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ABSTRACT: The dynamics of charge separation and charge recombina-
tion have been determined for lipid complexes of DNA capped hairpins
possessing stilbene electron-acceptor and -donor chromophores separated
by base-pair domains that vary in length and base sequence in chloroform
solution by means of femtosecond time-resolved transient absorption
spectroscopy. The results obtained for the DNA-lipid complexes are
compared with those previously obtained in our laboratories for the same
hairpins in aqueous buffer. The charge separation and charge recombination
times for the lipid complexes are consistently much shorter than those
determined in aqueous solution and are only weakly dependent on the
number of base pairs separating the acceptor and donor. The enhanced rate
constants for forward and return charge transport in DNA—lipid complexes

slow charge transport

fast charge transport

support proposals that solvent gating is responsible, to a significant extent, for the relatively low rates of charge transport for
DNA in water. Moreover, they suggest that DNA—lipid complexes may prove useful in the development of DNA-based

molecular electronic devices.

B INTRODUCTION

Compared with electron transfer in conductive organic
materials," charge transport in DNA in aqueous solution is an
intrinsically slow process.”> The highest hole transport rates
have been observed for polypurine sequences.* We have
employed femtosecond time-resolved transient absorption
spectroscopy to determine the rate constants for charge
transport from a donor stilbene (Sd) to an excited acceptor
stilbene ('Sa*) separated by a variable number of A-T base
pairs (Chart 1a,d).>® Kinetic modeling of the hole transit times
for longer A-tracts provided a rate constant of 1.2 X 10° s™" for
A-to-A hole hopping,” A somewhat higher rate constant for G-
to-G hole transport, 4.2 X 10° s™*, was obtained from the hole
transit times for Sa—Sd-capped hairpin systems in which the A-
tract was replaced by an A,,G, diblock purine (m =2 or 3, n =
2—19; Chart 1e).*’ Even higher rate constants for hole
transport have been reported for some nucleobase analogues.™”
Kawai and Majima® reported rate constants of 0.4 X 10° and 3.8
X 10° s7! for hole transport between guanines in alternating
(GA), and (GC), sequences, respectively. Even lower rate
constants were observed for nonalternating base sequences.’
Our experimental values of the A-to-A and G-to-G hole
hopping rate constants (khop) are similar to those calculated by
Steinbrecher et al.'’ using a QM/MM model that explicitly
considered solvent interactions. To place these values in
context, they are similar to the experimental value for poly(IN-
vinylcarbazole) in dichloromethane (1.1 X 10° s™') and larger
than the value for polystyrene (< 107 s™').'* A hole mobility
() of 5 X 107 ecm® V™! 57! has been reported for charge

-4 ACS Publications  © 2014 American Chemical Society

recombination in the lipid complex of a 13-mer DNA duplex
having a A;G;A; poly(purine) strand based on time-resolved
microwave conductivity measurements in CCl,.'> This value is
substantially larger than the value g = 2 X 107> cm®* V™' 57!
estimated by Senthilkumar et al."® for hole mobility in a
poly(A) stack in aqueous solution.

Theoretical analyses of charge transport in DNA have
provided several possible explanations for its relatively low hole
mobility in aqueous solution. These include “gating” processes
such as base-pair motion,'*!> counterion motion,'® and solvent
fluctuations.'” Incorporation of locked nucleic acids into duplex
structures'® or binding of Mg®* in the minor groove' results in
decreased rate constants for hole transport, presumably as a
consequence of decreased base-pair conformational mobility.

The effect of solvation on the dynamics of electron transfer
in proteins has been extensively investigated.”® Incorporation of
redox-active proteins into lipid bilayers can have a pronounced
influence on electron transfer reaction rates as a consequence of
control over the mode of interaction between proteins.”!
Virtually all studies of DNA charge transport dynamics have
been conducted in aqueous solution, with the exception of the
lipid complex study mentioned above.

