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Abstract: We have investigated the impact of steric effects on the hybridization and enzymatic extension
of oligonucleotides bound to 12-nm colloidal Au particles. In these experiments, a nanoparticle-bound 12-
mer sequence is hybridized either to its solution phase 12-mer complement or to an 88-mer template
sequence. The particle-bound oligonucleotide serves as a primer for enzymatic extension reactions, in
which covalent incorporation of nucleotides to form the complement of the template is achieved by the
action of DNA polymerase. Primers were attached via-C6H12SH, -C12H24SH, and -TTACAATC6H12SH linkers
attached at the 5′ end. Primer coverage on the nanoparticles was varied by dilution with 5′HSC6H12AAA
AAA3′. Hybridization efficiencies were determined as a function of linker length, primer coverage, complement
length (12-mer vs 88-mer), and primer:complement concentration ratio. In all cases, hybridization for the
88-mer was less efficient than for the 12-mer. Low primer surface coverages, greater particle-primer
separation, and higher primer:complement ratios led to optimal hybridization. Hybridization efficiencies as
high as 98% and 75% were observed for the 12-mer and 88-mer, respectively. Enzymatic extension of
particle-bound primers was observed under all conditions tested; however, the efficiency of the reaction
was strongly affected by linker length and primer coverage. Extension of primers attached by the longest
linker was as efficient as the solution-phase reaction.

Introduction

Nano- and microscopic particles have considerable potential
as amplification and identification tags in biological analysis.1-14

Colloidal Au nanoparticles, in particular, have found application
in a variety of assay formats in which analyte binding is coupled
to particle adsorption. Nanoparticle detection is then used to
infer the presence of the analyte of interest. This type of

approach has been used to improve detection limits for proteins
and DNA in assays based on nanoparticle optical, electrical,
and physical properties. Colloidal Au can be synthesized (or
purchased) with high monodispersity and is amenable to
biomolecule attachment. While protein:Au nanoparticle conju-
gates have been used for decades, and have found increasingly
broad application,15-17 it is only recently that nucleic acids have
been coupled to colloidal Au and shown to retain the ability to
selectively and reversibly hybridize to complementary se-
quences. Mirkin, Letsinger, and co-workers used 5′ and 3′ thiol
moieties to prepare DNA oligomer:Au nanoparticle conjugates
and have demonstrated a variety of Au nanoparticle-based DNA
assays in which absorbance,18 scattering,19 and even Ag plating20

were employed to improve sensitivity. A similar approach has
been demonstrated by Ko¨hler et al., who used the optical signal
from DNA:Au conjugates to read out micropatterned DNA
chips.21 DNA:Au conjugates have also been used to improve
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detection limits for DNA in surface plasmon resonance, quartz
crystal microbalance, and electrochemical assays.22-25

In addition to applications in ultrasensitive detection, DNA:
Au conjugates have been employed as building blocks for
“bottom-up” assembly strategies. Alivisatos and co-workers
demonstrated that several nanoscale Au building blocks could
be positioned with high accuracy by attaching them to a single
long strand of DNA.26 Niemeyer et al. have synthesized DNA-
streptavidin networks that served as scaffolding for the assembly
of 1.4-nm Au nanocrystals.27 Larger DNA-nanoparticle as-
semblies have been constructed in which two different nanoscale
building blocks are alternated based on selective DNA hybrid-
ization28 and in which particle multilayers are built up on a glass
substrate by consecutive hybridizations.29 Recently, DNA
hybridization has been used to assemble Au nanoparticles onto
patterned substrates prepared by a lithographic approach30 and
by dip-pen nanolithography.31 DNA complementarity has also
been used to direct the assembly of Au wires several hundred
nanometers in diameter and several microns long onto planar
Au surfaces.32

Despite recent research activity in DNA:Au conjugates, we
have found only one report of enzymatic manipulation of Au
nanoparticle-bound DNA; He et al. used a restriction endonu-
clease to cut double-stranded DNA linking a Au nanoparticle
to a Au film, and observed a decrease in surface plasmon
resonance shift associated with particle desorption. While no
attempt was made to measure the efficiency of the endonuclease
activity, the authors observed that particle desorption was not
complete.22 In contrast, DNA bound to a variety of planar
surfaces has been frequently used in ligation, extension, and
restriction endonuclease reactions.33-49 Polymer, glass, or

magnetic bead-bound DNA has been enzymatically extended
by one or more bases and, recently, PCR amplified.50-53

Restriction endonucleases have been used to cleave DNA-linked
magnetic nanoparticles.54 Adaptation of these enzymatic pro-
cessing protocols for use on Au nanoparticles would signifi-
cantly increase the toolkit available for DNA:nanoparticle
applications ranging from sensing to materials assembly. For
example, enzymatic extension of a short oligonucleotide bound
to a Au particle results in a longer oligonucleotide still bound
to the particle. By choice of template, it is possible to
predetermine the sequence of the extended particle bound strand;
the coverage of long oligonucleotides is determined by the initial
primer coverage. After extension the template can be removed
by exposure to heat or base, leaving the extended primer strand
attached to the nanoparticle. This process allows preparation
of DNA:Au conjugates with the high overall coverage of DNA
oligomers optimal for conjugate stability55 while controlling the
number and sequence of much longer DNA strands presented
to solution. Note that direct adsorption of longer DNA sequences
leads to lower coverages and less selective attachment as strand
length increases beyond 24 nucleotides (i.e. the relative impact
of the thiol-Au interaction on DNA adsorption becomes less
significant as the number of potential nucleotide-gold interac-
tions increases).56

Enzymatic manipulation of DNA bound to metal nanopar-
ticles presents some challenges not present for DNA on plastic
or glass microbeads. For example, the Au-S bond, although
thermodynamically stable, is kinetically labile, leading to thiol
exchange in the presence of thiol-containing molecules in
solution, particularly at elevated temperatures. Buffers used in
molecular biology often contain thiols, e.g. dithiothreitol (DTT),
that are commonly included as reductants to prevent the
formation of disulfide bonds in the enzymes. Note that it is
possible to attach DNA to Au nanoparticles via avidin-biotin
attachment chemistry, which would avoid the use of thiols
altogether.6,27We have chosen to work with the thiol chemistry
because it affords greater control over linker length and surface
coverage. In addition, thiol-based linkers allow closer approach
between Au particles and the surface to which they hybridize
(e.g. another nanoparticle, a planar substrate) than do avidin-
biotin linkers; for detection mechanisms involving optical and
electronic coupling, decreased separation can improve sensitiv-
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ity. Under the relatively mild reaction conditions used for
enzymatic extension (37°C, ∼1 µM DTT), we observe no thiol
exchange.

