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T
he interaction of DNA with citrate
ion-protected gold nanoparticles
(AuNPs) has been a subject of exten-

sive studies due to its remarkable utility in

nanoassembly and bioassays.1�4 Using

spectroscopy techniques (e.g., Raman spec-

troscopy, SERS, FTIR), quasielastic light scat-

ter, isothermal titration calorimetry, � po-

tential measurement, as well as AuNPs’

aggregation as a measure, interactions

between AuNPs and nucleobases,5,6

nucleosides,7,8 mononucleotides,9 and

oligonucleotides10�13 have been character-

ized in great detail, including sequence-

dependent binding affinity,5,6,8,9 the coordi-

nating process of nucleosides on gold,7

chain-length-dependent binding kinetics

of ssDNA,11 the distinct binding property of

ssDNA and dsDNA,10�13 and DNA structure-

dependent displacement of citrate ions.14

These characteristics are not only of theo-

retical significance but also practically use-

ful to guide bioassay design, particularly the

particle aggregation-based colorimetric

assays.2�4 The characteristics that ssDNA is

able to absorb on AuNPs whereas dsDNA

has limited affinity to AuNPs, for example,

have been used to design “noncrosslinking”

aggregation-based DNA hybridization

assays,10�13 ligand�aptamer binding

assays,15,16 and DNAzyme cleavage assay.17

In these assays, coating of negatively

charged ssDNA to AuNPs causes the par-

ticles to gain negative charges and resis-

tance to salt-induced aggregation, whereas

dsDNA or structured DNA are unable to pro-

tect AuNPs against salt-induced

aggregation.

Peptide nucleic acids (PNA) are DNA
analogues in which the entire sugar�
phosphate backbone is replaced by a
charge neutral polyamide backbone. The
superior hybridization properties of PNA
arising from its distinct backbone proper-
ties (charge neutrality and high rigidity)
have enabled PNA to be an important
supplement of DNA in many applications.
In contrast to the large body of characteris-
tics available for DNA�AuNPs interactions,
however, PNA�AuNPs interactions have
been less well studied, except one for PNA
base monomers.5 The involvement of PNA in
AuNPs-based nanoassembly and bioassays is
also much fewer, with merely, to the best of
our knowledge, two studies reporting
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ABSTRACT We have demonstrated that mixed-base PNA oligomers are effective coagulants of citrate ion-

coated gold and silver nanoparticles (AuNPs and AgNPs), and PNA-induced particle aggregation can be disrupted

by hybridization of PNA with a specific DNA. Using particles’ aggregation/dispersion as a measure, we have

investigated how PNA and PNA�DNA complexes bind to AuNPs and AgNPs and modulate particles’ stability

differently relative to their DNA counterparts. We have made the following original discoveries: (1) mix-base PNA

oligomers can induce immediate particle aggregation in a concentration- and chain-length-dependent manner; (2)

PNA oligomers have a higher affinity to AuNPs and AgNPs than its ssDNA counterpart; (3) PNA�DNA complexes,

although having a stable double helix structure similar to dsDNA, can effectively protect the particles from salt

induced aggregation, and the protection effect of different nucleic acids are in the order of PNA�DNA complex

> ssDNA > dsDNA; (4) all the characteristics are identical for AuNPs and AgNPs; and (5) AgNPs is more sensitive

in response to destabilization effect and is proven a more sensitive platform for colorimetric assays. The control of

particle aggregation and dispersion by PNA and PNA�DNA complexes has been used to detect a specific DNA

sequence with single-base-mismatch resolution. � potential measurements have been conducted to reveal how

distinct backbone properties of PNA and PNA�DNA complexes relative to their DNA counterparts contribute to the

distinct binding characteristics.

