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ABSTRACT

Hybrid nanocomposites that electronically link TiO2 nanoparticles to DNA oligonucleotides were developed. The linking of biomolecules with
inorganic components was achieved by using bridging enediol ligands, such as dopamine (DA), which facilitate hole transfer across the
interface, establishing efficient crosstalk between the biomolecule and metal oxide nanoparticles. The inherent programmability of oligonucleotides
builds recognition properties into the hybrid system, allowing selective binding of nanoparticles to targeted molecules. The inorganic nanoparticles
are inherently photoresponsive and therefore serve as a source of photogenerated charges that act as reporters of the electronic properties
of the biomolecules. These photoactive bioinorganic TiO2/DA/DNA triads are capable of complex photo chemistries such as light induced
manipulation of biomolecules and their switching functions. Consequently, light induced extended charge separation in these systems was
found to be a fingerprint of DNA oligonucleotide hybridization.

Molecular recognition of biomolecules and their site selective
bindings are topics of significant interest because of unique
applications in the fields of patterning, genome sequencing
and drug affinity studies.1 DNA oligonucleotides hold a
special promise because of the exquisite programmability
of the nucleic-acid-based recognition system. Investigation
of oligonucleotide hybridization mechanisms has mainly
focused on optical detection using fluorescence-labeled oligo-
nucleotides with dyes2 or quantum dots3 and enhanced
absorption of light by oligonucleotide-modified gold nano-
particles.4 Although control of the spatial position on the
nanoscale is a necessary step for molecular recognition, it is
not sufficient for exploiting the full potential that DNA can
play in bioelectronics. It is desirable that after positioning
of an inert biomolecule with biological specificity an
activated process changes the biomolecule’s redox state and
selectively catalyzes a string of consecutive responses.5 This
opens up the possibility of the electronic transduction of
DNA sequence and hybridization, as well as development
of new electrochemical probes for DNA-binding proteins,
both of which are major challenges in bioelectronics. The
advantage of this approach is sensitive, direct detection of

oligonucleotide sequence, mismatches, and interactions of
DNA with DNA-binding proteins.6

Nanocrystalline metal oxide semiconductor particles are
photoactive and act as miniaturized photoelectrochemical
cells. However, their reactivity will depend on the redox
properties of the molecules that are attached to the nano-
particle surface. Recently we have reported that TiO2

nanoparticles (∼50 Å) having appropriate surface modifica-
tion bind DNA oligonucleotides and retain the ability to
hybridize with the complementary DNA.7 Herein we report
that absorption of light in these TiO2/oligonucleotide nano-
composites leads to instantaneous charge separation across
the nanoparticle interface followed by efficient hole scaveng-
ing in double-stranded DNA but not single-stranded DNA.
Moreover, we observed different abilities for scavenging
photogenerated holes in the system containing mismatched
DNA oligonucleotides compared to fully matched DNA. The
initial charge separation sequence in these hybrid bioinor-
ganic nanocomposites was found to be analogous to the
reaction mechanisms in supramolecular triads, capable of
performing redox functions at the nanoscale level, depending
on the thermodynamic properties of the triad constituents8,9

(Figure 1). Additionally, the DNA oligonucleotides linked
to the nanoparticle provide, through sequence design, binding
specificity to selected substrates. This forms a basis for a
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completely new family of DNA-based site selective elec-
trochemical nanomachines capable of photosensing, photo-
switching, and/or site selective photocatalysis that operate
on the principles of DNA-mediated photoinduced charge
separation in nanocrystalline semiconductors.

Titanium dioxide is a photocatalytic material, which has
been extensively studied because it is inexpensive, nontoxic,
and photostable.10 Absorption of light with energy greater
than the band gap (3.2 eV) of TiO2 particles results in the
formation of electron/hole pairs. The photogenerated carriers
migrate to the semiconductor/solution interface where they
can oxidize/reduce redox species in solution. Recently we
have reported enhanced, reversible, light initiated charge
separation and improved optical properties of TiO2 after
chemical engineering of the nanocrystal surface with different
enediol chelating ligands, such as dopamine (DA).11,12 The
coordination sphere of the surface metal atoms in TiO2

nanoparticles that are smaller than 200 Å is incomplete and
thus exhibits high affinity for oxygen-containing ligands.11