We report here the results of an investigation of photo-
induced charge transport in the complexes of hexadecyltrime-
thylammonium bromide (CTAB) with the Sa/Sd systems
shown in Chart 1 in chloroform solution. The dynamics of
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Chart 1. Structures of (a) the Sa Stilbenedicarboxamide
Capping Group and Sd Stilbenediether Hairpin Linker, (B)
the Purines Adenine and Guanine, (c) CTAB, and (d—f)
Capped Hairpins Having (d) Poly(A), (e) Diblock A,G,, and
(f) Varied Base Sequences
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charge separation and charge recombination are significantly
faster for the lipid complexes than for the noncomplexed
systems in aqueous buffer. Higher rate constants, ease of
preparation, and protection from strand cleavage reactions™
make DNA-lipid complexes promising materials for applica-
tions in molecular electronic devices and potential models for
electron transport in DNA—enzyme complexes.””**

B RESULTS AND DISCUSSION

Synthesis and Steady-State Spectra. The capped
hairpins whose structures are shown in Chart 1 were prepared,
purified, and characterized as described previously (see
Materials and Methods).>® The hairpins were converted to
their CTAB complexes following the procedure of Ijiro and
Okahata,* dried in vacuum, and dissolved in chloroform. The
UV and circular dichroism (CD) spectra of several CTAB
complexes are shown in Figure 1. The other CTAB complexes
have similar spectra (data not shown). Absorption by the
solvent restricts these spectra to wavelengths longer than 245
nm. The UV spectra of the CTAB complexes display long-
wavelength bands assigned to overlapping absorption of the Sa
and Sd chromophores and short-wavelength bands assigned to
overlapping absorption of the DNA bases and stilbenes. The
ratio of the short- and long-wavelength band intensities
increases as the number of base pairs in the hairpin increases.
The UV spectra of the A,G,—CTAB solutions remain
essentially unchanged over the temperature range 5—60 °C
(Figures S1 and S2 in the Supporting Information). The
capped hairpins all have melting transitions above 60 °C in
aqueous solution.®
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Figure 1. (a, b) UV—vis absorption spectra and (c, d) circular
dichroism spectra of CTAB complexes in CHClI; solution. The solvent
absorbs strongly at wavelengths shorter than 250 nm.

The CD spectra of A;G,—CTAB complexes shown in Figure
1c display a positive band at 275 + 1 nm and a negative band
near the solvent cutoff. CD spectra similar to those for the A,G,,
complexes have been reported for several DNA-lipid
complexes, including the duplex studied by Yamagami et
al."»*> The CD spectra of the CTAB complexes of A, A;,, and
A,(TA), shown in Figure 1d also display long-wavelength
maxima and short-wavelength minima; however their band
intensities are dependent upon the base sequence. There is
general agreement that duplex DNA retains a helical geometry
in its lipid complexes; however, whether short synthetic
duplexes adopt a classical B-DNA structure or some variant is
uncertain.

The fluorescence spectra of the hairpin—CTAB solutions in
CHClI; and A,G,, in aqueous buffer are shown in Figure S3. We
assign the fluorescence to the Sa chromophore on the basis of
highly efficient quenching of the Sd fluorescence by G-C base
pairs in Sd-linked hairpins.*® The spectra of the CTAB
complexes have band maxima at 382 + 1 nm, which are
slightly higher in energy than the maxima of the hairpins in
aqueous solution (386 nm).”” The spectra of the CTAB
complexes also display vibronic structure similar to that of the
isolated Sa linker, whereas the spectra of the hairpins in buffer
are structureless.”” The structured Sa fluorescence suggests that
the electronic interaction of Sa with the adjacent A-T base pair
is weaker in the CTAB complex than in aqueous solution,
plausibly as a consequence of the absence of hydrophobic
attraction.

The fluorescence quantum vyields (®;) for the CTAB
complexes in CHCl; are reported in Table 1 along with
available values for the capped hairpins in aqueous buffer.” The
relatively large quantum yields for the A, capped hairpins in
buffer are attributed to delayed fluorescence from reversibly
formed Sa™®A** contact radical ion pairs or exciplexes.” The
much lower values for A,G, hairpins in buffer, like the low
values for Sa-linked hairpins with a neighboring AAG sequence,
are attributed to trapping of the A*® radical cation by G.”’
Values of 0.13 > @; > 0.05 were obtained for all of the CTAB
complexes. The similar values of ®; are consistent with the
absence of delayed fluorescence for the CTAB complexes.
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Table 1. Quantum Yields for Fluorescence and Charge
Separation and Kinetics for Charge Separation and Charge
Recombination for CTAB Complexes of Sa/Sd-Capped
Hairpins in CHCI; from This Study and Literature Values
for the Capped Hairpins in Aqueous Buffer”

hairpin medium @ [0 7. (ps) 7., (ns)

