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Abstract: We report here the first ex-
ample of organic radical battery with
DNA. Though there is a growing inter-
est in DNA/cationic-lipid complexes as
promising gene delivery vehicles, few
efforts have been focused on the use of
such complexes as advanced materials
for organic optoelectronic applications.
The present article describes how sub-

lipid(1-4) provided novel DNA-lipid
complexes that contain TEMPO radi-
cals, in which the actual mole ratio of
phosphate to lipid was 1:0.84 to 1:0.16.
All the TEMPO-containing DNA-lipid
complexes displayed reversible two-
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stage charge/discharge processes, the
discharge capacities of which were
40.5-60.0 Ahkg™". In particular, the ca-
pacity of a DNA-lipid(3)-based cell
reached 60.0 Ahkg™!, which corre-
sponds to 192 % relative to its theoreti-
cal value for the single-electron one-
stage process, indicating a two-electron
process.

stitution of the sodium counter cation
of DNA with -cationic amphiphilic

Introduction

DNA possesses many physical and chemical properties that
make it a powerful material for molecular constructions on
the nanometer-length scale.! Furthermore, DNA is an
anionic polyelectrolyte, which can be quantitatively precipi-
tated with cationic surfactants in water to form DNA/cation-
ic-lipid complexes. DNA complexes afford useful nonviral
delivery systems as a powerful protocol for gene therapy
and vaccination in biotechnology and medical applications.
DNA complexes also remind us of the coil-to-globule transi-
tion in synthetic polymers, exhibiting intriguing liquid crys-
talline and polyelectrolyte behavior.”*) Much work has
been dedicated to revealing supramolecular structures and
morphologies in DNA/cationic-lipid complexes, which is pri-
marily stimulated by nonviral gene delivery."' We think
that DNA-lipid complex materials are also promising in ap-
plications to optoelectronic materials for the following rea-
sons: First, not only is the electron transfer on DNA mediat-
ed by solvated (hydrated) electron, moving along the phos-
phate backbone," but also DNA conveys electric current as
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efficiently as a good semiconductor and gives membrane
materials of high optical transparency.'>'¥ Second, DNA-
based materials feature relatively high physicochemical sta-
bility, which is much higher than that of proteins. Hence,
DNA-lipid complex materials can be synthesized, pro-
cessed, and stored under a broad range of environmental
conditions without the necessity of special precautions to
avoid decomposition. Third, the design and synthesis of cat-
ionic lipids (liposomes, dendrimers, and polymers) carrying
optoelectronic functional groups are well known, and it is
easy to prepare complexes of DNA with them to obtain ad-
vanced materials with unique electronic and optical proper-
ties for potential applications including one-dimensional
semiconductors, nonlinear optics, field-effect transistors, and
photovoltaics.

On the other hand, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) and its derivatives are known, stable nitroxy radi-
cals and have found applications in a variety of fields such
as spin labels in the study of conformation and structural
mobility of biological systems,' scavengers of unstable rad-
ical species,"” and oxidizing agents."®! Polymers carrying
TEMPO radicals have been intensively studied in the fields
of electron-spin resonance!’”! and molecular motion,'*!*! and
frequently employed as functional materials, such as poly-
meric stabilizers® and oxidants of alcohols.”"*! TEMPO-
carrying polymers can also be applied to cathode-active ma-
terials in secondary batteries, called organic radical batter-
ies. Such batteries possess numerous advantages over lithi-
um-ion batteries, such as large charge and discharge rates
and, more importantly, environmentally friendly and safe
nature due to the absence of heavy metals.*?”! We have re-
cently investigated the preparation and charge/discharge
properties of several polyacetylenes and polynorbornenes
containing TEMPO groups, and revealed that the discharge
capacity of certain cells fabricated with polymers carrying
TEMPO radicals reaches the theoretical values expected
from their molecular structures.”®>” Thus far, all of the
studies about organic radical batteries have been carried out
with synthetic polymers.

The present paper deals with the preparation and funda-
mental properties of DNA-lipid complexes containing
TEMPO radicals, and further their charge/discharge charac-
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teristics as cathode-active materials in organic radical batter-
ies. To the best of our knowledge, the present research
shows the first example of secondary battery with DNA. In
general, organic radical batteries as studied here feature
high charge speed and large power relative to lithium ion
batteries.

Results and Discussion

Synthesis of DNA-lipid complexes: We synthesized at first
four cationic lipids carrying TEMPO radicals, lipid(1-4),
and then DNA-lipid(1-4) in the following way. When an
aqueous solution of DNA-Na was added into aqueous lipid
solutions, DNA-lipid complexes immediately precipitated
from the aqueous solutions.
After stirring for 24h, the
white flocculous products were

DNA-lipid(1

@\l O—Cﬁwé
NN

while they were insoluble in
water, THF, toluene, diethyl
ether, and n-hexane. The ele-
mental analyses revealed that
o the formed DNA-lipid com-
plexes possessed compositions
with the phosphate anion to
cationic amphiphile ratios of
1:0.84 to 1:0.16 (Table 1).