We report the impact of steric effects on the hybridization
and enzymatic extension of Au nanoparticle-bound DNA
primers. Variables investigated include (i) the length of linker
by which primers were attached to Au, (ii) primer surface
coverage, (iii) the ratio of solution-phase complement to the
surface-bound primer, and (iv) the length of the solution-phase
complement (12-mer or 88-mer). Each of these parameters
impacts hybridization to particle-bound oligonucleotides; by
optimizing them it was possible to achieve nearly 100%
hybridization efficiencies. We found that Au nanoparticle-bound
primers could be enzymatically extended to copy an 88-mer
template DNA strand under most conditions of linker and
spacing, and that both the surface coverage and the linker length
of the primers tested were important determinants of extension
efficiency. For the longest linker, extension of particle-bound
primers was as efficient as the solution-phase process.

Experimental Section

Materials. H2O used in all experiments was 18.2 MΩ, distilled
through a Barnstead Nanopure system. HAuCl4‚3H2O was purchased
from Acros. Oligonucleotides used in this work were purchased from
Integrated DNA technologies, Inc. (IDT) or the Nucleic Acid Facility
(University Park campus). NaCl, NaH2PO4, and Na2HPO4 were
purchased from J. T. Baker Inc. Klenow (the large fragment of DNA
polymerase I), REact 2 buffer, and ultrapure agarose were purchased
from Life Technologies. Alexa Fluor 488-5-dUTP was purchased from
Molecular Probes. Nonlabeled dNTPs were purchased from Promega
Life Sciences. Mercaptoethanol (MCE) and dithiothreitol (DTT) were
purchased from Sigma. NAP-5 and NAP-10 columns were purchased
from Amersham Pharmacia. Bio-Gel P-60 gel, medium grade was
purchased from BioRad. MetaPhor agarose was purchased from
BioWhittaker Molecular Applications (Rockland, ME).

DNA Sequences Used in This Work.A list of all sequences used
in this work is shown in Table 1. We use the following abbreviations
to denote 5′ and 3′ functionalization: Cx before the sequence abbrevia-
tion (e.g. C6P12) denotes the number of CH2 moieties between the 5′
sulfhydryl group and the first nucleotide (i.e. HSC6H12P12). F added
to any of these sequences denotes the presence of a fluorescein moiety
(6-FAM). When fluorescein groups were used, they were incorporated
at the end of the DNA farthest from the Au particle to minimize any

potential steric interactions. For surface coverage determination experi-
ments, the fluorophore was on the 3′ end, while for hybridization
efficiency experiments it was on the 5′ end. Thus, P12F denotes a 3′
fluorophore, while T12F and T88F denote 5′ fluorophores.

Preparation of DNA:Au Conjugates. Surface-diluted conjugates
are depicted in Scheme 1. Thiolated oligonucleotides used in this work
were received as disulfides. The disulfide was cleaved by using a 100
mM solution of DTT in 0.1 M Na phosphate pH 8.3 buffer. The reaction
was allowed to proceed for 30 min at room temperature, after which
the oligo was desalted on a NAP-5 or NAP-10 column with elution
into autoclaved 18.2 MΩ H2O. The purified solution of oligonucleotide
was quantified with A260 and the extinction coefficient specific for the
sequence. UV-vis spectra were acquired on a HP 8453 diode array
ultraviolet-visible spectrophotometer with 1-nm resolution and 1-s
integration time. Colloidal Au particles were prepared by citrate
reduction of HAuCl4 as previously described.57 Transmission electron
microscopy (TEM) and Gatan or NIH image58 software were used to
characterize Au nanoparticles. All conjugates used in this work were
prepared with the same batch of colloidal Au particles. These particles,
referred to throughout the paper as “12-nm”, were nearly spherical,
having major and minor axes of 13.1( 1.3 and 11.0( 1.2 nm,
respectively.

DNA:Au conjugates were prepared as previously described with a
few modifications.18 In short, 12.5µL of a 100 µM solution of the
oligonucleotide was added to 200µL of the 12-nm colloidal Au sol.
The final concentration of oligonucleotide and colloid was 5µM and
13.1 nM, respectively. The samples were placed into a water bath at
37 °C for 8 h, after which the solution was brought to 0.1 M NaCl/10
mM Na phosphate pH 7 at a total volume of 500µL. The samples
were left in the “aging” solution for at least 16 h at 37°C. Following
this, samples were centrifuged at 10000g for 40 min, twice, with a
rinse of 500µL of 0.1 M NaCl/10 mM Na phosphate pH 7 in between.
Samples were resuspended to a final volume of 200µL for analysis by
fluorescence spectroscopy.

DNA:Au conjugates used in extension experiments were prepared
in larger volumes. For these samples, 60µL of a 100µM solution of
the oligo was added to 140µL of 18.2 MΩ H2O followed by addition
of 1 mL of the colloidal Au sol. Surface-diluted conjugates were
prepared by addition of the primer and the diluent oligo C6A6 in molar
ratios indicated to yield a total oligo solution volume of 60µL. During
“aging”, the samples were brought to 0.1 M NaCl/10 mM Na phosphate
pH 7 with a total volume of 1.5 mL. Samples were centrifuged twice
with a rinse of 1.5 mL of 0.1 M NaCl/10 mM Na phosphate pH 7
between centrifugations. The samples were resuspended into 0.3 M
NaCl/10 mM Na phosphate pH 7 for analysis by fluorescence

(57) Grabar, K. C.; Brown, K. R.; Keating, C. D.; Stranick, S. J.; Tang, S.-L.;
Natan, M. J.Anal. Chem.1997, 69, 471-477.
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Table 1. Oligonucleotide Sequences Used in This Work

a Cx before the sequence abbreviation (e.g. C6P12) denotes the number
of CH2 moieties between the sulfhydryl group and the first nucleotide (i.e.
HSC6H12P12). F added to any of these sequences denotes the presence of
a fluorescein moiety (6-FAM).b Nucleotides added to the 5′ end of the
primer sequence to increase linker length are shown in lower-case letters.