Ag CTAB 0.10 0.29 206 + 16 7.01 + 0.80
buffer 0.31b 0.09¢ 9000 1.4 X 10%¢

Ay CTAB  0.08 0.32 150 + 20

A)Gy CTAB 0.05 0.29 165 + 13 6.79 + 0.75
buffer 0.009 0.34° 490°

A,Gy CTAB 0.07 0.31 174 + 1§ 5.16 + 0.52
buffer 0.010 0.32¢ 1000°

A,Gq CTAB 0.09 0.28 214 + 19 6.40 + 0.78
buffer 0.012 0.25° 1700°¢

A,Gg CTAB 0.10 0.29 231 £ 20 5.94 + 0.70
buffer 0.013 0.24¢ 5000

ATy CTAB 0.13 0.35 366 + 27 7.64 + 097

A(GA), CTAB 0.1 033  234+22 480 + 057

A,(CG), CTAB 0.11 0.32 362 + 37 3.67 + 042

A(TA),  CTAB <0.02

AC CTAB 0.13 0.32 326 + 30 6.77 + 0.96

“Aqueous buffer: 0.1 M NaCl and 10 mM sodium phosphate, pH 7.2.
Data are from this study except as noted. Charge separation was not
observed for A, in aqueous buffer or for CTAB—A,(TA),. Data from
ref 7. “Data from ref 10. “A satisfactory fit was not obtained for 7.

Transient Absorption Spectra. Femtosecond time-
resolved transient absorption spectra were obtained as
previously described using 350 nm excitation (for selective
excitation of Sa vs Sd) from a Ti-sapphire-based system having
a time resolution of ca. 180 fs, a spectral range of 440—800 nm,
and a time window of 0—7 ns.”® Typical transient absorption
spectra for the CTAB complexes in Chart 1 are shown in
Figure 2 for A;Gg—CTAB, and the transient spectra of the
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Figure 2. Transient spectra of A;Gg—CTAB in CHCI, at delay times
from —0.2 ps to 6.9 ns.

other CTAB complexes are provided in Figures S4—S13 in the
Supporting Information. The single band observed with a
maximum at 591 + 1 nm at short delay times is assigned to the
'Sa* singlet state. The decay of this band is accompanied by
band broadening, a shift of the band maximum to shorter
wavelength (attributed to reduction of 'Sa* to Sa™*), and the
formation of a second band at 538 + 1 nm (assigned to Sd**,
which does not display a time-dependent change in band
shape). Only in the case of A,(TA),—CTAB is the band
assigned to Sd"* not detected. The broadening and blue shift

observed for the Sa™® bands of the CTAB complexes are not
observed in aqueous buffer.® The formation of the band
assigned to Sd*® is observed for A4 and the A,G, diblock
hairpins in aqueous solution, but not for A, or for alternating
sequences such as A,(TA), and A,(GA) P Hairpins
possessing 10 base pairs with a single crossover (A,Tg) or
mismatch (AC) have not been studied in buffer but are not
expected to undergo charge separation in buffer on the time
scale of our measurements.

The transient spectra of the CTAB complexes in CHCI;
between 440 and 800 nm at 0—7 ns were subjected to singular
value decomposition (SVD) and global fitting to the kinetic
model A — B — ground state, which is a simplified version of
the mechanism previously groposed for charge separation in A4
shown in Scheme 1a.”**° The spectra associated with the

