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Chapter 5
The Fabrication of DNA-Quaternary Ammonium Lipid Complexes and their
Stability

Abstract
DNA-lipid complexes enabled successful transition of DNA from biological materials
to applicable macromolecules in chemical sensors, nonlinear optics and photovoltaics.
In previous chapters we demonstrated that our ligand-exchange approach enables to
electrostatically attach almost all lipids onto DNA in spite of their solubility. However,
this method is merely applicable to amine derived lipids but not quaternary
ammonium compounds due to the absence of a free electron pair for proton transfer.
Here we present a novel method to further extend the scope of cationic surfactants to
the exchange of quaternary ammonium lipids. DNA-tetrakis(decyl)ammonium and
DNA-TMA-PEG750 complexes were fabricated and characterized. The stability
comparison of DNA-TMA-PEG750 and DNA-PEG complexes from chapter 4 was
performed in different buffer solutions.
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5.1 Introduction
The fabrication of DNA-lipid complexes has been extensively discussed in the
previous chapters. The novel functions of DNA-lipid complexes, like the fabrication
of liquid crystals

[1, 2]

, optoelectronic devices

[3, 4]

and solar harvesting system

[5]

have

been realized by approaches of co-precipitation and ligand-exchange, which extend
the application fields of DNA from genetic material to areas where DNA is employed
out of its usual aqueous environment as bulk hybrid material in combination with
other structures. The structure of DNA-lipid complexes has been investigated by
nuclear magnetic resonance (NMR) showing a lipid shell along the DNA backbone.
The existence of DNA in the complex has been visualized by the ultraviolet–visible
(UV/Vis) and circular dichroism (CD) spectroscopy. Moreover, static light scattering
for the first time proved the possibility to introduce polymers onto DNA with various
Mw to form complexes of narrow PDI. Although these manufacturing approaches
expand the choices of lipids and applications, each method has drawbacks. The
method of co-precipitation limits the choices of lipids in water-soluble ones to
precipitate DNA only in aqueous conditions. The ligand-exchange method, although
expanding the scope of lipids from water soluble ones to ones soluble in organic
media, the choice of lipid head group is limited to primary, secondary and tertiary
amines, since the exchange mechanism is based on the proton transfer from the
precursor, DNA-ANI complex, to amine which then turned to be the positively
charged species to interact electrostatically with the negatively charged phosphate of
DNA. [5] Thus for example quaternary alkyl ammonium compounds are not applicable
to the exchange process owing to the absence of free electron pair to take the proton
from ANI.

To broaden the scope of compounds for the exchange of counterions of DNA from
amine derived lipids to quaternary ammonium compounds, we introduced a new
counterion for DNA, i.e. acetylacetonate. The novel approach for introducing
quaternary ammonium groups onto the DNA backbone is shown in Scheme 1.
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Scheme 1. The ligand-exchange process to electrostatically attach quaternary alkyl
ammonium groups onto DNA.

In this procedure, the quaternary ammonium with halogen counterion was firstly
mixed with silver acetylacetonate. As a result the halogen ion and the silver ion
precipitate from the solution. The remaining negatively charged acetylaceonate
interacts with positively charged quaternary ammonium to form a new compound
ready to be exchanged with DNA-ANI complex. Because the conjugated base of
acetylacetonate is very strong with pKb equals 5,
from ANI whose pKb is around 10.

[5]

[6]

it is able to abstract the proton

As a result, ANI becomes neutral and

acetylacetonate accepts the proton to form the neutral keto-enol state.

[7]

The

positively charged quaternary ammonium then binds electrostatically with the
negatively charged phosphate groups of DNA forming the new DNA-lipid complex.
NMR, UV/VIS, CD and static light scattering have been carried out to characterize
the resulting complexes. Moreover, the stability of DNA-PEG complexes in buffers
with different ionic strength has been measured.

5.2 Results and Discussion
5.2.1 Introduction of acetylacetonate to quaternary ammonium lipid
To replace the original counterion of quaternary ammonium lipids by acetylacetonate,
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the corresponding quaternary ammonium compounds, tetrakis(decyl)ammonium and
PEG-trimethylammonium, were dissolved in CHCl3/MeOH (1/1, v/v) with the
suspended powder of silver acetylacetonate. After continuous stirring at room
temperature, the remaining powder was removed by filtration. The solution was
evaporated to obtain the quaternary ammonium lipids containing acetylacetonate as
counterion.