KEYWORDS: gold nanoparticles · silver nanoparticles · colorimetric assay · peptide
nucleic acids · DNA hybridization · single-base-mismatch discrimination
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preparation of stable PNA�AuNPs conjugates for nano-
assembly and for DNA detection applications.18,19

We have recently observed that mixed-base PNA
oligomers (no additional modification at the C- and
N-terminals) can induce immediate aggregation of gold
and silver nanoparticles (AuNPs and AgNPs), and the
aggregation can be greatly disrupted by PNA hybridiza-
tion to a specific DNA.20 The control of particle aggrega-
tion and dispersion by PNA and its DNA complex hint
that these nucleic acids can bind to citrate ion coated
metal nanoparticles and modulate the particles’ surface
property. Inspired by the large extent of binding char-
acteristics available for DNA, we have conducted a sys-
tematic study of how PNA and PNA�DNA complex in-
teract with AuNPs, as well as AgNPs, in a concentration-,
sequence-, and chain-length-dependent manner, us-
ing particles’ aggregation/dispersion as a measure. A
number of original observations have been made on
how PNA and PNA�DNA complex modulate nanoparti-
cles’ stability differently relative to their DNA counter-
parts (ssDNA and dsDNA). � potential measurement has
been conducted to measure surface charge density
and to assist the discussion of the distinct electrostatic,
steric, and electrosteric effects of PNA and PNA�DNA
complex, arising from their distinct backbone proper-
ties. AuNPs and AgNPs of 13 and 16 nm in diameter, re-
spectively, were used in this study. These are the most
commonly used particle size in nucleic acid adsorption
studies and in bioassays. Thus, the results obtained here
would be representative of common interests.

Motivated by the growing efforts to develop robust
colorimetric assays using unmodified metal nanoparti-
cles and innovative aggregation principle,10�17,20�24 we
have applied the PNA/PNA�DNA complex controlled
nanoparticle aggregation/dispersion to detect a specific
DNA sequence with single-base-mismatch resolution.
Unlike the assays using the distinct electrostatic proper-
ties of ssDNA and dsDNA,10�13 this current assay uses
PNA as a “coagulant” to alter the intrinsic stability of
AuNPs (and AgNPs), and no salt is needed to induce
particle aggregation. This “coagulation” mechanism has
been largely used for constructing enzymatic activity
assays21�25 but yet applied for designing DNA hybrid-
ization assay except for our group.

RESULTS AND DISCUSSION
PNA-Induced AuNPs Aggregation. Inspired by the exten-

sive understanding on the binding characteristics of ss-
DNA with AuNPs,10�13,17 we conducted a detailed study
of PNA-induced AuNPs aggregation with the involve-
ment of four mixed-base PNA oligomers of different
chain length (10-, 13-, 20-, and 22-mer) and base com-
position, aiming to extract PNA�AuNPs binding charac-
teristics in terms of concentration, sequence, and chain
length dependence.

Parts A and B of Figure 1 are representative UV�vis
adsorption spectra of AuNPs mixed with the 13-mer

and 22-mer PNA (PNA13 and PNA22) at different concen-

trations. The shift of surface plasmon peak from 520

nm to longer wavelengths evidences the particle aggre-

gation. The degree of aggregation is found to be deter-

mined by PNA concentration. The plots of aggregation

degree (measured as ratio of absorbance at 600 and 520

nm, A600/A520) versus PNA concentration for all four

PNAs (Figure 1C) show that the shorter PNA10 and PNA13

aggregate the particles more effectively than the longer

ones (PNA20 and PNA22) at any given concentration.

This implies that the shorter PNAs cover the AuNPs

more effectively than the longer ones. This characteris-

tic resembles what is known for ssDNA,11 which has

been rationalized as the shorter ones having a less

coiled structure that ensures the nucleobases to be ex-

posed more easily. As for the sequence effect, the simi-

lar aggregation efficiency of PNA of similar length but

different base composition (10- and 13-mer; 20- and 22-

mer) shows that the multivalent interaction between

Figure 1. PNA-induced AuNPs aggregation. UV�vis adsorp-
tion spectra of AuNPs (13 nm in diameter) exposed to (A) 13-
mer PNA13 and (B) 22-mer PNA22 at different concentrations.
(C) Plots of aggregation degree (measured as A600/A520) ver-
sus PNA concentration for the 10-, 13-, 20-, and 22-mer PNAs.

A
RT

IC
LE

VOL. 3 ▪ NO. 9 ▪ SU AND KANJANAWARUT www.acsnano.org2752



mixed-base PNA and AuNPs is not sensitive to the base

sequence.

