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Compaction**
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Through self-assembly, a large variety of nanomaterials have
been fabricated, which are useful in many applied and
research fields."*! However, broader development of nano-
science and nanotechnology requires more complex nano-
structures whose fabrication requires precise control of
morphology, structural parameters, and distributions of
components within the nanomaterials, which remains
a great challenge for nanotechnology. Nature is masterful at
building nanostructures with great complexity by precisely
controlling multi-stage self-assembly processes. One example
is the self-assembly of genomic DNA and histone octamers
into chromatin in eukaryotic cells. Histone octamers are disc-
shaped nanostructures with positively-charged binding sites
specifically distributed on the edge of the disc.” In the first
stage, a DNA chain organizes histone octamers into a beads-
on-a-string structure (10 nm chromatin fiber); the bead is
a nucleosome composed of one DNA segment wrapping
around the edge of one histone octamer, and between
neighboring beads is a short DNA linker.*”! In the second
stage, histone octamers that are preorganized on the 10 nm
chromatin fiber, self-assemble further in a zigzag manner into
the 30 nm chromatin fiber with a two-start helical struc-
ture.'*" Histone octamers do not self-assemble into the
30 nm fiber until they are preorganized by the first stage of
self-assembly; the first stage self-assembly initiates the second
stage self-assembly. Inspired by such efficient self-assembly
processes from nature, a number of DNA/sphere systems
were studied;'>' artificial nanospheres were used in the
place of histone octamers. Computer simulation of the
interaction between a polyelectrolyte with long DNA-like
semi-flexible chains and the spheres with a uniform oppo-
sitely-charged surface reveals that the beads-on-a-string
structure, similar to the 10 nm chromatin fiber, is the
thermodynamic favored structure. However, experimentally,
other kinetically trapped structures were inevitably produced
in the reported systems because the DNA/sphere interactions
were relatively strong.
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Herein, we prepared thermodynamically optimal struc-
tures of a DNA/artificial particle complex by controlling the
interaction between DNA and the particles. We selected the
block-copolymer micelles with an inert shell and a positively
charged core to interact with DNA (Figure 1 A); the inter-
action strength between DNA and the core can be continu-
ously adjusted by the pH value of the medium. It was found
that under certain conditions the strings (that are similar to
the 10 nm chromatin fibers in both morphology and structure)
formed exclusively. Under such conditions, only the thermo-
dynamically favored beads-on-a-string structure can persist,
while any kinetically trapped structures cannot. When
monodisperse DNA was used, the strings formed were
monodisperse, and the earlier-formed long strings evolved
to shorter, but also monodisperse, strings; the different strings
formed and evolved in a similar manner. Then, in a second
stage, the micelles preorganized in the beads-on-a-string
structure self-assembled along the strings into core—shell
structured solenoidal nanofibers. The preorganization
induced and guided the second stage of self-assembly. When
monodisperse DNAs are used, the resulting nanostructures
are monodisperse. This self-assembly process can be used for
synthesis of monodisperse one-dimensional nanostructures
with controlled dimensions and various compositions.

Poly(ethylene glycol), ;-b-poly(4-vinylpyridine)ss (PEGy;-
b-P4VPs,, subscripts represent the average degrees of poly-
merization; M, /M, =1.20) micelles were prepared in a water/
methanol (4:1, v/v) mixture (see Supporting Information,
Text S1). The micelles were monodisperse in size with an
average hydrodynamic radius (R,) of 16.0 nm, a polydispersity
index (PDI) of 0.05, and an average molecular weight of
1.74 x10° gmol ', based on light scattering (LS) measure-
ments. In the TEM images, the micelles are monodisperse
with a size of 17.5+ 1.5 nm (Figure 1B). The micelles shown
have PEG as the shell and P4VP as the core.

