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Abstract

Amphiphilic DNA block copolymers have been utilized in preparing self-assembled amphiphilic 

structures in aqueous solution. These block copolymers usually contain specifically designed 

hydrophobic regions, and typically assemble under near-physiological conditions. Here, we report 

self-assembly of spherical micelles and one-dimensional nanorods under acidic conditions from 

cholesterol-conjugated DNA strands (Cholesterol-DNA). Further study also revealed that the 

nanorods were hierarchically assembled from the micelle nanostructures. The morphology of the 

nanorod assemblies can be tuned by altering solution condition and the design of Cholesterol-

DNA. The self-assembly of Cholesterol-DNA nanostructures under acidic conditions and the 

discovery of the relationship between the nanorods and the micelles can provide new insights for 

future design of self-assemblies of amphiphilic DNA block copolymers.
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Over the past few decades, DNA has drawn considerable interest as a promising and 

versatile material for nanotechnology. The unique 4-digit code pairing characteristic of DNA 

endows it with the ability for constructing well-defined, precisely controlled nanostructures 

with high programmability and versatility.1,2 The self-assembly of DNA nanostructures 

mainly relies on the base pairing between different strands with delicately designed 

sequences. Many methods of DNA nanostructure construction have been developed and 

widely utilized for various applications.3–5 In addition, conjugation of DNA strands to other 

molecules, polymers, or nanostructures generates DNA block copolymers (DBC) with new 

interactions during assembly, such as hydrophobic, electrostatic, and π-π interactions.6 

These special interactions can result in orthogonal bindings and long-range morphology 

control in DBC self-assembly, and lead to a new generation of DNA nanostructures.7–11

One particular kind of DBCs is the amphiphilic DNA copolymer. In amphiphilic DNA block 

copolymers, DNA strands mainly serve as the hydrophilic parts, while the conjugated 

molecules, such as synthetic polymers, fluorescent dyes, and lipids, usually serve as the 

hydrophobic parts.12–14 These copolymers combine the favorable properties of hydrophilic 

DNA and hydrophobic molecules in aqueous solution, and may offer the possibility of 

evolving completely new functions.15 Amphiphilic DBCs have been utilized to assemble 

one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanostructures 

with tunable size and shape.16–18 Previous work has demonstrated that during the DBC 

assembly, many unique properties may occur. For example, Wang and co-workers 

constructed a DBC whose assembly could undergo reversible phase transitions between 

spherical micelles and long nanofibers, which demonstrated the possibility of controlling 

DBC nanostructures’ morphology beyond the sample preparation step.19 Liu et al. utilized 

thermally responsive DBCs to construct nanostructures which could alter the morphology 

and property with a temperature trigger.20,21 With these unique properties, amphiphilic 

DBCs have been widely employed in research and many applications have been reported, 

such as diagnostics,22 programmable nanoreactors,23 and, especially, drug delivery.24–26 
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Similar to some other delivery systems such as DNA modified liposomes,27 DBC 

nanostructures also exhibit low toxicity and high reproducibility, thus making them a potent 

agent for a next generation targeted therapeutic approach.28

Cholesterol-conjugated DNA strands (Cholesterol-DNA) were usually used as the anchor in 

the process of detection and dynamic motion, especially when involving membranes.29–32 It 

has been reported that Cholesterol-DNA with variable modifications could form micellular 

structures.33,34 Block copolymers that combine Cholesterol-DNA together with other 

polymers can also produce micelles and single crystals.35,36 Here, we discovered that 

Cholesterol-DNA with specific sequences can also form spherical micelles and nanorods 

under acidic conditions. The morphology of the nanostructure can be tuned by pH, salt 

concentration, DNA sequence, and the length of connecting spacers. Further study revealed 

that the nanorod assembly was closely linked to the initial formation of micelles. Our work 

provides new design principles for DBC self-assembly, and can be useful for the 

construction of new DBC nanostructures for applications (e.g., drug delivery) at different 

conditions.

RESULTS

The Cholesterol-DNA we used in this paper consists of 3 parts: hydrophilic DNA, internal 

linker, and hydrophobic cholesterol (Figure 1A). With a specific GA-rich DNA sequence, 

we found that the Cholesterol-DNA could form micelles (Figure 1B) and nanorods (Figure 

1C) under acidic conditions. The products varied among spherical micelles, short nanorods, 

and micrometer-long nanorods (Figure 1D), depending on the buffer conditions, assembly 

protocols, and the design of the DNA sequences and the linkers.