The ICP (inductively coupled
plasma) analyses disclosed that
the Na® of DNA was almost
completely replaced by the cat-
ionic lipids. The content of lipid
in DNA-lipid(1) was as high as
about 80% of its theoretical
value, while those in DNA-
lipid(2-4) decreased progres-
v sively as the lipids became
o\ \//<O bulkier. A reason for this find-
ing is that lipid(2-4) possess
amino acid based dendrimer
structures that exhibit proper-
) ’ ties based on both cationic and
neutral lipids, whereas the com-
plexation behavior of lipid(1),
which exhibits only cationic
lipid properties, is simpler.”!

) (e}

N
\

Characterization of the DNA-

lipid complexes: Figure 1 de-

picts the FTIR spectra of
DNA-Na, lipid(1), lipid(3), DNA-lipid(1), and DNA-
lipid(3). The IR spectra of DNA-lipid(1-4) displayed almost
all absorptions characteristic of those in both lipids and
DNA-Na. The spectra of DNA-lipid(1) and DNA-lipid(3)
complexes exhibit the absorption bands at 1234 and
1695 cm™! attributable to antisymmetric stretching of PO,
and stretching of C=0 in the base pairs (thymine (T), gua-
nine (G), and cytosine (C)) of the DNA, respectively, while
the bands at 2927 and 2846 cm™' are attributable to the
—CHj; and —CH, stretching of lipid moieties.

All of DNA-lipid(1-4) showed a large positive circular di-
chroism (CD) signal at 290 nm and a negative CD signal at
260 nm in CHCl; in Figure 2, indicating that they adopted a
double-helical C-form conformation different from that of

Table 1. Preparation of DNA-lipid complexes containing TEMPO.

filtered off to providle DNA- Sample Yield [%]% Replacement Ry, Lipid/phosphate R, TEMPO/phosphate
lipids with 39-57% vyields of Nat [%]" [mole ratio] [mole ratio]'!
Table 1 summarizes the condi- DNA-lipid(1) 56 97 0.84 084
tions and results of preparation Dna-lipid(2) 37 7 057 114
S ol prep DNA-lipid(3) 46 96 0.33 132
of the DNA—llpld complexes. DNA-lipid(4) 39 96 0.16 1.28

These complexes were com-
pletely soluble in CHCI,,

CH,Cl,, methanol, and ethanol, Equation (5).
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[a] DNA-lipid complexes were obtained as water-insoluble part. The yields were determined according to
Equation (2). [b] Determined by ICP. [c] Calculated according to Equation (4). [d] Determined according to
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Figure 1. IR spectra of DNA-Na, lipid(1), lipid(3), DNA-lipid(1), and
DNA-lipid(3) (KBr pellet).

native DNA, which forms a double-helical B-form structure
in aqueous solution. The UV/Vis spectra of DNA-lipid(1-4)
exhibited almost the same absorption peaks at 265 nm as-
signable to the nucleobases, and their CD signals and UV/
Vis absorptions were all slightly blue-shifted (5 nm) when
the solvent was changed from CHCI; to methanol. When
the measuring temperature was raised from —10 to 40°C in
methanol, the magnitude of Cotton effect decreased. This
phenomenon is different from the aqueous DNA-Na solu-
tion, which exhibits only slight changes of Cotton effect in a
temperature range of 10 to 90°C. The UV/Vis spectra of
DNA-lipid complexes hardly changed in a temperature
range of —10 to 40°C (the figure is not shown). It is consid-
ered that the lipids depressed the thermal stability of helical
conformation of DNA-lipids.

The onset temperatures of weight loss of DNA-lipid(1-4)
were almost the same and around 220°C under air accord-
ing to TGA analyses (Figure 3). All of the DNA-lipid com-
plexes containing TEMPO decomposed in similar fashions;
they did not lose weight completely even though tempera-
ture was raised up to 900°C, probably due to the remaining
P,0;.

The ESR spectra of DNA-lipid(1-4) at room temperature
in the powder state taken with a JEOL JES-FR30 X-band
(9.48 GHz) spectrometer exhibited one sharp singlet signal
with g=2.0067 to 2.0068; these values are typical of the ni-
troxy free radicals®!! A frequency counter (Anritsu,
MF76 A) and an NMR field meter (Echo Electronics, EFM-
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2000 AX) were used for the precise determination of these
g factors. The ESR line widths showed a distinct frequency
dependence, suggesting a quasi-one-dimensional spin-spin
interaction along the 1D DNA double helix.’?! The spin
numbers of DNA-lipid(1-4) in Table 2 were evaluated by
two independent methods:

1) A low-frequency ESR-NMR method, in which the ESR
and broad-line '"H NMR spectra were taken at the same
frequency with varying the magnetic field. The doubly
integrated intensity of ESR signals was compared with
that of broad-line 'H NMR spectra. The standard ESR
sample is not needed to estimate the spin susceptibility,
if the number of hydrogen atoms included in the molecu-
lar unit is known.

