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ABSTRACT 
 

In this chapter a novel and versatile design of DNA-lipid conjugates 

is presented. The assembly of the DNA headgroups into G-

quadruplex structures was found to be essential for the formation of 

micelles and their stability. We showed that the release of a cargo 

from the hydrophobic core of the micelles could be triggered by 

destabilization of the G-quadruplex.  In fact, in the presence of its 

complementary strand the oligonucleotide headgroup hybridized 

into a duplex structure, leading to micelle disruption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Responsive DNA G-quadruplex micelles 

35 

2 

 2.1 Introduction 
  

The molecular-recognition properties and polymorphisms of nucleic 

acids make them ideal scaffolds for the design of complex supramolecular 

structures that allow for control over composition, structure and function.1–

5. In particular, the bioconjugation of oligonucleotides with lipids 

represents a fascinating approach to merge the programmability of DNA 

and the self-assembly properties of amphiphiles. Due to their interesting 

properties, hybrid Lipid-Oligonucleotides (LONs) represent an attractive 

approach to enhance the cellular uptake of oligonucleotides in vivo. 

Several strategies have been used to functionalize DNA with hydrophobic 

moieties, such as polymers or lipids.6 

DNA amphiphiles in solution are able to self-assemble into different 

structures such as micelles, aggregates or vesicles. The nature of both the 

lipid moiety and the oligonucleotide headgroup influences the self-

assembly behavior of the surfactant. In particular micellar structures are 

interesting for biomedical applications due to their small size, high stability 

and low toxicity. The presence of a DNA headgroup is advantageous since 

it allows for controlling the assembled structure by means of enzymatic 

reactions7 or hybridization with a complementary strand.8 

In addition to the well-known double helix conformation, DNA is also 

able to fold into non-canonical structures such as G-quadruplexes, i-motifs 

and A-motifs.9–11 Among these, G-quadruplexes (G-4s) are of particular 

interest because of their well-defined conformation, high stability and 

versatility.9,12 G-4s are composed of planar guanine tetrads that are able to 

accommodate small molecules via π-π stacking interactions13–15 and recent 

studies have linked the formation of G-4s in vivo to be relevant for 

biological processes, such as gene transcription and telomerase 

inhibition.16 

Inspired by the hierarchical self-assembly of the G-4s many research 

groups have exploited these non-canonical structures as scaffolds for the 

development of new biomolecular systems with different applications, 

such as sensing,17,18 catalysis,19,20 energy transfer21,22 or as potential 
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nanostructures for drug delivery.23 In view of the supramolecular 

properties of G-4s, we envisioned that the introduction of a G-4 scaffold in 

the hydrophilic headgroup of a surfactant could be advantageous to 

control its self-assembling properties. 

In a recent report Wilner et al. engineered lipid micelles with a 2’OMe 

RNA sequences able to self-assemble in G-4 structures.23 These micelles 

displayed high stability and allowed for the controlled release of a cargo 

upon destabilization of the quadruplex with an antisense RNA 

oligonucleotide. Recently, Barthélémy et al showed that the modification 

of G-4 forming oligonucleotides with a lipid tail increases the propensity of 

G-4 formation. 24 

 

2.2 Aim  
 

In this study, we present a novel design of DNA G-4 based micelles, in 

which the assembly of the headgroup in a G-4 proved to be crucial for the 

self-aggregation of these amphipiles into micelles. Modulation of micelle 

stability can be achieved by introduction of a complementary 

oligonucleotide that hybridizes with the lipid headgroup, unfolding the G-

4 and leading to the release of a dye (Figure 1).		

Figure 1. Schematic representation of G-4 micelle assembly and destabilization. At 
high K+ concentrations, the G-rich sequence adopts a tetramolecular parallel G-4 
conformation. The resulting amphiphile is able to self-assemble in solution, forming 
stable micelles. Upon addition of a complementary strand the micelles are disrupted, 
leading to release of the encapsulated dyes. 

 

 
 



Responsive DNA G-quadruplex micelles 

37 

2 

2.3 Design 
 

Our design relies on a commercially available 5’-amino-modified DNA 

strand, that was subsequently conjugated on the 5’-terminus to lipophilic 

tails of different length (C12-C18:1).	 
In presence of K+, the short G-rich DNA oligonucleotide assembled into 

a parallel G-4, bringing the four hydrophobic tails in proximity and forming 

the surfactants that, once in solution, self-organize into stable micelles. 

