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Chapter 4
The Fabrication of DNA-PEG Complexes and their Characterization

Abstract
Since polyethylene glycol (PEG) modified DNA has enormous potential application
in gene delivery, and as liquid as well as liquid crystal material, we introduce a new
way to fabricate DNA-PEG complexes through a ligand exchange approach, in which
the DNA was firstly precipitated by an anilinium derivative in aqueous solution, and
then mixed with amine derived PEG in organic phase to displace anilinium moieties.
After thorough dialysis, the obtained DNA-PEG complexes with different molecular
weight were characterized by NMR, UV/Vis and CD spectroscopy. Moreover, GPC
and static light scattering were carried out to study the Mw and PDI of DNA-PEG
complexes. Moreover, the substitution degree was calculated to unravel the influence
of Mw of PEG on the grafting efficiency.
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4.1 Introduction
New approaches to functionalize DNA, including chemical modification, DNA-lipid
co-precipitation and DNA ligand exchange, have been extensively explored, which
significantly expand the role of DNA from a genetic carrier to functional materials
with special mechanical

[1, 2]

and electronic properties.

[3]

Moreover, covalent and

non-covalent functionalization enabled mesophase behaviour as liquid crystals,
scaffolds for biomineralization,

[6]

Poly(L-lysine) as anti-viral agent,
biodegradable

polymer,

[10]

and

[4, 5]

as well as vehicles for gene delivery.
[8,

9]

[7]

poly(D,L-lactic-co-glycolic acid) as

poly(N-isoproylacrylamide)

as

temperature

-responsive material [11] have been conjugated to DNA backbone by covalent chemical
bonds.

[12]

A variety of cationic lipids has been bound to DNA through a cooperative

mechanism by electrostatic interactions and hydrophobic interactions to achieve
stoichiometric complexation in aqueous conditions.

[13 -

15]

Additionally, we

contributed a two-step approach, lipid-ligand exchange, to significantly enlarge the
scope of lipids to extremely hydrophobic ones. In the method, DNA-ANI complex
was firstly prepared through co-precipitation of 4-(hexyloxy)anilinium (ANI) with
DNA in aqueous phase, then re-suspended in the organic phase where it can be
subsequently exchanged with other amine derived lipids. In our previous study a few
lipids with primary, secondary and tertiary amine were fabricated to DNA-lipid
complexes.

[16]

Here we attempted to introduce polymers to DNA through the same

manner, i.e. attachment by electrostatic bonds. In this study we took amine derived
polyethylene glycol monomethyl ether (amine-PEG) with various Mw, and proved
their complexation by nuclear magnetic resonance (NMR), UV-VIS spectroscopy,
circular dichroism spectroscopy (CD), gel permeation chromatography (GPC) and
static light scattering (SLS).

4.2 Results and Discussion
4.2.1 Fabrication of DNA-PEG complexes. DNA-PEG complexes were fabricated
through the substitution of DNA-ANI complex with the corresponding amine
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functionalized PEG. The procedure was the following. DNA was mixed with ANI in
one portion to realize DNA-ANI precipitation, which was collected by centrifugation
and washed with buffer. The collected precipitate was lyophilized overnight then
re-suspended in organic solvent (4:1, CHCl3 : MeOH), followed by the addition of
excess of amine-PEG. After mixing and stirring overnight, the solution was
transferred to a dialysis tubing to remove the excess of PEG and ANI. Finally,
DNA-PEG complexes were obtained after removing the solvent under vacuum and
were then subjected to characterization.

Figure 1. 1H-NMR spectra of pristine amine-PEG 750 and DNA-PEG complex.

4.2.2 Characterization of DNA-PEG complex
1

H-NMR Spectroscopy was carried out to characterize the chemical structure of

DNA-PEG complex. The results of pristine amine-PEG 750 and DNA-PEG750
complex were compared in Figure 1. The spectrum of PEG 750 exhibits the triplet
peak at 2.88 ppm and a quadruplet one at 3.53 ppm belonging to the α and
75
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β-methylene group (depicted as d and c), respectively, and the amine group is resolved
as a wide broad peak at 2.25 ppm (depicted as a). In contrast, in the spectrum of
DNA-PEG750 the signals of α-methylene and amine group are absent. This can be
interpreted as the evidence of transforming of amine to the charged ammonium, and
the screening effect of PEG750 on α-methylene group after connecting to DNA,
burying methylene group deep in the center. This effect also results in the absence of
DNA signal due to the high propensity of PEG to screen DNA proton resonances
(DNA spectrum not shown). Additionally the β-methylene group of PEG from DNA
complex appears as broad and low resolved peak at 3.53 ppm compared to the pristine
PEG, which can be attributed to the restricted mobility of the compacted PEG winded
around DNA. Differences in the spectra were also detected in comparison to the short
lipid-DNA complexes.