Oxygen-rich enediol ligands, such as dopamine, form
strongly coupled conjugated structures with surface Ti atoms
by repairing undercoordination of the surface. As a conse-
quence, the intrinsic properties of a semiconductor change
and new hybrid molecular orbitals are generated by a mixing
of the orbitals of chelating ligands and the continuum states
of metal oxides. Absorption of light by these systems results
in excitation of an electron from the chelating ligands directly
into the conduction band of the TiO2 particle, without
transitioning through the enediol excited state. An important

feature of these hybrid systems is that localized orbitals of
surface-attached ligands are electronically coupled with the
delocalized conduction band of the metal oxide semiconduc-
tor. This electronic coupling adds an important asset that
charge pairs are instantaneously separated into two phases,
the holes localized on the donating organic modifier and the
electrons delocalized in the conduction band of TiO2.13 These
features designate the ligands asconductiVe leadsthat allow
electronic wiring of the nanoparticles. When covalently
linked (wired) to electron donating moieties, photoinduced
electron transfer extends further, ultimately leading to
stabilized charge separation, analogous to the charge separa-
tion in supramolecular triads.8,9 Extended charge separation
can be detected electronically or can be used for driving
electrochemical reactions with surrounding redox species
(Figure 1).

Nucleosides of DNA oligonucleotides have redox poten-
tials in a range that allows their oxidation by photogenerated
holes in the valence band of TiO2.14 Guanosine has the lowest
oxidation potential and can reduce any of the oxidized bases.
Indeed, Warner et al.15 found that guanine undergoes
photooxidative damage in DNA physisorbed on TiO2 par-
ticles, resulting in the hydroxylation of guanine. Serpone et
al.16 have found that TiO2 particles catalyze DNA damage
in vitro or in cells. We found that oxidation of nucleobases
physisorbed at the surface of 45 Å TiO2 particles was
accompanied by accumulation of photogenerated electrons
in TiO2 that is reflected by a broad optical absorption at 700
nm, characteristic of Ti(III) species in TiO2. Accordingly,
we determined that thymidine is the only nucleotide that is
not oxidized upon photoactivation of TiO2 while the yield
of oxidation of the remaining three bases is: cytidine<
adenosine≈ guanosine. The result that thymidine is not
oxidized by TiO2 particles is consistent with the observation
that photogenerated holes in nanocrystalline TiO2 particles
lose significant energy upon trapping as oxygen-centered
radicals on the surface. The energy of the surface-trapped
holes is in the range 1.6 Ve ≡ TiO-•,H+/≡TiOH e 1.7 V
vs. NHE,17 which is insufficient for oxidation of thymidine.

Oligonucleotides with different nucleotide sequences were
coupled to metal oxide semiconductor particles through a
dopamine linker.18 We have demonstrated dopamine-induced
restructuring of the Ti surface atoms, allowing for irreversible
binding of dopamine molecules to the nanoparticle surface.11

Therefore, the amino group of dopamine was linked to the
specific single strands of oligonucleotides (16-20 nucleo-
tides long) having carboxyl groups at the 5′ end (via the
intermediateN-hydroxy-succinimide ester)19,20 and subse-
quently linked to the surface of TiO2 nanoparticles. Dopa-
mine-terminated DNA oligonucleotides (DA-DNA) show the
same high affinity to bind undercoordinated surface atoms
as dopamine molecules themselves. Therefore, after mixing
DA-DNA with TiO2 nanoparticles visible absorption of the
TiO2/DA charge-transfer complex is observed. The number
of oligonucleotides bound to each particle was determined
from the change in the optical absorption after binding (inset,
Figure 2). Typically, the change in the absorption after
binding was consistent with having between 2 and 3

Figure 1. Salient features of charge separation process in hybrid
TiO2/oligonucleotide nanocomposites. Electron transfer in hybrid
bioinorganic triad systems provides the foundation to investigate
how DNA redox reactions are coupled to the initial photoinduced
charge separation in TiO2/dopamine. For example, when redox
properties of attached DNA are more negative than the oxidation
potential of TiO2/dopamine (a), the photogenerated holes are
transferred to attached DNA. Light induced charge separation in
this system extends to distances at which charge recombination does
not occur. Photogenerated charges can subsequently participate in
redox reactions with electron-accepting (A) and electron-donating
(D) redox couples present in the nanocomposite environment.
However, when the oxidation potential of attached DNA oligo-
nucleotides is more positive than the potential of photogenerated
holes in the TiO2/DA system (b), sequential charge separation does
not occur and photogenerated charge pairs recombine with no net
chemical reaction.
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oligonucleotides per particle. Oligonucleotide-modified par-
ticles were then hybridized with complementary DNA strands
of the same lengths. The image of TiO2 particles linked to
short oligonucleotides (16 base pairs) was obtained with
atomic force microscopy (AFM) (Figure 2). The size of the
TiO2 nanoparticle in these experiments was 50 Å, comparable
in size to the oligonucleotide length (40 Å) (see depicted
model, Figure 2). The color-coded height profile of the
composites clearly shows that composites contain two parts,
one with the height of∼25 Å (purple), comparable with the
thickness of the DNA oligonucleotide, and the other of 48
Å (orange), comparable to the TiO2 diameter, indicating
tentacle binding of DNA, which does not wrap around the
nanoparticle. The height histogram (not shown) exhibits two
maxima, one with the size centered around∼28 Å and the
other centered around∼48 Å. The surface area ratio under
the deconvoluted curves in the histogram obtained with AFM
imaging presents the average number of oligonucleotides per
TiO2 particle (between 2 and 3 throughout this work).