5.2.2 Fabrication of DNA-quaternary ammonium lipid complexes
Without further purification, the obtained quaternary ammonium compounds were
mixed with DNA-ANI complex prepared by a reported method

[5]

(Chapter 2) to

accomplish the lipid exchange. After 2 days incubation, the solution was dialyzed
against CHCl3/MeOH (3/1, v/v) to remove the excess lipids and ANI. The solvent was
evaporated to obtain the corresponding DNA-lipid complexes for further
characterization.

5.2.3 Characterization of DNA-quaternary ammonium complexes
The

1

H-NMR

spectrum

of

tetrakis(decyl)ammonium

acetylacetonate

and

DNA-tetrakis(decyl)ammonium complex in d-DMSO, as well as TMA-PEG750
acetylacetonate and DNA-TMA-PEG750 complex in CDCl3 are compared in Figure 1
and Figure 2, respectively.

In the spectrum of tetrakis(decyl)ammonium acetylacetonate (Figure 1), the methyl
and methine group belonging to acetylacetonate (denoted as a and b) both show
signals at 3.4 ppm and 1.8 ppm as sharp single peaks, evidencing the presence of the
counterion, acetylacetonate, binding successfully with tetrakis(decyl) ammonium. The
α and β-methylene group exhibiting a triplet at 3.3 ppm (denoted as c) and a multiple
at 1.6 ppm (denoted as d) are clearly resolved. After the ligand-exchange with
DNA-ANI, both methyl group (a) and methine group (b) are absent. The triplet peak
of the α-methylene group (c) changed to a broad wide single peak and shifted from
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The Fabrication of DNA-Quaternary Ammonium Lipid Complexes and their Stability

3.3 ppm to 3.1 ppm. The β-methylene group (d) also shifted slightly to high field. This
can be interpreted as the evidence of transforming acetylacetonate to the neutral
diketone state by accepting the proton from ANI and then being removed during
dialysis.

Figure 1.

1

H-NMR spectra of tetrakis(decyl)ammonium acetylacetonate and

DNA-tetrakis(decyl)ammonium complex in d-DMSO.

Consequently,

the

positively

charged

tetrakis(decyl)ammonium

is

binding

electrostatically to DNA. Because of the compacted tetrakis(decyl)ammonium along
the DNA backbone, the protons of α and β-methylene groups are subjected to
restricted mobility leading to broader and lowly resolved peaks and shift to high field.
The rest of methylene groups from 1.1 ~ 1.4 ppm (denoted as e) exhibits similar
features. However, the terminal methyl group at 0.8 ppm (denoted as f) doesn’t
change remarkably. Before and after complexation it shows a well resolved triplet.
This finding can be explained by the free rotation of methyl group at the end of the
surfactant alkyl tail. Two tiny signals at 1.8 and 1.1 ppm were observed and marked
by asterisk, which might be attributed to the H2’ of pentose of the DNA backbone
and the methyl group of thymine, respectively. [5]
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Figure 2. The 1H-NMR spectra of TMA-PEG acetylacetonate and DNA-TMA-PEG
complex in CDCl3.

In the spectrum of TMA-PEG acetylacetonate (Figure 2), the methyl group (denoted
as a) of acetylacetonate is overlapping with the methylene group (e) of PEG at
chemical shifts in the range of 3.5 to 3.7 ppm. The methine group (denoted as b)
exhibits two single peaks at 2.06 ppm and 2.04 ppm, which might be ascribed to
acetylacetonate complexed with TMA-PEG and remaining acetylacetonate silver
complexed to the PEG polymer. After ligand-exchange, the methine groups (b) are
absent, implying the proton transfer from ANI to acetylacetonate which turns to be
neutral as the diketone form and is removed together with acetylacetonate silver
during dialysis. The positively charged TMA-PEG, according to our model, should
bind the negatively charged phosphate group of DNA. Nevertheless, we can hardly
reveal this just based on the 1H-NMR spectrum of DNA-TMA-PEG complex.
Although the α and β-methylene group (depicted as d and c) are subject to some shift,
and the α-methylene group (d) changed from triplet peak to broad multiple peak, the
peak shifting and shape deformation are too vague to draw final conclusions about the
electrostatic attachment to DNA. This situation also applied to the 1H-NMR analysis
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of DNA-PEG complex in Chapter 4, in which the DNA-PEG complex experienced a
small shift of the methylene group (from 3.8 to 3.5 ppm) in comparison to the pristine
PEG. We believe this is i) due to the free rotation of the irregular polymer chain,
which creates enough room for methyl group rotating, or ii) incomplete complexation,
since there isn’t sufficient space for each PEG binding with every phosphate group on
the DNA backbone. It is worth noting that we haven’t found the proton signal from
benzene of ANI in all cases, meaning that the ANI has been fully consumed in the
ligand-exchange step.

