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Synthesis of Ag-Pd alloy nanoparticles was carried out with carboxylated cellulose nanocrystals as the
scaffolds by reducing metallic cations using NaBH4. Alloy particles with a size less than 10 nm were
readily prepared and dispersed well. The average size of alloy nanoparticles decreased as the increasing
molar ratio of Ag/Pd. The carboxyl and hydroxyl groups of carboxylated cellulose nanocrystals supplied
a coordination effect to adsorb metallic cations and alloy nanoparticles to prevent the aggregation of
nanoparticles. The carboxylated cellulose nanocrystals as platforms carrying Ag-Pd alloy nanoparticles
were used as labels for electrical detection of DNA hybridization.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Synthesis and applications of metallic nanoparticles have
attracted a lot of attention due to their unique physical and
chemical properties, which are greatly affected by size, shape
and dispersion stability of particles (Feldheim & Foss, 2001; Rao,
Muller, & Cheetham, 2004; Sun & Xia, 2002). Nanoalloys often
have excellent properties than monometal and have been uti-
lized in a number of important areas, ranging from catalysis to
optoelectronic, magnetic, and medical applications. Recently, bio-
diagnostics is of special interest and bimetallic nanoalloys have
shown to be promising biodiagnostic agents due to their tenabil-
ity of composition, ordering size, and shape (Ferrando, Jellinek, &
Johnston, 2008). Metallic and bimetallic nanoparticles are generally
produced by reducing metal salts in the presence of surfac-
tants (e.g., citrate, alkylthiols, or thioethers) or polymeric ligands
(e.g., polyvinylpyrrolidone), which passivates the cluster surface
(Bonnemann & Richards, 2001; Mallin & Murphy, 2002; Sun &
Xia, 2002; Toshima & Yonezawa, 1998). These surfactants and
polymeric ligands are made from petrochemicals which are non-
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renewable. As fossil resources are limited, finding renewable and
biodegradable alternative is promising.

Cellulose, as a natural, renewable and biodegradable polymer, is
abundant. It is a linear oxygen-rich carbohydrate (polysaccharide)
consisting of anhydroglucose units connected by an oxygen link-
age. Previous works show porous cellulose fibers can be used as a
nanoreactor and cellulose nanocrystals (CNXLs) can act as scaffolds
for the synthesis of metallic nanoparticles (Cai, Kimura, Wada, &
Kuga, 2009; He, Kunitake, & Nakao, 2003; Shin, Bae, Arey, & Exarhos,
2008). CNXLs can be prepared by the acid hydrolysis from a variety
of sources (Cao, Dong, & Li, 2007; Roohani et al., 2008). CNXLs have
a good dispersing ability in distilled water and the suspension does
not make sediment or flocculate because of the abundant hydroxyl
group and a consequence of sulfate groups on the surface of CNXLs
created during the sulfuric acid treatment (Dong, Kimura, Revol, &
Gray, 1996). In suspension of metallic salts and CNXLs, most metal-
lic cations are absorbed on the surface of CNXLs via electrostatic
interactions between oxygen atoms of polar hydroxyl and tran-
sition metallic cations (He et al., 2003). These effects control the
size by preventing the aggregation of metallic particles reduced
from metallic cations. So nanoparticles which were synthesized via
CNXLs may be as small as quantum dots.

Hybrid systems consisting of quantum dots coupled to biomate-
rials are important in nanobiotechnology (Bruchez, Moronne, Gin,
Weiss, & Alivisatos, 1998; Mattoussi et al., 2000). Previous studies
indicate that nanoparticles can be used in a variety of bio-analytical
formats via electrochemical detection. Activated carbon-nanotubes
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were used as platforms to carry more CdS nanoparticles for elec-
trical detection of DNA hybridization (Wang, Liu, Jan, & Zhu, 2003).
Numerous applications of cellulose take advantage of its biocom-
patibility and chirality for the immobilization of proteins (Martinez,
Manolache, Gonzalez, Young, & Denes, 2000), antibodies (Loescher,
Ruckstuhl, & Seeger, 1998), heparin (Erdtmann, Keller, & Baumann,
1994), DNA (Mangalam, Simonsen, & Benight, 2009), and for the
separation of enantiomeric molecules (Goetmar, Zhou, Stanley, &
Guiochon, 2004) as well as the formation of cellulose compos-
ites with synthetic polymers and biopolymers (Linder, Bergman,
Bodin, & Gatenholm, 2003). To the best of our knowledge, using
carboxylated CNXLs as platforms for electronic detection of DNA
hybridization has not been reported.