[16]

Normally they show chemical shift of methylene and

methyl group at end of the lipid chain. However, the DNA-PEG complexes do not
experience at significant chemical shift when incorporated in the complex and in
absence of DNA. This can be due to the polydispersed nature of the PEG allowing
free movement and rotation of the methyl group. It is also reasonable to assume
uncompleted exchange, since there might be not sufficient space (~ 3.4 Å between
adjacent base pair) for each PEG 750 binding with every phosphate group on the
DNA backbone. However, the NMR spectrum didn’t exhibit the peaks at 6.69 ppm,
belonging to the benzene ring of ANI, indicating the ANI is fully detached from the
DNA. The successful exchange of PEG was limited to PEG with molecular weights of
350, 500, 750 and 1000 Dalton. The PEG with larger molecular weight like 1500
Dalton was unable to exchange with ANI sufficiently due to the steric effect of
polymer molecule covering the amine to impede the approaching of the DNA
backbone.

To detect the DNA within the complex, ultraviolet–visible (UV/VIS) and circular
dichroism (CD) spectroscopy were applied to characterize the DNA-PEG750 complex.
Prior to the measurement, the complex was dissolved in CHCl3/MeOH (4:1) and then
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transferred to quartz cuvette. There is a maximum UV absorption peak at 260 nm in
figure 2, implying the existence of DNA.

Figure 2. The UV and CD (inset) spectrum of DNA-PEG750 complex in
CHCl3/MeOH (4:1).

The CD spectrum presents both positive and negative CD signals (figure 2, inset) at
275 nm and 258 nm, evidencing that DNA is indeed present in the complex and
soluble in the organic solvent. However, the CD signal of the sum of absorption of the
purine and pyrimidine bases of ssDNA is weak and with high noise, which can be
attributed to the suppressed electron excitation of bases by compacted PEG. Not only
limited to PEG750, the PEG with Mw 350, 500 and 1000 Dalton have been fabricated
in DNA-PEG complex.

To understand the polymer Mw, Mw distribution (PDI) and substitution ratio of
DNA-PEG complex, static light scattering was carried out. Although there are other
sophisticated techniques like mass spectrometry, NMR and GPC for Mw
measurement, they are subject to their own short comings. The mass spectrometry
will lead to the decomposition of the weakly bound complex in the ionization step.
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The NMR can only visualize the wrapped lipids instead of DNA, raising the issue of
integration and Mw calculation. GPC is frequently applied for molecular weight
characterization. The elution time of molecules depends on their hydrodynamic size in
a relation to the Mw. Larger molecules elute earlier than smaller ones. Once a GPC
column has been calibrated with standard polymer, the elution time can be used to
analyze the Mw of unknown polymer. However, the DNA-PEG complex is a highly
branched polymer with more compacted internal volume. The Mw calculation from
the linear standard polymers will lead to high deviation to the absolute Mw. To
overcome these limitations we introduce a new technique, static light scattering, to
determine Mw of samples without referring to any standard.

4.2.3 Static light scattering (SLS)
To understand the analysis of Mw through SLS, it is helpful to explain the theoretical
background beforehand. The absolute molar mass can be calculated from the
following equation,
𝐾∗ ·𝑐

1

=𝑀
𝑅(𝜃)

𝑤 ·𝑃(𝜃)

+ 2 · 𝐴2 ·c

in which:
1.K* is a factor related to the refractive index of the pure solvent (n0), wavelength of
dn

incident light (λ0), specific refractive index increment ( dc ) of the solute in its
corresponding solvent (in mL/g) and Avogadro’s number (NA), which can be
mathematically expressed as,
4· 2 ·n02  dn 
K 
· 
N A·40  dc 

