiments followed the formation of
the Au NPs after a time interval of 10 minutes.

Figure 3 shows the absorbance spectra of the Au NPs
formed in the system within a fixed time-interval of 10 mi-
nutes, upon introducing into the system different concentra-
tions of glucose under air. The plasmon bands of the Au

NPs are intensified and slightly red-shifted as the concentra-
tions of glucose in the system increase. Thus, the Au NPs in
the system increase in their dimensions as the concentration
of glucose is increased. This combination is nicely supported
by complementary TEM experiments. Figure 4a and b
shows the image of the Au NPs formed in the system upon
reaction with high (5.9� 10�3

m) and low (7.4 � 10�5
m) con-

centrations of glucose for 10 minutes, respectively (note that
the Au NP seeds have a diameter of 2–3 nm). At high con-
centrations of glucose, particles exhibiting dimensions of 90
to 110 nm are observed. For the lower concentration of glu-
cose substantially smaller particles are observed, with diam-
eters 10 to 30 nm, consistent with the spectral results.
Figure 3, inset, curve a, shows the derived calibration curve,
corresponding to the absorbance changes of the system
upon analyzing different concentrations of glucose. For com-
parison, we depict also the derived calibration curve under
an inert atmosphere, Figure 3, inset, curve b, to emphasize
that the catalytic growth of the Au NPs is more efficient in
the absence of O2 from the reasons discussed above. The de-
tection limit for analysis of glucose is about 7 � 10�5

m, a
value comparable to the electrochemical sensing of glucose.

The successful use of the OsII–bisbipyridine–4-picolinic
acid (1) mediated growth of Au NPs for the optical detec-

Scheme 1. Schematic [Os(bpy)2PyCO2H]2+-mediated growth of the Au NPs in the glucose/GOx/citrate/Au NP seeds system.

Figure 2. Time-dependent absorbance changes (l =530 nm) of the Au
NPs generated in the system that included 2.5 � 10�8

m Au-NP seeds, 1�
10�4

m [Os(bpy)2PyCO2H]2+ , 4.7 UmL�1 GOx, 1.5� 10�3
m AuCl4

� , 7.5�
10�3

m citrate and different concentrations of glucose: a) 1.5 � 10�3
m,

b) 3� 10�3
m.
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tion of glucose, suggests that the concept could be general-
ized for analyzing the substrates of other flavoenzymes such
as lactate oxidase, choline oxidase, cholesterol oxidase or bi-
lirubin oxidase. We decided, however, to apply the method
to follow a biocatalytic process of higher complexity, namely
the biocatalytic hydrolysis of acetylcholine by acetylcholine
esterase, AChE, followed by biocatalytic oxidation of chol-
ine to betaine by choline oxidase. We attempted to charac-
terize this enzyme cascade by the OsII-mediated catalytic
growth of the Au NPs and to follow the inhibition of the
process in the presence of AChE inhibitors. Besides the fun-
damental interest of such assembly that follows a biocatalyt-
ic cascade by the NPs enlargement, the development of a
system for sensing of AChE inhibitors could be of interest
for analyzing chemical warfare, and could demonstrate the
use of nanotechnology for homeland security applications.

Acetylcholine is a central neurotransmitter and its hydrol-
ysis by acetylcholine esterase, AChE, is the main regulating
process of the neural response system.[18] The inhibition of
AChE, for example, by nerve gases leads to perturbations in
nerve conduction process and the rapid paralysis of vital
functions of the living system.[19] Different methods to sense
the activity of AChE and to follow its inhibition were devel-
oped.[20] The most common method involves the activation
of the enzyme cascade where AChE hydrolyses acetylcho-
line to choline and acetate. The subsequent O2-mediated ox-
idation of choline in the presence of the flavoenzyme chol-
ine oxidase, ChOx, yields betaine and H2O2. The generated
H2O2 activates horseradish peroxidase, HRP, towards the
oxidation of organic substrates that enable the colorimet-
ric[21] or electrochemical[22] detection of the primary AChE
activity. Recently, CdS-semiconductor nanoparticles were
coupled with AChE to yield a hybrid system that enable the
photoelectrochemical detection of AChE activity and the in-
hibition of the enzyme.[23] In this system, thioacetylcholine
was used as the substrate of the enzyme. Upon hydrolysis of
the substrate, thiocholine, which shows electron-donor prop-
erties, was formed. The CdS–AChE hybrid system was im-
mobilized on an Au electrode and upon the photoexcitation
of the semiconductor NPs the conduction-band electrons
were transferred to the electrode while thiocholine was oxi-
dized by the valence-band holes. These processes gave rise
to a photocurrent which followed the AChE activity. Upon
inhibition of the enzyme the photocurrent in the system was
blocked.

