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Abstract

The specific binding ability of DNA–lipid micelles (DLMs) can be increased by the introduction 

of an aptamer. However, supramolecular micellar structures based on self-assemblies of 

amphiphilic DLMs are expected to demonstrate low stability when interacting with cell 

membranes under certain conditions, which could lead to a reduction in selectivity for targeting 

cancer cells. We herein report a straightforward cross-linking strategy that relies on a 

methacrylamide branch to link aptamer and lipid segments. By an efficient photoinduced 

polymerization process, covalently linked aptamer–lipid units help stabilize the micelle structure 

and enhance aptamer probe stability, further improving the targeting ability of the resulting 

nanoassembly. Besides the development of a facile cross-linking method, this study clarifies the 

relationship between aptamer–lipid concentration and the corresponding binding ability.
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Biomacromolecules combined with synthetic materials, such as peptide/protein–polymer 

conjugates[1] and DNA–block-copolymer (DBC) micelles,[2] have attracted much attention 

in bioanalysis and biomedicine. With versatile modifications, DBC micelles have been 

applied for drug delivery[3] and nanoreactors.[4] While controllable structures and precise 

nucleotide recognition properties make DBC micelles superior to many other biopolymers,
[5] complicated and inefficient conjugations remain a challenge. For efficient synthesis and 

assembly, DNA–lipid micelles (DLMs), consisting of a single-stranded hydrophilic DNA 

head and a hydrophobic lipid tail, have been reported.[6] By solid-phase DNA synthesis, 

diacyllipid can be coupled onto the 5’-end of oligonucleotides.[7] Owing to the similarity 

between the diacyllipid in DLMs and the lipid bilayers in cell membranes, DLMs have 

shown low critical micelle concentration (CMC),[8] excellent biocompatibility,[7] and 

compelling membrane permeability.[9]
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Previous studies have demonstrated the feasibility of using DLMs for intracellular 

imaging[7,10] and the inhibition of specific cellular biological functions[11] through 

interaction with target biomolecules. The introduction of aptamers into DLMs leads to even 

more rapid target-cell recognition.[12] At the same time, however, loss of DLM integrity and 

arbitrary insertion of disassembled lipid units could interfere with the recognition ability of 

the aptamer when interacting with cells.[6a,9] Therefore, a more stable micelle structure is 

required for target-cell recognition in practical applications. Various approaches have been 

investigated to stabilize copolymer micelles by employing covalent[13] or reducible linkages.
[14] Moreover, both the Mirkin group[15] and the Rouge group[16] recently reported cross-

linking methods for stabilizing DLMs, but they required long preparation times and 

additional cross-linkers. Thus, the challenge of constructing simple but specific and stable 

DLMs still remains.

Herein, we developed a cross-linked DNA–methacrylamide–lipid micelle (X-DLM) system 

(Scheme 1). This facile design incorporates a methacrylamide functionality between the 

hydrophilic and hydrophobic portions of DNA–lipid amphiphiles that can be cross-linked 

through free-radical polymerization under UV light after self-assembly in aqueous solution. 

In contrast to traditional non-cross-linked DLMs, well-defined X-DLMs offer better stability 

in a cellular environment, further providing excellent specificity for cell recognition when 

incorporated with targeting aptamers.

The DNA–methacrylamide–lipid unit was synthesized on the basis of a two-step 

phosphoramidite coupling process (see the Supporting Information for details). First, a 

DMT– methacrylamide phosphoramidite (DMT= 4,4’-dimethoxytrityl) was synthesized as a 

basic building block to be attached to the 5’-end of DNA and then connected with a lipid 

(see the Supporting Information).[17] Then, after self-assembly in aqueous solution, radical 

polymerization facilitated the formation of C‒C covalent bonds between adjacent 

methacrylamide units, which served to link individual amphiphiles.[18] Water-soluble and 

biocompatible sodium phenyl-2,4,6-trimethylbenzoylphosphinate (SPTP) was chosen as the 

photoinitiator because of its rapid decomposition under UV irradiation (365 nm).[19] The 

rapid initiation rate provided complete cross-linking within 15 min at room temperature, 

thereby limiting overexposure of DNA to UV light. Therefore, as compared with previous 

micelle-stabilizing methods, the significance of our approach stems from the introduction of 

a DMT–methacrylamide phosphoramidite linking the DNA head and lipid tail to allow for 

efficient and simplified cross-linking with no need for cross-linkers.

In this study, sgc8 aptamer, which specifically recognizes the highly expressed membrane 

protein PTK7 on CCRF-CEM cells (T-cell acute lymphoblastic leukemia cell line), but not 

Ramos cells (B-cell human Burkitt lymphoma cell line),[20] was selected as the DNA 

segment to equip micelles with target-binding ability. To demonstrate the precise cross-

linking of this approach, we used sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) to examine the mobility of carboxytetramethylrhodamine (TAMRA)-labeled 

micelles and the different building blocks (Figure 1 a). As compared to normal sgc8–

methacrylamide–lipid micelles (Sgc8-LM) and all the constituent domains, cross-linked 

Sgc8-LM (X-Sgc8-LM) had the least mobility, most likely as a result of increased molecular 

weight of the cross-linked structures and better structural stability of the lipid core against 
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disassembly by SDS. Because SDS disrupts non-covalent bonds, the hydrophobic 

interactions in Sgc8-LM were readily disintegrated in the presence of SDS, whereas the 

covalent bonds prevented X-Sgc8-LM from losing micellar integrity, even at a high 

concentration of SDS (0.8 % w/v; see Figure S8 in the Supporting Information).