Scheme 1 . Extension from Particle-Bound Primersa

a In step 1, the primers in the DNA:Au conjugates are annealed to the
template strand followed by extension in step 2 accomplished by the addition
of Klenow (the large fragment of DNA polymerase I).
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spectroscopy. A 5-µL sample of each conjugate was taken for
quantification of primer concentration, using values determined previ-
ously. The final volume of each conjugate was varied so that the final
concentration of primer was 3µM. All DNA:Au conjugates used for
extension were quality checked by using a colorimetric solution assay
as first described by Mirkin and co-workers.1

Fluorescence Quantification of Primer Coverage on Au Particles.
Primers used for these studies were labeled with 6-carboxyfluorescein
(6-FAM) at the 3′ end. Fluorescently labeled oligos were first adsorbed
to the surface of 12-nm diameter colloidal Au particles following the
protocol outlined above. For conjugates diluted with C6A6, the primer
diluent ratio indicates the ratio of primer to dilutor molecule present
in the initial adsorption solution. For the surface-diluted conjugates
only the primer oligo was fluorescently labeled. DNA:Au conjugates
were washed and centrifuged twice to ensure removal of any nonspe-
cifically adsorbed molecules. The fluorescently labeled oligo was
displaced by using 12 mM mercaptoethanol (MCE) as previously
described.55 The conjugates were placed in a 37°C water bath and left
for at least 8 h. The conjugates were then centrifuged again at 10000g
for 20 min, after which the supernatant containing the fluorescently
labeled oligo was removed and analyzed by fluorescence spectroscopy.
Fluorescently labeled oligonucleotides and incorporated fluorescently
labeled dUTPs were quantified on a SPEX Fluorolog model 1681 (0.22
m spectrometer) equipped with a PMT.

Hybridization Efficiency of DNA:Au Conjugates. DNA:Au con-
jugates were prepared as described above and then resuspended into a
final volume of 100µL of 0.3 M NaCl/10 mM Na phosphate pH 7.0.
A 5-µL sample from one of each conjugate dilution was removed for
visible spectroscopy analysis to determine the concentration of the
primer. This was accomplished by determination of the number of Au
nanoparticles present based on the A520 for each conjugate. Primer
concentration was calculated based on the number of Au particles
present and the previously determined surface coverage. Conjugates
were brought to a final volume of 200µL for hybridization to 5′ 6-FAM
fluorescently labeled complementary oligos T12F and T88F. In this
case, the concentration of T12F and T88F was adjusted to maintain
the desired primer:complement ratio, while keeping the particle
concentration the same in all experiments. The samples were heated
in a water bath to 65°C for 5 min, removed, and allowed to cool to
room temperature for 30 min. The conjugates were heated again to 65
°C for 5 min and then allowed to anneal while cooling to room
temperature for 120 min in the water bath. After annealing, the
conjugates were centrifuged twice at 10000g for 40 min, washing with
500 µL of 0.3 M NaCl/10 mM Na phosphate pH 7 between
centrifugations. Conjugates were resuspended into a final volume of
200µL and the solution pH was brought to 12 by addition of 45µL of
a 1.0 M NaOH solution to dissociate the bound oligonucleotide. The
conjugates were placed onto a vortexer with gentle shaking for 2 h.
After 2 h, the conjugates were centrifuged again at 10000g for 35 min.
The pH of the supernatant was adjusted to 9 with∼40 µL of a 1.0 M
HCl solution (pH was checked with a pH test strip) and analyzed by
fluorescence.

DNA Extension from Particle-Bound Primers. A schematic for
the extension of particle-bound primers is shown in Scheme 1.
Conjugates used in extension reactions were prepared as stated above.
Samples for control reactions in which the DNA:Au conjugate primer
was noncomplementary to the template were prepared with C6N18. A
primer-to-template ratio of 10:1 was used in all experiments. To keep
this ratio the same for conjugates that were surface diluted while
maintaining the same amount of template molecules in each experiment,
the concentration of Au particles for the surface-diluted conjugates was
increased such that the primer concentration was kept to 3µM. Control
reactions in which the primer was not attached to the Au particle were
carried out by using the same sequence without modification (i.e. N12
and N18). For these reactions, 7.2µL of a 10 µM solution of N12 or
N18 was added to 7.2µL of a 1 µM solution of N88. For samples in

which the primer was attached to the Au particle, 24µL of the conjugate
was added to 7.2µL of the template solution. The samples were brought
to a final volume of 50µL with 0.3 M NaCl/10 mM Na phosphate
buffer pH 7 for annealing. The reaction mixture was heated to 65°C
for 5 min and allowed to cool to room temperature for 30 min. The
sample was again heated to 65°C for 5 min and allowed to cool to
room temperature in the water bath for 2 h. Following annealing of
the template to the primer, the reactions were brought to a total reaction
volume of 75µL by addition of 7.5µL of 10× REact 2 buffer, 11.4
µL nuclease free H2O, 1.1µL of 50 µM Alexa dUTP, 4µL of 250 µM
dNTPs (150µM dTTP), and 1µL of 2U/µL of the DNA polymerase
I fragment, Klenow. The samples were placed in a water bath at 37°C
for 2 h for extension. After the allotted time of 2 h, the reaction was
quenched by the addition of 4µL of a 0.5 M EDTA pH 8.0 solution.

After the reaction was quenched, DNA was removed from the
particles by displacement with MCE. MCE (1µL) was added to each
sample and allowed to react at 37°C for 8 h. MCE displaces the
thiolated oligonucleotides from the particle surface, a process that leads
to particle aggregation. Samples were centrifuged at 10000g for 15
min to pellet the aggregated particles, and the particle-free, DNA-
containing supernatant was removed. Prior to purification of samples
by column chromatography to remove enzyme and unincorporated
dNTPs, 15µL was removed from each sample and saved for analysis
on a MetaPhor agarose gel. The remaining sample was purified by
column chromatography with BioRad P-60 gel medium grade. The
sample was applied to the column bed. This was followed by 150µL
mobile phase (degassed 0.3 M NaCl/10 mM Na phosphate pH 7); during
this time the eluent was sent to waste. Next, 450µL of the mobile
phase was added and the eluent was collected, which contained the
dsDNA product. The amount of Alexa Fluor dUTP incorporated was
determined by fluorescence spectroscopy withλex ) 493 nm andλem

) 515 nm. Standards of Alexa Fluor 488-5-dUTP were prepared
ranging from 0.7 to 200 nM and run at the time of sample analysis.
This was converted into the amount of dTTP incorporated based on
the ratio of labeled dUTP to dTTP. From this, the final amount of
incorporated nucleotides was calculated based on the number of
template molecules added to each reaction mixture.

Samples in which the DNA was not removed from the Au particles
were prepared to run on agarose gels as stated above except in the
following volumes. Only samples involving conjugates were used in
this experiment. A 48-µL aliquot of each conjugate was added to 14.4
µL of the template (T88) followed by addition of 0.3 M NaCl/10 mM
Na phosphate pH 7 to bring the total volume for annealing to 75µL.
The total volume for extension was brought to 100µL by the addition
of 10 µL of 10× REact 2 buffer, 9µL nuclease free H2O, 5µL of 250
µM dNTPs, and 1µL of 2U/µL Klenow. Agarose gels, in which the
DNA remained on the particles, were scanned into a flatbed scanner
and processed with Photoshop, version 5.0. Agarose gels, in which the
DNA was removed from the particles, were imaged with a AlphaImager
2200 documentation and analysis system equipped with a CCD and
Alpha-Ease image processing and analysis software.

