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Increasing efforts are directed to the application of metal and
semiconductor nanoparticles (NPs) for the development of
electronic or optical sensory systems.[1] Metal or semiconduc-
tor NPs functionalized with nucleic acids were employed as
amplifying labels for the detection of DNA; the dissolution of
the nanoparticles was used to follow DNA hybridization
events.[2] Also, charge injection from semiconductor nano-
particles into electrodes and the generation of photocurrents
was used to follow hybridization processes[3] and biocatalytic
transformations.[4] The catalytic deposition of metals onto
metal nanoparticles conjugated to DNA-hybridized com-
plexes on surfaces was used as a sensor for DNA through
conductivity[5] or microgravimetric quartz crystal microba-
lance[6] measurements.

The optical detection of processes in the presence of metal
and semiconductor NPs has become a common practice in
analysis. Besides the use of semiconductor quantum dots as
fluorescence labels in sensors,[7] the fluorescence quenching of
semiconductor quantum dots has been employed in different
sensing paths.[8] The plasmon absorbance of metal nano-
particles, such as Au NPs, and specifically the interparticle-
coupled plasmon absorbance of aggregated NPs was exten-
sively used to follow molecular[9] and biomolecular[10] recog-
nition processes. The use of semiconductor or metallic NPs as
probes to follow biocatalytic processes is less established, with
only a few reports for these applications.[4, 11] Nicotinamide
adenine dinucleotide (NAD+)- and nicotinamide adenine
dinucleotide phosphate (NADP+)-dependent enzymes are
important in biocatalyzed synthesis.[12] Extensive efforts have
been directed towards the development of electrochemical
sensors based on NAD(P)+-dependent enzymes.[13] Herein,
we report the catalyzed growth of gold nanoparticles in the
presence of NAD(P)H cofactors. We apply the process to the
quantitative optical analysis of NAD(P)H cofactors and to
the analysis of NAD(P)+-dependent biocatalyzed reactions in
solutions and on surfaces.

The solution for the growth of the particles consisted of
citrate-stabilized Au NPs (4.0 7 10�10m in 13 nm� 1-nm
particles), HAuCl4 (1.8 7 10

�4
m), and CTAB (7.4 7 10�2m) as

a surfactant. Figure 1 shows the changes in the UV/Vis spectra

of the growth solution upon interaction with different
concentrations of NADH. In the absence of NADH, the
solution displays an absorbance band at l= 392 nm, charac-
teristic of the AuCl4

� component (Figure 1, curve a). Upon
addition of NADH, this band disappears instantaneously and
the characteristic orange color of the system is depleted
(curve b), and then the slow buildup of the absorbance of the
particle plasmon is observed. As the concentration of NADH
increases, the absorbance of the Au particles increases and is
shifted to longer wavelengths (from 523 to 530 nm; Figure 1,
curves c–h). The inset in Figure 1 shows the calibration curve
derived from the changes in the absorbance at l= 524 nm as
the concentration of NADH increases.

Figure 2 shows the changes in the absorbance of the Au
NP growth solution upon interaction with different concen-
trations of the NADPH cofactor. The absorbance of the Au
particles increases and is shifted to longer wavelengths as the
concentration of the reduced cofactor is increased. Figur-
e 2 inset, shows the calibration curve that corresponds to the
absorbance of the Au particles at l= 524 nm at different
concentrations of NADPH. Control experiments reveal that
all of the components of the growth solution are essential for
the enhanced growth of the Au particles. Exclusion of the Au
NPs from the solution does not yield any gold particles upon
the addition of the NAD(P)H cofactors which implies that
although the AuCl4

� salt is reduced to the colorless AuI

species by the NAD(P)H cofactors, the Au NP seeds are
required as catalysts for the growth of the particles. The
surfactant CTAB is also essential to stimulate the growth of
the Au NPs upon the addition of NAD(P)H. Clearly, the
enlargement of the Au NP seeds by the NAD(P)H/AuCl4

�

solutions involves two steps: First, the rapid reduction of

Figure 1. Variation in the absorbance spectra of the Au NP growth sol-
ution (4.0�10�10m in Au NPs) at different concentrations of NADH:
a) 0m ; b) 4.2�10�5m ; c) 8.4�10�5m ; d) 12.6�10�5m ; e) 21�10�5m ;
f) 30�10�5m ; g) 42�10�5m ; h) 63�10�5m. Inset: Variation in the
absorbance intensity at l=524 nm of the growth solution upon inter-
action (30 mins) with variable concentrations of NADH.
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AuCl4
� by NAD(P)H to the colorless AuI species takes place

as described in Equation (1) (this result is similar to earlier
reports[14] in which other reducing agents were employed).
Second, the slow catalyzed reduction of the AuI species by the
Au NP seeds to the Au metal particles occurs, [Eq. (2)].

