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Abstract
We describe the synthesis of peptide nucleic acid (PNA)-titanium dioxide (TiO2) nanoconjugates
and the several novel methods developed to investigate the DNA hybridization behaviors of these
constructs. PNAs are synthetic DNA analogs resistant to degradation by cellular enzymes, which
hybridize to single strand DNA (ssDNA) with higher affinity than DNA oligonucleotides, invade
double strand DNA (dsDNA), and form different PNA-DNA complexes. Previously, we developed
a DNA-TiO2 nanoconjugate capable of hybridizing to target DNA intracellularly in a sequence-
specific manner, with the ability to cleave DNA when excited by electromagnetic radiation, but
susceptible to degradation which may lower its intracellular targeting efficiency and retention time.
PNA-TiO2 nanoconjugates described herein hybridize to target ssDNA, oligonucleotide dsDNA, and
supercoiled plasmid DNA under physiological-like ionic and temperature conditions, enabling rapid
and inexpensive, sequence-specific precipitation of nucleic acids in vitro. When modified by the
addition of imaging agents or peptides, hybridization capabilities of PNA-TiO2 nanoconjugates are
enhanced which provides essential benefits for numerous in vitro and in vivo applications. The series
of experiments shown here could not be done with either TiO2-DNA nanoconjugates or PNAs alone,
and the novel methods developed will benefit studies of numerous other nanoconjugate systems.
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Introduction
During their lifetime, organisms often acquire unwanted foreign or mutated DNA that may
negatively affect their health. Traditional modes of diagnosis are often unable to detect the

*Corresponding author: Gayle E. Woloschak, Northwestern University, Feinberg School of Medicine, 303 E. Chicago Ave.,
Ward-13-002, Chicago, IL 60611, phone: 312-503-4322, fax: 312-577-0751, e-mail: g-woloschak@northwestern.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Anal Biochem. Author manuscript; available in PMC 2009 December 15.

Published in final edited form as:
Anal Biochem. 2008 December 15; 383(2): 226–235. doi:10.1016/j.ab.2008.08.020.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



presence of deleterious DNA; additionally, common treatments for such diseases do not
address the underlying cause of disease—changes at the level of the genome, and therefore do
not discriminate well between target and healthy cells. This lowers the therapeutic efficacy of
such conventional treatments. New types of early-detection imaging agents and sequence-
specific gene therapies are needed to diagnose and remove unwanted DNA in diseased cells,
without affecting healthy, neighboring cells. Imaging and elimination of unwanted genes and
gene products have been major goals of molecular biology over the last few decades, and a
sudden proliferation of different RNA interference techniques [reviewed in (1–3)] attest to that
trend. As a result of recent advancements in nanotechnology, biologists now have access to
materials with novel properties which emerge only at the nano scale, enabling innovative
imaging and therapeutic approaches [4–6]. In our laboratory we have previously synthesized
a DNA-TiO2 nanoconjugate which is suitable for imaging and inflicting inducible, sequence-
specific cleavage of unwanted target DNA [7].

TiO2 nanoparticles smaller than 20 nm covalently attached to single stranded DNA (ssDNA)
via the bidentate enediol ligand dopamine [6,7] are able to bind to complementary DNA
sequences. Hybridization between the oligonucleotide of nanoconjugates and complementary
DNA inside cells can occur, leading to sequence specific retention of DNA-TiO2
nanoconjugates in the nucleus or mitochondria of a cell [7,8]. The TiO2 nanoparticle has the
ability to serve as a multi-modal imaging agent as it can be conjugated to imaging molecules
such as gadolinium compounds—used as contrast agents for MRI [9,10] and optically
fluorescent agents that are ortho-substituted enediol ligands [5,6,11].

Although DNA nanoconjugates may serve as possible vehicles to image and remove unwanted
DNA, their targeting efficiency and intracellular retention may be lowered by cellular factors,
such as degradation by intracellular nucleases. To address these potential problems and
improve the stability of hybridization with target sequences, we developed a peptide nucleic
acid (PNA)-TiO2 nanoconjugate which may possess advantages over its DNA-TiO2
counterpart. PNAs are a class of DNA analogue that contain the same bases as DNA, but instead
of a phosphate diester backbone, possess an achiral polyamide backbone consisting of N-(2-
aminoethyl) glycine units [12]. These characteristics provide PNAs with benefits over DNAs
for many applications. For example, advanced non-ionic oligonucleotides such as PNAs
possess far better intracellular stability and specificity [13], are more resistant to nuclease and
protease attack [14], and have a lower affinity toward DNA binding proteins [15] than DNA.
Due to their neutrally-charged backbones and standard bases, PNAs can bind different nucleic
acids with high affinity and form various complexes with complementary DNA [16]. PNAs
are able to form PNA/RNA [17], PNA/DNA [18], and PNA/PNA duplexes [19], as well as
PNA/DNA/PNA triplexes [20]. A PNA/DNA duplex has a higher melting temperature than a
DNA/DNA duplex; moreover, modified homopyrimidine bisPNAs and homopyrimidine
bisPNA-peptide conjugates containing a mixed base extension of the Watson-Crick
polypyrimidine strand have shown the remarkable ability to invade linear double stranded
(dsDNA) [21,22]. Prior to this study, mixed base PNAs have not been reported to invade
dsDNA, but mixed base PNAs are capable of end invasion of DNA duplexes [23]. Additionally,
homothymine PNA-anthraquinone conjugates have demonstrated the ability to photoinduce
cleavage on the displaced DNA strand [21]. Therefore, PNA-TiO2 nanoconjugates can be
expected to bind target nucleic acid sequences with higher avidity than DNA-TiO2
nanoconjugates, while being resistant to nuclease attacks. Presence of the TiO2 nanoparticle,
on the other hand, is expected to provide versatility to the nanoconjugate that far surpasses the
benefits of free PNAs. Instantaneous combining of PNA carrying nanoparticles with a medley
of peptides with cell type specific, cell penetrating and subcellular localization capabilities,
allows for fine tuned targeting not possible for free PNAs. Ability of nanoparticles to anchor
optically fluorescent molecules or agents with high magnetic resonance contrast is also unique
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to TiO2 nanoparticle conjugated PNAs. Finally, nanoparticle bound PNAs can also be used as
a means for rapid and inexpensive, sequence specific nucleic acid precipitation in vitro.