The design of all Cholesterol-DNAs is included in the SI Table S1. The initial design of 

Cholesterol-DNA contains an 18-base (18B) DNA strand with a GA-rich sequence and a 

triethylene glycol (TEG) linker (SI Figure S1). Micelle-like structures were observed at pH 

3.6. We then carefully investigated the effect of salt concentration at this pH (Figure 2A and 

SI Figure S2). Two ions commonly used in DNA self-assembly were chosen for the 

investigation: sodium cation (Na+) and magnesium cation (Mg2+). Four groups of Na+ and 

Mg2+ concentrations were tested. All samples were subjected to an annealing process from 

37 to 29 °C (see SI for more details). Mg2+ appeared crucial in the assembly of nanorods, as 

all groups without Mg2+ did not show the formation of nanorods. With sodium and 

magnesium ion concentration increasing, more spherical micelles or nanorods were 

observed, which indicated that the cations were necessary for the assembly of the relatively 

compact DNA shells. However, at relatively higher salt concentrations, the numbers of 

micelles and nanorods decrease, which may be due to the disruption of the electrostatics 

balance of DNA parts.

The importance of cations in the Cholesterol-DNA assembly suggested that the interactions 

among DNA strands could have played a significant role in the micelle/nanorod formation 

process, since it is known that cations affect the DNA hybridization. To understand the effect 

of DNA interaction, we investigated Cholesterol-DNA assembly with different DNA 

sequences, in the presence of 50 mM Na+ and 1 mM Mg2+. We specifically designed three 
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additional Cholesterol-DNAs with different DNA sequence: a 12-base (12B) GA-rich, a 24-

base (24B) GA-rich sequence, and an 18-T sequence (PolyT), which was expected to greatly 

reduce DNA-DNA interactions. The assembly of 12B, 24B, and PolyT were compared to 

the assembly of 18B at pH from 3.1 to 5.5 (Figure 2B and SI Figures S3, S4). As expected, 

the PolyT Cholesterol-DNA assembly failed to produce any ordered structures, while 12B, 

18B, and 24B all generated ordered micelles/nanorods at specific pH, proving the interaction 

of the GA-rich sequence was crucial for the Cholesterol-DNA assembly. The 12B, 18B, and 

24B Cholesterol-DNA mainly assembled into ordered micelle/nanorod nanostructures under 

more acidic conditions, from pH 3.1 to 4.5. However, no well-defined nanostructure was 

formed under pH more than 5.5 for all samples. Both 12B and 24B produced only spherical 

micelles, but no nanorod formation. The pH window for 24B to form micelles was larger 

than the window for 12B, suggesting that the longer DNA sequence of 24B could stabilize 

the micelle formation. Nonetheless, the nanorod formation was only observed in the 18B 
sample. The 18B contains 78% guanine and adenine. To test how the GA content affects the 

assembly of the Cholesterol-DNA, we designed an 18B-high GA with 100% GA content 

and an 18B-low GA with 56% GA content. The assembly of these two Cholesterol-DNAs 

were carried out at pH 3.1, 4.0, and 5.0, and were compared to the assembly of the original 

18B (SI Figure S5). At pH 4.0 and 5.0, clear micellular structures could be observed for the 

18B-high GA, but they tended to form large aggregates. When pH was reduced to 3.1, the 

micellular aggregates morphed to large structures without well-defined morphology. For the 

18B-low GA, which we expected to have lower level of interaction between the DNA 

strands, the assembly produced a mixture of micelles and nonstructured aggregates at pH 

3.1, and only aggregates at pH 4.0 and 5.0. Our result further demonstrated that the assembly 

of Cholesterol-DNAs was affected by the interaction of GA-rich DNA strands, and the 

formation of the nanorods requires more stringent sequences than the micelles.

Additional experiments were performed to further confirm the observation that DNA 

interaction was important for the Cholesterol-DNA assembly. First, a DNA strand without 

cholesterol and the linker (18B-DNA-only) were annealed under different pH from 3.1 to 5.5 

(Figure 2C and SI Figure S6). Although the assembly did not produce ordered micelles or 

nanorods, aggregation was observed in all samples. Similarly, the assembly of a 12B-DNA-

only and a 24B-DNA-only also resulted in aggregation (SI Figure S6). In contrast, the 

assembly of a PolyT-DNA-only showed no formation of any assembly (Figure 2C and SI 

Figure S6). This outcome suggested that the GA-rich sequences have stronger interstrand 

interactions at the low pH, and was consistent with previous results that 12B, 18B, and 24B 
could form well-defined nanostructures while PolyT could not. Then another experiment 

was carried out by annealing 18B in the presence of a complementary DNA strand. The 

assembly led to the formation of random aggregation (Figure 2D), since the micelle/nanorod 

formation of 18B was disrupted by the complementary DNA’s interaction with the 18B 
DNA. The aforementioned experiments indicated the mechanism of the Cholesterol-DNA 

assembled micelles/nanorods: On the one hand, the hydrophobic interactions between 

cholesterols is a key driving force, because without cholesterol, DNA itself cannot form 

well-defined nanostructures. On the other hand, the assembly is also regulated by the 

interactions between DNA strands. These interactions are largely affected by the solution 

composition, causing the varying results of the final products.
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In our study of TEM images, we noticed an interesting phenomenon that the 18B nanorods 

contained uniform units separated by small but visible gaps (Figure 3A). This led us to 

hypothesize that the nanorods were hierarchically assembled from preformed micelles and 

the gap might be the result of micelles not fully merged together. Additional experiments 

were performed to investigate this hypothesis. First, we tested longer spacers in the linker 

domain of the 18B Cholesterol-DNA: one with a single spacer (18B1S) and the other with 

two spacers (18B2S). Like 18B assembly, both 18B1S and 18B2S produced well-formed 

nanorods (Figure 3B and C). The lengths of these nanorods were longer than the 18B 
nanorods (SI Figures S7 and S8). The 18B1S nanorods could grow to several micrometers in 

length (Figure 3C and SI Figure S9). We measured the average widths of 18B, 18B1S, and 