To better understand the mechanism of PNA-

induced AuNPs aggregation, we measured the surface

charge of AuNPs before and after PNA coating (PNA13

was used as an example). We found that PNA13-coated

AuNPs has a similar charge density (� potential �20.11

� 3.6 mV) as compared to the uncoated AuNPs (� po-

tential �21.04 � 2.6 mV). This suggests that the PNA

coating only shields the citrate ions (no displacement

occurs). This concurs with Li and Rothberg’s Raman

spectroscopy result for single-stranded oligonucle-

otides (ssDNA), showing that coating of ssDNA on

AuNPs did not displace citrate ions.10 However, the in-

ability of charge neutral PNA oligomers to displace cit-

rate ions from gold surface appears to conflict with pre-

vious studies for other charge neutral substances, e.g.,

adenosine,21 nucleobases,5,6 and nucleosides.8 Coating

of these small molecules has been proven to be able to

displace weakly bound citrate ions from AuNPs. It might

be the steric hindrance arising from the polymer struc-

ture of the PNA oligomers makes the binding not strong

enough to displace the citrate ions. Using DNA as a ex-

ample, Zhao et al. did report that ssDNA oligonucle-

otides bind less effectively to AuNPs than mononucleo-

sides due to larger molecular size.9

PNA Binds More Strongly to AuNPs than Its ssDNA Counterpart.
ssDNA is known to be able to adsorb on AuNPs

and to stabilize colloidal suspensions in high salt

concentration.10�13,17 However, in the presence of PNA,

we found ssDNA’s stabilization effect is abolished. Fig-

ure 2 shows the stability of AuNPs solutions exposed to

mixtures of PNA22 (200 nM) and ssDNA of the same se-

quence (no hybridization occurs) at a ssDNA/PNA13 ra-

tio of 0, 5, and 10. Figure S1 (Supporting Information)

shows the result with the 20-mer PNA20 at a higher con-

centration (1 �M) and same range of ssDNA/PNA ratio.

Both Figure 2 and Figure S1 (Supporting Information)

show that PNA-induced particle aggregation remains

largely detectable when ssDNA is in great excess. When

NaCl is added, further aggregation was observed re-

gardless the presence of ssDNA (ssDNA alone at the

above tested concentrations is sufficient to protect

AuNPs to against salt induced aggregation; see Figure

4 and related discussion).

The abolishment of ssDNA’s protection effect when

PNA is present gives strong evidence that PNA binds

dominantly to AuNPs relative to ssDNA. We believe that

the distinct backbone properties of PNA (neutrality,

high rigidity, and peptide composition) are attribut-

able to its higher affinity to gold. The neutrality en-

sures no charge repulsion between PNA and citrate-

coated AuNPs as severely encountered by negatively

charged ssDNA. The high backbone rigidity renders the

nucleobases to be exposed more effectively than those

in coiled ssDNA. The peptide composition introduces

secondary interaction with gold.5

Stabilization Effect of PNA�DNA Complex. Apart from the

fact that noncomplementary DNA (denoted as DNAnc)

has little interference to PNA-induced AuNPs aggrega-

tion, further experiments with complementary DNAcomp

show that the presence of a small amount of DNAcomp

can disrupt the particle aggregation significantly. Fig-

ure 3 shows the discriminative stability of AuNPs solu-

tions mixed with PNA22 (200 nM) and PNA22 annealed

with its fully complementary target DNAcomp at DNA/

PNA ratio of 0.1 to 1. The PNA-induced particle aggre-

gation is depleted gradually with the increase of

DNAcomp concentration until being abolished at DNA/

PNA ratio of 0.5. Apparently, the depletion of particle

aggregation in the presence of DNAcomp is due to the re-

duction of free PNA upon formation of the PNA�DNA

complex. The observation that particle aggregation is

abolished when half of the PNA (at DNA/PNA ratio of

0.5) being consumed is evidence that the as-formed

PNA�DNA complex prevents the remaining PNA (100

nM in this case) from aggregating the particles (PNA22 at

100 nM is sufficient to induce detectable aggregation

in the absence of other species, Figure 1B). This is a pri-

mary hint that PNA�DNA complex has certain affinity

Figure 2. PNA has a higher affinity to AuNPs than its ssDNA
counterpart. UV�vis adsorption spectra of bare AuNPs and
AuNPs after 10 min incubation with a mixture of PNA22 (200
nM) and ssDNA of same sequence (termed as noncDNAnc)
at DNA/PNA ratio of 0, 5, and 10.