Realizing that OsII complex 1 mediates the formation of
Au NPs, while activating the oxidative paths of flavoen-
zymes, we decided to develop an assay to follow the activity
and the inhibition of AChE by following the formation or
the blocking of the formation of Au NPs, respectively,
Scheme 2. In this system, the AChE hydrolyses acetylcho-
line (2), to choline and acetate. The OsII complex present in
the system in a catalytic amount is oxidized by AuCl4

� , and
the OsIII complex mediates the oxidation of choline to be-
taine in the presence of ChOx. The continuous regeneration
of the OsIII complex by AuCl4

� leads to the enlargement of
the Au seeds and to the formation of the Au NPs by a proc-
ess analogous to that discussed for the GOx system. Note,
that the enlargement of the Au NPs is controlled by the con-
tent of the choline in the system, and this is controlled by
the efficiency of hydrolysis of acetylcholine by AChE. Thus,
upon the inhibition of the enzyme, for example, by nerve
gases, the enlargement of the Au NP seeds is anticipated to
be slowed down and eventually blocked.

The system consists of AChE, acetylcholine chloride (2),
ChOx, AuCl4

� , 1.5 � 10�3
m, the OsII complex, 1 � 10�4

m, cit-
rate, 7.5 � 10�3

m, and Au NP seeds, 2.5 � 10�8
m. Figure 5,

curve a, shows the absorption spectrum observed after
10 minutes in the presence of acetylcholine, 7.6 � 10�5

m, and
AChE, 1.59 UmL�1, and ChOx, 0.49 U mL�1. The plasmon
band at l=550 nm indicates the formation of Au NPs in the
system. In a control experiment, where the OsII complex
was excluded from the system, a substantially smaller ab-

Figure 3. Absorbance spectra of the Au NPs formed in the system con-
sisting of 4.7 U mL�1 GOx, 1� 10�4

m [Os(bpy)2PyCO2H]2+ , 1.5 � 10�3
m

AuCl4
� , 7.5� 10�3

m citrate, 2.5� 10�8
m Au NP seeds, in the presence of

different concentrations of glucose: a) 0m, b) 7.4� 10�5
m, c) 3.7 � 10�4

m,
d) 7.4� 10�4

m, e) 1.5� 10�3
m, f) 3.0 � 10�3

m, g) 4.4� 10�3
m. Spectra record-

ed under air after a time-interval of 10 minutes. Inset: calibration curve
corresponding to the absorbance at l=530 nm of the Au NPs formed in
the presence of different concentrations of glucose: a) under air, b) under
Ar.

Figure 4. TEM images of: a) the Au NPs formed in the glucose/GOx
system described in the caption of Figure 1, b) by using 5.9� 10�3

m glu-
cose and growth time-intervals of 10 minutes; b) as described in a) but
7.4� 10�5

m glucose with 10 min growth time.
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sorbance band, which corresponds to Au NPs, is observed,
see Figure 5, curve b. This inefficient formation of Au NPs
in the absence of the OsII complex is attributed to the prog-
ress of the O2-mediated oxidation of choline by ChOx. The
generated H2O2 acts then as a reducing agent that reduces
AuCl4

� to the Au NPs. Indeed, in a further control experi-
ment the latter inefficient formation of the Au NPs was to-
tally blocked under an inert argon environment. In turn, the
very efficient formation of Au NPs was observed under an
inert atmosphere in the system that included the OsII com-
plex (a 25 % enhancement in the production of the Au NPs
was observed in the system which includes the OsII complex
under Ar as compared to the system under air). In addition-
al control experiments, exclusion of either AChE or citrate
or acetylcholine, no formation of Au NPs was detected in
the systems, Figure 5 curves c–e, respectively. Also, in the
absence of the Au NP seeds no enlarged Au NPs were
formed. These results allow us to formulate the mechanism
that leads to the formation of the Au NPs, Scheme 2. The
OsIII complex formed upon the reduction of AuCl4

� oxidizes
the redox center of ChOx, and mediates the oxidation of
choline to betaine. The formation of the Au NPs requires
the coexistence of two reducing agents in the system, the
OsII complex and citrate, and Au NP seeds that act as cata-
lysts for the formation of the enlarged particles. The en-
largement of the Au NPs proceeds in two steps: in the pri-
mary step, the OsII complex reduces the AuCl4

� salt to AuI

[Eq. (1)], (EOs
II

/Os
III =268 mV vs SCE). In the second step,

citrate reduces AuI to yield the enlarged particles. TEM
analyses confirm the formation of the enlarged Au NPs, and
while the Au NP seeds have a diameter of 2 to 3 nm, the en-
larged particles formed after 10 minutes in the presence of
acetylcholine, 2.4 � 10�4

m, have an average diameter of
about 90 nm.

