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Abstract

We report the preparation and magnetic resonance (MR) characterization of new MRI contrast agents
based on gadolinium complexes conjugated to a self-assembling DNA quadruplex scaffold. As a
single gadolinium-DOTA chelated DNA strand, the r; molar relaxivity is 6.4 mM-1 s'1 per Gd and
increasesto 11.7 mM-1 s per Gd upon formation of a DNA quadruplex. Similar results were obtained
when a gadolinium-DOTA dendrimer was conjugated to DNA, the r; molar relaxivity increasing to
12.9 mM-1 51 per Gd upon the formation of DNA quadruplex, compared to that of 6.0 mM-1 s'1 for
single strand of gadolinium-DOTA dendrimer chelate. This yields an r; molar relaxivity of 154.8
and 46.8 mM-1 571 per DNA quadruplex molecular complex based on DOTA dendrimer or monomer,
respectively. Importantly, the DNA quadruplex scaffold of the contrast agent is approximately 2.5
nm3 a in size, potentially enabling this type of contrast agent to be used for targeted delivery in vivo
to detect specific cells or tissues, even behind intact blood vessels.

The targeted and non-invasive detection of specific pathologies in humans is a major research
focus in the broad area of bioimaging sciences. To this end, magnetic resonance imaging (MRI)
has emerged as an important and useful imaging strategy. As a noninvasive imaging technique,
MRI provides three dimensional images of anatomic structures of living organisms at high
spatial resolution (~ 100 microns isotropic) in scan times of less than 30 minutes (1). Similar
to other molecular imaging technologies, targeted MRI requires the delivery of specific probes
to detect underlying biological abnormalities. Commonly used MR targeting constructs include
paramagnetic liposomes (2), paramagnetic perfluorocarbon nanoparticles (3),
superparamagnetic iron oxide nanoparticles (4) and small paramagnetic chelates (5). Almost
always, the paramagnetic metal used is Gd3* because of its ability to increase the longitudinal
relaxation rate (R1) of water protons and therefore to enhance the observable signal.
Superparamagnetic iron oxide nanoparticles create local magnetic field distortions which
increases the transverse relaxation rate (R2), effectively destroying signal and making dark
contrast in images.

Targeted MRI has had a major impact on the detection and treatment of cancer (6) and
atherosclerosis (7). This is largely due to the accessibility of blood vessels in these diseases,
as most nanoparticle formulations are on the order of 30 to >100 nm in diameter, and are too

8By assuming an average distance of 3.4 A between base-pairs, and a distance of 11 A between adjacent guanines in each tetrad, the
volume of DNA quaduplex scaffold was calculated to be 1.1 x 1.1 x 2.0 = 2.5 nm?.
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large to extravagate from undamaged blood vessels (8). Furthermore, even if they were to
escape into the extracellular space, their large size limits their diffusion within the tissue (9).
Diseases, such as small, non-aggressive tumors, Alzheimer's plaques and ischemic tissues,
which manifest themselves without leaky blood vessels or behind the intact blood brain barrier
have been challenging to target. Thus, the large size of most nanoparticle constructs limits their
general usage, and there is much interest in synthesizing ultrasmall nanoparticles for targeted
MRI (10).

A significant barrier to the development of new generations of small Gd based MR agents is
the low molar relaxivity (r1) of chelated gadolinium. Clinical contrast agents have molar rq of
3-7mM1 51 (8), resulting in the need for high concentrations to enhance the MRI signal
(11). Significant research has focused on increasing the rotational correlation time (tR) of the
gadolinium containing complex to increase molar relaxivity and hence, to obtain more efficient
contrast agents (12). For example, clinically used small-molecule contrast agents have been
conjugated to high-molecular-weight macromolecules including proteins (11), polymers (13),
and self-assembled peptide amphiphile nanofibers (14). This has resulted in increases of rl to
7.3,19.3, and 22.8 mM-1 51, respectively. Recently, several contrast agents with even higher
relaxivities have been reported. For example, Aime et al. showed that a lipophilic Gd-AAZTA
complex bound to albumin had a relaxivity of 84 mM-1 s'1 (15). Yang et al. also designed
protein-based contrast agents and demonstrated relaxivities of 35-130 mM1 s'1 (16). Caravan
et al. reported dual binding GADTPA tetramers that showed relaxivities of 46-50.8 mM1 s
when bound to albumin (17). Wilson et al. prepared gadolinium-carbon nanotube complexes
with relaxivities of 159-179 mM-1s-1 (18). However, MRI contrast agents designed for general
use in targeting multiple epitopes are rare.