Figure 3. PNA�DNA hybridization disrupts particle aggrega-
tion. UV�vis adsorption spectra of AuNPs solutions after
10 min incubation with PNA22 (200 nM) annealed with its
complementary DNAcomp at 0, 20, 40, 100, and 160 nM. The
inset is the plot of aggregation degree (measured as A600/
A520) versus DNA/PNA ratio.
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to AuNPs. The binding of the PNA�DNA complex pro-

vides sufficient protection to AuNPs to overcome PNA’s

destabilization effects.

To further understand the binding property of

PNA�DNA complex to AuNPs and to compare its pro-

tection of AuNPs relative to ssDNA and dsDNA, PNA13

and PNA20 and their corresponding complementary

DNA of equal amount were annealed to form PNA�

DNA complexes. The incubation solutions were then

mixed with AuNPs. The stability of the colloidal solu-

tions before and after addition of salt was recorded (Fig-

ure 4). Before addition of NaCl, the solutions with ss-

DNA, dsDNA, and PNA�DNA complex are all stable as

indicated by their red color and sharp SP peaks around

520 nm. Slight peak wavelength and peak intensity dif-

ference are a primary indication of the adsorption of dif-

ferent nucleic acid samples to gold that leads to the lo-

cal change of the dielectric permittivity (spectra before

adding salt not shown). After NaCl is added, the dsDNA-

containing solutions gradually aggregated as expected.

With the increase of NaCl concentration, the color

changes from red to purple and blue. However, the

other solutions containing either PNA�DNA complex

or ssDNA remain in red color, even at the highest NaCl

concentration tested. From the similar color code of

these two types of solutions, one can not deduct a sta-

bility difference; whereas their UV�vis adsorption spec-

tra (at 0.15 M NaCl) reveal a noticeable difference in par-

ticles’ stability. For both the 13- and 20-mer samples,

the ssDNA-containing solutions are less stable than the

PNA�DNA containing solutions, showing a noticeable

red-shift of the spectrum.

It is well-known that duplex DNA (dsDNA)
has little affinity to negatively charged AuNPs
due to its stable DNA�DNA double-helix geom-
etry that always isolates the nucleobases and pre-
sents the negatively charged phosphate back-
bone. As a result, dsDNA cannot protect AuNPs
from salt-induced aggregation, as compared to
ssDNA.10�13,17 Our discovery that despite the pres-
ence of double-helix geometry PNA�DNA du-
plexes can effectively protect AuNPs against salt-
induced aggregation, better than dsDNA and
even ssDNA, is an interesting phenomenon. We
have rationalized this phenomenon from both
the electrostatic and steric stands. First of all, a
PNA�DNA duplex carries only half of the nega-
tive charges relative to its dsDNA counterpart.
Under the low ionic strength conditions used in
this experiment (�3 mM NaCl, see the Methods),
the effective charge of PNA�DNA complex
would be noticeably lower than that of dsDNA.
This would enable the PNA�DNA complex to ad-
sorb more effectively than dsDNA onto citrate
ion-coated AuNPs, due to depleted charge repul-
sion. Second, the nitrogen-/oxygen-containing

peptide backbone of the PNA strand can interact with
gold,5 leading to a higher affinity than dsDNA. In a com-
parison between PNA�DNA complex and ssDNA, both
having similar charge density but entirely different
structure properties (insulated or exposed bases), we
are not able to speculate which one binds more effec-
tively to gold with a higher affinity without characteriza-
tions using other techniques. But the stronger protec-
tion of PNA�DNA than ssDNA could be largely or at
least partially attributable to the larger molecular size
and the structure rigidity of PNA�DNA complex that in-
troduces more steric protection than ssDNA. This inter-
pretation is indirectly supported by the fact that the sta-
bility difference between PNA�DNA complex- and
ssDNA-protected AuNPs is larger for the 20-mer
samples than the 13-mer samples (more obvious
UV�vis spectra difference in Figure 4A than in 4B). It
would be expected that the steric effect of the larger
PNA�DNA duplexes is more obvious than the smaller
ones.