Figure 6A shows the absorbance spectra of the resulting
enlarged Au NPs formed in the presence of a fixed concen-
tration of enzyme, 1.59 U mL�1, and variable concentrations
of acetylcholine. As the concentrations of acetylcholine in-
crease, the plasmon bands of the Au NPs intensify; this indi-
cates the formation of larger particles. These results are con-
sistent with the fact that as the concentrations of acetylcho-
line increase elevated amounts of choline are produced in
the system, and these enhance the OsIII-mediated ChOx oxi-

dation of choline. The latter process accelerated the regener-
ation of the OsII complex and the production of the enlarged
Au NPs. Figure 6B shows the absorbance spectra of the re-
sulting Au NPs in the presence of a fixed concentration of
acetylcholine, 3.8 � 10�5

m, but using different amounts of
AChE in the system. Clearly, as the amounts of AChE in-
crease the absorbance bands of the resulting Au NPs are in-
tensified. These results are consistent with the fact that as
the concentration of AChE increases the amount of generat-
ed choline is elevated. As the concentration of the AChE in-
creases the concentration of the product, choline, is higher,
and thus, the OsIII-mediated oxidation of choline by ChOx,
and the formation of the Au NPs are enhanced.

Accordingly, we have examined the growth of the Au NPs
by the composite system in the presence of different concen-
trations of 1,5-bis(4-allyldimethylammonium-phenyl)pen-

Scheme 2. Schematic [Os(bpy)2PyCO2H]2+-mediated growth of the Au NPs in the AChE/ChOx/acetylcholine/citrate/Au seeds NP system.

Figure 5. Absorbance spectra of a) The Au NPs generated in the system
consisting of AChE (1.59 U mL�1)/ChOx (0.49 U mL�1)/acetylcholine
(7.6 � 10�5

m), 1 � 10�4
m [Os(bpy)2PyCO2H]2+ , 1.5 � 10�3

m AuCl4
� , 7.5�

10�3
m citrate, 2.5� 10�8

m Au-NP seeds, under air; b) as described in a)
but without [Os(bpy)2PyCO2H]2+ ; c)–e) as described in a) upon the ex-
clusion of AChE, citrate or acetylcholine, respectively. All spectra were
recorded after a fixed time-interval of 10 minutes.
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tane-3-one dibromide (3), which is used as a common inhibi-
tor of AChE, and mimics the functions of nerve gases.[24]

Figure 7 shows the absorption spectra of the resulting Au
NPs in the system in the absence (curve a) of the inhibitor 3
and in the presence of increasing amounts of the inhibitor
(curves b–d). As the concentration of the inhibitor increases,
the absorbance of the resulting NPs decreases in its intensi-
ty, indicating the formation of smaller NPs. Indeed, TEM
analyses confirm this conclusion, and while after 10 minutes
of reactions, in the absence of the inhibitor, Au NPs with di-
ameters corresponding to 90–100 nm are formed. In the
presence of 3, 7.6 � 10�6

m, substantially smaller particles are
formed under the same conditions, exhibiting a diameter in
the range of 15 to 35 nm. Realizing that the plasmon absorb-
ance of the Au NP provides an optical signal that probes the
enzyme activity, we analyzed the mechanism of inhibition
by following the kinetics of Au NPs formation at different
concentrations of the inhibitor, and variable concentrations
of the substrate. The inset in Figure 7 shows the derived
Lineweaver–Burk plots. From the shape of the plot, we con-
clude that a competitive inhibition mechanism is operative,
and the values KI =2.6 mm and KM = 0.13 mm are derived for
the system. These values are in excellent agreement with the
reported values of KM =0.11 mm and KI (for 3).[25]

Conclusion

The present study has introduced a new method to couple
the biocatalytic functions of flavoenzymes and the catalytic
growth of Au NPs by the application of the OsII–bisbipyri-
dine–4-picolinic acid (1) as an electron transfer mediator.
The growth of the Au NPs enabled us to optically follow
biocatalytic reactions, and to sense glucose or to follow the

AChE activity and its inhibi-
tion. The method seems to be
very general and its further de-
velopment in different direc-
tions seems obvious. The appli-
cation of other transition-metal
complexes, the growth of other
metals, and the application of
the method to sense other sub-
strates (by using other flavoen-
zymes) or elucidate the activity
of other enzyme cascades are
reasonable directions to devel-
op. Of particular interest would
be the transformation of the so-
lution-based analyses reported
here into surface-confined
assays. Such systems would es-
tablish handy optical biosensing
strips. Furthermore, the mediat-
ed growth of the Au NPs on

surfaces might be extended to related assays that use other
readout signals such as conductivity or change in the fre-
quency of piezoelectric crystals.