AuCl�4 þ NADH! AuI þ 4Cl� þ NADþ þ Hþ ð1Þ

2AuI þ NADHAu-NP
���!2Au0 þ NADþ þ Hþ ð2Þ

The growth of the Au NPs by the NAD(P)H cofactors was
also examined on surfaces. Glass slides were functionalized
with a 3-aminopropylsiloxane film, and the citrate-stabilized
Au-NPs (3 nm� 1 nm, prepared by reduction with NaBH4

and further stabilized by citrate) were electrostatically bound
to the surface.[15] The resulting Au nanoparticle-functional-
ized glass slides were then treated with the growth solution
and different concentrations of the NADH cofactor. Figure 3
depicts the changes in the absorbance spectra of the glass
interfaces upon interaction with different concentrations of
NADH. Visually, the color of the glass slides turns from red to
dark blue depending on the concentration of NADH in
solution. As the concentration of NADH is increased, the
absorbance spectra of the surfaces reveal an increase in the
absorbance band at l= 535 nm. At NADH concentrations
that are higher than 0.55 mm, the evolution of a second
absorbance band at l= 650 nm is observed. This absorbance
was previously attributed to an interparticle-coupled plasmon
exciton that forms upon the aggregation and intimate contact
of the Au particles.[16] Thus, at high concentrations of NADH,
the growth of the AuNPs on the surface brings the Au particle
aggregates into close contact to give rise to the long-wave-
length absorbance band.

To understand further the growth mechanism of the Au
NP seeds by the AuCl4

�/NADH system, we analyzed the Au
NP-functionalized glass surfaces with scanning electron
microscopy (SEM). Upon increasing the concentration of

NADH from 6.8 7 10�5 to 27 7 10�5 to 41 7 10�5 to 54 7 10�5m
(Figures 4 a–d, respectively), the surface coverage of the
enlarged Au particles on the glass surfaces also increases, with
the particles exhibiting dimensions of 6� 1, 13� 2, 18� 5, and
40� 8 nm, respectively. The SEM images in Figures 4a–d
show isolated, noncontacted particles whose behavior is

Figure 2. Variation in the absorbance spectra of the Au NP growth sol-
ution (4.0�10�10m in Au NPs) at different concentrations of NADPH:
a) 0m ; b) 1.79�10�5m ; c) 3.57�10�5m ; d) 10.7�10�5m ;
e) 18�10�5m ; f) 25�10�5m ; g) 36�10�5m ; h) 54�10�5m ;
i) 71�10�5m. Inset: Variation in the absorbance intensity at
l=524 nm of the growth solution upon interaction (30 mins) with var-
iable concentrations of NADPH.

Figure 3. Changes in the absorbance of the Au NP/aminopropylsilox-
ane-functionalized glass slides upon treatment with the growth solu-
tion in the presence of different concentrations of NADH: a) 0m ;
b) 14�10�5m ; c) 27�10�5m ; d) 34�10�5m ; e) 41�10�5m ;
f) 44�10�5m ; g) 48�10�5m ; h) 51�10�5m ; i) 54�10�5m ;
j) 58�10�5m ; k) 61�10�5m ; l) 65�10�5m ; m) 68�10�5m ;
n) 1.36�10�3m.

Figure 4. SEM images of enlarged Au particles generated on a Au
nanoparticle/3-aminopropylsiloxane interface on a glass support using
AuCl4

� (1.8�10�4m), CTAB (7.4�10�2m), and variable concentrations
of NADH: a) 14�10�5m ; b) 27�10�5m ; c) 41�10�5m ; d) 54�10�5m ;
e) 61�10�5m ; f) 1.36�10�3m. All images are on the same scale as
indicated in a). All surfaces were coated with a Au/Pt layer (7–8 nm) to
enhance the conductivity of the supports.
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consistent with the absorbance features of the respective
interface shown in Figure 3, curves b, c, e, and i. At high
concentrations of NADH (Figures 4e, f), high surface cover-
ages of the enlarged Au particles are observed. Interestingly,
the enlarged particles are of smaller dimensions, � 20� 5 nm,
yet the particles touch one another to form 2D Au particle
aggregates. This observation is consistent with the observa-
tion of an interparticle-coupled plasmon absorbance band for
the aggregated nanoparticles on the surface at high concen-
trations of NADH (see Figure 3, curves k and n, respectively).

The analysis of surface-enlarged Au particles by SEM
provides important information on the growth mechanism of
the particles in the presence of the AuCl4

�/NADH system:
1) At low concentrations of NADH, the probability of
initiating the catalytic enlargement of the Au NP seeds is
low. Once the Au NP seeds are activated, they grow
effectively. This explains why at low NADH concentrations
the surface coverage of the enlarged particles is low but the
particles reach dimensions of 30� 20 nm. 2) At high concen-
trations of NADH, the probability of activating the growth of
the Au NPs increases. This facilitates the parallel growth of
numerous activated seeds which leads to smaller particles
(20� 5 nm) with a high surface coverage.