2) The estimation by the Curie constant C of the Curie—
Weiss spin susceptibility, y,,=C/(T4+0), measured by a
Quantum Design MPMS-07 SQUID magnetometer.

The reasonable agreement of the values obtained by these
two methods suggests reliability of the estimations. The
average number of spins of the two methods were more or
less smaller than that of TEMPO moiety in the lipids except
for DNA-lipid(1). A possible reason for this is that a part of
TEMPO becomes oxidized into the oxoammonium cation.

Figure 4 illustrates the cyclic voltammetry (CV) curves of
DNA-lipid(1) and DNA-lipid(3). DNA-lipid(3) exhibits an
oxidation potential peak at 0.70 V versus Ag/Ag* and a re-
duction potential peak at 0.45 V versus Ag/Ag* when mea-
sured at a sweep rate of 0.01 Vs™'. It is noted that the dis-
tance between the oxidation and reduction potential peaks
of DNA-lipid(1) is 0.25 V, which is much larger than those
of polyacetylenes containing TEMPO (ca. 0.070 V), which
suggests that the TEMPO moieties linked with DNA
through lipids undergo slower redox reactions. The oxida-
tion and reduction peaks of DNA-lipid(1) scarcely changed
after five CV scans, indicating that the complex is electro-
chemically quite stable. The CV curves of DNA-lipid(2-4)
were similar to that of DNA-lipid(1).

Charge/discharge properties of the DNA-lipid complexes:
Figure 5 delineates the charge/discharge curves of the cells
fabricated by using DNA-lipid(1-4) measured at a constant
current density of 0.088 mAcm™ (0.0385-0.0452 Ag™') in
the voltage range of 2.0-4.2 V. During the charge process of
DNA-lipid(3), voltage sharply increased from 2.0 to 3.5 V in
a range of 0-30 Ahkg™' cell capacity, followed by a plateau
at about 3.5-3.6 V up to a cell capacity of 62 Ahkg™', and
voltage finally increased to a top cutoff of 4.2 V. Similarly,
during the discharge process of DNA-lipid(3), voltage
quickly reduced from 3.8 to 3.5 V within 0-5 Ahkg™' cell ca-
pacity, followed by a plateau at about 3.7-3.4 V until the ca-
pacity reached 25 Ahkg™'. Then voltage sharply decreased
to 2.7V, followed by another plateau at about 2.7-2.3 V up
to a cell capacity of 60 Ahkg™!, and voltage then gradually
decreased to a bottom cutoff voltage at 2.0 V. It is very in-
teresting and important that the discharge curves of DNA-
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in MeOH curves, indicating that the poly-
mers can be used as cathode-

active materials of a rechargea-

ble battery.
Figure 6 depicts the charge/
discharge curves of DNA-

lipid(1) and DNA-lipid(3) at
0.0385 Ag ! current density in a
range of 2.0-4.0V cell voltage
and at which charge and dis-
charge were repeated for 20
cycles. The charge/discharge
curves of DNA-lipid(1) do not
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change very much during from
the 1st to 20th cycle, showing
that the DNA-lipid possess
stable charge/discharge proper-
ties. It is reasonable to assume
the following: 1) the charge
process at cathode is the oxida-
tion of TEMPO in the polymers
from 5 to oxoammonium salt 6,
for which the charge capacity at
the 1st stage in the first cycle is
about 18 Ahkg™' (Figure 6); 2)
the discharge process is a two-
stage reduction process, namely,

UV/Vis

NA-lipid(2)

NA-lipid(4)

in CHCl,
4 cp 8L CD
7 6
o 4
g 3 I
£ E 7
3 22 S
0
4 DNA-lipid(4) Y
5L 4 F
260 280 300 320 340 360 380 40
Wavelength / nm
2.5 ¢
20 UV/Vis
- -
1] -
!5 8
% E 15F
3 £
21.0 E
< 1.0 F
0.5 0.5 F
n Il 1 Il — o ] U i
260 280 300 320 340 360 380 400 260 280

Wavelength / nm

Figure 2. Circular dichroism (CD) and UV/Vis spectra of DNA-lipid(1-4) measured in CHCl; and methanol

at 22°C (sample concentration: 0.05 mgmL ™).
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Figure 3. TGA curves of DNA-lipid(1-4) measured at a heating rate of

10°C min™" in air.