An aqueous solution of monodisperse linear double-
stranded DNA 5427 bp long (L5427) at 25°C was added to the
micelles in the water/methanol mixture to give a DNA/
micelle mass ratio of 1:20. The solution had a pH value of 6.6
in the presence of carbon dioxide (see Experimental Section),
which provided the proper strength for the electrostatic
interaction between DNA and the micelles (Supporting
Information, Text S2). After 0.5 hours incubation, strings
with a beads-on-a-string structure formed exclusively (Fig-
ure 1 C). These strings have a linear structure without any
branches, indicating that each string is composed of a single
L5427 DNA chain, as detailed below. For each string, the
beads were very similar in shape and size to the micelles.
Between neighboring beads was a linker, which appears to be
ashort DNA segment. Additionally, the strings were shown to
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Figure 1. Self-assembly of linear DNA and the core-shell micelles. A) A schematic representation of the assembly process. B-F) TEM images of
PEG ;-b-P4VPg; micelles (B), and the nanostructures formed in the mixture of DNA (L5427) and the micelles after incubation for 0.5 h (C),

10 h (D), 32 h (E) and >48 h (F). G,H) TEM images of an unstained nanofiber (G) and a phosphotungstic acid-stained nanofiber (H). 1) Gel
electrophoresis of L5427 DNA recovered from the strings (lane 1) and pristine L5427 (lane 2, a control). ) Fluorescent spectra of ethidium
bromide (EB) mixed with micelles alone, DNA alone, self-assembled strings, and nanofibers (excited at 482 nm). The number ratio of EB/DNA
base pairs is 1:6. K) TEM image of the nanofibers stained by aniline-coated gold clusters, which selectively bind DNA. Insets: higher

magpnification. Scale bars in B-H) represent 200 nm, and that in K) 50 nm.

be monodisperse. The average number of beads per string was
22 £+ 1 and the number-average length (L,) of the strings was
587 nm (L,/L,=1.004, L, represents weight-average length).
LS measurements gave an (R;) of 55.8 nm with a PDI as small
as 0.02 and an (R,)/(R,) ratio of 1.7 (where (R,) = average
gyration radius), confirming the size, monodispersity, and
linear structure of the strings. The length of the strings
(587 nm) was remarkably shorter than the contour length of
L5427 (1845 nm). Gel electrophoresis of 15427 recovered
from the strings ruled out the possibility that L5427 experi-
enced breakage during self-assembly (Figure 11 and Support-
ing Information, TextS3). This shows that, L5427 was
compacted in the beads-on-a-string structures, and the
compaction ratio was 3.1.

After 10 hours incubation, all the monodisperse 587 nm
long strings evolved into shorter (434 nm), but still mono-
disperse, strings containing 16 +1 micelles each (L,/L,=
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1.008 and the compaction ratio is 4.3; Figure 1D). These
measurements strongly suggest that, in each of the strings,
a DNA chain organizes the micelles into a string by wrapping
around the individual micelles (Figure 1 A), because only this
interaction could explain the precise structure and evolution
observed. The structure of DNA wrapped around the
individual micelles was confirmed by TEM images, as
described below. Therefore, the strings are very similar to
the 10 nm chromatin fibers in both morphology and structure.
According to computer simulations,"? these strings are the
thermodynamically optimal product of the interaction
between DNA and the micelles. The fact that the strings
were formed exclusively, indicates that any kinetically trap-
ped structures were unstable under the conditions used.
Actually, the 587 nm strings are a locally optimal product, so
they will further evolve to 434 nm strings under the identical
conditions. The formation of 434 nm strings takes longer
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because more conformational adjustments of both the DNA
and the micelles are needed.