This study was aimed at characterization of the hybridization abilities of PNA-TiO2
nanoconjugates, with or without addition of imaging agents and peptides. The presence of the
TiO2 nanoparticle, to which the PNA is firmly tethered, prevents PNA-TiO2 nanoconjugates
from migrating through gels; moreover absorption of TiO2 in the wavelength range of nucleic
acids [6] prevents spectrophotometry approaches to study PNA-TiO2/DNA hybridization.
Therefore, instead of gel electrophoresis and/or spectrophotometry we had to develop
alternative approaches to evaluate hybridization properties of these nanoconjugates. It is likely
that the approaches developed for this study could benefit investigation of other types of nucleic
acid-nanoparticle nanoconjugates. The results of this study demonstrate that PNA-TiO2
nanoconjugates hybridize to target DNA in a sequence-specific manner, engage in strand
exchange and end invasion, and invade supercoiled plasmid DNA containing a mixed base
target under physiological-like ionic and temperature conditions.

Materials and Methods
PNAs, DNA Oligonucleotides, Nanoconjugates, and Plasmids

All nucleic acid sequences used within this study are depicted in Figure 1a. PNA containing a
sequence of a segment of ribosomal 18S rDNA gene was synthesized with a dopamine
conjugated via succinic acid to the N terminal end (Biosynthesis). PNA-TiO2 nanoconjugates
were synthesized by covalently linking 3nm TiO2 nanoparticles to the PNA in a 1:1 molar ratio
as described previously for DNA oligonucleotides [7]. Under these conditions some
nanoparticles without PNA and some with more than one PNA molecule per nanoparticle can
be expected to occur, in addition to one nanoparticle:one PNA nanoconjugate species. The
DNA oligonucleotides used to prepare target oligonucleotide dsDNA “dsr18” and PNA
complementary molecular beacon “r18ASMB1” (with 6-Carboxy-2′,4,4′,5′,7,7′-
hexachlorofluorescein as a fluorophore and Dabcyl as a quencher) were obtained from Sigma
Genosys. A non-complementary dsDNA oligonucleotide “dsFM20” was prepared from
“bFM20” and “aFM20AS” oligonucleotides and a non-complementary molecular beacon
“MS5MB1” were obtained from the same source. All DNA oligonucleotides were kept as 100
mM stock solutions in TE buffer (10mM TrisCl 1mM EDTA pH=8) at −80°C.

A short peptide segment of epidermal growth factor (pEGF) (N term - RRRHIVRKRTLRR -
C term) (Sigma-Genosys) containing a nuclear localization signal (NLS) or Alizarin red s
(Fluka) was conjugated to PNA-TiO2 nanoconjugates to cover approximately 5% (9
molecules) and 10% (17 molecules) of the nanoparticle surface respectively. Three nanometer
TiO2 nanoparticles have approximately 173 Ti atoms on the surface, each providing a potential
binding site for one peptide or Alizarin red s. Conjugation of these nanoparticle modifiers was
confirmed by a shift in peak absorbance wavelength of the nanoconjugates compared to
nanoparticles alone. In addition, Alizarin red s is a fluorescent molecule (excitation 530–560
nm, emission 580 nm) and can be monitored using a fluoroimager (Typhoon Trio Variable
Mode Imager).

Nanoparticles of colloidal TiO2 were prepared as has been described in detail elsewhere [7].
The size of nanoparticles used in these experiments was 3 nm, which renders them avid in
binding with dopamine-modified PNAs. At neutral pH (6–8), TiO2 nanoparticles can be
precipitated by centrifugal forces greater than 0.2 g.

The plasmid pKaede-MN1 (Marine Biological Laboratory) was used to investigate the ability
of nanoconjugates to invade plasmid DNA. The oligonucleotides r18Sclone and r18ASclone
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(Figure 1a) formed a dsDNA insert that was cloned into EcoR1/Xho1 sites of this plasmid,
producing the recombinant pKaede-MN1-R18.

