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Non-Watson–Crick base pairing provides an in situ approach for

actuation of DNA nanostructures through responses to solution

conditions. Here we demonstrate this concept by using physio-

logically-relevant changes in pH to regulate DNA pyramid

assembly/disassembly and to control the release of protein cargo.

The ability of DNA to form predictable nanostructures

through sequence-directed hybridization has allowed the

design of complex supramolecular materials.1,2 Such scaffolds

can organize functional proteins and bioactive molecules in

well-designed patterns and are therefore of great interest to

biosensing and drug delivery.3,4 To date, the mechanical

actuation of DNA nanostructures has been largely achieved

through the addition of thermodynamically more favorable

DNA partners and the resulting rearrangement of interactions

between DNA strands.5 However, these approaches require

the addition of new DNA strands and generate waste DNA

with each cycle. Non-canonical Watson–Crick base pairing

provides an in situ approach for actuation through sensitivity

to solution conditions. Here we demonstrate this concept with

DNA pyramids containing i-motifs along one face. We show

that i-motifs can regulate pyramid assembly/disassembly and

control the release of protein cargo. Importantly, disassembly

is triggered with physiologically-relevant acidification, a key

criteria for drug and gene delivery vehicles.

An i-motif refers to a quadruplex structure that forms due to

base pairing between protonated and unprotonated cytosines.6

A number of pH-responsive DNA devices based on i-motifs

have been reported,7–11 although these i-motifs were typically

applied to contexts outside of drug delivery. We are interested

in using physiological changes in pH to induce conformational

changes and release cargo, inspired by the endosomal acidification

that triggers viruses, pH differences across compartments within

the body (e.g., blood–brain-barrier), and the acidity of tumor

micro-environments.12,13 To our knowledge, there have not yet

been attempts to use i-motifs within DNA nanostructures to

achieve such triggered changes. Conventional pH-responsive

materials produce physicochemical changes including swelling,

dissociation, and surface charge switching in order to favor drug

release at target sites.13,14 However, synthetic polymers often

present concerns regarding biocompatibility, biodegradation,

and immunogenicity.

As illustrated in Fig. 1a, the DNA pyramids are composed

of four oligonucleotides. Similar to our previous work and

others, each strand runs around one face of the pyramid and

hybridizes to form double-helical edges.15–19 Cytosine-rich

stretches are distributed into strands 2–4 so that three edges

of the pyramid exhibit identical i-motif sequences along one

face. Strand 1 is composed of a repetitive sequence, comple-

mentary to the cytosine-rich stretches, such that it is hybrid-

ized in the pyramid under alkaline conditions (pH 8.8, unless

otherwise stated). In our design, the cytosine-rich stretches

in strands 2–4 become partially protonated under acidic

Fig. 1 (a) Schematic of pH-triggered conformational changes of an

i-motif DNA pyramid. The i-motif sequence is colored red and the

complementary sequence is colored orange. Otherwise, identical

colored regions are complementary to each other. (b) Mismatch-

controlled conformational changes of i-motif DNA pyramids at

different pH. The left and right gel are at alkaline (pH 8.8, unless

otherwise stated) and acidic conditions (pH 5.0, unless otherwise

stated), respectively. In both gels the lane numbers indicate the

number of mismatches in strand 1. (c) pH-controlled assembly of

i-motif DNA pyramids. Switching from alkaline to acidic conditions

(lanes 1 and 2), and vice versa (lanes 3 and 4); (d) Circular dichroism

(CD) of i-motif DNA pyramids at different pH.
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conditions (pH 5.0, unless otherwise stated), leading to the

formation of intramolecular i-motifs (Fig. 1a). These i-motifs

are intended to promote an ‘‘open’’ state (i.e., partial pyramid

disassembly). Once the overall distribution of i-motifs within

the DNA pyramid was decided, the DNA sequences in the

remaining regions were generated using the Tiamat software.20

DNA pyramids, or tetrahedrons, are now well-known and

characterized systems.15–19 Successful assembly of our DNA

pyramids was first verified using native PAGE (Fig. S1, ESIw).
To achieve efficient and reversible transitions upon pH