 
2.4 Results and discussion 
 
2.4.1 Synthesis and characterization of the DNA-lipids conjugates 

 The DNA-lipids were synthesized by reaction of the activated N-

hydroxysuccinimide (NHS) esters of carboxylic acid of different lengths 

with the 5’-amino-modified oligonucleotide (Scheme 1). As a negative 

control we also synthesized oligonucleotide-lipids that are unable to 

assemble into a G-4 structure (5’-TTTTT-3’). After purification by reversed-

phase HPLC, the conjugates were characterized by UPLC-MS (Table 2). 

 

 
Scheme 1. Synthesis of the alkyl-functionalized oligonucleotides. 

  

The purified oligonucleotide-lipids were assembled into a G-4 by 

annealing in buffer (30 mM Tris-HCl, 80 mM KCl, pH=7.2) and 

subsequently analysed by CD spectroscopy to confirm the formation of G-

4 (Figure 3a). The CD spectra of the oligonucleotide-lipids showed a 

positive band at 260 nm and a negative band at 240 nm, characteristic of 

a tetramolecular parallel G-4.25,26 For the control conjugates, a negative 



Chapter 2 

38 

band near 250 nm and a positive band near 280 nm were observed, 

confirming that in this case no G-4 structure was formed. 

Next, we set out to study the aggregation behavior of our 

oligonucleotide-lipid conjugates in solution. Cryo-TEM studies showed 

that the G-4 surfactants are self-assembling in structures that because of 

their size can be attributed to micelles (Figure 2a-c). DLS measurements of 

the C16-GGGTT and C18:1-GGGTT surfactants confirmed the presence of 

aggregates with 1-3 nm average radius. In contrast, no micellar structures 

were detected for the conjugates with the 5’-TTTTT-3’ sequence (Figure 

2), which suggests that either under these conditions micelles are not 

formed, or they are too small to be observed. This result highlights that 

the assembly of the oligonucleotide headgroup into a G-4 is important for 

the self-assembly of the surfactants and hence in favouring micelles 

formation. 

The critical micelle concentration (CMC) of the DNA-lipid conjugates 

was determined using Nile Red as fluorescent probe. Nile Red has been 

extensively utilized to monitor the phase behaviour of amphipiles, due to 

its sensitivity to the polarity of the microenvironment.27,28 In particular, Nile 

Red shows a consistent change in the maximum of its emission (λmax) at 

surfactant concentrations above the CMC. By plotting the λmax of Nile Red 

as a function of the conjugates concentration we were able to estimate 

their CMC, as shown in Figure 3b. It was observed that the CMC is 

dependent on the length of the hydrophobic tail of the surfactants. In fact, 

the CMC of C18:1-GGGTT (1 μM) is one order of magnitude lower than that 

of C12-GGGTT (10 μM). When comparing DNA-lipids with the same 

hydrophobic part  but different in the hydrophilic headgroup, the G-4 

surfactants have lower CMC. This results  confirmed that the presence of a 

G-4 forming sequence in the surfactants headgroup leads to a stabilization 

of the self-assembly: the CMC is significantly higher when the G-4 is not 

formed (10 μM for C12-GGGTT; 50 μM for C12-TTTTT).  
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Figure 3. (a) CD spectra of the G-4 conjugates dissolved in 30 mM Tris-HCl, 80 mM 
KCl pH=7.2 at 25 ˚C. C= 30 μM (b) CMC determination of the oligonucleotide-lipids in 
Tris 30 mM KCl 80 mM pH=7.2 incubated with 2.5 μM Nile Red. 

 

Figure 2. Cryo-TEM images of (a) C12-GGGTT, (b) C16-GGGTT, (c) C18:1-GGGTT, (d) 
C12-TTTTT. Scale bar represents 50 nm. (e) Dynamic light scattering (DLS) 
measurement of C18:1-GGGTT. 
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Both cryo-TEM studies and the measured CMCs demonstrate that the 

assembly of the headgroup into a G-4 contributes significantly to micelle 

formation. Moreover, the G-4 structure formed on the micelles still 

maintaines its recognition function. This was demonstrated by the 

interaction of the G-4 lipid conjugates with TMPyP4 (meso-tetrakis(4-(N-

methylpyridinium-4-yl))porphyrin), a cationic porphyrin that selectively 

binds to the quadruplex structure14,29 (Figure 4). Upon titration of the G-4 

micelles to a solution of TMPyP4, the intensity of the Soret band of the 

porphyrin (422 nm) decreased (41% hypochromicity). This, together  with  

the observed bathochromic shift (11 nm), are clear indications of the π-

stacking interaction between the G-4 and the porphyrin, as previously 

reported.30 In agreement with this results, no change in the UV/Vis 

absorption was detected in the case of C12-TTTTT, which does not form 

the G-4 structure. 