Scheme 1. Mechanisms of Charge Separation and Charge
Recombination for (a) the Capped Hairpin A in Aqueous
Buffer’”*° and (b) the CTAB Complex of Aq in Chloroform
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kinetic components A and B for A;Gg—CTAB, where A is the
singlet state 'Sa* and B is the charge-separated state Sa™*/Sd"®,
are shown in Figure 3a. The species-associated spectra and
kinetic fits for the other hairpin—CTAB complexes are shown
in Figure S14 in the Supporting Information. While the fits
recover the generalized behavior of charge separation in these
systems, the agreement of the fits to the principal components
is not perfect. This is a result of the oversimplification of the A
— B — ground state model, which glosses over the
intermediate hole-hopping steps as well as exciplex formation,
charge recombination, and fluorescence (Scheme 1a). None-
theless, the reconstructed spectra (Figures 3a and S14) are in
good agreement with the established spectra of Sa*, Sa™*, and
Sd*** Despite the discrepancies in the fits at intermediate
stages (Figures 3b and S14), by deconvoluting the evolution of
the spectral components we can more accurately determine the
charge separation times for these systems than by the method
used previously, which fits the ratio of Sd"* and Sa™® band
intensities to a first-order rise,”® which is complicated here by
the time-dependent blue shift in the Sa* band. The fits to the
kinetic model are shown in Figures 3b and S14, and the decay
times for charge separation (A — B, 7.) and charge
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Figure 3. (a) Species-associated spectra for the initial and charge-
separated states of A,Gg and (b) SVD/global fit to the simplified
kinetic model A — B — ground state. A is 'Sa* and B is Sa=*Sd*".

recombination (B — ground state, 7.) for the CTAB
complexes are reported in Table 1. Also reported are values
of 7, and 7, for some of the hairpins in aqueous buffer.® For
complexes having 10 base pairs, the values of 7., decrease in the
order Ajy < A,(AG), < AC ~ A, Ty & A,(CG), < A,(TA),. The
values of 7, increase slightly with duplex length for the CTAB
complexes of the A,G,, hairpins but decrease for A, versus Ag.
The values of 7., also show relatively small variation with length
or base sequence. In view of the fitting errors of our SVD
analysis, we do not consider the small differences in 7, or 7, to
be significant. Much larger differences in the values of 7. were
observed for the A,G,, hairpins in buffer. Values of 7, have not
been determined for the A,G, hairpins in buffer; however, their
charge-separated states do not undergo appreciable charge
recombination during the 0—7 ns time window of our
measurements.® Quantum yields for charge separation (®)
for the lipid complexes were determined by comparing the
integrated areas of 'Sa* at t = 0 fs and Sa™*/Sd** at its
maximum value (1.5-2 ns). The values of @ reported in
Table 1 are similar for all of the lipid complexes (0.32 + 0.03),
with the exception of A,(TA), which fails to undergo
detectable charge separation.

The pronounced effect of lipid complexation on the
dynamics of charge separation for the Sa/Sd hairpins can be
discussed using the modified mechanism shown in Scheme 1b
for the A4 hairpin. For the A4 hairpin in buffer, it was possible
to resolve the fast initial exciplex formation and slower char%e
separation steps (< 30 ps and 9 ns, respectively; Scheme 1a),*
whereas for the lipid complex only the charge separation step is
resolved (cf. Figure 3b). This difference plausibly reflects much
faster hole transport and/or hole trapping by Sd for the lipid
complex. Much faster hole transport can also account for the
very weak distance dependence of 7 for the A,G,, hairpins and
the similar values of 7 for the diblock sequence A,Gg and the
alternating poly(purine) sequence A,(GA),, even though the
shorter A,(GAGAG) sequence hairpin fails to undergo
measurable charge separation in buffer. Somewhat slower
charge separation is observed for the CTAB complexes of
sequences that possess a mismatch or strand crossing (AC and
A,Tg) in a poly(purine) sequence or a (GC), alternating

sequence, (Table 1). Only the CTAB complex possessing an
(AT), alternating sequence fails to undergo detectable hole
transport. Hairpins with this sequence have previously been
observed to undergo much less efficient hole transport than
poly(A) sequences. A hairpin with the shorter ATATA base
sequence undergoes slow, ineflicient charge separation in
buffer.”

The decrease in the charge recombination time for A4 in lipid
versus buffer (7 = 7.3 ns vs 140 ps) is even more pronounced
than the decrease in its charge separation time. Charge
recombination times for Sa—A,—Sd and other DNA charge-
separated systems in aqueous buffer are moderately distance-
dependent (ff ~ 0.4 A™') over distances of four to eight A-T
base pairs.>>" It should be noted that the relative yields of DNA
strand cleavage may become independent of distance beyond
four base pairs,* even though the rate constants for charge
separation and charge recombination remain distance-depend-
ent in aqueous buffer.®

The absence of a pronounced distance dependence for
charge recombination as well as charge separation in hairpin—
CTAB complexes suggests that the rate-determining step is
neither single-step superexchange nor incoherent hopping, both
of which would be expected to display distance dependence.**
Plausibly, the rate-determining steps for forward and return
charge transport are hole trapping by Sd and thermal
detrapping, respectively (Scheme 1b). Similar rate-determining
steps for all of the hairpins could account for their similar
quantum yields for fluorescence and charge separation as well
as their similar values of 7 and 7., (Table 1). A difference in
free energy of ca. 2.0 kcal/mol between the oxidized bridge and
Sd** could account for the higher rate constants for charge
separation versus charge recombination.