In this work, nanocomposites consisting of Ag-Pd alloy
nanoparticles loaded on carboxylated CNXLs were prepared and
used as oligonucleotide label for the sensitive electrochemical
stripping detection of DNA.

2. Experimental
2.1. Materials

2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO), sil-
ver nitrate (AgNOs3), palladium chloride (PdCly), sulfuric acid
(H2S04, 98%), sodium borohydride (NaBH4), sodium hypochlo-
rite (NaClO), microcrystalline cellulose, phosphotungstic acid
hydrate (H3049PWj3-H,0), sodium bromide (NaBr), sodium
hydroxide (NaOH), ammonia (NH3-H,0), cetyltrimethyl ammo-
nium bromide (CTAB), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were all
purchased from Sinopharm Chemical Reagent Co., Ltd. and used as
received. 0.2 mol L~! pH 5.4 HAc-NaAc buffer. PBS buffer (8.0gL!
NaCl-0.2gL~! KCI-1.44gL-! NayHPO4-0.2gL-1 KH,PO4). 2x
SSC buffer (0.3molL~! sodium chloride-0.03 molL~! sodium
citrate). 0.2% sodium dodecyl sulfate (SDS). High effect paraffin
ceresin. Graphite powder. Solutions were prepared with Aquapro
ultrapure water (resistivity: 18 M2, Aquaplus AWL-1002-P, Ever
Young Enterprises Development Co., Ltd., China).

Materials for the detection of PEP gene sequence: 18-base target
DNA sequence (target ssDNA, namely an 18-base fragment of PEP
gene sequence, also namely complementary sequence cDNA of DNA
probe), and oligonucleotide probe (probe DNA) were purchased
from Beijing SBS Gene Technology Limited Company. PEP gene is
a promoter of phosphoenolpyruvate carboxylase gene, which is an
important promoter in many genetically modified crops. Their base
sequences were as below:

Probe DNA: 5'-NH,-CAG CAC CTA GGC ATA GGT-3’

Target DNA: 5'-ACC TAT GCC TAG GTG CTG-3'

2.2. Preparation and surface modification of cellulose nanocrystal

The suspension of cellulose nanocrystals in water was pre-
pared by acid-catalyzed hydrolysis of microcrystalline cellulose as
described (Roohani et al., 2008). The microcrystalline cellulose (6 g)
mixed with sulfuric acid solution (90 mL, 64%) and stirred vigor-
ously at 40°C for 2 h. The suspension was then diluted 10-times
and washed repeatedly by diluting with water and centrifuging
until the pH of the suspension was about 2. Then dialysis against
distilled water was performed to remove free acid in the suspen-
sion, as detected by the neutrality of the dialysis effluent. Finally,
the CNXLs were dispersed in distilled water and the suspension of
CNXLs with a solid content of 1% was obtained through 30 min of
ultrasonic treatment.

The modification of cellulose nanocrystal was carried out
according to previous references (Goetmar et al., 2004; Saito &

Isogai, 2004; Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006).
The resulting aqueous CNXLs dispersion was then subjected to
oxidation, converting the surface C6 primary hydroxyls to car-
boxylic acids via TEMPO-mediated carboxylation. Briefly, 200 mL
of a 1wt% CNXLs suspension was slowly stirred with 140 mg of
TEMPO (70 mg/g CNXLs) and 360 mg of NaBr (180 mg/g CNXLs). An
aliquot of 9% NaClO solution was added slowly to the CNXLs suspen-
sion, and the pH of the mixture was maintained to be 10.5 at room
temperature by adding NaClO solution for 48 h. The reaction was
quenched with 30-40 mL of ethanol and then purified by sequen-
tially diluting with filtered deionized water and then concentrating
by ultrafiltration until a low, typically 10-20 pS/cm, conductivity
was achieved.