 
Figure 4. UV/Vis absorption spectra of a solution of TMPyP4 upon titration with 
increasing amounts of (a) C12-GGGTT and (b) C12-TTTTT. 

 
2.4.2 Triggered cargo release by destabilization of the G-4 

Based on these results we envisioned that destabilization of the G-4 

would cause a decrease in the stability of the micelles and potentially to 

their disruption, allowing the release of a cargo. Toward this end, a new 

conjugate with a longer oligonucleotide sequence on the 3’ terminus 

(Table 1) was synthesized (C18:1-OL1), such that the addition of a 

complementary strand would result in the disassembly of the G-4 and 

formation of duplexes. Also in this case, we synthesized a similar conjugate 

(C18:1-OL2) as a negative control. 
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Table 1. Sequences of the oligonucleotides used for the cargo release studies.  

Name Sequence (5’-3’) 

C18:1-OL1 C18:1-GGGTTTAAGTGTAGTT 

C18:1-OL2 C18:1-TTTTTTAAGTGTAGTT 

c-OL1 AACTACACTTAAACCC 

c-OL2 AACTACACTTAAAAAA 

OL3 GACATGTCTGACCTTG 

 

Using native polyacrylamide gel electrophoresis it was confirmed that 

indeed the presence of a complementary sequence destabilizes the G-4. 

In fact the band of C18:1-OL1 (Figure 5, lane 3) disappeared after 

incubation with the complementary oligonucleotide c-OL1 (lane 7) while a 

new band appeared, suggesting disassembly of the G-4 and formation of 

the duplex. Moreover the gel shows that the	presence of the alkyl chain 

promotes the formation of the G-4 for long oligonucleotides, as can be 

seen by the different retention of the bands in lane 1 (OL1) and lane 3 

(C18:1-OL1). The presence of extra non G-bases at the 3’-terminus of the 

oligonucleotide sequence has a detrimental effect on the kinetics of G-4 

formation.31 In contrast, the modification of the oligonucleotide with lipid 

tails accelerates the tetramolecular G-4 formation, under the same 

conditions.24 The hydrophobic interactions between the lipid tails have a 

stabilizing effect on the G-4 structure. 

 
Figure 5. Monitoring the destabilization of the G-4 using native 10% polyacrylamide 
gel electrophoresis. Lane 1: OL1; Lane 2: OL2; Lane 3: C18:1-OL1; Lane 4: C18:1-OL2; 
Lane 5: c-OL1; Lane 6: c-OL2; Lane 7: C18:1-OL1 + c-OL1; Lane 8: C18:1-OL2 + c-OL2. 
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In order to estimate whether micelle stability was affected by disruption 

of the G-4, we monitored the release of hydrophobic probes from the core 

of the micelles over time by measuring Förster resonance energy transfer 

(FRET) efficiency. A well know FRET pair23,32,33 was chosen, where 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO) acts as donor and 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) acts as 

acceptor. When both dyes are encapsulated in one micelle, excitation at 

450 nm (excitation of the donor) will result in energy transfer due to their 

close proximity, leading to fluorescence emission at 575 nm (emission of 

the acceptor). In contrast, when the micelles disassemble, the two dyes are 

released and a decrease in the FRET efficiency is expected (Figure 6).  

The fluorescence experiments were performed on samples of C18:1-OL1 

and C18:1-OL2 dissolved in a solution of bovine serum albumin (BSA) in PBS 

(45 mg/mL) at 37 ˚C with λex = 450 nm, monitoring the emission in the 

range of 465-700 nm. Encapsulation of the dyes inside the micelles was 

confirmed by UV/Vis (Figure 7d). The use of BSA is necessary to avoid 

precipitation of the dyes after release from the hydrophobic core of the 

micelles. 

The FRET assay indicated a significant difference between C18:1-OL1 

and C18:1-OL2 (Figure 7). In fact while in the G-4-forming micelles C18:1-OL1 

energy transfer between the two dyes was observed, no FRET was 

detected in case of C18:1-OL2, suggesting that the micelles formed in this 

case are not stable enough to keep the two probes in close proximity of 

each other. For C18:1-OL1 a small decrease in the FRET efficiency is initially 

observed, probably due to the release of some of the dye molecules from 

the micelles when diluted in the BSA solution. After 60 min the FRET ratio 

no longer changed, suggesting that equilibrium is reached and the 

micelles are stable in these conditions for at least 4h (Figure 7 and Figure 

8, black). 
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Figure 6. Schematic representation of the FRET experiment. When both dyes DiO/DiI 
are encapsulated energy transfer occurs. Upon addition of the complementary 
oligonucleotide the dyes are released causing a loss of the FRET efficiency. 