After longer incubation, the second stage of the DNA/
micelle self-assembly occured, the strings fused into mono-
disperse nanofibers (Figure 1F). An intermediate structure
between the strings and the nanofibers was also observed
after 32 hours incubation (Figure 1E). The final nanofibers
had an L, of 232 nm (L,/L,=1.003) and a compaction ratio of
8.0. The respective values of (Ry), PDI, and (R,)/(R,,) of the
nanofibers were determined by LS to be 62.3 nm, 0.03, and
1.8, respectively, consistent with the size, monodispersity, and
cylindrical morphology observed by TEM. It was also
confirmed, by TEM observations of freeze-dried samples of
the strings and the nanofibers, that solvent evaporation during
drying the TEM samples has no considerable effect on their
morphologies (Supporting Information, Figure S1). Within
TEM images, the PEG shell of the nanofibers was invisible
(Figure 1G) but became visible after staining with phospho-
tungstic acid (Figure 1H), as revealed by the difference
between the widths of the stained nanofibers (19.1 nm) and
the unstained nanofibers (16.0 nm). It was noticed that, in the
TEM images, no difference in contrast can be seen in the
unstained nanofibers. This indicates that the P4VP cores
fused together in the nanofibers, otherwise the low contrast
PEG domains sandwiched between the relatively high con-
trast PAVP domains would have been seen. Circular dichro-
ism spectra of the nanostructures revealed that the DNA
chains of both the strings and the nanofibers are still in a B-
form (Supporting Information, Figure S2). Experiments using
ethidium bromide as a probe demonstrated that 92 % of the
binding sites of the DNA in the strings and 84% in the
nanofibers are still accessible to intercalation by ethidium
bromide (Figure 1J and Supporting Information, Text S4).
Therefore, the DNA chains are located on the surface rather
than encapsulated in the P4VP cores; it has been shown that
DNA chains encapsulated by an interacting polymer are
inaccessible to ethidium bromide binding."¥ TEM images of
the nanofibers stained with positively charged aniline-coated
gold clusters, which selectively stain DNA,!™! reveal that
DNA wraps around P4VP cylindrical cores like a solenoid
(Figure 1 Kand Supporting Information, Text S5). The results
of these TEM observations and the ethidium bromide experi-
ments confirm that DNA wraps around the micelles to form
the strings. To our knowledge, synthesis of solenoidal nano-
fibers has not been previously reported. The pitch of the DNA
solenoid is 5.4 nm (Figure 1 K), which is close to the
calculated value of 63 nm (Supporting Information,
Text S6). Similar to the self-assembly of 10 nm chromatin
fibers, in the second stage of chro-
matin compaction, the self-assem-
bly of the micelles on the strings

cores and the linker, overcome the shell-shell repulsion
between the neighboring micelles to fuse together; the
preorganization of the micelles induced and guided the
second stage of self-assembly. It is possible that core—core
fusion requires deformation of the micelles and redistribution
of the PEG chains, which necessitates flexibility of the
micelles;®! this flexibility results from the addition of
methanol to the solution.

The DNA/micelle self-assembly can be used for tailored
synthesis of the solenoidal nanofibers of different lengths. The
monodisperse nanofibers of 113 nm, 232 nm, and 402 nm
lengths were prepared from monodisperse linear DNA of
2686, 5427, and 8592 bp, respectively (M1-M3 in Table 1,
Figure 2 A-C; see also Supporting Information, Figure S3).
The diameter can also be changed; the diameter of the
nanofibers prepared from PEG5-b-P4VPs; micelles is 16 nm
(M1-M3), while that from PEG,3-b-P4VP,;,; micelles is
293 nm (P1 in Table 1, Figure 2D). The nanofibers with
poly(N,N-dimethylacrylamide) (PDMA) as the shell were
obtained through self-assembly of DNA L2000 with PDMA,-
b-P4VP, micelles under identical conditions (P2 in Table 1,
Figure 2E). P1 and P2 nanofibers are polydisperse since
polydisperse DNAs were used. Additionally, DNA can
organize PEG;-b-P4VPs micelles and PEG,;-b-P4VP,,
micelles together into binary strings (Figure 2F, polydisperse
DNA was used). Hydrolysis of tetramethoxysilane within M2
(232 nm long) and M3 (402 nm long) solenoidal nanofibers
produced monodisperse hybrid nanofibers of 307 nm and
432 nm, respectively (Figure 2G,H, Supporting Information,
Text S7);1% the solenoidal conformation of the DNA chains
in M2 and M3 nanofibers makes this elongation possible. The
self-assembly leads to solenoidal nanofibers with tailored
dimensions, varied compositions, and a high linear density (16
PEG,5-b-P4VPs; chains/nm for M2 nanofibers based on LS
measurements; the linear density is comparable to that of
worm-like micelles)."””) The nanofibers were also prepared
on a gram scale; grams of the nanofibers were prepared from
500mL of a solution of PEG;;;-b-P4VPs; micelles
(4.0 mgmL™") with commercially available DNA L20k (a
polydisperse DNA averaging 20 kilobases; 0.2 mgmL™';
Figure 3). The nanofibers in Figure 3 were silicified so that
the outline of each nanofiber in a stack of the nanofibers can
be seen clearly.