The role of sequential electron transfer, and electrochemi-
cal parameters, and how they affect the distance dependent

charge separation properties in the oligonucleotide-modified
TiO2 system was examined with electron paramagnetic
resonance (EPR) spectroscopy. While transient optical
spectroscopy is a powerful technique for studies of the
dynamics of charge transfer in DNA,21,22EPR spectroscopy
provides an unambiguous identification of the species
involved in the charge separation processes by revealing
changes in local symmetry and hyperfine couplings along
the pathway of charge carriers.23,24

Initially, we have identified the radical species formed by
photoexcitation of the charge-transfer complex of TiO2

nanoparticles with dopamine alone at low temperature (10
K).25 EPR signals attributed to the reduced electron acceptor
(Ti3+) and the oxidized electron donor (dopamine+) were
obtained. The former weak signal (g⊥ ) 1.988,g| ) 1.958)
is characteristic of a radical in which the unpaired electron
occupies the d orbitals of the anatase lattice Ti atoms.26 The
latter EPR signal was observed atg ) 2.004, having a line
width of ∆Hpp ) 16 G. We attribute this signal to dopamine
because the signal narrowed to∆Hpp ) 10 G upon deutera-
tion of dopamine (ring D2 or 2,2 D2), indicating the existence

Figure 2. AFM image of 50 Å TiO2 nanoparticles linked to 16-base pair double-stranded oligonucleotides (Digital Instruments, Bioscope).
The samples were prepared in 40 mM phosphate buffer according to the procedure described elsewhere7 and spin coated onto the freshly
cleaved mica substrate. While the two images have different in-plane scale, the height scale is the same for both images. The color-coded
scale of the sample heights is presented on the bottom of each image while the in-plane scale is indicated with the bar on the image. A
model of TiO2 nanoparticles linked to 16-base pair double-stranded DNA is depicted in the bottom right corner. The inset on the bottom
left corner presents the absorption spectra of TiO2 nanoparticles linked to: none, one, two, and three dopamine molecules per particle
(black); and different 16-base pair oligonucleotides end-labeled with dopamine molecules (color) used for obtaining AFM images.
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of spin density on the pendant CH2-CH2-NH2 side chain
of dopamine.13 The delocalization of photogenerated holes
to the pendant side chain suggests dopamine as a ligand of
choice for linking nanoparticles to biomolecules, because it
can act as a conduit of photogenerated charges and enables
further extension of charge separation.

A variety of 16-base pair oligonucleotides terminated with
carboxyl deoxythymidin-e (cdT) were attached to the pendant
amino groups of dopamine and chemisorbed on the TiO2

surface. The EPR spectrum obtained after photoexcitation
of single-stranded DNA/TiO2 composite (ss DNA/TiO2) at
10 K was identical to that obtained upon illumination of
dopamine-modified TiO2 (Figure 3, top). This result indicates
that in the single-stranded TiO2/DNA nanocomposite charge
separation at 10 K terminates at dopamine and never reaches
DNA oligonucleotide. Subsequently, TiO2 attached oligo-
nucleotides were hybridized with their complementary
strands in order to create double-stranded DNA/TiO2 nano-
composites (ds DNA/TiO2). Following photoexcitation at 10
K, an EPR signal distinct from the EPR spectrum of
dopamine-modified TiO2 was observed. This signal, obtained

with two different attached oligonucleotides, is a multiline
spectrum with a total width of 100 G (Figure 3 top curve
2).