 

Figure 7.  Fluorescence emission spectra of FRET pairs (DiO and DiI) encapsulated in 
the C18:1-OL1 micelles for 300 mins. λex=450 nm, T=37 °C. (a) C18:1-OL1 micelles; (b) 
C18:1-OL1 micelles upon addition of the complementary strand. Addition was done 
after 60 min and coincides with a decrease of the band at 575 nm and an increase of 
the band at 510 nm. (c) C18:1-OL2 did not show any energy transfer between the two 
dyes after 300 mins. (d) UV/Vis measurements to confirm the encapsulation of the dyes 
into the micelles. Samples were diluted in 10 mM Tris-HCl, 80 mM KCl, 5 mM MgCl2 
pH=7.2. For comparison also micelles with only DiO (black line) or DiI (blue line) were 
prepared with the same procedure. 
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Upon addition of an equimolar amount of the complementary 

oligonucleotide the stability of the C18:1-OL1 micelles is decreased, as can 

be observed by the change in the fluorescence emission spectra (Figure 

7b). The fluorescence intensity at 575 nm significantly decreased, while the 

emission of the donor at first slightly decreased and then increased. The 

initial decrease could be related to the burst release of the dyes located at 

the hydrophobic-hydrophilic interface in the micelles, as observed by 

others32.	 	Moreover, the maximum of the emission is shifting from 510 nm 

to 505 nm, indicating a change in the local environment of the probe. The 

FRET ratio, I575/(I575 + I510), was calculated to monitor the relative peak shift 

between I510 (the emission of DiO) and I575 (the emission of DiI). Upon 

addition of the complement, the FRET ratio of C18:1-OL1 showed a 

significant decrease (Figure 8, purple). This confirmed that the presence of 

the G-4 in the system could be used to tune micelle stability. In fact, when 

the oligonucleotide headgroups are not able to assemble in a G-4 due to 

hybridization, the micelles release the encapsulated dyes.  To support this, 

we tested whether the incubation with a non-complementary strand would 

affect the FRET ratio (Figure 8, orange) but in this case no change is 

observed and the behavior is similar as in the control experiment (Figure 8, 

black).  

 
Figure 8. Graph of normalized FRET ratio upon addition of 1 equivalent of antisense 
oligonucleotide. Addition of an oligonucleotide that can hybridize with the hydrophilic 
headgroup of the micelles forming a duplex (purple) determines a significant change in 
the FRET efficiency. On the contrary an oligonucleotide that does not interact with the 
G-4 (orange) doesn`t affect stability of the micelles and the plot resembles the one of 
C18:1-OL1 alone (black).  
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2.5 Conclusions 
 

In conclusion, we presented a novel and simple design of DNA G-4 

micelles. Cryo-TEM studies and CMC determination showed how the 

assembly of the oligonucleotide headgroup into a G-4 plays an important 

role in determining micelle formation. The modulation of the stability of 

the micelles proved to be possible by introduction of a complementary 

strand that causes disassembly of the G-4 micelles and release of 

encapsulated dyes. We envision that application of this design in a more 

complex system could provide new possibilities for modulation of the self-

assembly in DNA-based nanodevices, which could be responsive to 

specific analytes, i.e. by employing DNA aptamers, or exploiting different 

stimuli. 

 

2.6 Experimental section 
 

2.6.1 General remarks 
Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Synthetic oligonucelotides were purchased 

from Biotez Berlin-Buch GmbH. Oligonucleotide concentrations were 

measured using Nanodrop 2000 (Thermo Fisher Scientific). Extinction 

coefficients of the oligonucleotides (ε260) have been calculated by Oligo 

Analyzer 3.1 from IDT (Integrated DNA Technologies). Reversed-phase HPLC 

(RP-HPLC) purifications were performed on a Shimadzu LC-10AD VP using 

Xbridge Prep C8 column (10 x 150 mm, particle size 5 μm) from Waters 

Corporation. 0.1 mM triethylammonium acetate (TEAA) at pH=7.0 (solvent A) 

and acetonitrile (solvent B) were used as the mobile phase at a flow rate of 1 

mL/min. Gradient: 5% B for 5 min, linear gradient to 90% B in 5 min, to 100% 

B in 10 min, isocratic for 5 min. Re-equilibration of the column at 5% B for 5 

min. The column was heated to 65 ˚C. UPLC-MS on the conjugates was 

performed on an Acquity TOF Detector (ESI TOF- MS) coupled to Waters 
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Acquity Ultra Performance LC using a Acquity BEH C4 (1.7 µm 2.1 x 150 mm). 