The hypothesis that steric effect, rather than charge
effect, is attributable for the better stability of
PNA�DNA complex-protected AuNPs than ssDNA-
protected ones has been further supported by � poten-
tial measurement (using the 13-mer sample as ex-
ample). In 0.15 M NaCl, the � potentials of AuNPs coated
with PNA�DNA, ssDNA, and dsDNA are �31.2 � 8.2,
�30.7 � 6.7, and �10.4 � 7.3 mV, respectively. The
charge density of the PNA�DNA complex- and ssDNA-
protected AuNPs are similar, meaning that electrostatic
repulsion is similar. Thus, the observed differential sta-
bility should be a result of differential steric effect. For
the dsDNA-protected particles, the high � potential

Figure 4. Stabilization effects of different nucleic acids to AuNPs. Photographs
of AuNPs solutions taken after 10 min incubation with ssDNA, dsDNA, and
PNA�DNA complex (20-mer and 13-mer samples), without and with addition
of NaCl (0.05, 0.1, and 0.15 M) at the end of incubation. The respective UV�vis
adsorption spectra are for solutions with 0.15 M NaCl. The final concentration
of all nucleic acids samples is 1 �M.
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value, indicating of reduced surface charge
and reduced electrostatic repulsion, explains
why aggregation occurs easily.

By far, we have completed a whole pic-
ture of nucleic acids�AuNPs interaction and
the stabilization effects of different nucleic
acid samples, as sketched in Figure 5. In par-
ticular, with the 13 nm AuNPs, whose diam-
eter is comparable with the molecular con-
tour length of the 10�22-mer nucleic acids
samples, we have demonstrated that (1)
mixed-base PNA oligomers can induce im-
mediate particle aggregation, (2) PNA oligo-
mer have a higher affinity to NPs than its ss-
DNA counterpart, (3) PNA�DNA complex,
although having a stable double helix struc-
ture similar to dsDNA, can effectively protect
NPs from salt induced aggregation, and (4)
the ability of different nucleic acids to pro-
tect AuNPs against salt-induced aggregation
is in the order PNA�DNA complex � ssDNA
� dsDNA. An in-depth concern about how
NPs with much larger or smaller size relative
to nucleic acids’ molecular contour length
modulate the adsorption behavior will be
subject to further studies.

Nucleic Acids’ Binding Characteristics to AgNPs. AgNPs have
a higher extinction coefficient relative to AuNPs of the
same size. It is therefore believed that AgNPs would
have a higher sensitivity for use in colorimetric
assays.22,26,27 We have conducted experiments with cit-
rate ion protected AgNPs to extend the understanding of
nucleic acid�AgNPs interactions and to address the sen-
sitivity merit of this material for this particular application.

Figure 6 shows the stability of AgNPs solutions incu-
bated with ssDNA, dsDNA, PNA�DNA complex, and
PNA (13-mer samples). From the color photographs and
the UV�vis adsorption spectra, we have made the fol-
lowing observations: (1) mixed-base PNA can induce
immediate AgNPs aggregation, characterized as color
change from yellow to brown and the drop of absor-
bance at the original SP peak (�400 nm) and the ap-
pearance of SP peak at longer wavelength; (2)
PNA�DNA hybridization disrupts the PNA-induced ag-
gregation; and (3) PNA�DNA complex, ssDNA, and ds-
DNA do not affect AgNPs’ intrinsic stability, but when
NaCl is added, dsDNA-containing AgNPs aggregates im-
mediately at the lowest NaCl concentration tested,
ssDNA-containing AgNPs aggregates slowly with the
increase of salt concentration, and the PNA�DNA
complex-containing AgNPs remains stable up to the
highest salt concentration tested. With these observa-
tions, we confirm that nucleic acids’ binding character-
istics and their stabilization effects are identical for
AuNPs and AgNPs. The well-known characteristic that
ssDNA, but not dsDNA, can protect AuNPs against salt-
induced aggregation9�13 is, for the first time, proven true

for AgNPs. With this experiment we also found AgNPs is

more sensitive in response to small difference in stabiliza-

tion effect. Our original discovery that PNA�DNA com-

plex can better protect nanoparticles against salt-induced

aggregation than ssDNA is further confirmed with Ag-

NPs, via both the color change and UV�vis spectrum

shift, whereas with AuNPs, only a slight spectrum shift is

accountable for this characteristic (Figure 4).