Results and Discussion

Steric factors are expected to play a role both in hybridization
to particle-bound oligonucleotides and during enzymatic exten-
sion. Indeed, steric effects on extension efficiency may be
expected to result not only from decreased extension, but also
from decreased hybridization or enzyme binding. Important
variables in controlling the steric hindrance experienced by DNA
and/or enzyme molecules at the particle surface include the
following: (i) the primer surface coverage, (ii) the percentage
of primers hybridized, (iii) the distance from the particle surface
at which hybridization occurs, and (iv) the length of the
complementary sequence. We investigated the effects of each

Au Nanoparticle-Bound Oligonucleotides A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 25, 2002 7317



parameter upon hybridization of surface-bound primers to their
solution-phase complements, and the effects of primer coverage
and linker length upon extension.

Effect of Linker Length and Primer Surface Coverage
on Hybridization Efficiencies. The oligonucleotides used to
prepare DNA:Au conjugates in this study are of the form HS-
linker-primer (see Table 1 for DNA sequences). We investigated
three different linkers (C6H12, C12H24, and C6H12N7, abbreviated
C6, C12, and C6N7, respectively) between the 5′ thiol moiety
and the primer sequence (P12). Primer coverage was controlled
by competitive adsorption of primers (P12) with a diluent
oligonucleotide HSC6H12AAA AAA. Figure 1 reports the
number of particle-bound complementary primers for each linker
at solution mole fractions ranging from 0.1 to 1.0. As expected
from steric considerations, the C6 linker gave the highest primer
surface coverage, with the longer linkers resulting in somewhat
lower coverages in the order of their linker length. Figure 1
also shows that primer coverage is directly proportional to
solution mole fraction, in agreement with Demers et al., who
report surface dilution of thiolated oligonucleotides with a 20-
base polyA sequence on colloidal Au nanoparticles.55 DNA:
Au conjugates were prepared with primer coverages between
6.2 × 1012 and 5.2 × 1013 molecules/cm2 (28 and 234
molecules/particle).

The importance of both surface coverage and linker length
in hybridization efficiency for surface-bound oligonucleotides
has been demonstrated on planar surfaces and microbeads.59-64

For example, Southern and co-workers found the length of linker
moieties, rather than their chemical makeup, to be the critical
parameter. They recommend linkers of 30 to 60 atoms between
a planar substrate and the hybridizing DNA sequence.59 It has
also been demonstrated that decreased oligonucleotide surface
coverage leads to improved hybridization efficiencies.59-64

Although the Au nanoparticles used in this work have a high
radius of curvature, which is expected to reduce steric effects,
we hypothesized that these parameters would remain important
for nanoparticle-bound DNA.

Indeed, Mirkin and co-workers have prepared DNA conju-
gates with 16-nm diameter colloidal Au nanoparticles, and
observed improvements in hybridization efficiency from 4% to
44% with the addition of a 20-base nonhybridizing sequence
between the nanoparticles and the 12-mer of interest.55 The
coverage for the longer sequence was substantially less than
that for the 12-mer, at 9.0× 1012 molecules/cm2 as compared
to 2.0× 1013 molecules/cm2.55 This was not unexpected: long
DNA strands are known to result in lower surface coverages
on planar substrates.56 The linking sequences used in this work
are much shorter, with the longest only C6N7 (or 49 atoms,∼2
nm). Thus, it was possible to achieve somewhat similar surface
coverages with all three linkers, separating the effects of surface
coverage and linker length. Maximum coverage for the three
primer oligonucleotides ranged from 3.4× 1013 to 5.2× 1013

molecules/cm2 for these linkers.

To determine the accessibility of surface-bound primers for
hybridization, we employed both a 12-mer DNA sequence
complementary to the primer (T12) and an 88-mer containing
the complementary 12-mer at its 3′ end (T88; this sequence is
also the template for extension). Figure 2 (top panel) shows
the results of hybridization of particle-bound primers (C6P12)
with excess solution-phase complement (T12F and T88F) as a
function of primer coverage. A dashed line illustrates the

(59) Shchepinov, M. S.; Case-Green, S. C.; Southern, E. M.Nucleic Acids Res.
1997, 25, 1155-1161.

(60) Southern, E.; Mir, K.; Shchepinov, M.Nat. Genet. Suppl.1999, 21, 5-9.
(61) Herne, T. M.; Tarlov, M. J.J. Am. Chem. Soc.1997, 119, 8916-8920.
(62) Levicky, R.; Herne, T. M.; Tarlov, M. J.; Satja, S. K.J. Am. Chem. Soc.

1998, 120, 9787-9792.
(63) Henry, M. R.; Stevens, P. W.; Sun, J.; Kelso, D. M.Anal. Biochem.1999,

276, 204-214.
(64) Peterson, A. W.; Heaton, R. J.; Georgiadis, R. M.Nucleic Acids Res. 2001,

29, 5163-5168.

Figure 1. Surface coverage as a function of solution mole ratio for primers
C6P12 (9), C12P12 (b), and C6N7P12 (2) diluted with C6A6 and adsorbed
to 12-nm diameter Au nanoparticles.

Figure 2. Effect of particle-bound primer coverage and length of solution-
phase complement on hybridization efficiency with three primer-to-
complement ratios: excess, 5:1, and 10:1. C6P12:Au conjugates were
hybridized with the complement T12F (9) and the template T88F (0). Solid
lines are to guide the eye; dashed lines (- - -) represent 100% hybridization
efficiency. Hybridization was quantified by the fluorescence of bound T12F
or T88F after removal from the particles (see text for details). As a control,
a noncomplementary oligo was used, N12F, for which the fluorescence
measurement was below background.
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hybridized strands/cm2 expected if eVery primer binds a
complementary strand from solution. Hybridization efficiencies
are higher for the 12-mer sequence as compared to the 88-mer,
consistent with the greater steric effects expected for the longer
sequence. At high primer coverages, this difference is most
significant. A maximum of∼46 or ∼26 hybridization events
occurred per particle for T12 and T88, respectively, correspond-
ing to 20% and 11% of the∼234 total primers on the particles.
However, the hybridization efficiency rose to∼33% and 22%
at low primer coverages.