lipid(3) displays two voltage plateaus, one in the range of
3.4-3.7 V and the second one in the range of 2.3-2.7 V; the
first voltage corresponds to the redox potential between the
TEMPO radical and cation. The charge/discharge process of
the other DNA-lipid cmplexes behaved similarly to that of
DNA-lipid(3). Thus, all of the present complexes exhibit
clear voltage plateaus at about 3.6 and 2.5V in discharge
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the first reduction of salt 6 to
form 5 in which the discharge
capacity at Ist stage is about
29.0 Ahkg ™!, and further reduc-
tion of 5 to form 7 in which the
discharge capacity at 2nd stage
is about 31.0 Ahkg™'; 3) the
second charge process begins from 7 to 6 [Eq.(1)], the
charge capacity at 2nd stage is about 42 Ahkg™!, and the
charge/discharge capacity is slightly reduced during the 2nd
to 20th cycles. Figure 6 clearly displays a two-stage charge/
discharge process. The above-stated results present the first
clear example that a TEMPO-based cathode-active material
exhibits a two-stage redox reaction from a cation via a radi-
cal to an anion. This two-stage reaction is useful to achieve
high capacity, because the capacity doubles. If this generally
holds, such batteries should be rather called organic ion bat-
teries instead of organic radical batteries. The charging/dis-
charging properties of lipids that contain TEMPO radicals
as controlled experiments were similar to those of our previ-
ously reported polymers including polynorborene and polya-
cetylenes that contain TEMPO radicals.”*")

v
?
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Table 2. ESR data of DNA-lipid complexes.
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ESR g ESR line width [G]® Dy Ng [spin per unit] R, TEMPO radical/
factor ~50 MHz ~9.4 GHz [10*'sping™'] By SQUID™ By ESR (Ng) average phosphate [mole ratio]
DNA-lipid(1) 2.0068 24.3 15.5 0.76 0.85 1.05 0.95 0.80
DNA-lipid(2) 2.0067 23.6 13.1 0.69 1.34 1.53 1.43 0.82
DNA-lipid(3) 2.0068 23.6 13.3 0.70 2.57 2.62 2.60 0.86
DNA-lipid(4) 2.0067 23.0 13.0 0.73 5.30 5.46 5.38 0.86

[a] This frequency dependence of ESR spectra could be attributed to the one-dimensional spin-spin interaction along DNA double helix. [b] Calculated
according to Equation (6) with the actual molecular weight M defined by Equation (7). [c] Calculated according to Equation (8).
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Figure 4. Cyclic voltammograms (CV) of DNA-lipid(1) and DNA-
lipid(3) measured at a scan rate of 0.01 Vs~ versus Ag/Ag* in TBAP so-
lution.
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Figure 5. Charge-discharge curves of DNA-lipid(1-4) at a current density
of 0.088 mA cm™ (0.0385-0.0452 Ag™") in a range of 2.0-4.2 V cell volt-
age. The third cycle is depicted.
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Figure 6. Charge/discharge curves of DNA-lipid(1) and DNA-lipid(3) at
a current density of 0.088 mA cm 2 (0.0385 Ag™') in a range of 2.0-4.0 V
cell voltage in 20 cycles.

Taking it into account that one TEMPO moiety provides
one electron in the first-stage redox process, we can estimate
the theoretical capacities of the cells by taking DNA-lipid-
(1-4) to be 30.7-32.7 Ahkg ' (Table 3). Evaluating from the
values at 2.0 V in Figure 5, the initial discharge capacities of
these cells are determined to be 40.5-60.0 Ahkg™' per com-
plex weight at a current density of 0.088 mAcm~2 (0.0385-
0.0452 Ag™"). In particular, the observed discharge capacity
of DNA-lipid(3) reached 60.0 Ahkg™', which corresponds
to 192% of the theoretical capacity for the one-electron
redox reaction. This demonstrates that DNA-lipid(3) dis-
plays a high capacity that can lead to a wide range of poten-
tial applications as a power source. On the other hand, the
capacities of the DNA-lipid(1)-, DNA-lipid(2)- and DNA-
lipid(4)-based cells remained 40.5, 41.7, and 49.2 Ahkg™',
respectively (Table 3), and lower than that of the DNA-
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Table 3. Capacity data of DNA-lipid complexes.

