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A wide range of biomineralizatidnand templating® methods
exist for organizing inorganic materials at a wide range of length-
scales. Here, we show that crystallographic control of the inorganic
nanostructures is possible using synthetic biomolecular templates
comprised of anionic DNA and cationic membraAeghich self-
assemble into a multilamellar structure where a periodic one-
dimensional (1D) lattice of parallel DNA chains is confined between
stacked two-dimensional (2D) lipid sheets. We have organizéd Cd
ions within the interhelical pores between DNA strands and
subsequently reacted them with,3to form CdS nanorods of
controllable widths and crystallographic orientation. The strong
electrostatic interactions align the templated CdS (002) polar planes
parallel to the negatively charged sugahosphate DNA backbone,
which indicates that molecular details of the DNA molecule are
imprinted onto the inorganic crystal structure. The resultant
nanorods have (002) planes tilted by°6Rith respect to the rod
axis, in contrast to all known #VI semiconductor nanorods.

Lamellar DNA—cationic membrane complexes, originally con-
ceived for gene therapy, are examples of a new class of hierarchi-
cally organized nanoporous biopolymaenembrane systent$.As
the membrane charge density is changed at the isoelectric point,
the inter-DNA spacing can be controlled between 2.5 and 5.7 nm.
Liposomes comprised of binary mixtures of the neutral lipid DOPC
(dioleoyl-phosphatidylcholine) and cationic lipid DOTAP (dioleoyl-
trimethylammonium propane) are mixed with an aqueous DNA
solution to form the self-assembled complexes. Two different types
of DNA have been used;phage DNA (48,502 base pairs, contour
length 16.5:m) and polydisperse calf thymus DNA, with essentially
the same results. The structure of a typical isoelectric lamellar
complex at a DOTAP/DOPC mass ratio of 70/30 at low global
divalent counterions concentration is illustrated by the synchrotron
small-angle X-ray scattering (SAXS) data in Figure 1a, which shows
the two harmonics of scattering from the lamellar ordering, &t
0.099 At andg, = 0.198 A1, and corresponds todspacing of
d. = 6.35 nm, consistent with the thickness of a membrane layer
plus a hydrated DNA diameter. The inter-DNA correlation (marked
by arrow) can be clearly seen@gna = 0.183 A2, corresponding
to an inter-DNA spacing oflpya = 3.43 nm.

DNA within these lamellar complexes can condense in the
presence of divalent counterions into close-packed fafts.the
concentration of C# is increased, via the addition of CdCthe
DNA strands undergo a dramatic 2D condensation, which is
evidenced by the reduction in inter-DNA spacing (marked by arrow,
dona & 2.65 nm, Figure 1b). This spacing is slightly smaller than
the hydrated DNA diameter~2.5 nm) plus a hydrated €tion
diameter £0.4 nm) and suggests the existence of confined"Cd
ions between the DNA strands, which partially neutralize the DNA
negative chargéBecause the DNAmembrane complex precipi-
tates out of solution, the Gd concentration within the complexes
can be inferred by measuring the characteristic Cd emission intensity
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Figure 1. Structural evolution of DNA-membrane templates during
biomineralization of CdS: (a) [Cd] = 10 mM; (b) [CF'] = 40 mM; (c)
[Cd?*] = 40 mM, after reaction with £B. Note changes in the inter-DNA
spacing (arrow). C& ions density inside isoelectric calf thymus DNA
membrane templates for DOTAP/DORE30/70 (d), and DOTAP/DOPC

= 70/30 (e), as measured by ICPS. The schematic pictures in (f), (g), and
(h) indicate membraneDNA template organization from the SAXS data.
The Cd&" ions (red balls) are organized by DNA strands (blue-purple) in
the lamellar complexes and subsequently react wif fyellow balls) to

form CdS.

20 , 40
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of the supernatant using inductively coupled plasma spectroscopy
(ICPS). The intracomplex Cd ion concentration is drastically
increased at the global €dconcentration at which the DNA strands
condense (Figure 1d,e). Interestingly, the number of condensed Cd
ions within the complex required for 2D DNA condensation
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representation of the wurtzite CdS arrangement within the nanorod
is shown in Figure 2b.