We reasoned that as the concentration of the solution-phase
complement decreased below that of the particle-bound primer,
steric effects might become less pronounced due to greater
spacing between hybridized strands on the particles. Figure 2
shows the effect of primer:complement concentration ratio (p:
c) on hybridization of T12 and T88 to particle-bound C6P12.
The coverage of hybridized complement is much lower for
excess particle-bound primer (p:c 5:1 and 10:1) as compared
to experiments in which solution-phase complement was in
excess. However, a greater percentage of the solution-phase
DNA hybridizes when particle-bound primer is in excess. High
p:c ratios can be used to ensure that hybridization of the solution-
phase strand goes to completion for ultrasensitive detection or
for enzymatic reactions such as extension. The difference
between T12 and T88 hybridization is more pronounced under
excess primer conditions, as the T12 hybridization efficiency
improves more with increasing p:c ratio than does the T88
hybridization. Note that by limiting the concentration of
solution-phase complement, it is no longer possible for every
primer to bind a complementary strand from solution. The
maximum percentage of primers that could hybridize at 5:1 p:c
is 20%. To account for this, we have calculated hybridization
efficiency based on 100% hybridization of the T12 or T88
sequence for this and all experiments in which the solution-
phase complement concentration is limiting. For T12, the percent
occupancy of primers is close to 15% with a 5-fold excess of
primer, and close to 9% with a 10-fold excess. This corresponds
to hybridization efficiencies for T12 of 76% and 88%, respec-
tively. At a 10-fold excess of particle-bound primer, the
hybridization efficiency for T12 is largely independent of primer
coverage, indicating the decreased importance of steric effects
under these conditions.

The effect of linker length on hybridization efficiency at a
primer:complement ratio of 10:1 is shown in Figure 3. Again,
the longer T88 invariably leads to a lower number of hybridiza-
tion events than T12. However, the difference in hybridization
efficiency between T12 and T88 is linker dependent, and
decreases substantially with increasing linker length. For the
intermediate-length linker, C12, hybridization efficiency is
strongly dependent upon primer coverage. For T12, hybridiza-
tion efficiency increases from 70% to 94% as coverage is
decreased from 4.1× 1013 to 1.2× 1013 primers/cm2. A nearly
2-fold difference between T12 and T88 is observed. The C6N7
linker gives optimal efficiencies, at the lowest primer coverage,
close to 100% for T12 and 75% for T88. The T88 hybridization
data can be fit with a line only for the longest linker (Figure 3
bottom), illustrating the effect of steric crowding at high primer
coverages for C6P12 and C12P12.

Table 2 summarizes the hybridization efficiency data from
the experiments in Figures 2 and 3.65 These data indicate that,

while steric factors are significant for hybridization of solution-
phase complements to nanoparticle-bound primers, these effects
can be greatly diminished by decreasing primer coverage and
increasing the distance between the primer sequence and the
particle surface. For the short solution-phase complement,

Figure 3. Effect of linker length and primer coverage on hybridization
efficiency at a primer-to-complement ratio of 10:1. C6P12:Au, C12P12:Au,
and C6N7P12:Au conjugates were hybridized with the complement T12F
(closed symbols) and the template T88F (open symbols). Solid lines are to
guide the eye; dashed lines (- - -) represent 100% hybridization efficiency.
Hybridization was quantified by the fluorescence of bound T12F or T88F
after removal from the particles (see text for details). As a control, a
noncomplementary oligo was used, N12F, for which the fluorescence
measurement was below background.

Table 2. Efficiencies for Hybridization of Particle-Bound Primers
to Solution-Phase Complements

hybridization efficiency,c,d %

linker,a,b primer:complement ratio T12e T88

C6, excess complement 20-33 11-22
C6, 5:1 primer:complement 55-75 17-29
C6, 10:1 primer:complement 76-88 10-17
C12, 10:1 primer:complement 70-94 37-59
C6N7, 10:1 primer:complement 89-98 56-75

a All primers were P12. See Table 1 for DNA sequences.b Cx before
the sequence abbreviation (e.g. C6P12) denotes the number of CH2 moieties
between the sulfhydryl group and the first nucleotide (i.e. HSC6H12P12).
c Hybridization efficiencies are calculated based on the concentration of
the limiting DNA strand (for excess complement, hybridization efficiency
) hybridized primers/total primer strands, while for limiting complement,
hybridization efficiency) hybridized complement/total complements).
d Control reactions in which the noncomplementary primer, N18, was used
in place of P12; calculated hybridization efficiencies were typically
undetectable, and in all cases less than 2%.e Hybridization efficiencies are
calculated from the data in Figures 2 and 3. Because hybridization efficiency
is dependent upon primer coverage, a range of efficiencies is given here
for each experiment; in all cases, the low end of the range corresponds to
high primer coverage and the high end to lower primer coverage.
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hybridization efficiencies approach 100% with the long linkers
at low primer coverages and 10:1 primer:complement ratio.
While hybridization efficiencies for the long solution phase
complement did not reach 100% under these reaction conditions,
the importance of linker length, primer coverage, and the ratio
of surface-bound to solution-phase oligonucleotides has been
demonstrated. In our experiments, the reaction was allowed to
proceed for 2 h. This was long enough for complete hybridiza-
tion between particle-bound primers and T12. However, reaction
of the template sequence, T88, may not have gone to completion.

Extension of Particle-Bound Primers.The extension reac-
tion requires not only efficient hybridization of template to the
particle-bound primer, but also accessibility to the DNA
polymerase enzyme (in this case, the 68 kDa Klenow fragment).
Thus, the extension reaction might be expected to show greater
sensitivity to steric effects than hybridization alone. Additional
concerns include potential nonspecific adsorption of the enzyme
to primer:Au conjugates, and deleterious effects of reaction
conditions on conjugate stability. In particular, the elevated
temperature (37°C) and trace amounts of the reducing agent,
DTT, present during extension might be expected to destabilize
the thiol-Au attachment chemistry. To determine the effect of
these reaction conditions, conjugates were exposed to various
concentrations of DTT at room temperature and at 37°C. We
observed no detrimental effects under our extension reaction
conditions.

As an initial test for extension of particle-bound primers, we
performed gel electrophoresis on DNA:Au conjugate samples
taken before and after the extension reaction. Alivisatos and
co-workers recently demonstrated the ability of gel electro-
phoresis to separate DNA-coated Au nanoparticles based not
only on the number of ssDNA molecules attached to each
particle but also on the length of the ssDNA.66 They were able
to show separation between DNA:Au conjugates with 50, 80,
and 100 base oligomers. Figure 4 shows an unstained agarose
gel of our primer:Au conjugates before and after enzymatic
extension; bands are visualized by the intense absorbance of
the Au particles. Lanes 5-7 contain C6P12:Au, lanes 8-10
contain C12P12, lanes 11-13 contain C6N7P12, and lanes 14-
16 contain C6N18:Au, the noncomplementary control primer.
For each set of conjugates, three surface coverages (correspond-
ing to 100%, 50%, and 20% primer solution mole ratio) were
run both before (Figure 4B) and after (Figure 4A) extension.