Cy, Theoretical

Observed capacity [Ahkg ']

Observed capacity/theoretical capacity [% ]

capacity [Ahkg™']" 1st stage!®! 2nd stage!®! total 1st stage 2nd stage total
DNA-lipid(1) 32.7 18.1 22.4 40.5 55 69 124
DNA-lipid(2) 30.7 20.8 20.9 41.7 68 68 136
DNA-lipid(3) 31.2 29.0 31.0 60.0 93 99 192
DNA-lipid(4) 325 24.0 252 49.2 74 76 150

[a] Calculated according to Equation (9). [b] Discharge capacity in the third cycle at a current density of 0.088 mA cm > (0.0385-0.0452 Ag™') and a cut-
off at 3.0 V. [c] Discharge capacity in the third cycle at a current density of 0.088 mA cm (0.0385-0.0452 Ag™") and a cut-off at 2.0 V.

lipid(3)-based counterpart. This seems to be due to differen-
ces in both molecular structures (e.g., spacial arrangement
of the TEMPO radicals) and macroscopic aggregation states
(e.g., the size and hardness of particles of polymer materi-
als).

Figure 7 illustrates the cycle performance of the DNA-
lipid(1-4)/Li cells, in which charge and discharge were re-
peated at 0.88 mAcm (0.385-0.452 Ag™') current density

60

50 F
240t DNA-lipid(3)
= -1
<
g30F DNA-lipid(2)
g ]
&
O 20 F

DNA-lipid(1) DNA-lipid(4)

o
T

n 1 1 1 1 1 1
0 20 40 60 80 100 120
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Figure 7. Dependence of capacity on cycle number in DNA-lipid(1-4).
Charge and discharge were repeated at a current density of 0.88 mA cm™>
(0.385-0.452 Ag™") in a range of 2.5-4.2 V cell voltage.

in a voltage range of 2.5-4.2 V. The cell with DNA-lipid(3)
maintained over 90% capacity after 100 cycles. The dis-
charge capacity of DNA-lipid(1), DNA-lipid(2), and DNA~
lipid(4) did not change even after 100 cycles. It seems that
the cycle life of DNA-lipid(1-4)-based cells is comparable
to or better than that of the reported poly(2,2,6,6-tetrame-
thylpiperidinyloxy-4-yl methacrylate) (PTMA) system.”!

Conclusion

We have presented in this article the first example of DNA-
based secondary battery, and disclosed that the TEMPO-car-
rying DNA-lipid complexes undergo two-stage redox reac-
tion leading to large capacities. Specifically, we have synthe-
sized novel DNA-lipid complexes that contain TEMPO by
replacing the sodium counterion with cationic amphiphilic
lipid(1-4); the actual mole ratios of lipid to phosphate in
the products were 0.84:1 to 0.16:1. All the TEMPO-contain-
ing DNA-lipid complexes demonstrated reversible multi-

www.chemeurj.org
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stage charge/discharge processes, the discharge capacities of
which were 40.5-60.0 Ahkg™'. Thus DNA-lipid(1-4) could
be applied to cathode-active materials in the organic radical
battery, which features quick charge and discharge, and high
power density. In particular, the capacity of a DNA-
lipid(3)-based cell reached 60.0 Ahkg !, which corresponds
to 192% of the theoretical value for the one-electron redox
reaction, indicating that a two-electron process takes place.

Experimental Section

Materials: The sodium salt of DNA from salmon testes (>95%) was do-
nated from Japan Chemical Feeding Company, and used without farther
purification. According to the data of Japan Chemical Feeding Company,
the weight-average molecular weight of the DNA sample is 6.60x 10° (ca.
30000 bp; tested by electrophoresis). N-(3-Dimethylaminopropyl)-N'-eth-
ylcarbodiimide hydrochloride (EDC-HCI; Eiweiss), 4-dimethylaminopyri-
dine (DMAP; Wako), 11-bromoundecanoic acid (Aldrich), 12-bromo-1-
dodecanol (TCI), 4-hydroxy-TEMPO (TCI), L-glutamic acid-a,y-dimeth-
yl ester hydrochloride (L-H-Glu(OMe)-OMe-HCI), and N-a-tert-butoxy-
carbonyl-L-glutamic acid (BOC-Glu-OH) (Watanabe Chemical Indus-
tries, Ltd) were purchased and used without further purification.

Measurements: 'H (400 MHz) and "*C (100 MHz) NMR spectra were re-
corded on a JEOL EX-400 spectrometer by using tetramethylsilane as an
internal standard. Broad-line NMR and low-frequency ESR spectra were
recorded around 50 MHz with a homebuilt spectrometer to estimate a
spin number in a unit. Spin densities were estimated by a Quantum
Design MPMS susceptometer. ESR spectra to determine the g factors
were measured with JEOL X-band (9.48 GHz) spectrometer with a fre-
quency counter (Anritsu, MF76 A) and an NMR field meter (Echo Elec-
tronics, EFM-2000 AX). IR spectra were measured on a JASCO FT/IR-
4100, CD and UV/Vis spectra were recorded on a JASCO J-800 specrtro-
polarimeter. Elemental analysis was carried out at the Kyoto University
Elemental Analysis Center. Cyclic voltammograms were measured on an
HCH Instruments ALS600 A-n electrochemical analyzer. The measure-
ments were carried out with a glassy carbon rod as a working electrode
coupled with a Pt plate counter electrode and an Ag/AgCl reference
electrode, with a solution of a polymer (0.5 mgmL™') and tetrabutylam-
monium perchlorate (TBAP, 0.1 M) in CHCl;. Thermal gravimetric analy-
sis (TGA) was carried out on a Shimadzu TGA-50 thermal analyzer. The
content of Na ion was determined by inductively coupled plasma (ICP)
emission spectrometry using a Shimadzu ICP-1000 IV spectrometer;
DNA-lipid samples were dissolved in 2N HCI.