The EPR spectrum resembles that of radicals obtained for
oxidized DNA at low temperature,27 but does not duplicate
the shapes of signals obtained following oxidative damage
of the four nucleic bases that constitute DNA. The main
features of the signal obtained upon illumination of TiO2/
DNA nanocomposite at 10 K could be reasonably simulated
assuming hole trapping on cdT (Figure 4). The oxidation of
cdT as a primary hole trapping site at 10 K is not expected,
considering that thymidine itself should not be oxidized by
photogenerated holes on TiO2. Therefore, theoretical model-
ing of the redox properties of thymidine derivatives in gas
phase and in aqueous solution was carried out.28 The
computational results indicate that the addition of a carboxyl
group to thymine at position 5 (replacing a methyl group)
lowers the adiabatic ionization potential of thymine in
aqueous solution by 0.08 eV (Figure 5). Furthermore, it was
found that condensation of carboxyl thymine (cT) with an
amino group into a peptide bond (ncT) leads to further

Figure 3. Charge separation in 50 Å TiO2 particles coupled to 16-base pair single-stranded (1) and double-stranded oligonucleotides (two
different sequences) (2). Top: EPR spectra. The samples were illuminated using a Xe 300 W lamp (ILC Corp.), and the spectra recorded
at 10 K. EPR setup was described elsewhere.25 Samples were checked for background EPR signals before irradiation. EPR spectra were
recorded with 6.3 G modulation amplitude, 0.1 s time constant, 1 mW microwave power. Bottom: Photoreduction of silver ions under
ambient conditions. TiO2 nanoparticles were linked to dopamine, single-stranded DNA oligonucleotides with the sequence 5′cdTGG-
TATATATATATAT 3 ′ (1) and double-stranded DNA with the sequence 5′cdTGGTATATATATATAT 3′ hybridized with 5′
ATATATATATATACCA (2) were spotted onto a glass plate in the presence of silver ions. The samples were illuminated with 100 W
white light for 5 min. The brown color indicates metallic silver deposition following accumulation of photogenerated electrons on TiO2

nanoparticles as a result of extended charge separation.
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lowering of the ionization potential by an additional 0.12
eV. Hydrogen bonding following base pairing of ncT with
adenine introduces additional changes in the ionization
potential, resulting in further reduction of the ionization
potential of the ncT‚‚‚A pair by 0.13 eV. We believe that
this last step of base pairing is responsible for our observation
that the most efficient electron transfer occurs in double-
stranded oligonucleotides attached to TiO2. As the oxidation
potential of ncT decreases upon base pairing, ncT‚‚‚A does
not impose a barrier for hole hopping and the oxidation of
double-stranded DNA oligonucleotides becomes efficient
(Figure 1a). On the other hand, when single-stranded DNA
oligonucleotides are linked to TiO2 nanoparticles, photoge-
nerated holes do not have enough driving force to overcome
the barrier imposed by cdT and photogenerated holes,
localized at dopamine, recombine with electrons on neigh-
boring TiO2 nanoparticle (Figure 1b).

We have also investigated the charge separation in these
systems at room temperature by using silver reduction as a
reporter of the number of electron-transfer events (Figure
3b). Silver ions have a positive deposition potential, and
when excess electrons are present in TiO2 nanoparticles,
silver ions act as acceptors for these photogenerated electrons

(A, Figure 1) and are reduced to their metallic form. As in
the photographic process, the amount of the silver deposited
on the TiO2 particles, and subsequent color intensity, is
proportional to the number of electrons that have survived
charge separation. In this manner the amount of deposited
silver is proportional to the lifetime of charge-separated state.
Hence, silver ions were added into the solution of DNA/
TiO2 nanocomposites and the sample was dried on a glass
plate. Illumination of the glass plate resulted in significant
silver deposition in the areas where dsDNA/TiO2 nanocom-
posites were spotted, indicating that hybridized DNA mol-
ecules act as efficient electron donors that allow photocat-
alytic deposition of metallic silver on TiO2 nanoparticles
(Figure 3 bottom, spot 2). Deposition of metallic silver in
ssDNA/TiO2 nanocomposites was much less intense, sug-
gesting the existence of the barrier for extended charge
separation, in agreement with the low-temperature EPR
results (Figure 3 bottom, spot 1). This small amount of
deposited silver may be the result of thermal mobility of
single-stranded DNA at room temperature.29 It should be
noted that deposition of metallic silver was not significant
for samples of TiO2 linked only to dopamine under the same
conditions (Figure 3 bottom), or in a system in which dsDNA
was linked through a polythymine linker (12T). Additionally,
when one or two mismatches (GT) were introduced into the
sequence of dsDNA, deposition of silver was reduced (Figure
6a). Addition of GT mismatches prevents guanine bases from
participating in hole hopping within DNA. The decrease in
the efficiency of silver deposition followed long-range
electron-transfer correlation (efficiency∝ N-η, η in these