2



2. The R(θ) is defined as excess Rayleigh ratio which is the ratio of the scattered and
incident light intensity corrected by the size of scattering volume and distance, and
depicted as
R(θ) =

78
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Here I is the scattered light intensity at angle of θ degree. I0 is the intensity of incident
light. The r is the distance between scattering volume and detector.
3. P(θ) is the form factor which relates the scattering intensity in angular variation (θ)
to the mean square radius rg of the molecule, and can be described mathematically as
P   1 

16 2 n02
 
sin 2   rg2  ...
2
3
2

Where λ is the wavelength of incident light in the solvent.
4. C is the concentration of the solute, which can be measured by either UV or
refractive index detector.
5. Mw is molecular weight to be measured.
6. A2 is the second virial coefficient.
Although the whole mathematical calculation is complicated, it can be simplified by
assigning P(θ) = 1, due to the small size of DNA-PEG complex, which results in the
intensity of light scattering is equal in all the direction. Thus the simplified equation is
as
𝐾∗ ·𝑐

1

= 𝑀 + 2 · 𝐴2 ·c
𝑅(𝜃)
𝑤

In the above equation K*, R(θ) and concentration are the only factors to be
dn

determined, which are related to specific refractive index increment ( dc ), scattered
light intensity and sample concentration. The last two factors can be easily measured.
dn

And the ( dc ) can be retrieved from literature. Then the absolute Mw can be calculated.
Here we connected GPC to SLS in order to measure both Mw and PDI simultaneously.
The elution from GPC directly flowing into sample cell of SLS where the vertically
polarized laser beam passes through the sample and generates the scattering light in
all the directions. The detectors around the sample cell receive the intensity of the
scattered light and transfer it to the computer for processing according to the equation
above.
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4.2.4 GPC and SLS suitability test
Prior to the measurement of DNA-PEG complex, the Mw of synthesized pristine
DNA with well-known structure was analyzed by GPC-SLS. The complementary
48mer (denoted as oligo1 and oligo 2) and 22mer (denoted as pb1147 and cpb1147)
were dissolved in MilliQ water in a laminar flow cabinet, filtrated through 0.2 µm
PVDF and then injected into the GPC-SLS. The elution time of the single stranded (ss)
and corresponding double stranded (ds) DNA are compared in the figure 3.

Figure 3. The GPC results of the Oligo1, Oligo2, pb1147 and cpb1147, along with
their corresponding hybridized dsDNA.

Obviously the dsDNA eluted earlier than the ssDNA due to its larger hydrodynamic
size. All the ssDNA eluted as a broad peak starting from 37 to 45 min, resulting from
some extent of hydrogen bonding between ssDNA and GPC matrix. However, the
dsDNA displays a narrow and sharp elution peak indicating the elimination of the
interaction after DNA hybridizing. The ds-22mer (at 33.5 min) was eluted later than
80
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ds-48mer (at 30 min) due to the smaller hydrodynamic size than that of ds-48mer
complying with the expected behavior. This experiment proved the function of the
GPC system. The data from static light scattering are summarized in Figure 4.

Figure 4. The GPC-SLS chromatograph of ds-48mer and ds-22mer.

The negative peak, at 46 min, in RI curve is ascribed to the injection peak. The peaks
at 30 and 33 min from the SLS curve are belonging to ds-DNA 48mer and 22 mer,
respectively. By assigning the value of dn/dc as 0.168 mL/g according to the literature
81
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[17]

the Mw and PDI were calculated and compared with the theoretical calculation in

table 1.

Table 1. The Mw and PDI of ds-22mer and ds-48mer, together with the theoretical
Mw of corresponding DNA.
Sample name

Calculated Mw (Da)

Measured Mw (Da) PDI

ds-22mer (pb1147 + cpb1147)

13470

15840±300

1.01

ds-48mer (oligo1 + oligo2)

29529

32040±270

1.02

The Mw of ds-22mer (pb1147 + cpb1147) and ds-48mer (oligo1 + oligo2) are 15840
± 300 Da and 32040 ± 270 Da, which are close to their corresponding calculated ones
within ~ 10% deviation. This variation is quite acceptable in SLS technique. The PDI
value shows very narrow distribution of both ds-22mer and ds-48mer as 1.01 and 1.02,
thanks to the well-controlled nucleotide synthesis and purification process. By
analyzing the well-known DNA, we proved the feasibility of GPC-SLS to identify the
absolute Mw in a mild and relatively accurate fashion. Then DNA-PEG complexes
were analyzed according to the same manner.