Synthesis of lipids: Lipid(4), which contains both TEMPO radicals and
an amino acid dendrimer (G2), was synthesized by the route illustrated
in Scheme 1. The synthetic routes of lipid(1-3) were similar to that of
lipid(4). The experimental procedures for the synthesis of lipid(4) are de-
tailed below as an example.

Preparation of compound 8: 1-H-Glu(OMe)-OMe-HCl (5.0¢,
14.4 mmol) was added to a solution of EDC-HCI (2.80 g, 14.4 mmol) and
DMAP (175 mg, 1.44 mmol) in CH,Cl, (80 mL) at room temperature.
BOC-Glu-OH (1.75 mg, 7.2 mmol) was added to the solution, and the re-
sulting mixture was stirred at room temperature overnight. The reaction
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Preparation of compound 9: The N-
tert-butyloxycarbonyl group of com-
pound 8 was removed according to the
literature,® and then the product was
reacted with BOC-Glu-OH in a
manner similar to the synthesis of 8.
Yield 65%; white solid; 'HNMR
(CDCL): 6=139 (s, 9H; -COOC-
(CHy);), 209-212 (m, 12H;
3NHCOCH,CH,CH); 2.41-2.45 (m,
16H; 4CHCH,CH,COOMe), 3.60-
3.62 (m, 24H; 8COOMe), 4.50-4.55
(m, 7H; 7NHCH(CH,)COO), 8.32-
o] 836 ppm (br, 7H; 7NH); “CNMR

(CDCl): 0=26.4, 26.6, 27.6, 28.6, 30.0,

51.6, 54.3, 79.6, 155.7, 172.5, 172.9,
o— 173.0 ppm.

Preparation of compound 10: The N-
tert-butyloxycarbonyl group of com-
pound 9 (1.80 g, 1.58 mmol) was re-
moved according to the literature,!
H and then the product was added to a
solution of EDC-HCI (04¢g,
2.0 mmol), DMAP (24 mg, 0.30 mmol)
and 11-bromoundecanoic acid (0.53 g,
2.0 mmol) in CH,Cl, (45 mL) at room
temperature. The resulting mixture

TFA, CH.Cl was stirred at room temperature over-
EtN night. The reaction mixture was
washed with water (50mL) three
times, and the organic layer was dried

I
ZT
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5 0 No—
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EDC-HCI; DMAP, in CH,Cl, Reflux

Q-N o

Scheme 1. Synthetic route of lipid(4).

mixture was washed with water (50 mL) three times, and the organic
layer was dried over anhydrous MgSO,. After filtration, the solvent was
removed by rotary evaporation to afford the crude product. It was puri-
fied passing a silica gel column with a CHCly/ethanol mixture (9:1
volume ratio) as eluent. A white solid of 5 was obtained in 80% yield
(4.06 g). 'HNMR (CDCLy): 6=1.39 (s, 9H; -COOC(CH,);), 2.04-2.06
(m, 4H; -NHCOCH,CH,CH), 2.43-2.47 (m, 8H; 2 CHCH,CH,COOMe),
3.67-3.72 (m, 12H; 4COOMe), 4.50-4.59 ppm (m, 3H; 3NHCH-
(CH,)COO); "C NMR (CDCl,): § =26.4, 26.6, 30.1, 30.4, 30.7, 33.4, 51.9,
54.3,79.5,158.7,172.5, 172.9, 174.7 ppm.
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over anhydrous MgSO,. It was filtered,
and the filtrate was concentrated on a
rotary evaporator. The residual mass
was purified by silica gel column chro-
matography eluted with n-hexane/
ethyl acetate=4:1 (volume ratio) to
give 10 as a white solid. Yield 1.25¢g
(63%); '"HNMR (400 MHz, CDCl):
0=1.29-2.04 (m, 18H;
-(CH,)yCH,Br), 2.05-2.09 (m, 12H;
3NHCOCH,CH,CH), 2.27-2.31 (m,
16H; 4CHCH,CH,COOMe), 3.31-
334 (m, 2H; CH,Br), 3.67-3.69 (m,
24H; 8COOMe), 4.60-4.64 (m, 7H;
7NHCH(CH,)COO), 8.30-8.41 ppm
(br, 7H; 7NH); “CNMR (CDCl,):
0=24.1, 24.6, 28.0, 28.6, 28.7, 28.9,
29.0, 29.1, 29.2, 32.7, 33.9, 35.1, 51.9,
52.8, 542, 169.6, 171.9, 172.0, 172.1,
172.7,172.9, 173.4 ppm.