For all of the complementary primers, a substantial change in
electrophoretic mobility is observed upon extension. In all cases
the extended conjugates run much slower on the gel, which is
consistent with longer DNA bound to the particles. In contrast,
no change in band positions was observed for the noncomple-
mentary controls. Note that decreased mobility is not due to
particle aggregation; all bands are the red color of isolated Au
nanoparticles (as opposed to the blue color of aggregates).67-69

The position of each band gives information about the DNA
on the particles. The lane marked “S” to the far left of each gel
contains C6A6:Au conjugates as a standard. Lanes 3-5B, which
contain C6P12 at 100% primer coverage, ran significantly slower
than “S” because the adsorbed DNA was six nucleotides longer.
Note that while this difference in DNA length is much smaller
than that distinguished by Alivisatos and co-workers (30
bases),66 our conjugates harbor many more strands per particle,
enhancing differences in electrophoretic mobility. Lanes 6B and
7B also contain C6P12:Au; however, the primer has been surface
diluted with C6A6 (50% and 20% primer coverage, respec-
tively). Thus, these bands have migrated farther in the gel in
proportion to their surface dilution. The same trends can be seen
for primers having C12 and C6N7 linkers (lanes 8-10 and 11-
13) and for the noncomplentary primer (lanes 14-16). Note
that the greater length of these primers results in the lower
overall mobility of their conjugates as compared to C6P12:Au.

While all of the P12 conjugates (lanes 6-13) exhibit
substantially decreased electrophoretic mobility upon extension,
the change in mobilityis not equal for all conjugates. For C6-
P12:Au (lanes 5-7), the 50% and 20% coverage conjugates
exhibit much greater change in mobility upon extension than
the 100% coverage conjugate. If extension had gone to
completion on every particle-bound primer, the 100% conjugate
band should migrate slower than the 50%, which should migrate
slower than the 20%. That this is not observed indicates poor
extension efficiency on the high-coverage conjugate. Indeed,
this expected band profile is only observed for the longest linker,
C6N7 (lanes 11-13), while the C12 linker (lanes 8-10) exhibits
intermediate behavior. These data show that both linker length
and surface coverage impact the efficiency of extension for
particle-bound primers.

(65) In all cases efficiency was calculated based on the maximum possible
hybridization events in a given reaction. In cases where primer was limiting
(excess template), hybridization efficiency is the fraction of primers
hybridized, while for the limiting template (5:1 and 10:1 primer:complement
ratio), hybridization efficiency is the fraction of template hybridized.

(66) Zanchet, D.; Micheel, C. M.; J., P. W.; Gerion, D.; Alivisatos, A. P.Nano
Lett. 2001, 1, 32-35.

(67) Storhoff, J. J.; Lazarides, A. A.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R.
L.; Schatz, G. C.J. Am. Chem. Soc.2000, 122, 4640-4650.

(68) Lazarides, A. A.; Schatz, G. C.J. Phys. Chem. B2000, 104, 460-467.
(69) While the early stages of particle aggregation can give optical absorbances

very similar to isolated particles, the conjugates in these experiments have
been spun down and resuspended several times; any instability would have
resulted in substantial aggregation.

Figure 4. Nondenaturing 3% agarose gel of DNA:Au conjugates used in reactions 3-16 in Table 4. The gel shows conjugates both before (B) and after
(A) extension. Conjugates run in lanes labeled “S” were made with C6A6 and were used as an internal standard. Lanes 3 and 4 which contain C6P12:Au
conjugates are control reactions in which the enzyme and template were omitted, respectively. Lanes 5-7 are reactions that contain C6P12, lanes 8-10
contain C12P12, lanes 11-13 contain C6N7P12, and lanes 14-16 contain C6N18:Au conjugates (the noncomplementary control oligo).
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To confirm these observations, we performed the extension
reaction in the presence of fluorescently labeled nucleotides and
then removed the extended primers from the Au particles for
gel electrophoresis and fluorescence quantification. To test for
nonspecific adsorption and/or deactivation of Klenow, we added
noncomplementary C6N18:Au or BSA:Au conjugates during
solution-phase extension of free primer (P12). Extension was
determined by fluorescence of incorporated Alexa Fluor 488-
5-dUTP and gel electrophoresis of the extension products. Figure
5 shows a nondenaturing agarose gel before (A) and after (B)
staining with ethidium bromide (EtBr). Fluorescence of the
incorporated dUTP is observed at∼2 cm (indicated by the white
arrow) in lanes 3-6 and 10. These bands correspond to the
dsDNA product of the extended primer-template complex.
Following staining with EtBr, contrast is much improved and
all of the DNA can be imaged (Figure 5B). The double-stranded
extension product is now clearly visible for lanes 3-6 and 10.
Lane 6 (20% C6N18:Au) in particular appears to have a lower
intensity than the particle-free control (lane 3), indicating a lower
extension efficiency. Bands at∼2.6 cm (lanes 1, 7, and 9)
correspond to single-stranded template (run in lane T), indicating
that no extension occurred in those reactions. The absence of

the∼2.6 cm band in lanes 2 and 8 is expected as no template
was added to these reactions.

To address the overall efficiency of extension (i.e. the
percentage of template molecules that are copied), quantitative
data for fluorescent nucleotide incorporation were acquired. We
find a significant (30-40%) decrease in the number of
fluorescent dUTPs incorporated when noncomplementary nano-
particle conjugates are present (Table 3). Since there is no
difference between the losses for DNA:Au and BSA:Au
particles, and since we observe no detectible nonspecific binding
in our hybridization experiments, it is unlikely that losses are
due to nonspecific adsorption to the particles. The process of
removing DNA from the particles involved particle aggregation,
centrifugation, and collection of the supernatant for analysis (see
the Experimental Section for details). We expect that this process
led to significant DNA losses prior to analysis. Some extended
DNA may have been trapped in the aggregate, and further losses
are expected in removal of the supernatant. Although primer
coverage was not expected to significantly affect nonspecific
adsorption to DNA:Au conjugates, we ran this control experi-
ment for all three coverages used in the extension experiments
because the concentration of Au particles in the reaction was
higher for the lower coverage particles (to maintain a constant
primer concentration and template concentration for ease of
reaction comparison in gels). Thus, at “20% primer” coverage,
5-fold more DNA:Au particles are present than at “100%”. We
observe decreased efficiency for extension with this increased
concentration of Au particles in solution, although the difference
is only ∼13%. This difference may be due to greater losses
during aggregation and centrifugation for samples containing
more particles (larger pellet of Au aggregates).