In this measurement, the freshly prepared DNA-PEG complexes were directly
injected into GPC-SLS system without dialysis, since the exceeding PEG can be
separated from the DNA-PEG complex by GPC. Here we overlaid the GPC and SLS
graph for better comparison. As shown in the chromatograph (Figure 5 and 6), all the
DNA-PEG complexes were eluted around 33.5 min as a narrow and sharp peak, and
the free PEG was eluted after 40 min indicating no interaction of the complex with
GPC column matrix, and the free PEG can be separated from the DNA-PEG complex.
All the signals of RI and SLS have been detected and show intensive signal. The Mw
and PDI were calculated according to equation where the dn/dc is set as 0.136. [18] The
results are summarized in table 2.
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Figure 5. The GPC-SLS chromatograph of pb1147 – PEG complexes, (a) PEG 350,
(b) PEG 500, (c) PEG 750 and (d) PEG 1000.

Figure 6. The GPC-SLS chromatograph of cpb1147 – PEG complexes, (a) PEG 350,
(b) PEG 500, (c) PEG 750 and (d) PEG 1000.
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Table 2. Mw and PDI of DNA-PEG complexes and their calculated substitution
degree, together with the theoretical Mw.
Calculated

Measured Mw

Substitution

Mw (kDa)

(kDa)

degree

pb1147 + PEG 350

14.3

14.5 ± 0.3

22.5

1.14

cpb1147 + PEG 350

14.6

14.0 ± 0.2

20.3

1.11

pb1147 + PEG 500

17.6

13.7 ± 0.2

14.2

1.11

cpb1147 + PEG 500

17.9

14.9 ± 0.3

16.0

1.13

pb1147 + PEG 750

23.1

12.8 ± 0.2

8.3

1.10

cpb1147 + PEG 750

23.4

17.0 ± 0.2

13.5

1.19

pb1147 + PEG 1000

28.6

13.3 ± 0.3

6.7

1.12

cpb1147 + PEG 1000

28.9

14.1 ± 0.3

7.2

1.10

DNA-PEG complex

PDI

According to our measurements, the Mw of DNA-PEG complexes are ranging from
12.8 kDa to 17.0 kDa. The change of Mw is not related to the change of PEG. It can
be seen from the fact that by increasing the Mw of PEG from 350 to 1000 Da in the
pb1147 complexes, the Mw of the complexes changed from 14.5k to 13.3k Da, in
contrary to the calculated Mw increasing from 14.3 kDa to 28.6 kDa. Here the
expected Mw was calculated by assuming one phosphate group binding with one PEG
molecule. The difference of Mw between the calculated and experimentally
determined one is increasing by attaching PEG of higher Mw. For instance, by
complexing DNA with PEG 350, the measured Mw is nearly equal to the theoretical
one around 14k with a substitution degree of 20.3 and 22.5, meaning all phosphate
groups being occupied by PEG. When increasing the Mw the substitution degree
constantly decreases to 6.7 and 7.2 by complexing with PEG1000. We speculate that
this behavior is mainly due to the limited space between the adjacent phosphate
groups unable to accommodate all the PEG polymers. The larger the PEG molecule,
the lower the substitution degree. This is also in line with our experiment in which the
PEG (Mw 1500) failed to form the DNA-PEG complex by the ligand-exchange
84
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approach. It is worth noting that all the DNA-PEG complexes display a narrow
distribution, PDIs range from 1.1 to 1.2 indicating the very uniform structure.

Additionally, we mixed the complementary ssDNA-PEG complexes and tried to form
double stranded DNA-PEG complexes. However, there is no change of Mw when
comparing this parameter between ssDNA-PEG and dsDNA-PEG. Other trials like
hybridizing the complementary DNA and then complexing with PEG failed as well.
Three different potential explanations can be given: i) The stretched PEG chains along
the DNA prevent the accessibility of the complimentary DNA for hybridization. ii)
The PEG ligands occupy the adjacent space between phosphate groups which is
obligatory for DNA twisting during hybridization. iii) The rigid dsDNA-PEG complex
is deformed in the size exclusion column due to the shear force between the flow and
column matrix. Additional studies are necessary to find the condition to fabricate
dsDNA-PEG complexes.