2.3. Preparation of metallic nanoparticles/carboxylated CNXLs
nanocomposite

Metallic nanoparticles were synthesized in the carboxylated
CNXLs suspension with varying the initial Ag/Pd molar ratios (pure
Ag, 0.75:0.25, 0.5:0.5, 0.25:0.75, pure Pd). In a typical preparation,
different molar fractions of aqueous AgNO;3 solution (1.0 x 1072 M)
and aqueous PdCl, solution (1.0 x 102 M, dissolved in 1.5 M aque-
ous NH4OH solution) were added to five separated carboxylated
CNXLs suspension (30 mL, 1wt%). For example, AgNO3 (0.5 mL)
and PdCl; (0.5 mL) were added to the carboxylated CNXLs suspen-
sion for the 50/50 Ag/Pd alloy system; AgNO5 (0.25 mL) and PdCl,
(0.75 mL) were added for the 25/75 Ag/Pd alloy system. The total
molar concentration of cations was constant. After stirring for 1h,
the alloy nanoparticles/carboxylated CNXLs gels were prepared by
treating the suspension with an aliquot of NaBH, (1.0 x 10-2 M)
solution at room temperature. The suspension was immediately
reduced and was changed from colorless to black. After stirring for
another 1 h, the alloy nanoparticles/carboxylated CNXLs nanocom-
posites were separated in a different phase from suspension by
centrifugation at 10,000 rpm.

2.4. Application of metallic nanoparticles/carboxylated CNXLs
nanocomposite in DNA detection

Metallic nanoparticles/carboxylated CNXLs nanocomposites
homogenous suspension (0.5 mL, 1.0gL~1) was mixed with probe
DNA solution (200 L, 1.0 x 10~4 M) in PBS solution (pH 7.0) which
contained 5.0 mmol L-! EDC, 10.0 mmol L~! NHS and incubated at
room temperature for overnight with stirring. The DNA conjugate
was then obtained after centrifugating at 10,000 rpm for 30 min,
and washing with water and re-centrifugation.

The carbon paste electrode (CPE) was prepared by hand-mixing
of graphite powder with paraffin at a ratio of 3/1 (w/w) in a mor-
tar. The homogeneous paste was packed into a cavity of glass tube
(®@=3.5mm). The electrical contact was obtained with a copper
wire connected to the paste in the tube. The electrode was pol-
ished glossily before use. CTAB (1.0 x 102 M) was applied onto the
CPE surface for 2 h. The electrode was then washed with ultrapure
water. A film of CTAB was formed on the surface of CPE, and the
modified electrode was denoted as CTAB/CPE.

Target DNA sequence was immobilized on the CTAB/CPE by elec-
trostatic interaction which was performed by dropping target DNA
solution onto CTAB modified CPE surface, and the wet electrode was
kept at room temperature for remaining 1h. The resulted target
DNA/CTAB/CPE was rinsed by ultrapure water.

Hybridization reaction was carried out by immersing the tar-
get DNA/CTAB/CPE into a hybridization solution (in 2x SSC buffer)
containing the nanoparticle-labeled DNA probe for 45 min at 40 °C.
Then the electrode was washed three times with a 0.2% SDS
solution to remove the unhybridized DNA probe and denoted as
dsDNA/CTAB/CPE.
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Fig. 1. TEM image of carboxylated CNXLs.

After hybridization, the dsDNA/CTAB/CPE was immersed into
HNOj3 (100 p.L, 1.0 M) for 5 min, and metallic cations were released
immediately from the nanoparticles anchored on the hybrids.
HAc-NaAc buffer (2.0mL, pH 5.4), as the supporting electrolyte,
was added into above HNOs3 solution. Then a differential pulse
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Fig.2. UV-Vis absorption spectra of alloy nanoparticles and monometallic nanopar-
ticles on carboxylated CNXLs with different molar ratio: (a) 100% Ag, (b) 75% Ag 25%
Pd, (c) 50% Ag 50% Pd, (d) 25% Ag 75% Pd, (e) 100% Pd, (f) 50% monometallic Ag 50%
monometallic Pd.

anodic stripping voltammetry (DPASV) scan on glassy carbon elec-
trode (GCE) was recorded after an initial electrodeposition for 150 s
while stirring. The anodic stripping peak current was determined
as the analytical response of DNA biosensor.

50 nm

#

50mn’

S0:nm
0% — 0%
s ) ol K
30% 3%
a0 20
10% 10%
05— T 08— =
2 fm 13 4 foa 16

Fig. 3. TEM images and size histograms of Ag-Pd alloy nanoparticles and monometallic nanoparticles: (a,g) 100% Ag, (b,h) 75% Ag 25% Pd, (c,i) 50% Ag 50% Pd, (d,j) 25% Ag

75% Pd, (e k) 100% Pd, (f) HRTEM image of nanoparticle in Fig. 3(b).
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2.5. Characterization

The size and morphology of carboxylated CNXLs and metal-
lic nanoparticles were observed by JEOL transmission electron
microscopy (TEM) 2100 microscope. The TEM sample was typi-
cally prepared by dropping sample suspension on a Cu grid coated
with carbon films, and the TEM images of carboxylated CNXLs were
obtained by staining using 1.0% phosphotungstic acid. The high-
resolution TEM (HRTEM) image, Scanning Transmission Electron
Microscopy (STEM) image and Energy Dispersive X-ray Fluores-
cence Spectroscopy (EDX) analysis were obtained by FEI Tecnai
F20 TEM. Suspensions of monometallic and alloy nanoparticles
were characterized using a Shimadzu 2450 UV-Vis spectropho-
tometer.