Here, we report the design, preparation, and characterization of new MR agents based on
ordered and self-assembling DNA quadruplex scaffolds (19). The quadruplex-based DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) derivatives have almost 30-fold
increased rq versus clinical Gd-chelate contrast agents and two-fold increased r; compared to
the single oligonucleotide (ODN)-DOTA conjugate. These constructs further allow integration
of bioactive functions to the quadruplex scaffolds leading potentially to the design of targeted
contrast agents. Thus, these new agents provide a general template with high r1 molar relaxivity
and ultrasmall size.

The ODN conjugated DOTAs were prepared by DNA solid phase coupling on a 1umol scale.
The 5’-ends of the quadruplex-forming oligonucleotides were tethered with DOTA (1X and
1Y) (Figure 1). In 2X and 2Y, DOTA and DOTA dendrimers, respectively, were tethered to a
single strand sequence that is incapable of forming self-assembled structures (Figure 1).

The synthesis of the modified oligonucleotides and the incorporation of Gd(l11) ions (20) are
detailed in the supporting information. Briefly, ODNSs on the solid support were tethered with
modifiers (5’-amino- modifier C6 were used to prepare 1X and 2X, while tribler
phosphoramidite and 5’-amino-modifier 5 (see supporting information) were used to prepared
1Y and 2Y), which were then coupled with DOTA using Pybop and DIPEA in DMF overnight.
The DOTA conjugated ODNs were subjected to deprotection in concentrated aqueous
ammonia at 55 °C for 16 h, and incubated with gadolinium (111) citrate overnight at room
temperature. The ODN conjugates were then purified by HPLC and confirmed by MALDI-
TOF. Functionalized parallel quadruplexes were prepared in buffer (10 mM Tris-HCI, 80 mM
KCI, pH 7.5) and incubated for 48 hr (21). The secondary structures of the complexes were
confirmed by circular dichroism (CD) spectroscopy (Figure 2). The designed functionalized
quadruplexes 1X and 1Y showed a positive ellipticity at 263 nm and a negative peak at 241
nm, which is characteristic of tetramolecular parallel quadruplex (22-24). In contrast,
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incubation of 2X and 2Y only showed a weak signal at 273 nm and a negative peak at 250 nm
in the CD spectrum, indicating no quadruplex formation.

The ry of the contrast agents was measured by MRI with concentrations of samples confirmed
by inductively coupled plasma (ICP)-MS measurements (see supporting data for methods).
Compared to the single DNA-DOTA counterpart 2X, the efficacy of the contrast agents have
been highly improved through formation of the quadruplex. 1X displays a relaxivity of 11.7
mM-1 571 per Gd(I11) ion and 46.8 mM-1 s'1 per DNA quadruplex molecular complex, while
2X has a relaxivity of 6.4 mM™1 s1 per Gd(l11) and per molecule (Figure S1). The relaxivity
of 2X is in the normal range of currently used clinical contrast agents, yet, 1X shows a two
times increased relaxivity per Gd(I11). This per complex rq is higher than that of contrast agents
based on a previously reported genetically engineered protein (11) and a reported synthetic
dendrimer-based contrast agents (~35 mM-1s1) (26). Importantly, this is the case even though
our quadruplex-based agents have much lower molecular weight and the increase in rq is likely
due to the more ordered features of the DNA aggregate. Of note, the r{ of 1X matches that of
a recently reported, similarly sized (14 kDa) Gd-conjugated contrast agent (5). This agent is a
Gd-conjugated to the C2A domain of synaptotagmin which is specific for phosphatidylserine
(PS), whereas 1X is designed for general use in targeting multiple epitopes.