Detection of Preannealed PNA�DNA Complex with Single-
Base-Mismatch Sensitivity Using AuNPs and AgNPs. We have

shown previously that successful hybridization of PNA

with its complementary DNAcomp can abolish PNA-

induced particle aggregation. In the case where target

DNA contains a single-base-mismatch (DNAm1), the less

effective hybridization (or higher tendency of dehybrid-

ization) would cause some PNA to remain free in solu-

tion. We thus anticipate that the unhybridized PNA

would aggregate the particles, detectable by typical

spectrum shifts. Figure 7 shows the experimental vali-

dation using the 13-mer sample. In the absence of

NaCl, the UV�vis curves of the NPs solutions contain-

ing PNA annealed with DNAm1 carry a small but notice-

able signature of particle aggregation, i.e., an increase

of A600 of 3.5% for AuNPs and an increase of A600/

A400 of 10.8% for AgNPs, relative to those with fully

complementary DNAcomp. These spectra shifts are sig-

nificant compared to the variation of A600 measure-

ment for AuNPs (1.03%) and A600/A400 measurement

for AgNPs (0.97%) (Figures S2 and S3 and Table S1, Sup-

porting Information). When NaCl is added to enhance the

stringency, the discrimination between DNAcomp and

Figure 5. Schematic illustration of how different nucleic acids (PNA, PNA�DNA com-
plexes, ssDNA, dsDNA, and PNA/DNA mixture) affect AuNPs’ intrinsic stability and
AuNPs’ stability against salt.
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DNAm1 is enlarged. For AuNPs, the �A600 value increases

to 8.5%, 11.0%, 15.3%, and 21.1% at NaCl concentrations

of 0.1, 0.2, 0.3, and 0.4 M, respectively; for AgNPs, the

�A600/A400 increases to 23.9%, 108.7%, 291.6%, and

316.5% at the same NaCl concentration range. At a fixed

salt condition, a larger degree of differentiation is ob-

served for AgNPs, which proves again that AgNPs is more

sensitive in response to small difference in stabilization ef-

fect and is a more sensitive colorimetric platform for

single-mismatch detection.

Detection of PNA Hybridization with DNA in Preincubated

DNA/AuNPs Mixtures. According to the characteristic that

PNA has a stronger affinity to AuNPs than ssDNA, we

have designed an alternative approach to detect a spe-

cific DNA through PNA�DNA hybridization in a DNA/

AuNPs mixture but not through post addition of pre-

annealed PNA�DNA complex. This approach is de-

signed on the basis of our speculation that PNA is able

to strip DNA from the AuNPs surface and further hybrid-

ize to the DNA if the sequences are complementary.

Figure 8A shows the results with the 13-mer samples.

Prior to PNA addition, AuNPs solutions mixed with dif-

ferent target DNA (DNAcomp, DNAm1, and DNAnc) are all

in red, showing a good dispersion state. When PNA13 is

added, gradual color changes are developed in the

single-base-mismatch (DNAm1) and noncomplemen-

tary (DNAnc) wells, but not in the complementary

DNAcomp well. This confirms our speculation that PNA

can displace adsorbed DNA and induces particle aggre-

gation when it is free from hybridization (in the case of

DNAnc) or hybridizes in a lower efficiency (the case with

DNAm1), whereas when the sequences are complemen-

tary, displacement of DNA is accompanied by an effec-

tive PNA�DNA hybridization. The resulting PNA�DNA

complexes keep the AuNPs stable.