A CHI 832 electrochemical analyzer (Shanghai CH Instrument
Co., China) with the three-electrode system consisting of the
modified carbon paste working electrode, an Ag/AgCl reference
electrode, and a platinum wire counter electrode was used. A glassy
carbon electrode (GCE) was used for anodic stripping detection of
metal.

3. Results and discussion

The TEM image of a dilute suspension of carboxylated CNXLs
given in Fig. 1 shows that the suspension contains cellulose frag-
ments consisting of both individual and aggregated nanocrystals.
These fragments displayed slender rods with about 10-20 nm in
diameter and 100-200 nm in length. The carboxylated CNXLs look
bright in the TEM image because of staining obtained by 1.0% phos-
photungstic acid.

Carboxylated CNXLs have a strong ability to absorb metal-
lic cations because of abundant carboxyl and hydroxyl groups in
carboxylated CNXLs. After treating metallic cations with NaBHy4
solution, a different color was observed with different ratios of
molar composition of Ag and Pd. The pure Ag on carboxylated
CNXLs turned from colorless to light yellow upon reduction. How-
ever, as the initial Ag/Pd molar ratios were 0.75:0.25, 0.5:0.5,
0.25:0.75 and pure Pd, colors of suspensions were all black. Five
redispersed suspensions of metallic nanoparticles/carboxylated
CNXLs complex in distilled water were stable. No obvious deposi-
tion or flocculation has been observed in the five suspensions after
4 months.

Fig. 2 shows the UV-Vis spectra of metallic nanoparticles with
different initial molar ratios of Ag/Pd. Non-uniform baselines are
observed by light scattering of large carboxylated CNXLs rod-
like particles. A surface Plasmon resonance band of monometallic
Ag nanoparticles at 400nm and the absence of surface Plasmon
resonance band of monometallic Pd from 250 nm to 600 nm are
consistent with previous reports (Ferrando et al., 2008; Toshima
and Yonezawa, 1998). There was no surface plasmon resonance
band of the co-reduction product when the initial Ag/Pd molar
ratios were 0.25:0.75 (d), 0.5:0.5 (c) and 0.75:0.25 (b) respec-
tively. An obvious surface plasmon resonance band at 400 nm
was observed for monometallic Ag nanoparticles and monometal-
lic Pd nanoparticles mixture (the Ag/Pd molar ratio was 0.5:0.5).
In the case of core-shell particles, two peaks detected should be
contributed by metals in the core and on the shell (Ferrando et
al,, 2008). No obvious peak in UV-Vis spectra indicates that the
nanoparticles are intermixed and the formation of alloy nanopar-
ticles are homogeneous composition.

TEM images of metallic nanoparticles/carboxylated CNXLs
nanocomposites, size histograms of metallic nanoparticles, and
HRTEM image of bimetallic nanoparticles are listed in Fig. 3. Images
show nanostructures were formed in carboxylated CNXLs suspen-
sion. The monometallic nanoparticles and bimetallic nanoparticles

Counts
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Fig. 4. STEM image (a) and EDX (b) of Ag-Pd alloy nanoparticle.