Gel Electrophoresis
Hybridization reactions containing Alizarin red s, ssDNA (67.0 μM), and either PNAs or PNA-
TiO2 nanoconjugates (33.5 μM) were heated to 95°C for 2 min and cooled to room temperature
over 3 hours. Reactions were separated on 8–16% polyacrylamide gels (acrylamide/
bisacrylamide 19:1, EMD Chemicals Inc.) in 1x TBE buffer (Sigma) for 2–3 hours.
Nanoparticles were visualized in wells of the gel, still contained within glass plates, by
monitoring Alizarin red s fluorescence by a fluoroimager Typhoon Trio Variable Mode Imager.
DNA bands were visualized on the same gel after its removal from the glass plates and staining
with GelStar (Cambrex). PNAs do not absorb this dye, as well as several other DNA
intercalating dyes [24], therefore they were visualized only in the context of hybrids with DNA.

Nucleic Acid Hybridization Monitoring Using a Real Time PCR Apparatus
Hybridization reactions were monitored using a 7300 Real Time PCR System (Applied
Biosystems) and the following hybridization-dissociation protocol: 95°C for 15 seconds,
cooling to 4°C, incubation at 4°C for 30 seconds, and gradual reheating to 95°C over
approximately 1 ¼ hours. HEX signal (for molecular beacons) or Power Sybr Green (Applied
Biosystems) signal (for dsDNA) was recorded incrementally (approximately every 20 seconds)
during the reheating phase. Hybridization and invasion reactions were also performed at 37–
38°C for 20 minutes, with HEX or Power Sybr Green signal being recorded incrementally
throughout (approximately every 60 seconds). The average fluorescence measurement during
this time was reported. All hybridization reactions involving molecular beacons (0.33 μM)
contained nanoconjugates or free PNAs (0.66 μM) in the presence of 10 mM sodium phosphate
buffer (NaH2PO4). Unless otherwise noted, experiments utilizing Power Sybr Green (Applied
Biosystems) contained nanoconjugates or PNAs (1.0 μM) and complementary dsDNA
oligonucleotides (0.5 μM). Fluorescence intensity values were calculated by automated
Applied Biosystems software, as well as dissociation curves and derivative dissociation curves.

Plasmid Invasion
Nanoparticles and nanoconjugates used in plasmid invasion studies were partially coated with
Alizarin red s (surface coverage was 10% or 17 molecules of Alizarin red s per nanoparticle).
Plasmid precipitation was done by taking advantage of the fact that in neutral pH buffers 3 nm
TiO2 nanoparticles can be precipitated by centrifugation at 0.2 g. Nanoparticles or
nanoconjugates (115 nM) were mixed with supercoiled plasmid DNA (57.5 nM) in sodium
phosphate buffer with 137 mM sodium and incubated 2 hours at 37 °C to allow for dsDNA
invasion. Centrifugation for 10 min at 0.2 g followed; the pellet was washed by the same buffer
and re-precipitated. Following a second wash, samples were loaded onto a gel and subjected
to electrophoresis. Due to large size of the plasmid DNA, force of electrophoresis separated
plasmid molecules from nanoconjugates, allowing the plasmids to enter into the gel.

Statistical Analyses
Statistical significance of differences were determined through ANOVA analyses followed by
Tukey Honest Significant Difference multiple comparisons tests using Systat 10.2 statistical
analyses software (Systat Software Inc.). The bar graphs show means of three independent
experiments with standard error (SE) and statistical significance; the latter indicated by * as
described in each figure legend.
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Results
Conjugation of PNA-TiO2 nanoconjugates and hybridization to complementary DNA

To demonstrate the conjugation efficiency of the PNA-TiO2 nanoconjugates, we used to our
advantage the fact that TiO2 nanoparticles do not enter into polyacrylamide gels during typical
electrophoresis [7]. To image the nanoparticles we conjugated to them the fluorescent agent
Alizarin red s [5], whereas nucleic acids (ssDNA and ssDNA/PNA hybrids) were stained by
GelStar dye after the electrophoresis. All nucleic acids used throughout this study are listed in
Table 1. Hybridization reactions and controls were run on a polyacrylamide gel and imaged
first for Alizarin red s, then stained with GelStar to visualize DNA (Figure 1). In lane 4: with
1:2 molar ratio of PNA and complementary oligonucleotide, a PNA/DNA band can be
visualized, while no such band is notable in lane 5: with 1:2 ratio of PNA-TiO2 and
complementary oligonucleotide. The vast majority of PNA in that lane is conjugated to the
nanoparticle and therefore is not free to enter the gel. Hence, conjugated TiO2-PNAs withstand
incubation at 95°C.