4.3 Conclusion
PEG with Mw 350, 500, 750 and 1000 Da have been successfully introduced onto
ssDNA to form DNA-PEG complexes through ligand exchange. These materials were
characterized by NMR, UV/Vis and CD spectroscopy. The Mw of DNA-PEG
complexes were studied thoroughly through GPC coupled to SLS. We found that the
substitution degree of PEG can be reached 100% only by small PEG with Mw 350 Da.
The substitution degree decreases to 7 when increasing the Mw of PEG to 1000 Da.
The most reasonable explanation is the limited space between the adjacent phosphate
groups of DNA to accommodate larger PEG molecules.

Additionally, all the

DNA-PEG complexes exhibit narrow PDI ranging from 1.1 to 1.2 indicating a
uniform structure and size. Finally, the electrostatic pegylation of DNA prevents the
doublex formation of complementary oligonucleotides.
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4.4 Experimental section
4.4.1 Materials and Methods
The 22mer DNA sequence (5’-CCTCGCTCTGCTAATCCTGTTA-3’ and the
complementary sequence 5’-TAACAGGATTAGCAGAGCGAGG-3’) used in the
DNA-PEG complexes were synthesized according to standard protocols employing
solid support, Universal Primer Support

TM

200 µmol/g. After automated synthesis,

the 22mer was purified by HPLC equipped with a reverse phase column. The 48mer
DNA sequence (5’-GTAAGA GCTCCCAATCCAAATAAGATTACCGCGCCCA
ATAAATAATAT-3’ and the complementary sequence 5’-ATATTATTTATTGGGCG
CGGTAATCTTATTTGGATTGGGAGCTCTTAC-3’)

were

obtained

from

Biomers.net (Germany) and were directly used without further purification. All the
DNA hybridization experiments were performed in TEA buffer composed of 40 mM
Tris, 40 mM acetate and 1mM EDTA, at pH 7.5. The PEGs with Mw 350, 500 and
1000 Da were from Creative PEGWorks (USA), and the PEG with Mw 750 and 1500
Da were obtained from Sigma Aldrich and were directly used without further
purification. The 4-(hexyloxy)anilinium was synthesized according to our previous
publication[16].

4.4.2 Gel Permeation Chromatography
DNA and DNA-PEG complexes were reconstituted at 5 mg/ml in corresponding
buffers or deionized water, and then filtered through a 0.2 µm filter (Acrodisc®
synringe filter, PTFE membrane, Sigma-Aldrich). The GPC was performed by using 2
size exclusion columns (Asahipak 510HQ and 310HQ, Asahipak) stored at 30 oC and
connected in series with a flow rate of 1 ml/min. 100 µl sample was injected each
time. Light scattering and refractive index measurements were acquired on a Waters
e2695 separations module with a 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
the corresponding complexes. Data are represented as mean ± deviation of 3 samples.
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4.4.3 DNA precipitation
DNA-PEG complexes were fabricated through the substitution of DNA-ANI complex
with the corresponding amine functionalized PEG. Firstly, 10 mL DNA solution
composed of 0.1 mmol nucleotides and TEA buffer was mixed thoroughly with 10 mL
ANI solution of the concentration of 30 mM within one portion to get 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, washed
with buffer and freeze-dried overnight at 25 oC.

4.4.4 ANI substitution with amine-PEG
0.04 mmol of nucleotides complex was resuspended into 5 ml organic solvent (4:1
CHCl3 : MeOH), followed by the addition of 5 ml amine-PEG solution (CHCl3 :
MeOH = 4:1, 24 mM). After 12 hours incubation at room temperature, the solution
was transferred to regenerated cellulose dialysis tubing (molecular weight cut-off,
10.000 Dalton) and dialyzed against CHCl3/MeOH in order to remove excess
amine-PEG and ANI. The dialysis process proceeded 5 days to clean the sample
thoroughly. The corresponding DNA-PEG complexes were obtained after removing
the solvent under vacuum.
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