changes, the pyramid stability was modulated by the introduction

of mismatches into strand 1. These mismatches reduce the

effective melting temperature under alkaline conditions, and

thereby facilitate the transition to intramolecular i-motifs. We

varied the number of mismatches in strand 1 and examined the

effect on pyramid assembly at different pH values. For 0–6

mismatches, pyramid assembly always remains efficient under

alkaline conditions (Fig. 1b, left). In the case of 9 mismatches, a

new structure is formed (note the distinct band and intensity).

Under acidic conditions, for 0 and 3 mismatches, pyramids did

not undergo disassembly whereas 9 mismatches induced nearly

complete disassembly (Fig. 1b, right). The case of 6 mismatches

results in a diffuse band, indicative of an ‘‘open’’ structure, and it

is likely that strand 1 has not fully dissociated from all pyramids.

Nevertheless, 6 mismatches appears to give an acceptable

assembly/disassembly response to pH, and the sequence of

strand 1 was fixed as such for all further experiments. As

controls, we verified that the assembly of a DNA pyramid

and hybridization of linear dsDNA, both lacking i-motifs, were

unaffected by pH (Fig. S2, ESIw).
To further demonstrate pH-controlled assembly/disassembly,

structures were switched from alkaline to acidic conditions, or

vice versa, and were consistent with the presumed role of

i-motifs (Fig. 1c). The structures associated with ‘‘open’’ and

‘‘closed’’ states (i.e., partial and complete assembly) were

further confirmed by circular dichroism (CD) (Fig. 1d). Under

alkaline conditions, the DNA pyramid has a CD spectrum

which shows the characteristics of B-form double-helical DNA

with positive band near 275 nm and a negative band near

240 nm.7 Under acidic conditions, the appearance of i-motifs

are reflected in a red-shift of the CD spectrum, with a strong

positive band near 285 nm and a smaller negative band near

260 nm.21 These results are consistent with our design,

where acidic conditions will lead to three i-motifs and three

double-helical edges (Fig. 1a). Assembly and conformational

changes of i-motif pyramids were further confirmed using

fluorescence quenching (Fig. S3, ESIw) and FRET (Fig. 2).

We conclude that changes in the assembly/disassembly of our

DNA pyramid due to pH arise solely from formation of i-motifs.

Next, we were motivated to demonstrate the potential

of our pH-responsive DNA pyramids for triggered cargo

delivery. While we previously showed (non-triggered) delivery

of therapeutic nucleic acid,18 protein delivery has not yet been

achieved with these types of vehicles. As a model, we attached

enhanced green fluorescent protein (EGFP) to DNA via

nickel-mediated interactions between nitrilotriacetic acid

(NTA) and the protein0s hexa-histidine tag.22 This strategy

possesses several attractive features: (i) any recombinant

protein with hexa-histidine tag can be attached; (ii) the

interaction is site-specific and (iii) reversible. In order to

demonstrate the specificity of the NTA-modified strand 1 with

EGFP, several control experiments were performed (Fig. S4, ESIw).
Based on their geometry and dimensions, DNA pyramids

should be able to accommodate globular proteins with diameters

of about 2.8–4.8 nm. By comparison, GFP is reported to have

a hydrodynamic diameter of about 3.2 nm.23 According to

Erben et al.,24 the position and orientation of an attached protein

relative to the DNA scaffold can be controlled by the location of

the attachment point. This control relies on the fact that with

increasing linear distance along the pyramid edge, there is a

corresponding clockwise rotation of 34.31 per base, due to the

helical nature of dsDNA. When the attachment point is 8 bases

away from the pyramid vertex, an attached protein should be

oriented towards the interior of the structure.

With the above considerations in mind, EGFP-labeled

pyramids were assembled using NTA-modified strand 1.