Figure 3. The UV and CD (inset) spectra of DNA-TMA-PEG750 complex in
CHCl3/MeOH (4:1).

To detect DNA, ultraviolet–visible (UV/VIS) and circular dichroism (CD)
spectroscopy were carried out to characterize the DNA-TMA-PEG750 complex
further. Prior to measurements, the complex was dissolved in CHCl3/MeOH (4:1) then
transferred to a quartz cuvette. A maximum UV absorbance peak was detected at 257
nm (figure 3), and a positive CD signal (figure 3, inset) at 280 nm was found,
indicating that DNA is indeed present in the complex and soluble in organic solvent.
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However, the CD signal, the sum of absorption of the purine and pyrimidine bases of
ssDNA, is very weak, which can be attributed to the suppressed electron excitation of
bases when compacted in the TMA-PEG750 complex.

To demonstrate further that the TMA-PEG750 is binding to DNA, gel permeation
chromatography – multi angle light scattering (GPC-MALS) was carried out to assess
the Mw and PDI of the complex. First the DNA-TMA-PEG750 was reconstituted in
MilliQ water in a laminar flow cabinet, and then filtered through 0.2 µm PVDF filter,
followed by the injection in the GPC-MALS instrument. The elution peak of the
complex is shown in Figure 4.

Figure 4. GPC-MALS chromatogram of DNA-TMA-PEG750 complex.

According to our previous understanding (Chapter 4), the DNA-PEG complex eluted
around 33 min. In that range, we can clearly identify the single sharp peak from both
RI signal

and

light

scattering curve, indicating no interaction between

DNA-TMA-PEG750 and GPC column matrix. The peaks eluting after 40 min can be
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ascribed to the injection peak and some unknown substance. The Mw and PDI
together with substitution degree were calculated by assigning the value of dn/dc as
0.136 mL/g

[8]

according to the theory of static light scattering, and the results are

listed in the Table 1.

Table 1. Mw and PDI of DNA-TMA-PEG750 complex and its calculated substitution
degree.
Sample Name
pb1147 +
TMA-PEG750

Calculated Mw

Measured Mw

(kDa)

(kDa)

24.1

14.8± 0.2

PDI

1.16

Substitution
degree
10.2

Obviously, the existence of DNA-TMA-PEG750 complex is confirmed by
GPC-MALS experiments, as judged by the Mw around 14.8 kDa and a narrow
molecular weight distribution, PDI = 1.16. Since pb1147 was employed (nucleotide
composed of 22 nucleic acids), the substitution degree was calculated as 10.2 meaning
nearly 50% of the phosphate groups of pb1147 were electrostatically functionalized
by TMA-PEG750. This result explains why there isn’t an obvious peak shift and
broadening of the peaks in 1H-NMR spectrum (Figure 2). The space between adjacent
phosphate groups is probably not large enough to accommodate two TMA-PEG750
molecules. In the loosely compacted PEG molecules the resonances of protons are
only affected weakly.

So far, the lipids containing both amine and ammonium can be introduced onto the
DNA backbone through ligand-exchange approach regardless of their solubility. But
one question remains: what type of DNA-lipid complex is the most stable one; the
lipid with amine or quaternary ammonium? To answer this question, the DNA-PEG
lipids of Chapter 4 were compared with DNA-TMA-PEG750 by incubation in buffer
of different ionic strength buffer. The results are obtained by monitoring the change of
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Mw through GPC-MALS.