In conclusion, when monodisperse DNA was used, the
assemblies of DNA and polymeric micelles evolved from the
quickly formed, longer beads-on-a-string structure to shorter
more-condensed strings, and finally to monodisperse solenoi-
dal nanofibers. The unique features of this self-assembly

Table 1: Tailored synthesis of nanofibers.

resulted from their preorganiza- Entry® DNA®  Block copolymer  Diameter [nm]  Length [nm] (L,/L,)  Compaction ratio
tion; in the absence of DNA, the —, 12686  PEG,,;-b-PAVPy, 160420 113 (1.002) 8.1
micelles disperse individually in the L5427 PEG,,yb-PAVPy, 16.041.8 232 (1.003) 8.0
solution. The cores of the preorgan- M3 L8592  PEG,y-b-PAVPy 16.7+1.4 402 (1.007) 7.3

ized micelles in a string, driven by  P1 L2000 PEG,y3-b-P4VP, 293425 - -
hydrophobic interaction between P2 L2000 PDMA;,-b-P4VP,, 17.3+1.8

the neighboring P4VP cores and
the interaction between the P4VP
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[a] MT-M3: monodisperse DNAs were used. P1 and P2: polydisperse DNAs were used. [b] The number
represents the length (bp) of the linear DNA.
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Figure 2. Tailored synthesis of nanofibers. A—-C) TEM images of the monodisperse
nanofibers prepared from A) L2686, B) L5427, and C) L8592 (see M1-M3 in Table 1) The
arrows in (A) point to a head-to-head connection between two 113 nm fibers. D, E) TEM
images of thicker nanofibers and nanofibers with a PDMA shell (see P1 and P2 in

Table 1). F) TEM image of the binary nanostrings (arrows indicate the PEG,,;-b-P4VP,,
micelles). G,H) TEM images of hybrid nanofibers prepared by hybridizing M2 nanofibers

and M3 nanofibers, respectively. Scale bars =200 nm.

Figure 3. SEM image of the silicified nanofibers prepared from L20k
DNA (0.2 mgmL™") and PEG,;5-b-P4VPs; micelles (4.0 mgmL™).

process are: 1) Each of the nanostructures is the thermody-
namically optimal structure of the corresponding assembly
stage; 2) From the beginning, the different nanostructures
formed and evolved in a similar manner and at a similar step.
These two features reveal that the pathway for nanostructure
formation and evolution is prescribed thermodynamically.
Compared with reported artificial self-assembly systems, to
our knowledge, this precision in nanostructure formation and
evolution is unprecedented. Additionally, from the viewpoint
of chemical synthesis, the present study has several advan-
tages: 1) There are no byproducts (e.g. kinetically trapped
nanostructures) formed during self-assembly; 2) Monodis-
perse nanofibers can be prepared when monodisperse DNAs
are used; 3) The dimensions and compositions of the nano-
fibers can be tailored to different specifications; 4) This
method allows large-scale synthesis. These advantages make
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the DNA/micelle self-assembly described
herein very promising for addressing both
theoretical and practical problems.

Experimental Section

PEG,5-b-P4VPy; micelles were prepared in a water/
methanol (4:1, v/v) mixture by adding carbon
dioxide saturated water into a PEG-b-P4VP
(2.0mgmL™") methanol solution (methanol is
a common solvent for both PEG and P4VP, and
water is a selective solvent for PEG). Carbon dioxide
was used to adjust the pH value without introducing
salts into the suspension; our study shows that salt
affects the interaction considerably because the
interaction between DNA and the micelles is elec-
trostatic (Supporting Information, Text S2). For the
self-assembly of DNA and micelles, typically, 1 mL
DNA solution in deionized water (0.2 mgmL™") was
added into 10mL of the micelle solution
(0.4 mgmL~") over 5 min. In the final mixture, the
mass ratio of DNA to the micelles is 1:20 (the
number of the micelles, in the mixture, is slightly
larger than that required to form the beads-on-a-
string structure in which DNA wraps one turn
around each micelle).
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