Separately, strand 3 was Cy3-labeled so as to assess intra-

pyramid FRET between EGFP and Cy3. The fluorescence of

pyramids with EGFP alone was compared with that of

pyramids with both EGFP and Cy3 (Fig. 2a). To exclusively

assess FRET-induced Cy3 excitation, the fluorescence of

Cy3-pyramids was subtracted from the fluorescence of dual-

labeled pyramids. This corrected fluorescence of dual-labeled

pyramids was then compared to that of EGFP-labeled

pyramids. As shown in Fig. 2a, the fluorescence emission of

EGFP was decreased, while the emission from Cy3 at 565 nm

was increased. Given a FRET efficiency E = 72% and a

Förster distance for the EGFP/Cy3 pair R0 = 6.3 nm,25 the

distance between the two dyes in the pyramid is calculated to

be R = 5.4 nm. If we take into consideration the additional

length due to linker units, the calculated value is reasonably

close to the value of 6.8 nm that is expected from the design.

Moreover, when pyramids bearing Cy3 but lacking NTA were

incubated with free EGFP, no FRET signal was observed

(Fig. S5, ESIw), further confirming that the intended conjuga-

tion was successful.

EGFP-incorporated i-motif pyramids were then exposed to

acidic conditions to demonstrate pH-responsive behavior

(Fig. 2b). Since the NTA-Ni2+-His linkage connecting EGFP

to the DNA pyramid is also pH sensitive, acidification will

Fig. 2 EGFP incorporation into, and release from, i-motif pyramids.

(a) FRET analysis of singly-labeled (EGFP) and dual-labeled (EGFP/

Cy3) pyramids under alkaline conditions. (b) Triggered release of

EGFP via pH changes. EGFP i-motif pyramids were incubated under

alkaline or acidic conditions and the released EGFP was removed by

Ni2+-NTA agarose beads, followed by fluorescence analysis of the

flow-through solution.
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facilitate both pyramid disassembly and EGFP release. Even

though the fluorescence of EGFP is quenched at low pH

(Fig. S6, ESIw),26 its release can still be determined, albeit in

a slightly complex manner. Following a 10 minute incubation

under acidic conditions, the EGFP-labeled i-motif pyramids

were quickly re-adjusted to alkaline conditions, with the

released EGFP captured using Ni2+-NTA agarose beads.

Fluorescence measurements show that under acidic conditions,

Ni2+-NTA beads effectively captured the released EGFP since

the flow-through did not exhibit the characteristic 510 nm

emission peak of EGFP (Fig. 2b). Under alkaline conditions,

Ni2+-NTA beads were unable to capture EGFP since it is

presumably still pyramid-bound, consistent with the observed

fluorescence. We emphasize that according to Erben et al.,24 the

EGFP should be oriented toward the interior of the pyramid

and therefore release will be most efficient upon i-motif switching.

Although a crude estimate of 33% release can be calculated from

the 510 nm signal, we plan to study questions regarding both

loading/release kinetics, and efficiency. Here our main intent is to

demonstrate the proof-of-concept.

The linkage of EGFP to DNA pyramids can also be regulated

by the addition of a competitive ligand (e.g., imidazole) or by the

removal of nickel ions with chelating agents (e.g., EDTA).

Treatment of EGFP-incorporated pyramids with either 25 mM
of EDTA or 100 mM imidazole showed higher levels of released

EGFP as compared to controls, indicating the ability to trigger

release with orthogonal cues (Fig. S7, ESIw). Of course, the

kinetics of cargo release with imidazole or EDTA triggers are

likely to be much slower than pH triggers.

In conclusion, we have demonstrated pH-dependent conforma-

tional changes ofDNApyramidsmade possible by the introduction

of i-motif sequences. Structural changes were verified using electro-

phoresis, circular dichroism, and FRET. Triggered release of a

protein cargo (EGFP) from pH-responsive pyramids highlights the

potential of DNA nanostructures in drug delivery and biosensing

applications. Towards more closely mimicking the efficiency of

viruses, future work will entail pH-triggered delivery of fusogenic

cargo and selective targeting via aptamer motifs.
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