To investigate the ability of PNA-TiO2 nanoconjugates to hybridize to complementary target
DNA, we used molecular beacons containing either a complementary or non-complementary
DNA sequence in its loop (Figure 2a). Changes in molecular beacon fluorescence, due to
hybridization to the nanoconjugate, were monitored using a standard dsDNA dissociation
protocol (Applied Biosystems); anticipated results are shown schematically in Figure 2a. When
the molecular beacon exists alone (Figure 2a, top panel) or does not contain a complementary
target to the nanoconjugate (Figure 2a, bottom panel), the molecular beacon exists primarily
in the closed position at temperatures below the melting temperature of the stem and low
fluorescence values can be expected. In either of these cases, a sigmoid increase in fluorescence
will occur when temperatures are raised above the melting temperature of the molecular beacon
stem and the beacon transforms to the open position. Conversely, when the molecular beacon
contains a complementary target, hybridization of the nanoconjugate will increase the presence
of the open species of the molecular beacon and raise fluorescence values at lower temperatures
(Figure 2a, middle panel). The addition of free TiO2 nanoparticles (Figure 2b, blue curve) had
little effect on the shape of the curve produced by molecular beacon alone (Figure 2b, black
curve). The addition of PNA-TiO2 nanoconjugates complementary to the molecular beacon
resulted in a more than six-fold increase at initial fluorescence measurement at 14°C (Figure
2b, purple curve); as expected, this ratio is eventually lost at temperatures melting the molecular
beacon stem. None of these alterations in fluorescence curves were observed when the same
dissociation analyses were performed using a molecular beacon with a non-complementary
target DNA sequence in the molecular beacon loop (Figure 2c). On the other hand, the presence
of increasing concentrations of competitor—non-labeled oligonucleotide complementary to
PNA (with a sequence identical to the loop of the molecular beacon) sequesters PNA-TiO2
nanoconjugates and reduces the observed changes in fluorescence due to hybridization between
the molecular beacon and PNA-TiO2 nanoconjugate (Figure 2d).

The hybridization abilities of PNA-TiO2 nanoconjugates were further characterized by
determining their capability to engage in strand exchange with dsDNA. We developed a new
method to differentiate between DNA:DNA and PNA:DNA complexes (Figure 3) based on a
knowledge that DNA intercalating dyes show little or no binding to PNA:DNA complexes
[24]. Testing of the DNA-binding dye Power Sybr Green (Applied Biosystems) for monitoring
DNA dissociation revealed that this DNA dye yields a fluorescent signal that is strong in the
presence of dsDNA, but greatly reduced in the presence of PNA:DNA complexes (Figure 3a).
We then tested the ability of PNA-TiO2 nanoconjugates to outcompete a homologous ssDNA
sequence for a complementary ssDNA target, as determined by a decrease in the derivative of
fluorescence intensity peak at the melting temperature of the DNA duplex. Samples containing
oligonucleotide dsDNA yielded a characteristically sharp peak indicative of the increased rate

Brown et al. Page 5

Anal Biochem. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of fluorescence loss at the melting temperature (Figure 3b, black curve). The addition of free
glycidyl isopropyl ether coated nanoparticles had little effect on the fluorescence curve,
although a small increase in the peak was observed perhaps due to nanoparticle-concentration-
induced stabilization of the duplex or background fluorescence from the nanoparticle (Figure
3b, blue curve). However, the addition of PNA-TiO2 nanoconjugates resulted in over a 50%
decrease in the fluorescence derivative peak at the melting temperature of the dsDNA,
indicative of reduced dsDNA at this stage (Figures 3b, purple curve). The addition of free PNAs
to dsDNA oligonucleotides yielded similar results, affirming that PNA also competes during
hybridization (Figure 3b, red curve). The magnitude of this signal dampening effect was
dependent upon the quantity of PNA-TiO2 nanoconjugates added (Figure 3c), and such
reductions in fluorescence and the rate of fluorescence loss were not obtained when PNA-
TiO2 nanoconjugates were added to samples of heterologous dsDNA oligonucleotides (Figures
3d). This indicates that the changes in fluorescence were sequence-specific and caused by the
PNA-TiO2 nanoconjugate outcompeting the homologous DNA strand for hybridization with
the complementary DNA strand.

Modifications of the nanoparticle surface
TiO2 nanoconjugates are capable of binding bidentate ligands enabling attachment of
additional intracellular targeting agents and/or therapeutic payloads; moreover, carboxyl
groups of peptides bind weakly to the nanoparticle surface. Therefore, it is essential to
determine the effect of adding such a peptide on the ability of PNA-TiO2 nanoconjugates to
hybridize to target DNA. Hybridization-dissociation studies conducted with PNA-TiO2
nanoconjugates coated with an epidermal growth factor peptide segment (pEGF), containing
a nuclear localization sequence (NLS), indicate that peptide-modified nanoconjugates maintain
the ability to hybridize to complementary molecular beacons (Figure 4a, purple curve). Peptide-
coated nanoconjugates appear to have slightly enhanced hybridization capabilities compared
to their naked counterparts (compare fluorescence values at 14°C in Figures 2b, purple curve
and 4a, purple curve), which may be due to a locally increased DNA concentration induced by
the positively charged peptides. Such relative comparisons between figures were possible since
all experimental conditions were set against the same intra-experimental molecular beacon
controls. This suggests that peptide coating is not only a useful tool to increase cellular uptake
[reviewed in (11)], but it may also be improving interactions between the nanoconjugate and
its molecular beacon target. Interestingly, when the PNA alone in the presence of pEGF peptide
was used, the molecular beacon showed an aberrant fluorescence curve, perhaps due to
interference between the free peptides and reopening of the molecular beacon (Figure 4a, blue
curve). Since no such inhibition was observed with the addition of peptide-coated
nanoconjugates or nanoparticles (Figure 4a, red curve), the ability of TiO2 to readily bind
surface modifiers and alter their function is further accentuated.