To obtain purified X-Sgc8-LM with the best cross-linking efficiency (ca. 60 %), we selected 

a 1 : 0.108 molar ratio of amphiphile unit to SPTP after comparing the intensities of product 

bands in the gel, followed by dialysis to remove unincorporated free units (see Figure S9). 

The possibility that the cross-linking resulted from linkages among DNA bases or lipid cores 

was also ruled out (see Figure S10), since none of the controls without methacrylamide 

formed cross-linked micelles under polymerization conditions. Therefore, cross-linking 

could only be carried out through methacrylamide polymerization while both DNA and lipid 

domain functionalities were maintained.

The homogeneous spherical structures of Sgc8-LM and X-Sgc8-LM were confirmed by 

negatively stained transmission electron microscopy (TEM) and dynamic light scattering 

(DLS; Figure 1). The change in particle size after cross-linking (from (17±2) nm, PDI=0.38 

to (18±1) nm, PDI=0.27) was negligible, thus indicating that this cross-linking approach 

maintained a uniform architecture without affecting micelle size (Figure 1 b).

Besides undesirable micelle-structure disintegration, susceptibility of DNA to nuclease 

degradation also prevents current clinical translation of DNA micelle-based therapeutics.[21] 

Therefore, it is important to evaluate the stability of cross-linked micelles before their 

application in real cellular environments. Besides enhanced structural stability (Figure 1 a), 

X-Sgc8-LM also exhibited significantly increased resistance to nucleolytic degradation. 

Serum proteins can interact with lipids to prevent micelle formation and further cleave 

oligonucleotides.[22] In this study, we compared the biostability of X-Sgc8-LM, Sgc8-LM, 

and Sgc8 using serum and deoxyribonuclease I (DNase I). Since the Sgc8 aptamer was 

labeled with TAMRA dye in all groups, the dissociated aptamer–lipids and degraded 

aptamer pieces could be detected by the faster-moving bands through fluorescence (TAMRA 

channel scanning) on an agarose gel. Incubation of Sgc8 and Sgc8-LM in 10 % serum 

medium for 4 h resulted in (59±0.8) and (51±0.7)% cleavage of aptamer domains, 

respectively; whereas only 22±3% of the same sequences in X-Sgc8-LM were cleaved 

(Figure 2 a). A much clearer comparison was observed with DNase I (Figure 2 b). Sgc8 and 

Sgc8-LM were digested rapidly within 30 min, and finally only (10±3) and (14±7) %, 

respectively, of the aptamer remained intact in the presence of 100 mU DNase I. In contrast, 

cross-linked micelles maintained their probe stability, as evidenced by the presence of 

(58±0.9)% of the fluorescent bands remaining in the top well. The remarkably improved 

biostability of cross-linked micelles most probably resulted from the steric hindrance of the 

aptamer corona, as well as the efficient cross-linking that facilitated the rigidification of 

nanostructures. Consequently, this cross-linking approach could generate more robust and 

stable micellar assemblies, thus providing better opportunities for their application under 

physiological conditions.

Having demonstrated the superior stability of cross-linked micelles, we next examined their 

targeting abilities. Until now, lipidic domains have been considered as nonspecific “glue” 
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that could partition into any hydrophobic cellular membranes.[8] Thus, after a certain 

incubation time (e.g., over 30 min), we hypothesized that aptamer–lipid micelles would not 

be able to discriminate between target and control cells, as the appended lipid chains could 

dynamically disassemble and insert into random cell membranes. However, as shown in flow 

cytometry histograms (Figure 3 a, top), TAMRA-labeled Sgc8-Lipid exhibited good 

selectivity for target CEM cells at very low concentration (25 nM) after incubation for 30 

min at 4°C, as compared with library DNA–lipid (Lib-Lipid) micelles. Interestingly, when 

incubated with negative Ramos cells, both Sgc8-and Lib-Lipid showed gradually increasing 

binding shifts as the amphiphile concentration increased (Figure 3 a, bottom), thus 

indicating dose-dependent binding ability to Ramos. The competition between specific 

targeting ability of the aptamer and low off-rates of the lipid on cell membranes could 

account for these unanticipated results.[12b] When the aptamer–lipid concentration is low, 

the selective binding property of Sgc8 is the dominant factor that enables rapid cell-type 

discrimination. However, as the concentration increases, more aptamer–lipid units anchor 

onto the cell-membrane surface, and could not readily diffuse away because of the preferred 

thermal stability, thereby compromising the recognition specificity of the aptamer.