Evidence for extension of particle-bound primers (P12:Au)
can be seen in Figure 6A,B, a nondenaturing agarose gel of the
extension products run after removal of DNA from the Au
nanoparticles. The samples run in each well are described in
Table 4. Figure 6A shows the gel prior to EtBr staining;
fluorescence from incorporated nucleotides shows up (indicated
by the white arrows), albeit weakly, in the wells corresponding
to specific primer:Au. After staining with EtBr, contrast is much
improved (Figure 6B). Bands present at∼1.9 cm (lanes 1,
5-13) correspond to the double-stranded extension product,
while those at∼2.4 correspond to the template. Thus, extension
of the particle-bound primer was successful for all linkers and
primer coverages attempted. Note that the bands in lanes 11-
13 run slightly more slowly than the other dsDNA products.
This can be explained by the longer linker (C6N7) used in these
reactions. No extension is observed for the noncomplementary
controls (lanes 14-16). The brightness of the extended product
band for lanes 5-13 (the various particle-bound primers) is not
constant. This indicates some difference in efficiency between
the different linker and coverage conditions.

To quantify extension, DNA was removed from the Au
nanoparticles and fluorescence from incorporated Alexa-dUTPs
was measured (Table 4).70 The resulting extension data largely
follow the same trends for primer coverage and linker length
as observed in the hybridization experiments. For the shorter
linkers, extension efficiency is lower and the effect of primer
coverage is particularly important. As observed for hybridiza-
tion, extension is most efficient for low primer coverage. In

Figure 5. Metaphor 4% agarose gel of reactions 1-10 in Table 3 before
(A) and after staining with EtBr (B). The template (T88) was run in lane
(T) for internal orientation and comparison to the extended products.
Evidence for incorporation of the fluorescently labeled dUTP is shown in
the gel prior to staining with EtBr (A). The same gel after staining is shown
in part B. Lanes 1 and 2 are control reactions in which the enzyme and the
template were omitted, respectively. Lane 3 is the solution-phase reaction
in which no colloidal Au particles were present in the reaction. Lanes 4-6
are reactions in which increasing amounts of colloidal Au particles are
present. Conjugates used in these reactions were made with C6N18 in
concentrations of 100%, 50%, and 20%, respectively. Lanes 7-9 are control
reactions for the solution phase in which N18 was used. In lane 7, the
enzyme was omitted. In lane 8, the template was omitted. In lane 9, both
the enzyme and template were present. Lane 10 was a control reaction in
which BSA:Au conjugates were used. Note that the products in lanes 3-6
and 10 are brighter due to the enhanced fluorescence from the Alexa dUTP.
The agarose gel was run in 0.5× TBE for 4 h at 3.0V/cm.
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contrast, for C6N7, this trend is reversed, with thehighestprimer
coverage yielding the most efficient extension (71%). This result
can be understood in light of the data in Table 3, which illustrate
the detrimental effect of higher particle concentrations on

solution-phase extension efficiency, presumably due to greater
losses in the precipitation/centrifugation step. To maintain
constant primer and template concentrations as the primer
coverage was decreased, more particles were added to the
reaction. Thus, the decreased efficiency resulting from greater
particle concentrations may be masking the effect of primer
coverage on extension efficiency. Figure 7 plots the extension
efficiencies of the data from Table 4 with values normalized to
the appropriate control reaction in Table 3.71 We find that
extension efficiency is near 100% for the C6N7 linker regardless
of primer coverage. That is, attachment of the primer to the Au
particle has had no effect on the incorporation of fluorescent
dUTPs as compared to the free primer in the presence of BSA:
Au or noncomplementary N18:Au particles. This was somewhat
unexpected given the maximal hybridization efficiency of 75%
observed for this primer:template pair (Table 2). Indeed, the
extension efficiencies in Figure 7 are in all cases higher than
the corresponding template hybridization efficiencies in Table
2. The apparent discrepancy can be understood based on the
presence of the enzyme in the extension reaction. While theTm

for this primer-template complex is 36°C, the enzyme provides
stability during extension in two ways. The enzyme drives the
annealing of the primer-template complex by latching onto the
complex. Further stability is provided by extension of the primer,
resulting in a higherTm duplex. This would lead to greater
hybridization efficiencies, making possible the unexpectedly
high extension efficiencies.

Conclusions

The hybridization of particle-bound oligonucleotide primers
has been determined as a function of linker length, surface
coverage, and the ratio of particle-bound to free DNA for both
12-mer and 88-mer solution-phase complements. We find that
although steric factors are significant for hybridization to
particle-bound primers, hybridization efficiency can be greatly
improved by decreasing primer surface coverage, increasing the
spacing between the primer sequence and the particle surface,

(70) The low, but detectible, incorporation observed for the noncomplementary
control may result from partial annealing of two template molecules, with
one acting as the “primer” for the other. Our column purification step
separated oligonucleotides from unincorporated dNTPs but did not separate
extended primers from templates, thus any incorporated Alexa-dUTPs are
counted as “extended”. Note that the probability that two template molecules
would annealin the presence of the complementary primeris low because
the primer was present in 10-fold excess, and the primer-template complex
has higher thermodynamic stability.

(71) For example, after normalization to the particle-free control within each
experiment, the observed efficiency for C6N7P12 at the highest primer
coverage, reaction 11, was divided by the observed efficiency for the
corresponding concentration of noncomplementary N18:Au particles,
reaction 4 in Table 3.

Table 3. Control Reactions for This Primer:Template Systema

rxn samplea,b

% NC primer
on Aub,c

enzyme
present

template
present

nucleotides recovd in
high MW DNAc,d

normalized
nucleotides recovdd,e

1 P12 N/A - + 0 0
2 P12 N/A + - 0 0
3 P12 N/A + + 1.19( 0.05× 1014 100.0( 4.1
4 P12+ C6N18:Au 100% + + 8.33( 0.13× 1013 70.0( 1.1
5 P12+ C6N18:Au 50% + + 7.59( 0.05× 1013 63.8( 0.4
6 P12+ C6N18:Au 20% + + 7.28( 0.24× 1013 61.2( 1.9
7 N18 N/A - + 0 0
8 N18 N/A + - 0 0
9 N18 N/A + + 4.26( 0.7× 1011 0.4( 0.1