15 mM TEAA at pH=7.2 (solvent A) and methanol (solvent B) were used as the 

mobile phase at a flow rate of 0.2 mL/min. Gradient: 95% A for 5 min, linear 

gradient to 5% A in 5 min. Re-equilibration of the column at 95% A for 4 min. 

The column was heated to 60˚C. The ESI ion source was operated in negative 

mode and mass spectra were collected between 200 and 3000 m/z. UPLC-MS 

chromatograms were analyzed with MassLynx V4.1. Circular dichroism (CD) 

and UV-visible spectra were recorded on Jasco J-815 Spectropolarimeter and 

Jasco V-660 Spectrophotometer, respectively. Fluorescence was recorded on 

a Jasco FP-8300 Spectrofluorometer. 

 
2.6.2 Synthesis of the N-hydroxysuccinimidic esters 

The carboxylic acid (3 mmol, 1 eq) and N-hydroxysuccinimide (3.3 mmol, 

1.1 eq.) were dissolved in 20 mL dichloromethane under N2 atmosphere. Thus 

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) (3.3 

mmol, 1.1 eq) was added to the mixture in two portions. The reaction was 

stirred overnight. The mixture was extracted with H2O (2 x 30 mL) and then 

washed with brine (2 x 30 mL). The organic layer was dried over MgSO4 and 

the solvent was evaporated under reduced pressure. The residual solid was 

recrystallized from EtOH. The obtained white crystals were dried overnight 

under vacuo (yields 50-80%). The C18:1 ester was purified by flash column 

chromatography using dichloromethane as eluent (yield 50%).  

 

n = 10. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

14H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 12. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

18H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 14. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

22H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 16:1. 1H NMR (400 MHz, CDCl3) δ 0.88 (t, J = 6.8 Hz, 3H), 1.22 – 1.44 (m, 

20 H), 1.74 (m,  2H), 1.97 – 2.06 (m, 4H), 2.60 (t, J = 7.5 Hz, 2H), 2.83 (d, J = 

3.3 Hz, 4H), 5.29 – 5.40 (m, 2H).  
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Figure 9.Structure of C16:1 –NHS ester 

 
2.6.3 Synthesis of the DNA-lipids conjugates 

The amino-modified oligonucleotide was solubilized in 350 μL of 200 mM 

NaH2PO4 pH=8.5 (350 μM) and 250 μL of the alkyl N-hydroxysuccinimyl-ester 

in DMF (20 mg/mL) were added. The reaction was stirred overnight at 37 ˚C or 

70 ˚C when precipitation of the alkyl NHS-ester occurred. The functionalized 

DNA was purified by size exclusion chromatography (NAP-10, GE Healtcare) 

using triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The lyophilized 

conjugates were subsequently purified by RP-HPLC and analyzed by UPLC-MS 

(TOF). 
 
Table 2. ESI(-) of the synthesized DNA-lipid conjugates from UPLC-MS 

DNA-lipid conjugate 
 

MWobserved (Da) MWcalculated (Da) Rt (min) 
C12-GGGTT 1851.2 1850.5 8.0 
C14-GGGTT 1880.2 1878.8 8.8 
C16-GGGTT 1908.2 1909.5 9.5 
C18:1-GGGTT 1934.2 1935.6 9.7 
C12-TTTTT 1775.9 1778.4 9.1 
C18:1-TTTTT 1860.3 1860.5 9.8 
C18:1-GGGTTTAAGTGTAGTT 

 

 

5380.1* 5383.8 8.7 
C18:1-TTTTTTAAGTGTAGTT 

 

5304.5* 5308.8 8.8 
C18:1- GGGTTCACCTGGA 

 

4391.4* 4392.2 

 

8.4 
*calculated from observed [M-2H]2- or [M-3H]3-

 

 
2.6.4 Annealing procedure for the G-4 formation 

The purified DNA-lipids were solubilized in 30 mM Tris-HCl, 80 mM KCl, 

pH=7.2 and then heated to 90˚C for 15 min. The solution was slowly cooled to 

room temperature and then stored at 4˚C overnight. 