Previous studies have noted that Alizarin red s bound to the surface of the nanoparticle permits
visualization either in cells [11] or in vitro (Figure 1). Hybridization-competition assays were
done to determine whether Alizarin red s, when bound to the nanoparticle, affects hybridization
of PNA bound to the same nanoparticle. Alizarin red s-coated PNA-TiO2 nanoconjugates
demonstrated an ability to outcompete homologous DNA in binding with the complementary
DNA target as indicated by seven-fold decrease in the fluorescence derivative peak (Figure
4b, compare blue and purple curves). Therefore, Alizarin red s coating did not adversely affect
the hybridization behavior of nanoconjugates; in fact, coating the nanoconjugate enhanced the
hybridization abilities by a factor of 2 ½ compared to naked nanoconjugates and naked PNAs
(compare Figures 4b and 3b). Furthermore, alizarin-coated PNA-TiO2 nanoconjugates proved
able to engage in strand exchange in 137mM conditions at 37°C as indicated by a reduction in
Sybr Power Green fluorescence in reactions containing dsDNA and nanoconjugates compared
to only dsDNA (Figure 4c, p < 0.05).
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Ability of PNA-TiO2 nanoconjugates to invade plasmid DNA containing a mixed base target
under physiological-like temperature and ionic conditions

The use of PNA-TiO2 nanoconjugates in cellular and whole animals systems depends on their
ability to hybridize to complementary DNA under physiological-like conditions, and the
sodium concentration affects hybridization of DNA oligonucleotides [25] and PNA strand
invasion of duplex DNA [26,27]. Additionally, targeting of PNAs to previously inaccessible
mixed base sequences will allow for increased diversification of potential therapeutic targets.
Testing of PNA nanoconjugate behavior under physiological-like temperature and ionic
conditions showed that PNA-TiO2 nanoconjugates hybridized well with molecular beacons
under such varied conditions (Supplemental Figure 1a–b). To affirm that PNA nanoconjugates
are able to invade a supercoiled plasmid DNA containing a mixed base target under
physiological-like salt and temperature conditions (137 mM sodium, 37.5 °C), we conducted
the experiments presented in Figure 5. For these studies we developed an assay based on the
precipitation of TiO2 nanoparticles from aqueous solutions of neutral pH (while plasmid DNA
does not precipitate in 100% aqueous solutions) when centrifuged at 0.2 g. pKaede-MN1
(MLB) and pKaede-MN1-R18 plasmids were used, and the only difference between these
plasmids was that the latter contains a mixed base sequence that is complementary to the
sequence of PNA-TiO2 nanoconjugate (schematically depicted in Figure 5a). All reactions
were incubated at 37.5° C for two hours with periodic mixing followed by centrifugations at
0.2 g to pellet nanoparticles or nanoconjugates. Presence of plasmid DNA in the pellet was
then analyzed on an agarose gel (Figure 5b). Three independent experiments are seen on this
gel.

As expected, virtually no plasmid was recovered when the plasmid was incubated alone in the
aqueous solution (Figure 5b, lanes labeled 1). When Alizarin red s-coated nanoparticles were
incubated with the plasmid (Figure 5b, lanes labeled 2) or when Alizarin red s-coated
nanoconjugates were incubated with plasmid pKaede-MN1 devoid of a complementary insert
R18 (Figure 5b, lanes labeled 3) a small amount of plasmid precipitated. However, a significant
quantity of plasmid material was recovered when PNA-aTiO2 nanoconjugates were incubated
with the plasmid pKaede-MN1-R18 containing a complementary sequence R18 (Figure 5b,
lanes labeled 4). The limited precipitation of the plasmid found in samples 2 and 3 can be
explained by non-sequence specific interaction between surface of nanoparticles and
polyphosphate of the DNA backbone; the affinity of TiO2 surface sites for polyphosphates was
previously established in the literature [28]. Comparisons of these results indicate that recovery
of the plasmid in reaction mixture containing TiO2-PNA and supercoiled plasmid with the
target sequence was due to the invasion of the supercoiled plasmid DNA (reaction mixture 4)
by nanoconjugates in a sequence-specific manner. Rate of plasmid recovery (Figure 5c)
suggests that 5.9 μg of the 19.5 μg plasmid sample (30% recovery rate) was achieved by
precipitation of plasmid containing the mixed base DNA target using TiO2-PNA.