182S nanorods in TEM images and confirmed that the diameters of the nanorods increased 

with longer spacers (SI Figure S10). In addition, the periodic gaps in the 18B1S and 18B2S 
nanorods became more pronounced than the 18B nanorods. To rule out the possibility that 

the nanorod formation was induced by the drying procedure used in TEM imaging, we also 

imaged the 18B1S nanorod and 18B2S nanorod via liquid-phase atomic force microscopy 

(AFM) imaging, which confirmed that the nanorods were formed in the solution (SI Figure 

S11). A time-course study on the growth of the 18B1S nanorods confirmed the hypothesis of 

hierarchical assembly process (Figure 3 and SI Figure S12). The micelles formed with 5 min 

and we started to notice the merging of micelles at ~10 min. After 30 min, well-formed 

nanorods appear in the images and became the dominant product over time, but the gaps 

were clearly visible in the final products. We suspected that the gaps might be a transitional 

state and would eventually disappear if given more time. However, no visible changes for the 

nanorods were observed after long incubations of preassembled 18B1S nanorods for up to 

15 days (SI Figure S13). To find out the critical micelle concertation (CMC) for 181S, we 

also tested the assembly at different concentrations (SI Figure S14). The nanorod formation 

disappeared at about 5 μM concentration and the spherical micelles were no longer 

detectable at concentrations lower than 1 μM.

Based on the experimental results, we concluded that the nanorods with gaps were 

hierarchically assembled from the micelles and were stable (Figure 3E). The visible black 

gaps in TEM images indicated that the merging of micelles were not “complete”, perhaps 

due to the size difference between the small cholesterol hydrophilic core and hydrophobic 

DNA strands.37 Compared with other amphiphilic DBCs with larger hydrophobic parts and 

nanofibers with no defects, Cholesterol-DNA’s hydrophobic core is rather small in size.7,19 

Therefore, during the merging process, the interactions between the relatively larger 

hydrophilic DNA strands could hinder the small micelle hydrophobic cores from merging 

with others. In other words, the formation of a Cholesterol-DNA nanorod with a continuous, 

narrow hydrophobic core (without gaps) would need to pack DNA strands more compactly 

and have to pay a greater energy penalty, and the formation of gaps was a response to reduce 

the energy penalty.

CONCLUSION

In summary, we report self-assembly of micelles and nanorods from Cholesterol-DNA under 

acidic conditions. We carefully investigated the influence of salt concentration, pH, DNA 
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sequence, and internal spacer on the assembly. Furthermore, we designed several 

experiments to explore the mechanism of the Cholesterol-DNA assembly and discovered the 

unique hierarchical assembly process of Cholesterol-DNA nanorods. We believe the 

relatively small volume of the cholesterol hydrophobic cores and the interactions between 

DNA strands led to the formation of gaps in the nanorods. Our work not only further proves 

the versatility of amphiphilic DBCs and enriches the family of amphiphilic DBC 

nanostructures, but also can provide insights on new design principles and assembly 

mechanisms for future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Micelles and nanorods self-assembled from Cholesterol-DNA. (A) Design of a Cholesterol-

DNA. (B) Schematic of spherical micelles formed by Cholesterol-DNA. (C) Schematic of a 

nanorod assembled from Cholesterol-DNA. (D) Representative TEM images of different 

types of products, including spherical micelles, short nanorods, and long nanorods.
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Figure 2. 
Effects of different factors on Cholesterol-DNA assembly. (A) TEM images of Cholesterol-

DNA assembled with different salt concentrations. (B) TEM images of the assembly of 18B, 

12B, and PolyT under different pH. (C) TEM images of the assembly result of DNA strands. 

The upper image shows the assembly from the 18B GA-rich DNA, and the lower image 

shows the assembly from the 18-base PolyT DNA. (D) TEM image of the assembly result of 

18B Cholesterol-DNA annealed in the presence of the complementary strand of its DNA 

part. The scale bars are 40 nm.
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Figure 3. 
Investigation of the assembly mechanism. (A) to (C) Assembly of Cholesterol-DNA with 

different length linkers. (A) Schematic and TEM images of the assembly result of the 18B 
with a short linker. (B) Schematic and TEM images of the assembly result of the 18B1S with 

a median length linker. (B) Schematic and TEM images of the assembly result of the 18B2S 
with a long linker. (D) TEM images of the assembly products of 18B1S at different time. (E) 

Proposed hierarchical assembly of micelles leads to the formation of the nanorods and the 

visible periodic gaps in the nanorods.
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