Although Sgc8-Lipid micelles showed good target binding at low concentrations, we could 

not overlook the nonspecific shifts of Lib-Lipid micelles towards CEM cells and the shifts of 

the two micelles towards Ramos cells under the same conditions. Importantly, in terms of 

drug delivery and other bioapplications for targeting cancer cells, loss of micelle specificity 

at high concentrations would be an issue. However, the methacrylamide cross-linking 

approach addressed these issues (Figure 3b; see also Figure S11). X-Sgc8-LM at both high 

and low aptamer–lipid concentrations (200 and 50 nM) displayed clear shifts towards CEM 

cells, but not Ramos cells, whereas the cross-linked library DNA–methacrylamide–lipid 

micelles (X-Lib-LM) exhibited negligible shifts towards both cell types, thus indicating the 

excellent recognition capability of X-Sgc8-LM towards target cells. Moreover, the excellent 

specificity of X-Sgc8-LM was still maintained in the presence of serum proteins (see Figure 

S12). In contrast to the barely satisfactory performance of unmodified Sgc8 and the arbitrary 

binding of non-cross-linked micelles, the significant improvement of X-Sgc8-LM in 

selectivity demonstrated that strengthened structure and probe stability could help enhance 

target-cell-recognition ability of aptamer-functionalized cross-linked micelles.

The target specificity of X-Sgc8-LM was also evidenced by confocal microscopy (Figure 4). 

At a high concentration (200 nM), disassembled Sgc8-LM freely inserted into cell 

membranes of both CEM and Ramos without specificity after incubation at 37°C for 2 h. 

Conversely, the red fluorescence of X-Sgc8-LM was observed only after incubation with 

CEM under the same conditions. Cross-linking is, therefore, able to overcome the 

disassembly of the lipid core to give better target-recognition ability. Moreover, as compared 

with the strong binding of Lib-LM towards both positive and negative cells, X-Lib-LM 

recognized neither CEM nor Ramos, thus suggesting the loss of nonselective binding ability 

after cross-linking (see Figure S13). Thus, considering the selective targeting ability, lipid-

core loading capacity, and excellent biocompatibility (see Figure S14) of the cross-linked 

aptamer-lipid micelles reported herein, we envision that future studies will focus on 

applications in targeted bioanalysis and cancer theranostics.
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In summary, we have developed a facile and effective cross-linking strategy to equip 

aptamer–lipid micelles with enhanced stability and improved specificity to target cancer 

cells. Micelles exhibited specificity at a low concentration (25 nM), but lost targeting ability 

at high concentration (200 nM), thus indicating the necessity of stabilizing micellar 

structures. The novel incorporation of biocompatible methacrylamide units[23] provides a 

straightforward approach with no extra cross-linker needed. The simplified free-radical 

cross-linking of aptamer–lipid micelles promotes cancer-cell recognition, while significantly 

mitigating nonspecific binding. Continued research on building stimuli-responsive micelle 

structures will further lead to feasible drug-release systems. Thus, given the potential for 

versatile modification of the lipid core and aptamer, this cross-linked nanoassembly is 

promising for applications in targeted cellular imaging, gene therapy, and drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) SDS-PAGE (12 %) analysis of different generations of TAMRA-labeled sgc8 micelles. 

Lanes: 1, X-Sgc8-LM; 2, Sgc8-LM; 3, Sgc8-Lipid; 4, Sgc8-Methacrylamide; 5, Sgc8. The 

gel was scanned in the TAMRA channel. b) TEM images showing the average sizes of Sgc8-

LM (top) and X-Sgc8-LM (bottom). c) DLS measurements of micelles before (black) and 

after cross-linking (red).
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Figure 2. 
Agarose gel (4 %) showing a) serum stability and b) DNase I resistance of TAMRA-labeled 

Sgc8, Sgc8-LM, and X-Sgc8-LM. a) Samples were incubated with RPMI cell culture 

medium containing 10 % FBS at 37°C for 0, 0.5, 2, and 4 h. The + symbols indicate which 

species was mounted in the respective lane. b) Samples were incubated with DNase I of 

different concentrations (0, 10, 50, and 100 mU) at room temperature for 30 min.
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Figure 3. 
Flow cytometry histograms showing a) different binding abilities of Sgc8-Lipid and Lib-

Lipid to CEM (top) and Ramos cells (bottom) at different concentrations, and b) the 

selective recognition of target CEM cells by X-Sgc8-LM with a high DNA concentration 

(200 nM; top) as opposed to nontarget Ramos cells (bottom). Lib: library DNA.
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Figure 4. 
Confocal microscopy images of CEM and Ramos cells treated with Sgc8-LM and X-Sgc8-

LM. X-Sgc8-LM (200 nM) targeted only CEM cells, whereas non-cross-linked Sgc8-LM 

recognized both CEM and Ramos cells after incubation for 2 h. Scale bar: 20 μm.

Li et al. Page 12

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
a) Synthesis of the DMT–methacrylamide phosphoramidite. b) Photoinduced cross-linking 

of self-assembled DNA–methacrylamide–lipid micelles. DIEA = diisopropylethylamine, 

DMTrCl = 4,4’-dimethoxytrityl chloride.
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