Discussion
Advances in nanoparticle technology have provided biologists with a set of new tools with
unique physico-chemical properties [4–6,11,29]. Previous research from our laboratory was
focused on the properties of conjugates of DNA and TiO2 nanoparticles, their synthesis, use
in enzymatic reactions (e.g. PCR), cleavage of DNA upon excitation, and imaging by X-ray
fluorescence microscopy [7,8]. Optically fluorescent agents that are ortho-substituted enediol
ligands [5,6,11], may be added to the nanoconjugate to provide a new dimension to intracellular
studies—imaging by confocal fluorescent microscopy [11]. As previously discussed, the
nanoparticle can be further modified and detected with multiple other imaging modalities,
including those that are of interest to medicine [9,10].
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The main benefits of using TiO2 nanoparticles are that they can serve as a platform/scaffold
to which numerous molecules can be conjugated, and therefore serve as a multi-modal imaging
agent and therapeutic agent; moreover, when excited by white light [7], these nanoconjugates
have the ability to cleave DNA. Benefits of these nanoconjugates will, however, largely depend
on their targeting and retention specificity, and these can be provided by conjugating DNA
analogs to the nanoparticle surface, in addition to any other targeting, diagnostic, and
therapeutic modifications. Studies from our lab have shown that conjugating DNA to the
nanoparticle surface greatly enhances cellular localization and retention of our nanoparticles
[7,8]. Replacing DNA with PNA will lead to increased stability of the nucleic acid component
of the nanoconjugate and will, therefore, prolong targeting life of the nanoconjugates and may
even increase their sequence selectivity. Previously, fluorescently tagged homopyrimidine
PNAs had been used to invade plasmid DNA for tracking without disturbing transgene
expression [30]. However, to our knowledge, the work herein is the first study demonstrating
that modified, mixed based PNAs are capable of invading and labeling supercoiled plasmid
DNA. Development of PNA-TiO2 nanoconjugates and their ability to invade mixed base
sequences will undoubtedly enhance the targeting of deleterious cellular DNA in manners
previously not possible. On the other hand, PNA/PNA binding affinity is extremely strong and
often results in unwanted interactions. For this reason, it was essential to fully characterize
PNA-TiO2 nanoconjugates containing a low surface density of PNAs in this study, before
introducing additional variables in the form of potential PNA/PNA interactions.

To our knowledge no studies currently exist that have characterized factors affecting
hybridization behaviors of PNAs conjugated to TiO2 nanoparticles, so direct comparisons
between the results herein with others is not possible. In a different nanoparticle regime, PNAs
conjugated to gold nanoparticles and immobilized on glass had the ability to discriminate
between DNA targets with a single base mismatch [31]. Numerous other studies involving
gold nanoparticles have demonstrated single base hybridization specificity of nucleic acid-
nanoparticle conjugates by utilizing various methods such as gel electrophoresis, DNA arrays
combined with a traditional flatbed scanner, single-strand-specific nucleases, and high fidelity
DNA ligases [32–35]. Additionally, DNA oligonucleotides conjugated to gold nanoparticles
showed higher binding affinities and a more rapid melting transition compared to free
oligonucleotides; this system was sensitive to many factors, including DNA surface density,
nanoparticle size, salt concentration, and interparticle distances [36–38]. Using TiO2
nanoparticles linked to ssDNA, it has recently been demonstrated that a single base mismatch
between the nanoconjugate and its target significantly reduces photocatalytic cleavage due to
disruption of the of the π stack, indicating that nucleic acid-TiO2 nanoconjugates can also
exhibit a high level of sequence specificity [39]. Under these circumstances, there is no reason
to suspect that PNA-TiO2 nanoconjugates would exhibit less sequence specificity. Relative
differences in melting temperatures between Au-DNA nanoconjugates and free DNAs
(compared to PNA-TiO2 nanoconjugates and free PNAs) may be explained by many factors,
including the increased nucleic acid surface density of Au-DNA nanoconjugates compared to
PNA-TiO2 nanoconjugates, as well as the dissimilar nucleic acid backbone. Au-DNA
nanoconjugates are able to migrate through gels during electrophoresis [40], while DNA-
TiO2 [7] or PNA-TiO2 nanoconjugates do not (Figure 1); this suggests that Au and TiO2
nanoparticles differentially affect the nucleic acids to which they are conjugated. Considering
that Au is a noble metal whereas TiO2 is a semiconductor with very reactive surface chemistry,
these differences should be expected. These studies highlight the complexity of hybridization
dynamics involving nucleic acid-conjugated nanoparticles and emphasize the need for further
studies of the effect of factors modulating hybridization between PNA-TiO2 nanoconjugates
and target DNA.

Conjugating peptides or imaging agents to the TiO2 nanoparticles will aid in cellular uptake
and visualization of PNA-TiO2 nanoconjugates during intracellular studies. Additionally, the
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imaging agent Alizarin red s can also be conjugated to TiO2 nanoparticles and serve as a
fluorescent marker. This study demonstrates that PNA-TiO2 nanoconjugates coated with
peptide segment of EGF or Alizarin red s have an improved ability to hybridize to
complementary DNA; these modifications will lead to enhanced cellular targeting and
visualization of PNA-TiO2 nanoconjugates in cells, without sacrificing the hybridization
proficiency of the nanoconjugates. Moreover, it is possible that the presence of peptides may
improve hybridization performance of nanoconjugates, as shown by a comparison of the
Figures 2b and 4a. Studies have demonstrated that such additional modifications of the nucleic
acid-TiO2 nanoconjugates with various ligands do not impede intracellular hybridization of
nanoconjugates. DNA-TiO2 nanoconjugates, coated with bulky gadolinium contrast agent for
detection with MRI, retained their intracellular hybridization specificity and retention [9, 10].