are dispersed well in the presence of carboxylated CNXLs. Because
of strong interactions between the metallic cations and carboxyl
or hydroxyl groups on cellulose, metallic cations are uniformly and
tightly attached to carboxylated CNXLs. Such interactions would
decrease the mobility of metallic cations, prevent the growth of
large particles, and stabilize metallic nanoparticles (He et al., 2003;
Shinsuke, Manami, Minoru, Hiroyuki, & Hiroyuki, 2009). The char-
acterization gives images of metallic nanoparticles only, because
carboxylated CNXLs could not give contrast against the resin (Cai
et al., 2009). Sizes of monometallic Ag and Pd nanoparticles are
5.54+3.4nm and 8.5+4.2nm (Fig. 3(a) and (e)). And different
Ag/Pd molar ratios of 0.75:0.25, 0.5:0.5 and 0.25:0.75 show sizes of
434+3.2nm, 4.9+ 2.5nm and 5.3 + 2.7 nm, respectively (Fig. 3(b),
(c) and (d)). It indicates that the average size of alloy nanoparticles
decreases as the molar ratio of Ag/Pd increasing. The fact of the
dependence of the size of alloy nanoparticles on the composition
has been reported by several researchers (Chen & Chen, 2002; Wu,
Chen, & Huang, 20014, 2001b, 2001c; Yonezawa & Toshima, 1995).
In addition to the collision energy and the sticking coefficient, rates
of nucleation and growth primarily depend on probabilities of col-
lisions between several atoms, between one atom and a nucleus,
and between two or more nuclei (Toshima & Yonezawa, 1998). The
nucleation is related to the first kind of collisions and the growth
process is due to the second and third ones. When the reduction
rate was so large that most of ions were reduced before the nucle-
ation, and the probability of effective collisions between one atom
and a nucleus was much higher than those of the other two colli-
sions, the size of resultant particles would be monodispersed and
determined by the number of the nuclei formed at the very begin-
ning of the reaction (Toshima & Yonezawa, 1998). In this study, the
reduction of Ag* and Pd%* ions might be so fast that they can be
completely reduced before forming nuclei and the sizes of the Ag,
Pd and Ag-Pd alloy nanoparticles obtained were determined by the
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Fig. 5. Differential pulse anodic stripping voltammgrams of the dissolved metal at glassy carbon electrode after: (a) Ag, (b) Pd, (c) Ag-Pd alloy.

number of nuclei formed from Ag or Pd. Since the concentration of
total metallic cations was fixed, the significant reduction in size
with the addition of Ag implied that Ag might act as the seeds for
the formation of Ag-Pd alloy nanoparticles.

The HRTEM image (Fig. 3(f)) of alloy nanoparticles (Ag/Pd molar
ratio of 0.75:0.25) indicates the lattice planes with the basal spac-
ing of 2.3 A and 1.9 A. It implies that particles must be an alloy and
they consist of a homogeneous material. The HRTEM image shows
excellent atomic alignment within particles, and there is no lat-
tice distortion which indicates a good mixing of the atomic level
of Ag and Pd. The sample is also examined using EDX to determine
the composition of individual particle. Fig. 4(a) is a STEM image of
as-prepared sample (Ag/Pd molar ratio of 0.75:0.25) and Fig. 4(b)
displays the result of EDX analysis of the single particle shown in
Fig. 4(a). The EDX analysis indicates that the individual particle is
composed of silver and palladium.

Grafting of the probe DNA onto the carboxylated CNXLs was
carried out via carboxyl groups covalently coupled with the 5-NH,
moiety of the probe sequence by amide linkage (-CONH-) in the
presence of EDC and NHS (Erdtmann et al., 1994; Huang, Zhou,
& Deng, 2000). Target DNA sequence was determined by using
nanocomposites labeled DNA probe with DPASV. The DPASV dia-
grams are shown in Fig. 5. Curve a was the stripping voltammogram
of Ag with the detection of target DNA, which had the stripping
signal at —0.65V. Curve b was the stripping voltammogram of Pd
with the detection of target DNA, showing a well-defined oxidation
peak at —1.6 V. Curve ¢ was the stripping voltammogram of sam-
ple Ag-Pd alloy (50% Ag 50% Pd) with the detection of target DNA.
The two oxidation peaks of Ag-Pd alloy are at —0.65V and —-1.6V
in curve ¢, in consistent with monometallic Ag and monometallic
Pd, respectively. Both of Ag and Pd signals can reflect the con-
centration of target DNA. These results indicate that the use of
carboxylated CNXLs to link metallic nanoparticles and probe DNA
as oligonucleotide labels for the sensitive electrochemical stripping
detection of target DNA was feasible.The sensitivity and selectiv-
ity of this electrode for tested DNA using carboxylated CNXLs as
linkage for the DNA and nanoparticles will be shown in another
paper.

4. Conclusion

The as-prepared carboxylated CNXLs as scaffolds for nucleation
and growth have been used for the generation of Ag-Pd alloy
nanoparticles. The characterization apparently indicates that the
prepared bimetallic nanoparticles are alloy with a narrow distri-
bution of particle size. HRTEM image shows the uniform contrast
through alloy nanoparticles indicating a good mixing of Ag and
Pd. The average size of alloy nanoparticles decreases as the molar
ratio of Ag/Pd increases. The DPASV of silver and palladium from
Ag-Pd alloy indicates that the Ag-Pd alloy/carboxylated CNXLs
nanocomposites can be employed for electrical detection of DNA
hybridization.
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