Preparation of lipid(4): The methyl
group of compound 10 was removed
according to the literature,* and then
the product was treated with 4-hy-
droxy-TEMPO in a manner similar to
the synthesis of compound 8. Yield
80%; orange-red liquid. The product
was then dissolved in pyridine (50 mL) and stirred at reflux temperature
for 2 days. After cooling to room temperature, the reaction mixture was
concentrated on a rotary evaporator, and then washed with diethyl ether
and dried in a vacuum oven at 50°C for 6 days; eventually the brown-red
liquid lipid(4) was obtained. Yield 1.0 g (61 %, 2.0 mmol); IR (KBr): 7=
3417, 2973, 2931, 2857, 1732, 1635, 1489, 1465, 1362, 1315, 1238, 1173,
1111, 1014, 775, 687, 559, 482 cm™'; elemental analysis caled (%) for
Ci2,Hy7N 405, Br: C 59.62, H 8.35, N 8.97; found: C 59.16, H 8.62, N 9.23.

Preparation of lipid(4): Lipid(1) was synthesized from 11-bromoundeca-
noic acid and 4-hydroxy-TEMPO in a manner similar to compound 8,
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followed by the reaction with pyridine in a manner similar to Lipid(4).
Yield 80 %; orange-red liquid; IR (KBr): 7=3421, 2973, 2931, 2858, 1732,
1635, 1489, 1465, 1365, 1315, 1238, 1173, 1110, 1052, 1014, 775, 687, 559,
486 cm™'; elemental analysis caled (%) for C,H,sO;BrN,: C 60.81, H
8.83, N 5.45; found: C 60.50, H 8.59, N 5.30.

Preparation of lipid(2): Lipid(2) was synthesized in a manner similar to
lipid(4). Yield 80%; orange-red liquid; IR (KBr): #=23425, 2974, 2931,
2858, 1732, 1635, 1489, 1465, 1365, 1315, 1238, 1173, 1110, 1049, 1014,
775, 687, 559, 478 cm™!; elemental analysis calcd (%) for C,H,O,N,Br:
C 60.41, H 8.72, N 7.02; found: C 60.50, H 8.59, N 7.30.

Preparation of lipid(3): Lipid(3) was prepared in a manner similar to
lipid(4). Yield 82%; orange-red liquid; IR (KBr): #=3421, 2973, 2931,
2858, 1732, 1635, 1489, 1466, 1365, 1315, 1238, 1173, 1111, 1053, 1014,
987, 775, 687, 559, 482cm’!; eclemental analysis caled (%) for
CesH;1sNgOysBr: C 59.85, H 8.49, N 8.21; found: C 60.01, H 8.32, N 8.61.

Preparation of DNA-lipid complexes:***! A small amount of lipid
(2.0 mmol) in THF was added slowly into double-distilled H,O to form a
uniform solution. An aqueous solution (200 mL) of DNA-Na from
salmon testes (0.50 g) was added dropwise into an aqueous lipid solution
(the feed mole ratio of lipid to phosphate was 1.50). Immediately, the
DNA-lipid complex precipitated out from the aqueous solution. After
stirring for 24 h, the precipitate was collected by filtration, washed with
H,O to remove free DNA, and then dried in a vacuum oven at 50°C for
24 h. The white DNA-lipid complex was dissolved in chloroform and
reprecipitated in THF two times. The obtained DNA-lipid complex was
subjected to elemental analysis to determine the actual composition of
phosphate anion and the cationic lipid in the DNA-lipid complex.

Data for DNA-lipid(1): IR (KBr): #=3440, 2931, 2857, 1732, 1639, 1489,
1369, 1238, 1173, 1095, 968, 779, 682, 482 cm™!; elemental analysis calcd
(%) for DNA-lipid(1) complexes with 1:1 ratio of phosphate anion to
cationic lipid(1): C 56.60, H 7.61, N 10.62, P 4.08; found: C 56.25, H 7.19,
N 10.54, P 4.15.

Data for DNA-lipid(2): IR (KBr): 7#=3440, 2931, 2858, 1744, 1646, 1489,
1365, 1238, 1173, 1091, 964, 883, 821, 786, 728, 686, 520 cm™'; elemental
analysis calcd (%) for DNA-lipid(2) complexes with 1:1 ratio of phos-
phate anion to cationic lipid(2): C 57.29, H 7.85, N 10.41, P 2.97; found:
C 53.49, H 7.41, N 10.41, P 3.89.