Subsequently, the growth of the Au NP seeds by the
NADH/AuCl4

� system was applied to analyze the substrate
coupled to a NAD+-dependent biocatalyzed process. As the
growth of the Au NP seeds proceeds in CTAB-rich acidic
medium (pH 4.0) we were forced to compartmentalize the
analytical assay to prevent direct contact between the
enzyme-active solutions and the Au NP growth systems.
Figures 5 and 6 depict the analysis of lactate in the presence of
the NAD+-dependent lactate dehydrogenase (LDH) by using
the catalytic growth of the Au NP seeds as a readout method.
In one compartment, the LDH-mediated reduction of NAD+

by different concentrations of lactate was allowed to proceed
for a fixed reaction time of 30 mins. The resulting biocatalytic
mixture that included the LDH-generated NADH was then
introduced into the second compartment, which contained
the Au NP seeds in the growth solution (Figure 5). In an
alternative procedure, the biocatalytic mixture was added to
the Au NP/aminosiloxane-functionalized glass surfaces in the
presence of AuCl4

� (Figure 6).
The spectral changes of the Au NP growth solution upon

addition of the LDH-generated NADH in the presence of
different concentrations of lactate are shown in Figure 5. As
the concentration of lactate increases, the concentration of
the generated NADH increases. At low concentrations of
lactate, the amount of NADH generated is insufficient to
reduce all the AuCl4

� species to the AuI species and this leads
to a residual absorbance of AuCl4

� at l= 392 nm (Figure 5,
curves a–c). At concentrations of lactate higher than 0.45 mm,
the generated NADH reduces all the AuCl4

� species to AuI,
and the seeds are effectively enlarged (curves d–g). Figure 5,
inset, shows the variation of the absorbance at l= 524 nm
with different concentrations of lactate. Figure 6, curves a–h,
show the bands that correspond to the enlarged particles on
the surface (plasmons) that formed after 60 mins by NADH
generated biocatalytically. As the concentration of lactate
increases, the plasmon absorbance band increases in intensity

and is shifted to longer wavelengths. Thus, at higher concen-
trations of lactate, more Au NP seeds are activated towards
the enlargement process and the resulting particles are larger
in dimension.

In conclusion, the present study has demonstrated 1) the
enlargement of Au nanoparticles mediated by NADH and
2) an optical readout method based on the absorbance of Au
particle-plasmons to monitor biocatalyzed transformations.

Experimental Section
Au NPs (13� 2 nm) stabilized with citrate,[17] and Au NPs (3.5�
0.5 nm) prepared with NaBH4 and stabilized with citrate

[18] were

Figure 5. Variation in the absorbance spectra of the growth solution
(1.4�10�10m in Au NP seeds) upon the addition of NADH (generated
biocatalytically) and variable concentrations of lactate: a) 2.3�10�3m ;
b) 3.4�10�3m ; c) 4.0�10�3m ; d) 4.6�10�3m ; e) 5.2�10�3m ;
f) 5.7�10�3m ; g) 9.2�10�3m. Inset: Variations in the absorbance of
the growth solution as a function of the concentration of lactate in the
biocatalysis compartment.

Figure 6. Variation in the absorbance spectra of the Au NP/3-amino-
propylsiloxane-functionalized glass slides upon treatment with the
growth solution, NADH (generated biocatalytically), and variable con-
centrations of lactate: a) 0m ; b) 2.9�10�3m ; c) 3.6�10�3m ;
d) 5.1�10�3m ; e) 5.8�10�3m ; f) 6.6�10�3m ; g) 7.3�10�3m ;
h) 9.8�10�3m.
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prepared according to the literature. The concentration of the AuNPs
(13� 2 nm) was determined from the absorbance value and the
appropriate extinction coefficient at l= 519 nm. The solution of the
Au NPs was used within 2–5 h after preparation. Growth solutions
consisted of HAuCl4 (1.8 7 10

�4), CTAB (7.4 7 10�2m), and different
concentrations of NAD(P)H. For the catalytic growth of the gold
nanoparticles, Au NPs (1 7 10�10m in 13� 1-nm particles) were added
to the growth solution, and the absorbance spectra were recorded
after 30 mins at 30 8C. Glass slides were functionalized with 3-
aminopropyl triethoxysilane as described previously[15] and modified
accordingly with the citrate-stabilized Au NPs (3.5� 0.5 nm). The Au
NP-modified glass slides were soaked in the growth solution for 1 h at
30 8C. The absorbance spectra of the resulting modified slides were
recorded in water. The LDH-mediated oxidation of lactate in the
presence of NAD+, monitored by the enlargement of the Au NPs (as
optical labels), was performed in two steps: 1) A solution of Tris
buffer (50 mm ; pH 9.0) that contained NAD+ (1 7 10�3m), LDH
(0.2 mgmL�1), and different concentrations of lactate was allowed to
react for 30 mins at 30 8C. 2) A 200-mL aliquot of this mixture was
then added to the growth solution (2.5 mL; pH 1.8). Au NPs (1.4 7
10�10m in 13� 1-nm particles) or the Au NP-functionalized slides
were then added as seeds to the growth solution. The absorbance
spectra of the solutions or of the Au NP-functionalized slides, were
then recorded after 30 mins at 30 8C.
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