10 P12+ BSA:Au N/A + + 8.29( 0.19× 1013 69.7( 1.6

a Reactions 1, 2, 7, and 8 were negative controls used to determine background counts for fluorescence quantification. Reactions 1 and 2 contained primer
P12 noted in Table 1, while reactions 7 and 8 contained a noncomplementary primer (N18). Reactions 4-6 were performed to determine the efficiency of
extension in the presence of increasing amounts of colloidal Au present in the reaction, as this will be necessary to keep the primer-to-template ratio equal
for future experiments. Conjugates used in these reactions were made with the C6N18. b Cx before the sequence abbreviation (e.g. C6P12) denotes the
number of CH2 moieties between the sulfhydryl group and the first nucleotide (i.e. HSC6H12P12).c The % noncomplementary (NC) primer on Au refers to
the molar ratio of the primer to the diluent at the initial time of conjugate preparation and is close to the primer/diluent ratio of the final product since the
primer vs diluent coverage is nearly linear as shown in Figure 1.d The values listed for nucleotides recovered in high MW DNA refer to the total number
of nucleotides recovered in the reaction (i.e. incorporated into high MW as a result of extension), and were calculated based on the amount of incorporated
Alexa dUTP after purification on P60 columns as determined based on a standard curve.e The normalized nucleotides recovered were determined by assigning
a value of 100% to the nucleotides recovered in reaction 3, the solution-phase positive control reaction.

Figure 6. Metaphor 4% agarose gel of reactions 1-16 in Table 4 before
(A) and after staining with EtBr (B). The template (T88) was run in lane
(T) for internal orientation and comparison to the extended products.
Evidence for incorporation of the fluorescently labeled dUTP is shown in
part A, which is the gel prior to staining with EtBr. The same gel after
staining is shown in part B. Lane 1 and lane 2 (negative control) are the
solution-phase reactions in which no colloidal Au particles were present.
Lanes 3 and 4 are control reactions in which the enzyme and the template
were omitted, respectively. Lanes 5-13 are reactions in which the
complementary primer:Au conjugate was used, and lanes 14-16 are
reactions with C6N18:Au conjugate. In all cases, conjugates are from lowest
colloidal Au concentration to highest, i.e., 100%, 50%, and 20% primer
mole fraction. Lanes 5-7 contain C6P12, lanes 8-10 contain C12P12, and
lanes 11-13 contain C6N7P12. Note that the products in lanes 1 and 5-13
are brighter due to additional fluorescence from Alexa dUTP. The agarose
gel was run in 0.5× TBE for 4 h at 3.0V/cm.
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and increasing the ratio of particle-bound primers to their
solution-phase complement. In all cases hybridization of the
12-mer complement was more efficient than that of the 88-
mer, with optimal hybridization efficiencies of 98% and 75%,
respectively. Extension of Au nanoparticle-bound primers by
DNA polymerase has been demonstrated. Extension efficiencies
as high as 100% were observed for primers bound to Au

nanoparticles via a C6N7 linker. Primers with shorter linkers
exhibit a strong dependence on primer surface coverage, and
in every case result in less nucleotide incorporation. However,
extension was less affected by steric factors than was hybridiza-
tion alone. This result, while counterintuitive, can be rationalized
on the basis that enzyme binding and primer elongation drives
hybridization in the extension reactions.

We have for the first time described the enzymatic extension
of gold nanoparticle-bound nucleic acids. We find that steric
effects remain important, despite the high radius of curvature
of the Au nanoparticles used as supports. The factors determined
to be important here (linker length, surface coverage) are
expected to be generally applicable for all enzymatic reactions
on nanoparticle-bound nucleic acids. In addition to extension,
it should be possible, for example, to reverse transcribe cDNA
onto particles, facilitating gene expression studies, or PCR
amplify DNA from Au-bound primers, for subsequent nano-
particle-amplified detection.

Acknowledgment. The authors gratefully acknowledge fi-
nancial support of this research from the National Science
Foundation Plant Genome Project (Grant No. DBI-9872629).

JA0177915

Table 4. Quantification of Enzymatic Extension from Au-Bound Primersa

rxn sample
% primer
on Aua,b

enzyme
present

template
present

nucleotides recovd in
high MW DNAb,c

normalized
nucleotides recovdc,d

1 P12 N/A + + 6.21( 0.02× 1013 100.0( 2.9
2 N18 N/A + + 2.46( 0.64× 1012 4.8( 1.1
3 C6P12:Au 100% - + 0 0
4 C6P12:Au 100% + - 0 0
5 C6P12:Au 100% + + 1.25( 0.28× 1013 20.2( 4.7
6 C6P12:Au 50% + + 1.90( 0.13× 1013 31.6( 3.3
7 C6P12:Au 20% + + 2.41( 0.08× 1013 41.1( 1.4
8 C12P12:Au 100% + + 2.43( 0.09× 1013 40.4( 0.7
9 C12P12:Au 50% + + 2.72( 0.05× 1013 45.5( 1.1

10 C12P12:Au 20% + + 3.29( 0.17× 1013 54.1( 2.8
11 C6N7P12:Au 100% + + 4.56( 0.15× 1013 73.0( 4.2
12 C6N7P12:Au 50% + + 4.03( 0.30× 1013 65.7( 4.8
13 C6N7P12:Au 20% + + 3.76( 0.06× 1013 61.6( 1.2
14 C6N18:Au 100% + + 3.06( 1.84× 1011 0.4( 0.8
15 C6N18:Au 50% + + 0 0
16 C6N18:Au 20% + + 0 0

a DNA extension comparing the enzymatic efficiency of particle-bound primers to free primers as well as the effect of spacer length between the primer
and the gold particle, and localized concentration of primer, on the gold particle, on enzymatic efficiency. Extension was achieved with T88 as the template
and Klenow for enzymatic extension for 2 h at 37°C. Quantification of incorporated nucleotides was determined via Alexa Fluor 488-5-dUTP, using a
fluorimeter.b The % primer on Au refers to the molar ratio of the primer to the diluent at the initial time of conjugate preparation.c The values listed for
nucleotides recovered in high MW DNA refer to the total number of nucleotides recovered in the reaction volume (i.e. incorporated into high MW as a result
of extension), and were calculated based on the amount of incorporated Alexa dUTP after purification on P60 columns and were determined based on a
standard curve.d The normalized nucleotides recovered were calculated based on the nucleotides recovered for the high MW DNA product and the moles
of template added to each reaction. These values were normalized to the results of reaction 1.

Figure 7. Comparison of enzymatic efficiency on differing linker and
primer lengths as well as primer surface coverage of particle-bound primers.
Extension was achieved with T88 as the template and Klenow for enzymatic
extension for 2 h at 37°C. Quantification of incorporated nucleotides was
determined via Alexa Fluor 488-5-dUTP, using a fluorimeter.
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