Figure 4. Comparison of experimental and simulated spectra of
oxidized carboxyl deoxythymidine radical (cdT). The spectra were
simulated using “Simfonia” simulation program (Bruker Instruments
Inc.) using the parameters indicated in the figure. The parameters
used to simulate the cdT cation radical were consistent with the
hyperfine interactions of one proton from the CH group at the
position 7 and two nitrogen atoms of the pyrimidine ring. The
anisotropic g-tensors and hyperfine couplings are consistent with
the parameters used in previous simulations of frozen solutions
containing cation radicals of pyrimidines.22

Figure 5. Theoretical modeling of the structure and ionization
potentials of thymine, carboxyl thymine and carboxyl thymine-
adenine pair. The structures and ionization potentials of thymine
(T) and carboxyl thymine (CT) and CT‚‚‚A pair in the gas phase
and aqueous solution were calculated26 at the B3LYP/6-31+G**//
B3LYP/6-31G** level of theory, including zero-point energy
correction. The solvation was treated using the self-consistent
reaction field and polarized continuum model. Solvation reduces
ionization potentials. Functionalization of thymine by the amino-
modified carboxyl group improves its electron-donating properties
and the choice of linker strongly influences properties of the base
pair.

Nano Lett., Vol. 4, No. 6, 2004 1021



experiments was 0.5).30,31 The experiments were performed
in three different double strands, where the number of
electron-transfer steps over the distance of 66 Å was varied
from 3 to 1.

The sequential steps in the hole trapping process were
studied through the temperature dependence of the EPR
signal. Warming of the sample induces a change in the EPR
spectrum indicative of further charge hopping. Upon an-
nealing at 80 K, the EPR signal collapses into a signal with
a very weakly resolved hyperfine structure and weak satellite
lines (Figure 6b). The EPR spectrum of the guanosine radical
cation obtained by reaction with radiolytically generated OH
radicals matches the 80 K spectrum. This result indicates
that sequential hole transfer to guanine in DNA follows the
initial charge separation between the end-group cdT radical
and TiO2 nanoparticle. In this manner, the absorption of light
by the DNA/TiO2 system is followed by sequential electron
transfer of photogenerated electrons through a series of
electron trapping sites. Therefore, illumination of TiO2/DNA
composites results in a light conversion event in which light
energy is transduced into separated electrons and positive
holes, stabilized by physical separation. It should be noted
that in polythymidine-bridged dsDNA attached to TiO2

particles, extended charge separation, monitored by silver
deposition, was not observed. In this case charge never
reaches the DNA oligonucleotides, suggesting that an activa-
tion barrier controls the electron-transfer processes in the
hybrid systems, similar to the case of DNA alone.29,32

Furthermore, linking of DNA through thymidine bridges
prevents the photoinduced redox chemistry that occurs in
hybrid TiO2/oligonucleotide triads. Therefore, controlling the
sequence of the bridging groups of DNA oligonucleotides
allows for the control of the electron transfer process across
the interface. This approach provides the opportunity for
linking multiple DNA oligonucleotides to nanocrystalline
particles, some having redox functions and others having only
recognition functions capable of continuing naturally de-
signed biological activities upon illumination. In this manner
one can envision multifunctional triads carrying out simul-
taneously a variety of functions involved in manipulation of
genetic materials.7

In summary, we have shown that binding of double-
stranded oligonucleotides to photoactive metal oxide particles
results in a photoelectrochemical system capable of extended
charge pair separation. These systems (triads) may form a
basis for designing sensors for DNA hybridization. The same
method could be used for the detection of DNA binding
polypeptides due to the change of redox properties of DNA
after binding to proteins. This approach creates an op-
portunity for a new family of site-specific biomolecule
electronic sensors and/or electronically tunable site-specific
metal oxide catalysts. Multiple electron transfers in this
system may also result in cleavage of DNA, forming a basis
for in vivo intracellular devices capable of genetic manipula-
tion and genetic detection.7 Full realization of these potential
implementations requires detailed understanding of charge
separation in these composite materials. Future studies will
address in detail the effects of length, sequence, and the DNA
structure (mismatches) on charge accumulation and conse-
quently signal transduction.
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