Data for DNA-lipid(3): IR (KBr): #=3432, 2931, 2858, 1744, 1635, 1465,
1369, 1273, 1168, 1091, 960, 810, 682, 522 cm™'; elemental analysis calcd
(%) for DNA-lipid(3) complexes with 1:1 ratio of phosphate anion to
cationic lipid(3): C 58.02, H 7.97, N 10.22, P 1.92; found: C 55.67, H 7.78,
N 10.46, P 3.85.

Data for DNA-lipid(4): IR (KBr): 7=3413, 2931, 2857, 1732, 1693, 1647,
1489, 1365, 1242, 1173, 1061, 960, 883, 821, 779, 682, 524 cm™'; elemental
analysis calcd (%) for DNA-lipid(4) complexes with 1:1 ratio of phos-
phate anion to cationic lipid(4): C 58.57, H 8.05, N 10.09, P 1.13; found:
C 55.05, H 7.64, N 10.53, P 4.02.

Determination of the yields of DNA-lipid complexes: We define the
yield (%) of a DNA-lipid complex as the ratio of the actual weight of
the reaction product to its theoretical weight based on DNA-Na. The
yields of DNA-lipid complexes were calculated based on Equation (2)

WDNAflipld x 100

Yield =
- 2
WiNA-Na <1 + _Mm;/lh,i/fhm > ( )

in which Wpya_jipiq is the actual weight of DNA-lipid complex, Wpya x, is
the feed weight of DNA-Na, M,y and My,g, are the molecular weights
of lipid and NaBr, respectively, and M, is the average molecular weight
of base groups in the repeating unit of DNA-Na [the value is 347.91 cal-
culated from the structures of base couple (according to the fragment se-
quence of salmon DNA with an AT/GC ratio of approximately
56:44)] .11

Determination of the mole ratios of lipid/phosphate and TEMPO/phos-
phate in DNA-lipid complexes: The actual mole ratios of lipid to phos-
phate (Ry,) in the DNA-lipid complexes were estimated from the
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amounts of phosphorus before and after complexation. The amount of
phosphorus was determined by elemental analysis. The actual percent
phosphorus content in a DNA-lipid (Ppya-iipia) Was calculated based on
Equation (3) for the percent phosphorus:

PDNA—Na

Rup(Migia—Mrann) 3)

P DNA-lipid = 1
+ Mpase

in which Ppya.n. i the percent phosphorus content in DNA-Na (the
value was 8.50 % according to elemental analysis), R, is the actual mole
ratio of lipid to phosphate in the DNA-lipid complexes, and the defini-
tions of M4, Myap:, and M, are the same as for Equation (2). When
solved for Ry, we get Equation (4). The mole ratio of TEMPO/phos-
phate (R,,) in the DNA-lipid complexes was estimated from Equa-
tion (5) in which m is the number of TEMPO moieties in a lipid.

(PDNAfNaprNAfllpld) X Mg
Pona-tipia X (Miipia—Mas:)

Ryp = Rypym ®)

Rl/p = (4)

Determination of spin number, spin density, and the mole ratio of
TEMPO radical/phosphate: The spin density (Ds; sping™') was obtained
by SQUID, the values of which are listed in Table 2, and then spin
number (Ng; spin/unit) in a lipid was calculated from Dg by using Equa-
tion (6)in which N, is the Avogadro’s number, and M is the actual molec-
ular weight expressed by the Equation (7). Apart from this, Ng was inde-
pendently determined by ESR spectroscopy, and then their average value
(Ns) was obtained. The mole ratio of TEMPO radical/phosphate (R,;,)
was calculated based on Equation (8).

Ns = D5 (M/N,) (6)
M= Rl/p Mlipid + Mygse (7)
Ry = Ryp (Ns)/m = Ry, (Ns) ®)

Fabrication and electrochemical measurements of batteries using the
DNA-lipid complexes: A coin-type cell was fabricated by stacking elec-
trodes (1.13 cm?) with porous polyolefin separator films. A cathode was
formed by pressing the composites of a DNA-lipid complex (10 wt %),
carbon fiber (80 wt %), and fluorinated polyolefin binder (10 wt %) as de-
scribed in a previous paper.””! The cathode was set to a coin-type cell
possessing a lithium metal anode. A composite solution of ethylene car-
bonate (30 vol % )/diethyl carbonate (70 vol%) containing 1M of LiPF;
was used as an electrolyte. Charge/discharge properties were measured at
25°C by using a computer-controlled automatic battery charge and dis-
charge instrument (Keisokukiki, Battery Labo System BLS5500). The
theoretical capacity (Cy; Ahkg™") of an electroactive complex was calcu-
lated from the spin density Ny (per gram) in the complex [Eq. (9)].1"!

D, 1602 x 107"

= 9
Con 3600,/1000 ©)
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