Experimental Section

OsII–bisbipyridine–4-picolinic acid (1), [Os(bpy)2PyCO2H]2+ , was pre-
pared according to literature procedures.[26]

Figure 6. A) Absorbance spectra of the Au NPs formed in the system described in Figure 4a by using different
concentrations of acetylcholine: a) 0 m, b) 7.6� 10�6

m, c) 1.5 � 10�5
m, d) 2.3� 10�5

m, e) 3.8� 10�5
m, f) 7.6 �

10�5
m, g) 1.5 � 10�4

m, h) 2.4� 10�4
m. B) Absorbance spectra of the Au NPs generated in the system described

in Figure 4a by using a constant concentration of 3.8� 10�5
m acetylcholine, and variable concentrations of

AChE: a) 0 U mL�1, b) 0.27 U mL�1, c) 0.54 UmL�1, d) 0.81 U mL�1, e) 1.08 UmL�1, f) 1.35 UmL�1,
g) 1.62 UmL�1, h) 1.90 UmL�1, i) 2.16 UmL�1. For all systems the spectra were recorded after a fixed time-in-
terval of 10 minutes under air.

Figure 7. Absorbance spectra of the Au NPs formed in the system de-
scribed in Figure 4a in the presence of 2.4� 10�4

m acetylcholine, and vari-
able concentrations of the inhibitor (3): a) 0 m, b) 7.6� 10�7

m, c) 3.8�
10�6

m, d) 7.6� 10�6
m. Inset: Lineweaver–Burk plots corresponding to the

inhibition of the Au NPs growth in the presence of different concentra-
tions of 3 : a) 0m, b) 7.6� 10�7

m, c) 3.8� 10�6
m, d) 7.6 � 10�6

m.
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Glucose assay : Variable concentrations of b-glucose (Sigma) in 0.1 m Tris
buffer (80 mL, pH 7.4), 2.5 mm AuCl4

� (Aldrich) solution (800 mL),
0.33 mm Os II complex (400 mL), 1m trisodium citrate (Aldrich) (10 mL),
417 UmL�1 glucose oxidase from Aspergillus niger (Sigma) (15 mL) and
1.1� 10�6

m of 2–3 nm aqueous gold NP seeds (30 mL) were mixed to give
the final concentrations of AuCl4

� , 1.5� 10�3
m, OsII complex, 1 � 10�4

m,
trisodium citrate, 7.5� 10�3

m, glucose oxidase, 4.7 U mL�1, Au-NP seeds,
2.5� 10�8

m. The mixture was incubated for 10 minutes at 35 8C and the
absorbance spectra of the resulting solutions were measured.

Acetylcholine esterase assay : 0.1m acetylcholine chloride (2) in 0.1m Tris
buffer (80 mL, pH 8.0) and the varied concentrations of AChE solution
(from Electric Gel, Sigma) in 0.1m Tris buffer (4 mL) were incubated at
35 8C for 15 min. Afterwards, 2.5 mm AuCl4

� solution (800 mL), 0.33 mm

OsII complex (400 mL), 1m trisodium citrate (10 mL), 44 UmL�1 choline
oxidase (ChOx) solution (from Alcaligenes species, Sigma) (15 mL) and
1.1� 10�6

m of 2–3 nm aqueous Au-NP seeds (30 mL) were added to the
original solution to yield the final concentrations of acetylcholine, 3.8�
10�5

m, AuCl4
� , 1.5� 10�3

m, OsII complex, 1� 10�4
m, choline oxidase,

0.49 UmL�1, and gold NP seeds, 2.5� 10�8
m. The absorbance spectra of

the resulting solutions were measured after the mixtures were incubated
for 10 min at 35 8C.

Acetylcholine assay : The assay was performed by using the above-men-
tioned reaction mixture while adding 415 U mL�1 AChE solution (4 mL)
to obtain the final concentration of 1.59 UmL�1, and using variable con-
centrations of acetylcholine in the primary hydrolysis step.

Determination of the inhibition constant of 1,5-bis(4-allyldimethylammo-
nium-phenyl)pentan-3-one dibromide (3): The determination was per-
formed by the introduction of different concentrations of the inhibitor 3
to the above-mentioned AChE assay and performing the assay in the
presence of different concentrations of acetylcholine for each concentra-
tion of the inhibitor 3.
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