B CONCLUSIONS

In summary, we have observed fast photoinduced charge
separation and charge recombination in lipid complexes of
capped DNA hairpins in chloroform solution. The hairpins
studied differ in length (5—10 base pairs) and base sequence,
including duplexes that possess poly(purine) and alternating
purine—pyrimidine sequences and sequences having a purine
strand crossover and a base-pair mismatch. The observation of
fast charge recombination is consistent with the report of high
charge mobility for a 13-mer poly(purine)—poly(pyrimidine)
duplex with dimethyldipalmitylammonium bromide by Yama-
gami et al.'* based on microwave conductivity measurements of
charge recombination.

Our results indicate that hole transport in the CTAB
complexes is much faster than in aqueous solution and is not
the rate-determining step for photoinduced charge separation
in the CTAB complexes. It is interesting to note that Renaud et
al.** have proposed a mechanism for charge separation in the
Ag hairpin in aqueous solution in which the rate-determining
step is hole trapping by Sd. If hole trapping is in fact the rate-
determining step for charge separation, then hole transport
across 5—10 base pairs in the CTAB complexes must be even
faster than the charge separation times that we have determined
experimentally. Whereas the origin of the rate enhancement for
hole transport in lipid complexes versus aqueous solution
remains to be elucidated, changes in duplex structure and
solvation appear to be contributing factors. Both the CD and
fluorescence spectra of the lipid complexes are consistent with
less-rigid structures for the lipid complexes, and removal of
water from the duplex major and minor grooves should favor
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charge delocalization and lower the activation energy for hole
migra.tion.l“’34

The observation of fast, reversible hole transport in DNA in
nonaqueous environments substantially expands the potential
utility of DNA in molecular electronic devices and may also
account for reports of fast DNA electron transport in protein—
DNA complexes.****

B MATERIALS AND METHODS

Materials. The capped hairpins listed in Chart 1 were prepared,
purified, and characterized as previously described.**® Values of m/z
obtained from MALDI-TOF mass spectrometry are reported in Table
S1 in the Supporting Information. The hairpins were converted to
their complexes with CTAB following a reported procedure,** dried in
vacuum, and dissolved in chloroform. All of the subsequent studies
were performed in chloroform.

Methods. Fluorescence spectra were recorded for samples (optical
density of 0.09 at 350 nm in 1 mL of CHCl;) excited at 350 nm, and
the emission spectra were recorded in the range from 365 to 680 nm.
Fluorescence quantum yields (®;) were determined relative to the
quantum yield of quinine sulfate.’” CD spectra were recorded on Jasco
J-815 CD spectrometer.

Transient absorption spectra were recorded using a previously
described apparatus.”® Samples were stirred during irradiation to
minimize the effects of local heating and sample degradation.
Transient absorption experiments were performed two or three
times on each hairpin, and the results of the individual experiments
were similar. However, because of instabilities in the laser system, the
signal-to-noise ratio for some of the data prevented them from being
fit accurately using the SVD global analysis described below, a problem
which was not evident until the analysis was performed. Therefore, the
reported time constants and standard errors reported in Table 1 were
obtained directly from the SVD analysis of the single set of transient
absorption spectra shown in the Supporting Information.

SVD analysis of transient absorption spectra was performed in
MATLAB using a laboratory-written program. The 2D spectra were
deconvoluted by SVD to produce an orthonormal set of basis spectra
that describe the wavelength dependence of the species and a
corresponding set of orthogonal vectors that describe the time-
dependent amplitudes of the basis spectra.®® A species-associated first-
order kinetic model® was fit to a linear combination of the time-
dependent amplitude vectors, and the same linear combination of basis
spectra was used to construct the spectra for the chemical species.

B ASSOCIATED CONTENT
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Mass spectral data, temperature-dependent UV spectra, and
transient absorption spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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