The DNA-PEG complexes including pb1147-PEG 350, 500, 750 and 1000 and
cpb1147-PEG 350, 500, 750 and 1000, together with pb1147-TMA-PEG750 were
incubated in DNAse I buffer (10 mM Tris-HCl (pH 7.5), 2.5 mM MgCl2, 0.1 mM
CaCl2) and 100 mM PBS buffer (140 mM NaCl, 100 mM K2HPO4, pH 7.4) at room
temperature for 24 hours. The incubation in buffer containing DNAse I resembles
conditions are similar to biological media. Since the DNA-PEG complexes are
attractive as a protection shell for therapeutic nucleic acids, this experiment gives
some insights for their future potential in biomedicine. Then each solution was
directly injected into GPC-MALS for Mw measurement. The chromatogram of
pb1147-PEG lipids and cpb1147-PEG lipids in DNAse I buffer were listed in Figure 5
and Figure 6.

Figure 5. The chromatograms of pb1147-PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in DNAse I buffer.
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Figure 6. The chromatograms of cpb1147-PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in DNAse I buffer.

As shown in the chromatograms of both pb1147 and cpb1147-PEG complexes, all the
DNA-PEG complexes were eluted around 34.5 min as narrow and sharp peak with
strong signal. The injection peak and some free PEG were eluted after 40 min without
any effect on the elution of DNA-lipid complexes. The chromatogram of pb1147-PEG
lipids and cpb1147-PEG lipids in 100 mM PBS buffer were shown in Figure 7 and
Figure 8.
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Figure 7. The chromatograms of pb1147 – PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in 100 mM PBS buffer.

Figure 8. The chromatograms of cpb1147 – PEG 350 (a), 500 (b), 750 (c) and 1000 (d)
in 100 mM PBS buffer.
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As shown in the above chromatograms of DNA-PEG complexes in 100 mM PBS
buffer, all the DNA-PEG complexes were eluted around 34.5 min as narrow and sharp
peak with strong signal. The peaks eluted after 40 min are ascribed to the injection
peak and free PEG. However, the additional peak eluting at around 23 min is
unexpected. We concluded this additional stems from PBS buffer, since it is presented
in all chromatograms in Figure 7 and Figure 8, and the only substance in common in
all the samples is the PBS buffer. Furthermore, only the light scattering detector
sensed the signal (blue curve) but the RI detector did not show any response (black
curve), which indicates the substance is in a concentration lower than the detection
limit of RI, but presented as large particles to scatter intensive light, which is most
likely to be some insoluble salts. Thus the elution peak at 23 min should be from PBS
buffer

instead

of

DNA-PEG

complexes.

The

chromatograms

of

pb1147-TMA-PEG750 in DNAse I buffer and 100 mM PBS buffer are shown in
Figure 9.

Figure 9. The chromatograms of pb1147-TMA-PEG750 incubated in DNAse I buffer
(a) and 100 mM PBS buffer (b).

The chromatogram of pb1147-TMA-PEG750 complex is very similar to the other
DNA-PEG complexes, with an elution time around 34.5 min as narrow and sharp
peak. By assigning the value of dn/dc as 0.136 mL/g, the Mw of DNA-PEG
complexes were calculated and listed in Table 2. Here we included the Mw of
DNA-PEG complexes incubated in MilliQ from Chapter 4.
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Table 2. The Mw of DNA-PEG complexes incubated in MilliQ, DNAse I buffer and
100 mM PBS buffer.
100 mM PBS

Sample

MilliQ (kDa)

DNAse I buffer (kDa)

pb1147 + PEG350

14.5 ± 0.3

11.8 ± 0.2

10.9 ± 0.2

cpb1147 + PEG350

14.0 ± 0.2

13.7 ± 0.2

12.0 ± 0.3

pb1147 + PEG500

13.7 ± 0.2

11.4 ± 0.2

10.2 ± 0.3

cpb1147 + PEG500

14.9 ± 0.3

14.6 ± 0.2

12.1 ± 0.3

pb1147 + PEG750

12.8 ± 0.2

12.8 ± 0.3

11.1 ± 0.2

cpb1147 + PEG750

17.0 ± 0.2

15.6 ± 0.3

11.5 ± 0.3

pb1147 + PEG1000

13.3 ± 0.3

13.6 ± 0.2

10.5 ± 0.2

cpb1147 + PEG1000

14.1 ± 0.3

14.4 ± 0.2

9.4 ± 0.2

pb1147 + TMA-PEG750

14.8± 0.2

12.6 ± 0.3

8.7 ± 0.2

(kDa)

Obviously, DNA-PEG complexes remain most intact in MilliQ water, showing the
highest Mw, than in other buffers. By increasing the ionic strength from DNAse I
buffer to 100 mM PBS buffer, the Mw of complex is decreasing remarkably because
of the displacement of lipids by salts. To better compare the displacement of lipids in
DNA-PEG complexes, we listed the change of substitution degree of the complexes in
Table 3.