The same experiment was repeated with the

PNA22 and its target DNA (DNAcomp, DNAm1, and

DNAnc) (Figure 8B). Interestingly, we found that with

time passes (up to 2 h), no obvious color changes

are developed in any of the wells upon PNA22 addi-

tion, which means that PNA22 failed to displace (and

hybridize with) the adsorbed ssDNA from AuNPs sur-

face or the displacement is insignificant. This dis-

crepancy relative to the PNA13 could be explained

by our previous discovery that a longer PNA is less

effective than a shorter one to coat on AuNPs. To fur-

ther confirm our speculation that there might be a

small degree of displacement of DNA by PNA22 (too

small to induce particle aggregation), NaCl was

added to screen the negative charges. Upon a proper se-

lection of salt concentration (0.025 and 0.05 M), obvious

color discrimination is observed between wells contain-

ing DNAcomp, DNAm1, and DNAnc, respectively. The color

changes to dark red (for DNAm1) and to purple/blue (for

DNAnc) are an indication of particle aggregation. The re-

tained stability of AuNPs in the DNAcomp well with the ex-

posure to NaCl must be originated from the formation of

PNA�DNA complex which has a strong ability to protect

AuNPs, as demonstrated using the preannealed

PNA�DNA complex earlier.

The successful discrimination of single-base-

mismatch using PNA- and PNA�DNA complex-

controlled AuNPs/AgNPs aggregation/dispersion dem-

onstrates the advantageous of the colorimetric assay

relative to the solid�liquid phase hybridization assay,

e.g., using surface plasmon resonance spectroscopy

(SPR). With the SPR measurement of DNA hybridization

to immobilized PNA probes, no discrimination is detect-

able between DNAcomp and DNAm1 for the 13-mer sample

(Figure S4, Supporting Information) and for the 22-mer

sample,28 unless stringent hybridization conditions are

used.

Figure 6. Stabilization effects of different nucleic acids to
AgNPs. (A) Photographs of AgNPs solutions recorded after
10 min incubation with ssDNA, dsDNA, PNA�DNA complex,
and PNA (13-mer samples), without and with addition of
NaCl (final concentration 0.05, 0.1, and 0.15 M) at the end of
incubation. (B) and (C) are corresponding UV�vis adsorption
spectra before and after addition of NaCl (0.15 M), respectively.
The final concentration of all nucleic acids is 1 �M.
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CONCLUSIONS
Using metal nanoparticles’ aggregation/dispersion

as a measure, we have studied how mixed-base PNA

oligomers and their PNA�DNA complexes interact

with AuNPs and AgNPs. We have made a number of

original observations to show that PNA and PNA�DNA

complex have distinct binding behaviors relative to

their DNA counterparts originated from their distinct

backbone properties. Through a parallel study with

AuNPs and AgNPs, we have shown that nucleic acids’

binding characteristics are identical to AuNPs and

AgNPs; and AgNPs is more sensitive in response to

changes in stabilization effects, making it a more sensi-

tive platform for colorimetric assays. Making use of the

controlled particle aggregation/dispersion by PNA/

PNA�DNA complex, DNA detection with single-base-

mismatch sensitivity has been achieved.

Figure 8. Colorimetric detection of PNA hybridization with
DNA in DNA/AuNPs mixtures. Color photographs of AuNPs
and AuNPs mixed with DNAcomp, DNAm1, and DNAnc (final
concentration 1 �M) of (A) 13-mer and (B) 22-mer samples,
before and after addition of respective PNA (final concentra-
tion 1 �M). NaCl is further added into the 22-mer sample
wells.

Figure 7. Single-base-mismatch discrimination in preannealed PNA�DNA complexes. UV�vis adsorption spectra of (A)
AuNPs and (B) AgNPs after 10 min incubation with PNA13 preannealed with complementary (DNAcomp, blue curves) and
single-base-mismatch (DNAm1, pink curves) targets, without and with addition of NaCl (0�0.4 M) at the end of incubation. Fi-
nal nucleic acid concentration is 1 �M.

TABLE 1. PNA and DNA Sequences

length name sequences

10-mer PNA10 N=-ATCTTCTAGT-C=
13-mer PNA13 N=-TTCCCCTTCCCAA-C=

DNAcomp 5=-TTGGGAAGGGGAA-3=
DNAm1 5=-TTGGGAGGGGGAA-3=

20-mer PNA20 N=- TTGCACTGTACTCCTCTTGA-C=
DNAcomp 5=-TCAAGAGGAGTACAGTGCAA-3=

22-mer PNA22 N=-AACCACACAACCTACTACCTCA-C=
DNAcomp 5=-TGAGGTAGTAGGTTGTGTGGTT-3=
DNAnc 5-CAAAACAAAGATCTACATGGAT-3=
DNAm1 5=-TGAGGTAGTAAGTTGTGTGGTT-3=
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METHODS
Reagents. HAuCl4 · 3H2O (99.99%) and AgNO3 (99.9%) were ob-