 
 
2.6.5 General procedure for CD measurements 

The CD measurements were performed after annealing of the samples. 

The CD signal was measured in the range between 220 nm and 350 nm in 
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continuous mode. The measured CD spectra were corrected for the 

concentration of the samples using the following equation: 

𝜃 =
100× 𝜃
𝐶 × 𝑙 

  [𝑐𝑚!𝑑𝑚𝑜𝑙!!] 

where is the θ ellipticity in degrees, 𝐶 is the concentration in M and 𝑙 is the 

path length in cm.  

 
2.6.6 Critical micellar concentration (CMC) determination 

A 2.5 mM Nile Red stock solution was made in ethanol and diluted 1000-

fold in the DNA-lipid sample in 30 mM Tris-HCl, 80 mM KCl, pH=7.2. The 

samples were annealead before fluorescence measurements. 

Nile Red fluorescence was measured at different concentrations of the 

samples using excitation at 550 nm. Fluorescent emission was measured from 

600 nm to 700 nm at 1 nm intervals. The Nile Red emission maximum (λ max) 

was calculated using a log-normal fit.34 

 
2.6.7 Cryo-transmission electron microscopy (cryo-TEM) 

A 3µl solution was put on a Quantifoil (3.5/1) holy carbon coated grid. The 

grid was blotted and vitrified in ethane in a Vitrobot (FEI, Eindhoven, The 

Netherlands). The grids were observed in a Philips CM120, operating at 120 

keV using a Gatan (model626) cryo-stage. Images were recorded with a slow 

scan CCD camera under low-dose conditions.   

 
2.6.7 UV/Visible titrations of TMPyP4 with DNA-lipids conjugates 

The binding of the micelles with the cationic porphyrin meso-5,10,15,20-

Tetrakis-(N-methyl-4-pyridyl)porphine (TMPyP4) was assessed by UV/Vis 

titrations. A stock solution of TMPyP4 was prepared by dissolving the solid 

in30 mM Tris-HCl, 80 mM KCl, pH=7.2. A working solution of 3 μM was 

prepared by diluting the stock in the same buffer. The prepared solution of 

TMPyP4 was titrated with a solution of DNA-lipid conjugates (200 μM single 

strand, 50 μM G-4). UV/Vis spectra were recorded at room temperature from 

220 nm to 500 nm. 
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2.6.8 Native polyacrylamide electrophoresis (PAGE)  
Electrophoresis experiments were performed according to standard 

procedures with 10% polyacrylamide gels (acrylamide-bis acrylamide 19:1, 

40% w/v). 1 mM KCl was added to both the gel and the running buffer (1x 

TBE). The samples were prepared in 30 mM Tris-HCl, 80 mM KCl, pH=7.2 

(concentration: 15 μM) and annealed beforehand. The gel was run at 80 V for 

1.5 h at 4 ˚C and stained with Stains-All (Sigma Aldrich). 

 

2.6.9 Förster resonance energy transfer (FRET) experiment procedure 
The two dyes 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI), were 

suspendend in ethanol at 2 mg/mL. The DNA-lipid conjugates were also 

dissolved in ethanol and 5 wt% of each dye was added to the samples. The 

ethanol was evaporated in a vacuum concentrator, resulting in a thin lipid film. 

The film was rehydrated with 25 mM NaHPO4, 50 mM KCl pH=7.2 to reach a 

final concentration of 1 mg/mL. The mixture was heated to 65 ˚C for 15 mins 

and then cooled slowly to room temperature. The sample was centrifuged in 

tube filters with a pore size of 0.45 μm to remove aggregates and 

encapsulation of the dyes was confirmed by UV/Vis (Fig. 7d). For fluorescence 

experiments the samples were diluted in 90% bovine serum albumin (BSA) in 

PBS (50 mg/mL in 15 mM NaHPO4, 150 mM NaCl). The concentration of the 

DNA-lipids was 18 μM. The fluorescence was measured in a quartz cuvette 

with 1.0 cm path length. The samples were excited at 450 nm and emission 

was measured from 465 nm to 700 nm for 5 hours at 37 ˚C. The 

complementary oligonucleotide (1 eq) was added after 60 mins and mixed by 

pipetting up and down. FRET efficiency was measured by calculating the FRET 

ratio (I575/(I575 + I510) at each time point to monitor micelle stability. 
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