Table 3. The substitution degree of DNA-PEG complexes incubated in MilliQ,
DNAse I buffer and 100 mM PBS buffer.
Sample

MilliQ

DNAse I buffer

100 mM PBS

pb1147 + PEG350

22.5

14.8

12.3

cpb1147 + PEG350

20.3

19.6

14.7

pb1147 + PEG500

14.2

9.6

7.2

cpb1147 + PEG500

16.0

15.5

10.5
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pb1147 + PEG750

8.3

8.3

5.9

cpb1147 + PEG750

13.5

11.7

6.2

pb1147 + PEG1000

6.7

6.9

3.9

cpb1147 + PEG1000

7.2

7.5

2.6

pb1147 + TMA-PEG750

10.2

7.5

2.6

By calculating the substitution degree of DNA-PEG complexes, we can clearly
observe that the cpb1147-PEG complexes generally contain more PEG lipids than
pb1147-PEG complexes in all the buffer conditions, and appear more stable in high
ionic strength buffer. This indicates that the stability of DNA-PEG complexes is
dependent on DNA sequence to some extent. We state that the sequence of cpb1147, 5’
-TAACAGGATTAGCAGAGCGAGG-3’, contains some AT base domains, which
proved to provide a hydrophobic environment due to its methyl group of thymine.

[9]

Therefore, it is reasonable to assume that because of the hydrophobic environment the
salts in the bulky solution can hardly access the lipids to replace them.

Besides the influence of DNA sequence on the stability of the complexes, we noticed
that the amine-PEG complex is more stable than the quaternary ammonium-PEG
under high ionic strength conditions. Among all the complexes, only the substitution
degree of pb1147-TMA-PEG750 dropped from 10.2 to 2.6, decreased by 75%, while
other DNA-PEG lipids remained stable to a degree of ~ 50% in 100 PBS buffer,
meaning the lipid with quaternary ammonium is more vulnerable to ion displacement
than that of primary amine. We interpreted this as the hydrogen bonding of primary
amine to phosphate group in addition to its electrostatic interaction, whereas
quaternary ammonium only binds with phosphate group by charge interactions. The
binding constant (Ksp) measured by Isothermal Titration Calorimetry (ITC) supported
our experimental result. The Ksp of primary amine to DNA phosphate group is 0.028,
but the Ksp of quaternary ammonium is only 0.0034 meaning it is a poor DNA binder
in comparison to the primary amine lipid. [9]
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5.3 Conclusion
In this chapter, we have further expanded the choices of lipids from amine derivatives
to quaternary ammonium structures through the unprecedented ligand exchange
approach, in which the acetylacetonate was firstly introduced to quaternary
ammonium lipid as counterion and subsequently exchanged with DNA-ANI complex.
Because the proton from ANI is transferred to acetylacetonate, the ANI is neutralized
and acetylaceonate is transformed into the diketone form. The positively charged
lipids interact electrostatically with negatively charged phosphate group of DNA
simultaneously forming a new DNA-lipid complex. The DNA-tetrakis(decyl)
ammonium and DNA-TMA-PEG750 complexes were fabricated and characterized to
prove the successful ligand exchange and the chemical structure of the resembling
materials. The stability of DNA-PEG and DNA-TMA-PEG750 complexes were
compared by incubation in different ionic and DNAse containing strength buffer. The
result indicates amine-PEG is more stable than TMA-PEG due to the additional
hydrogen bonds with the phosphate group. The stability is to some extent related to
the DNA sequence especially to AT bases, which can probably provide a hydrophobic
environment to inhibit the displacement of lipids. However, further sequences need to
be investigated to confirm this finding.