Research investigating charge transfer in PNA/DNA complexes is limited, but one study has
shown that a charge injected into the PNA strand can be transferred to guanine doublets on the
complementary strand DNA via a hopping mechanism [41]. Titanium dioxide nanoparticles
larger than 2 nm have been shown capable of creation of electropositive holes [6]. Viewing
these finding in light of our current study, indicates that like their DNA counterparts, PNA-
TiO2 nanoconjugates larger than 2 nm could be used to induce DNA cleavage when excited.

It is well established in the literature that PNAs have a longer half-life in vivo and intracellularly
compared to DNAs [42]. However, the same body of research established that PNAs are not
as soluble as DNAs and that some PNA sequences have proved difficult to synthesize in the
past. The later issues have since been circumvented with the development of automated
synthesis protocols [43]; while challenges of solubility and delivery of PNAs into cells were
solved by new solubilization strategies For example, PNAs can be annealed to a negatively
charged DNA oligonucleotide and complexed with cationic lipids for intracellular delivery
[44,45]. Alternative methods of intracellular delivery of PNAs include synthesis of a PNA with
a nuclear localization signal (NLS) [46], electroporation [47,48], and possibly microinjection.
The studies shown here, however, suggest that in the context of PNA-TiO2 nanoconjugates
many different molecules can be attached to the nanoparticle part of the nanoconjugate (and
in multiple copies) to increase cellular uptake of nanoparticle conjugated PNAs.