tained from Alfa Aesar (MA). Trisodium citrate dihydrate (99.9%)
was obtained from Aldrich and NaBH4 from Fluka. Concentrated
HCl and HNO3 were all analytical grade and used without further
purification. Mixed-base PNA oligomers of 10-, 13-, 20-, and 22-
mer (denoted as PNA10, PNA13, PNA20, and PNA22) with no modi-
fication at C- and N-terminals, were synthesized by the Eurogen-
tec S.A. Leige (Belgium). Target DNA of fully complementary
(DNAcomp), noncomplementary (DNAnc), and single-base-
mismatch sequence (DNAm1) were from Proligo-Sigma (for PNA
and DNA sequences, see Table 1).

Colloidal Preparation. Citrate-stabilized AuNPs were prepared
by thermal reduction of HAuCl4 with sodium citrate.29 Citrate-
stabilized AgNPs were synthesized by the reduction of silver ni-
trate using sodium borohydride.22 Spherical AuNPs of 13.2 � 1.1
nm and AgNPs of 16.1 � 0.6 nm were observed under TEM.
The concentrations of the AuNPs and AgNPs were 7.3 and 0.39
nM, respectively, calculated according to Beer’s law, using the ex-
tinction coefficient of 2.7 	 108 M�1 cm�1 for 13 nm AuNPs30

and 9.4 	 109 M�1 cm�1 for 16 nm AgNPs.31,32

Characterization. Ninety-six-well microplates were used as reac-
tion carrier. UV�vis absorption characterization was performed
using a TECAN infinite M200 (Tecan Trading AG, Switzerland).
The reproducibility of the UV�vis absorption spectrum measure-
ment (at room temperature) was evaluated through multiple
scans of a given AuNPs (and AgNPs) solution aliquot in differ-
ent wells. The variation of the absorbance measurement at rep-
resentative wavelengths is �1% for AuNPs and within 2% for Ag-
NPs (Figures S2 and S3 and Table S1, Supporting Information). �
potential measurements were preformed on bare AuNPs and
PNA-, PNA�DNA complex-, ssDNA-, and dsDNA-coated AuNPs
in water or in 0.15 M NaCl, using a ZETA PLUS zeta potential ana-
lyzer (Brookhaven Instruments). A mixture of AuNPs (7.3 nM)
and nucleic acid samples (1 �M) of 450 �L was diluted into 2
mL for the measurement.

Assay Procedure. To test the coagulating property of PNA, ali-
quots of stock PNA probes (100 �M) were added to 150 �L of
AuNPs (or AgNPs) solution. After 10 min incubation at room tem-
perature, the color of the solutions was recorded using a cam-
era and the absorption spectra were recorded in a wavelength
range of 400�800 nm for AuNPs and 300�800 nm for AgNPs. To
measure the ability of PNA�DNA complex and dsDNA to pro-
tect AuNPs (or AgNPs) and to detect the sequence specific hy-
bridization, the PNA (or DNA) probe and DNA target of equal
amount (40 �M) were annealed in 20 mM phosphate buffer (pH
7.2, containing 100 mM NaCl, and 0.1 mM EDTA), prior to addi-
tion to nanoparticle solutions (150 �L) (final DNA concentration
1 �M). When necessary, NaCl (final concentration 0.1�0.4 M) was
added to accelerate particle aggregation. To test PNA hybridiza-
tion with DNA inside AuNPs solution, DNA was first mixed with
AuNPs (final DNA concentration 1 �M, final buffer concentration
is 1 mM PBS). After 10 min incubation, PNA (final concentration
1 �M) was added.

Supporting Information Available: AuNPs aggregation in the
presence of PNA/ssDNA mixture, reproducibility of UV�vis ad-
sorption spectrum measurement, and DNA hybridization with
13-mer PNA measured by SPR. This material is available free of
charge via the Internet at http://pubs.acs.org.
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