5.4 Experimental section
5.4.1 Materials and Methods
The 22mer DNA pb1147 (5’-CCTCGCTCTGCTAATCCTGTTA-3’) and cpb1147 (5’
-TAACAGGATTAGCAGAGCGAGG-3’) used in the study were synthesized
according to a standard automated synthesis protocol. The whole synthesis procedure
was performed on an AKTA oligopilot plus (GE Healthcare) DNA synthesizer with
Universal Primer Support TM 200 µmol/g as solid support. After synthesis, the 22mer
was purified by HPLC equipped with a C15 RESOURCE RPCTM 1 mL reverse
phase column (GE Healthcare) by custom gradients. The amine derived PEG with
Mw 350, 500 and 1000 Da were purchased from Creative PEGWorks (USA), and the
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amine functionalized PEG with Mw 750 Da was obtained from Sigma Aldrich and
both PEGs were directly used without further purification. The TMA-PEG750 was
custom synthesized by Creative PEGWorks (USA) and directly used without
additional purification. Silver acetylacetonate (98%) and tetrakis(decyl) ammonium
bromide (99%) were purchased from Sigma Aldrich.

5.4.2 GPC-MALS
DNA-PEG complexes were reconstituted at 5 mg/ml in corresponding buffers or
deionized water, then injected into GPC-MALS system equipped with two
consecutively connected size exclusion columns (Asahipak 510HQ and 310HQ,
Asahipak) stored at 30 oC with a flow rate of 1 ml/min. 100 µl sample was injected
each time. Light scattering and refractive index measurements were acquired by
Waters 2414 refractive index detector and a Wyatt DAWN-HELEOS-II light
scattering detector. The software package associated with the system (ASTRA,
version 4.0) was used to calculate the Mw and PDI of DNA and its complex. Data are
represented as mean ± deviation of 3 samples.

5.4.3 Preparation of DNA-ANI complex
Firstly, 10 mL TEA buffer composed of 0.1 mmol nucleotides (22mer, pb1147) was
mixed thoroughly with 10 mL ANI aqueous solution (30 mM) in one portion to induce
DNA-ANI precipitation. After 10 minutes shaking and incubation at room
temperature, the formed precipitate was separated by centrifugation at 4500 rpm for
10 min, followed by 3 times washing, and then lyophilizing at 25 oC overnight.

5.4.4 Preparation of tetrakis(decyl)ammonium acetylacetonate
First 5 mmol tetrakis(decyl) ammonium bromide was dissolved in a mixture of 20 mL
CHCl3/MeOH (1/1, v/v), then mixed thoroughly with 15 mmol powder of silver
acetylacetonate as a suspension at room temperature. After 48h incubation, the
powder was filtrated. The solution was evaporated under vacuum to obtain
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tetrakis(decyl)ammonium

acetylacetonate.

Without

further

purification,

the

tetrakis(decyl) ammonium acetylacetonate was mixed with DNA-ANI complex.

5.4.5 Preparation of (polyethylene glycol)-trimethylammonium acetylacetonate
6 mmol silver acetylacetonate was suspended in a mixture of 20 ml CHCl3/MeOH
(1/1, v/v) containing 2 mmol (polyethylene glycol 750)-trimethylammonium
(TMA-PEG750, the number designates the Mw of PEG in Dalton) iodide at room
temperature. After 48h incubation, the powder was discarded through filtration. The
solution was evaporated under vacuum to obtain TMA-PEG750 acetylacetonate was
directly mixed with DNA-ANI complex without further purification.

5.4.6 Preparation of DNA-lipid complex
The 20 ml CHCl3/MeOH (3/1, v/v) solution containing DNA-ANI complex at a 1
mmol nucleotide concentration was mixed with 3 mmol of tetrakis(decyl)ammonium
acetylacetonate at room temperature. After 48 hours incubation, the solution was
transferred to regenerated cellulose dialysis tubing (molecular weight cut-off, 10.000
Dalton) and dialyzed against CHCl3/MeOH (3/1) to remove the excess
tetrakis(decyl)ammonium acetylacetonate and ANI. After 5 days dialysis, the solution
was collected and evaporated under vacuum and the DNA-lipid was subject to
characterization. The preparation of the DNA-PEG-TMA-PEG750 complex was
doneby employing the same procedure.
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