The hypothesis that quadruplex formation increases the relaxivity of their contrast agents is
further supported by studying a Gd-DOTA dendrimer conjugated DNA system. 1Y displays a
relaxivity of 12.9 mM-1S1 per Gd(l11) ion and 154.8 mM-1S-1 per DNA quadruplex complex,
while 2Y has a relaxivity of 6.0 mM-1S-1 per Gd(111) and per molecule (Figure S1). The
relaxivities are comparable between 2X to 2V, probably due to the flexibility of the linkers
within the DOTA dendrimers. But again, 1Y shows a two-fold increased relaxivity per Gd(I11)
compared to 2Y and a much higher relaxivity per quadruplex than 1X, since those Gd (l11) ions
are contained within each strand. We also observe a mode of increase in relaxivity per Gd(l11)
ionfrom 1Xto 1Y, which is probably because formation of the ordered DNA quadruplex offsets
the flexibility of the linkers within the dendrimer.

Other contrast agents conjugated to viruses, various proteins and Gd-conjugated synthetic
polymers have been reported to display higher r1 values per molecule (27,28). However, the
Gd-conjugated DNA quadruplex contrast agents reported here have several advantages
including a low molecular weight and small size (2-3 nm), which could prove critical for
targeted delivery and detection of specific cells or tissues, even behind intact blood vessels.
Second, the DNA construct occurs naturally in the body and is biodegradable, potentially
mitigating toxic effects. Third, the size of the quadruplex contrast agents can be easily modified
by varying the lengths of the DNA sequences. Fourth, it may be possible to obtain quadruplex
CAs with higher relaxivity if DOTA dendrimers with more rigid linkers can be tethered on the
end of DNA quadruplex scaffold with shorter linker lengths. Lastly, functionalized DNA
quadruplexes have been shown to target specific proteins (19,29), leaving open the possibilities
of functionalizing the quadruplex with fragments that target specific cells or tissues.

In conclusion, we have described the design and synthesis of high-relaxivity DNA quaduplexes
that can serve as improved MRI contrast agents. The ordered structure of the quadruplex leads
to an increase in the relaxivities of the new MRI contrast agents. Further improvements in
gadolinium relaxivity and packaging can be expected by conjugating Gd-DOTA dendrimers
with rigid and short-length linkers as well as tethering bioactive groups to the DNA for use in
targeted diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(b)

Oligonucleotide ~ Sequence

IX [X-d(TGGGGGGTTTT)}4

2X [X-d(CGTCATATCTTA)]

1y [Y-d(TGGGGGGTTTT)4

2Y [Y-d(TGTCATATCTTT)]
Figure 1.

(a) Functionalized parallel G-quadruplex with DOTA appendages. (b) Sequences of the
designed oligonucleotides where G-quadruplex 1X and 2Y are tethered to DOTA or DOTA
dendrimer fragments, respectively. 2X and 2Y are DOTA or DOTA dendrimer appended single
strands that can not form quadruplex structure.
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Figure 2.

Circular dichroism spectra of ODNs after self-assembly. All measurements were done in 80
mM KCI, 10 mM Tris-HCI, pH 7.5 buffer. Concentrations of all ODNs were 60 uM for the
single strand.
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Gd(11) ionic and molecular relaxivities of standard MRI contrast agents and new agents 1X, 2X, 1Y and 2Y at 4.0

Tesla and 20.5 °C.

DNA MW(g/mol) (based on Gd ionic r; (MM no. of Gd Molecular r; (mM?
DNA single strand) ) s

1X 4150.1 11.7 4 46.8

2X 4315.0 6.4 1 6.4

Y 5920.9 12.9 12 154.8

2Y 6088.0 6.0 3 18

GADTPA (8) 743 45 1 45

GdDOTA (25) 561 35 1 35
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