This observed tilt of the (002) lattice planes can be related to
the orientation of the DNA sugaiphosphate backbone, which is
tilted by ~60° with respect to the helix axis in B-form DNA when
projected onto a 2D plaf€Figure 2c). The spatial distribution of
the positively charged Cd ions, and therefore the nucleation of
the CdS polar (002) planes, is organized by this negatively charged
“ridge” on the DNA surface (Figure 1h). Because the templated
CdS nanorods are confined between DNA strands, the (002) planes

I;" 2 (a)HRTEM of a typical templated CdS nanorod (scale bar is 5 are tilted by ~60° with respect to the nanorod major axis.
igure 2. . L .
nm): Note tilt of (002) planes relative to rod axis. (b) Schematic Interestingly, the periodicity of each helical turn of B-form DNA

representation of crystal structure within nanorod (Cd, red; S, yellow) iS~3.4 nm, which is just enough to fit 10 (002) planes with nearly
showing (002) planes. (c) Schematic representation of B-form DNA, no mismatch.

showing the negatively charged phosphate groups (green) on the backbone, |n conclusion, we achieved crystallographic control in biomin-
which organize the Cd ions and guide the nucleation of CdS. eralized inorganic nanostructures, by employing a form of molecular

increases as the membrane charge density decreases: For isoelectl}l'&np”mmg using a synthetic, biomolecular template comprised of

complexes with DOTAP/DOP& 70/30, approximately 0.4 Cd .anlonic‘and .cati(.)nic components. The use of strong eIecFrq.st.atic
ions are condensed with each DNA base pair (Figure 1€), Whereas!nteractlons in this context can potentially lead to new pOSS|p|I|t|es
for complexes with DOTAP/DOPG= 30/70, the number is 0.7 in supramolecular self-assembly and nanocrystal engineering.
Cd?* ions per base pair (Figure 1d).

The condensed Cdions within the DNA-membrane complexes
can be reacted with gaseous3Ho form CdS. The peak positions
and peak widths from wide-angle X-ray scattering (WAXS) of the

complexes after kB reaction confirm the existence of nanoscopic
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DNA—membrane complex is indicated in Figure 1c. The inter-
DNA spacing has expanded byl.3 nm, likely due to a combina-
tion of CdS nanorod growth and the resultant neutralization éf Cd
ions. Because the density of €dions within the complexes is
small as compared to that in crystalline CdS, this suggests that
isolated CdS nanorods have grown along the DNA strands. The
lamellar spacing remains approximately constant and suggests that (1) (a) Addadi, L.; Weiner, SAngew. Chem., Int. Ed. Engl992 31, 153~
the biomolecular structure is robust during the templating process. %,'6;('\,62%,"’,'{J_”Q_'f'rs’tﬁ‘gkicg‘f%_;Fgri';ﬁ,?én?u}t';f’mrbgt'}o'\f’f'?g?lgﬁghg;;

The CdS grown within the DNAmembrane complexes can be A.; Janicke, M.; Chmelka, B. FSciencel993 261 1299-1303. (c)
isolated by dissolving the charged biomolecular components in a Q(I)Zoelnkztelr%&Jsi;szlgizczhe(ndl;oivl%r\f\,/%r}a%n?i'ﬁ?rgﬁ?g{iolﬁ5 Hlfrri‘r?clfp"i\ée;“gﬁd
1% sodium dodecyl sulfate (SDS) solution. The solution-dispersed Concepts in Bioinorganic Materials Chemist@xford University Press:
Cds is cast onto a holey carbon grid and imaged using transmission new ;Ygé'l‘c‘hze??%_ (&)NV;’ITI?L?’(')O% 555%%5265 ' (f)' ;H';t‘t'g'ém';lj’ EérDb_f‘ra'
electron microscopy (TEM). The width of the templated CdS Beniash, E.; Stupp, S. Science2001, 294, 1684-1688.
nanorods decreases with increasing membrane charge density, which (&) (@) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J.
is consistent with the observed trend in the initial number of
condensed Cd ions from the ICPS measurement. For isoelectric
complexes with DOTAP/DOPG& 70/30, the CdS rod widths are

S.Nature1992 359 710-712. (b) Murray, C. B.; Kagan, C. R.; Bawendi,
M. G. Sciencel995 270, 1335-1338. (c) Brinker, C. JCurr. Opin.

5+ 1 nm, whereas for complexes with DOTAP/DORC30/70,

the rod widths are 1& 1 nm.

Supporting Information Available: Reaction schematic, WAXS,
and low-magnification TEM data (PDF). This material is available free
of charge via the Internet at http:/pubs.acs.org.
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