Conclusion
This study has shown that PNA-TiO2 nanoconjugates are capable of hybridizing with target
DNA in a sequence-specific manner, regardless of conjugation of peptides or imaging agents
to the nanoparticle surface, and invasion supercoiled plasmid DNA containing a mixed base
target. PNA stability (established in the literature) should make PNA-TiO2 nanoconjugates
very useful in other intracellular and in vivo studies, improving targeting specificity and
increasing sequence-specific intracellular retention. Also, the new methods for investigation
of nanoparticle-nucleic acid conjugates hybridization parameters described here will facilitate
study of other DNA and DNA analog-nanoparticle systems. The evidence shown in this
manuscript indicates that PNA-TiO2 nanoconjugates are a viable alternative to their DNA
counterparts and warrant further in-depth study.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PNA-TiO2 nanoconjugates can be successfully conjugated and withstand incubation at 95°C.
Lanes 1–4 contained control reactions: lane 1 is free Alizarin red s; lane 2 is a mixture of
Alizarin red s and complementary oligonucleotide DNA; lane 3 is Alizarin red s conjugated
nanoparticle (without PNA) and complementary oligonucleotide DNA; lane 4 contains a
mixture of PNA (PNA-r18S), complementary oligonucleotide (r18AS) and Alizarin red s. The
test sample (lane 5) contains a mix of Alizarin red s-coated TiO2-PNA and threefold molar
excess of complementary r18AS oligonucleotide DNA. All samples were heated to 95°C for
2 minutes and slowly cooled to room temperature over 3 hours to allow annealing. After
cooling, samples were run on a 16% polyacrylamide gel for approximately two hours and
imaged for Alizarin red s, without separation of gel from the glass plates that contained it. The
same gel was taken out of the glass plates, stained with GelStar to visualize DNA and DNA-
PNA hybrids and then re-imaged.
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Figure 2.
TiO2-PNA nanoconjugates can hybridize to complementary DNA. (A) Schematic
representation depicts changes in fluorescence resulting from self hybridization and melting
of molecular beacons; changes in fluorescence caused by hybridization between molecular
beacons and PNA-TiO2 and self hybridization and melting of molecular beacon; changes in
fluorescence when non-complementary PNA-TiO2 and molecular beacon are mixed.
Representative dissociation curves resulting from hybridization reactions containing test
samples (TiO2 = nanoparticle; PNA = PNA; PNA-TiO2 = PNA-TiO2 nanoconjugates) and
(B) complementary molecular beacon or (C) non-complementary molecular beacon are shown.
Hybridization of either PNA-TiO2 or PNA to molecular beacons containing a complementary
target results in alterations in fluorescence curves, while no such alterations are observed when
a non-complementary molecular beacon is used. (D) The addition of various amounts of excess
unlabeled PNA-complementary DNA oligonucleotide (r18AS), as molecular beacon
competitor, to samples containing PNA-TiO2 or PNA and complementary molecular beacons
gradually returns the shape of the fluorescence curve to that obtained with samples containing
molecular beacons alone. The addition of excess oligonucleotide identical to the sequence of
PNA (r18S) shows a slight increase of the fluorescence (which can be expected because of
additional hybridization of these DNA oligonucleotides with the beacon). In this and all other
molecular beacon experiments concentrations of PNA-TiO2 and/or PNAs were 0.66 μM, and
the concentration of beacon was 0.33 μM. Concentrations of competitor in this experiment
were ↑ = 0.66 μM; ↑↑ = 1.0 μM; ↑↑↑ = 1.25 μM. AFU = arbitrary fluorescent units. The results
shown are representative examples from five independent experiments.
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Figure 3.
PNA-TiO2 nanoconjugates outcompete (replace) homologous DNA oligonucleotides in
formation of the double strand hybrid (labeled R18 when made of two DNA oligonucleotides).
(A) Derivative dissociation curves of fluorescence intensities show a well defined Tm peak
(indicated by an arrow) for dsDNA hybrids (green), but not PNA:DNA complexes (black);
three replicates each. (B) Derivative dissociation curves show a lowering of Tm peak height
associated with competition between the homologous DNA strand of dsR18 and PNA or PNA-
TiO2 for the same target (complementary DNA oligonucleotide). Black arrows point to the
AFU derivative at melting temperature. (C) A graph showing inverse dependence of the peak
height for the value of AFU derivative at Tm peak, related to the concentration of TiO2-PNA
nanoconjugates added to oligonucleotides creating dsR18 molecules is shown. (D)
Representative derivative dissociation curves show no change in the Tm peak intensity when
PNA-TiO2 is combined with the non-complementary dsDNA (hybrid of FM20 and FM20AS
oligonucleotides, labeled dsFM20). In these and other experiments where Power Sybr Green
signal was used for measurements, concentrations of complementary DNA oligonucleotides
(r18S and r18AS) were 0.5 μM each, while the nanoconjugate and PNA concentrations were
1 μM. AFU = arbitrary fluorescence units; TiO2 = nanoparticle; TiO2-PNA= TiO2-PNA
nanoconjugates
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Figure 4.
PNA-TiO2 nanoconjugates (PNA-TiO2) retain their hybridization abilities after additional
modification of the nanoparticle. (A) PNA-TiO2 nanoconjugates conjugated with a peptide
that represents a segment of epidermal growth factor (pEGF) maintain the ability to hybridize
to target molecular beacon. Representative dissociation curves resulting from hybridization-
dissociation reactions containing various test samples and a complementary molecular beacon.
Hybridization of either PNA-TiO2 or PNA to molecular beacon r18AS results in alterations in
fluorescence curves. (B) Alizarin red s-coated PNA-TiO2 nanoconjugates (PNA-aTiO2)
maintain the ability to outcompete homologous DNA oligonucleotide from a dsR18 dsDNA
oligonucleotide. Derivative dissociation curves show a lowering of Tm peak height associated
with addition of PNA-aTiO2 to complementary DNA hybridization mixture. (C) Alizarin red
s-coated PNA-TiO2 nanoconjugates (PNA-aTiO2) are able to engage in strand exchange with
dsDNA at 37° C under 137mM sodium conditions. AFU = arbitrary fluorescent units; TiO2 =
nanoparticle; PNA = PNA; pEGF = a peptide that represents a segment of epidermal growth
factor; PNA-TiO2-pEGF = PNA-TiO2 nanoconjugates additionally coated with a peptide that
represents a segment of epidermal growth factor; dsR18 = r18S/r18AS dsDNA hybrid;
aTiO2 = Alizarin red s coated nanoparticle; PNA-aTiO2 = PNA and Alizarin red s
nanoconjugates. * = p <0.05
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Figure 5.
(A) Schematic of the experimental design for sample preparation for each well type on the gel
is shown. Reactions of types 1, 2, and 4 contained plasmid pKaede-MN1-R18 (containing the
insert that is complementary to the PNA sequence), in addition, reaction type 2 contained
TiO2 nanoparticles and reaction type 4 also contained PNA-TiO2 nanoconjugates. Reaction
type 3 contained plasmid pKaede-MN1 without PNA target sequence and PNA-TiO2
nanoconjugates. (B) Gel demonstrates the ability of PNA-TiO2 nanoconjugates to invade
target-containing plasmid DNA pKaede-MN1-R18 (wells containing reaction type 4), at 37°
C in 137mM sodium, much more avidly than the “empty” pKaede-MN1 plasmid (wells
containing reaction type 3), thus allowing plasmid precipitation from a 100% aqueous solution.
L = DNA ladder. In lanes 1 through 4, top bands are relaxed plasmids and bottom bands are
supercoiled plasmids. Three separate experiments are shown on the same gel. (C) Semi-
quantitative comparison of plasmid precipitation resulting from reaction types 2–4 is shown.
*** = p < 0.001
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Table 1
Nucleic acid sequences used in this study.

Sequence Name Sequence (beginning with N-term or 5′ end)

- PNA free and/or on nanoparticles TTTCCTTGGATGTGGT
- r18S Oligonucleotide (homologous to PNA sequence) TTTCCTTGGATGTGGT
- r18AS Oligonucleotide (complementary to PNA sequence) ACCACATCCAAGGAAA
- FM20 Oligonucleotide TTGCTTGGTAGACCAGGCTG
- FM2CAS Oligonucleotide CAGCCTGGTCTACCAAGCAA
- r18AS Molecular Beacon (homologous to r13AS,
complementary to r18S and PNA)

[MHEX]CCCCACCACATCCAAGGAAAGGGG[MDAB]

- MS5 Molecular Beacon (non-complementary beacon) [MHEX]CCCCGAGAGAGAGAGAGAGAGAGAGGGG[MDAB]
- sense strand of r18S clone TCGAGTTTCCTTGGATGTGGTG
- antisense strand of r18AS clone AATTCACCACATCCAAGGAAAC
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