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A new mRNA targeting contrast agent consisting of three main functional domains, (i) gadolinium based
magnetic resonance reporter part, (ii) antisense peptide nucleic acids targeted to mRNA, and (iii) choles-
terol as the delivery vector, was developed and synthesized. The new contrast agent showed efficient cel-
lular uptake and significant contrast enhancement at very low labeling concentrations (0.5 lM).
However, after uptake into cells the agent was located predominantly in endosomes like a similar cell
penetrating peptide conjugated probe. Our results indicate that this newly developed contrast agent
could be used for the labeling of cells for optical as well as magnetic resonance imaging.

� 2010 Elsevier Ltd. All rights reserved.
Magnetic resonance imaging (MRI) is currently one of the most
important diagnostic tools available in medicine.1 The specificity
and sensitivity of MRI can be further enhanced by the application
of contrast agents (CAs).2 Since many clinically important targets
reside inside the cell, the development of efficient intracellular tar-
geted MR contrast agents might enlarge the applicability of MRI.
Potential intracellular targets are, for example, DNA, mRNA or pro-
teins/enzymes. We have chosen the mRNA of a red fluorescent pro-
tein (DsRed)3 as model target and a 12mer antisense peptide
nucleic acid (PNA) (agcgcctgtacc), specifically targeted to a comple-
mentary region of the DsRed mRNA, was used as the targeting sen-
sor. PNAs are peptidase and nuclease resistant DNA mimics. Using
PNAs allows versatile, stable and highly specific targeting.4 In addi-
tion, the number of copies of mRNA per cell is higher than for DNA
which makes mRNA targeting easier than DNA targeting. Antisense
PNAs can hybridize uniquely to the complementary mRNA in the
cytosol and by this could provide cell specific targeting for cells
expressing the respective mRNA. Thus, the expression of the corre-
sponding gene might be visualized non-invasively by MR imaging.5

Unfortunately, the main obstacle to the effective use of PNAs is
their relatively poor uptake by cells.6 Therefore, enhancement of
cellular uptake of PNAs was our main goal in this work.

In 2003, Heckl et al.7 reported for the first time the potential of
an intracellular CA which was composed of a gadolinium (Gd)
complex (as reporter), a PNA sequence (as sensor) and a carrier
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peptide (as vector). A similar approach with PNA, Gd-DOTA and a
cell penetrating peptide was reported by our group in 2007.8 This
CA suffered limitation in regards to endosomal entrapment and a
complex synthetic scheme. The prerequisites for intracellular tar-
geting are the efficient intracellular delivery of the CA as well as
colocalization with the target. Thus, the design and synthesis of no-
vel targeted intracellular CA remain a significant challenge. In or-
der to circumvent the drawbacks of previous contrast agents, we
herein report the synthesis and evaluation of a new efficient intra-
cellular MR contrast agent which is based on a non-peptidic, lipid
mediated delivery system. This CA includes three functional do-
mains: (i) Gd based MR reporter part, (ii) antisense PNA targeted
to mRNA, and (iii) cholesterol as the delivery vector. We have eval-
uated uptake efficiency and contrast enhancement ability for MRI
and compared these to the CA previously reported by our group.

The new CA was synthesized in analogy to our previous publi-
cation8 by Fmoc chemistry in solid phase peptide synthesis
(Fig. 1, for a detailed description refer to the electronic Supplemen-
tary data). In brief, resin was downloaded (0.10–0.20 mmol/g) to
avoid aggregation. D-Amino acids, aminoethoxyethoxyacetic acid
(AEEA) and then PNA building blocks were added. The main pur-
pose of adding basic amino acids like Arg and Lys was to enhance
aqueous solubility of the construct and to initiate cell penetration
by electrostatic interaction between basic residues and negatively
charged phospholipids in the plasma membrane.9,10 The use of D-
isomer increases the stability against proteases while AEEA helps
to increase aqueous solubility. Fmoc-Lys(Dde)-OH residue was
incorporated as a spacer at the N-terminus of the PNA sequence.
Afterwards the Fmoc group was deprotected selectively and cho-
lesterol was coupled. The coupling reaction of cholesterol chloro-



Figure 1. Synthetic scheme and chemical structure of CA1. Lys, Arg, AEEA, Lys, AEEA were appended by Fmoc chemistry in continuous scheme on Wang resin. (a) 20%
piperidine in DMF, 2�, 5 min each; (b) HATU, DIPEA, DMF, 1 h; (c) DIPEA, DCM/DMF, 4 h; (d) 2% hydrazine in DMF, 2�, 2.5 min; (e) DIPEA, DMF, 12 h; (f) TFA, m-cresol, TIPS,
H2O (90:5:2.5:2.5); (g) GdCl3 � 6H2O, MeOH, H2O, 40 �C, 55 h.
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formate was carried out in presence of DIPEA in DCM/DMF solu-
tion. One more spacer (Fmoc-Lys(Dde)-OH) was added to the e-
amino group of Lys and then tris (tert-butyl) DOTA and fluorescein
isothiocyanate (FITC) were coupled to the a- and e-position of Lys,
respectively. After chelation of Gd, the final product (CA1) was
purified by HPLC, lyophilized and finally characterized by ESI-MS.
Labeling with FITC allowed to verify cellular uptake, which was
estimated by fluorescence microscopy and spectroscopy in a
mouse fibrosarcoma cell line expressing DsRed protein (DsRed).11

The parent cell line (CCL-11), deficient of the target sequence
was used as negative control.

Previously, our group demonstrated that a CA based on cell pe-
netrating peptides (CPP) was efficiently taken up by cells.8 The
main drawback was an endosomal entrapment of the compound.
The specific interaction between the sensor (antisense PNA) and
the targeted mRNA (localized in the cytosol) as well as an effective



Figure 3. Cellular localization of CA1 into DsRed cells. Cells were incubated with
0.5 lM concentration in complete medium for 18 h. Green: FITC fluorescence of
CA1; blue: cell nuclei (Bisbenzimid H 33342); red: fluorescent protein DsRed; bar
represents 20 lm.
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efflux from non-targeted cells were hindered although a specific
binding of the CA to a synthetic target oligonucleotide sequence
could be observed in a cell free in vitro assay.12 Thus, modification
of the CA was required to achieve the release from endosomes or a
direct uptake into the cytosol of the cell. We tried to circumvent
endosomal entrapment by the conjugation of cholesterol to the
building blocks of the CA as the delivery vector. There are many re-
ports about cholesterol in gene transfection and delivery13,14 and a
recently published report of Wolfrum et al. also highlights the use
of cholesterol to facilitate cellular import of siRNAs for effective
silencing of protein expression.15 Furthermore, it has been shown
that a combined treatment of cholesterol conjugates with strepto-
lysin-O (SL-O)16 facilitated cellular uptake of these conjugates.
SL-O is a bacterial protein which can reversibly permeabilize cell
membranes and in turn enhance direct cytosolic uptake into these
cells.17 Therefore, keeping the role of cholesterol in mind, we first
studied simple cholesterol constructs18 and finally synthesized the
complete cholesterol-based CA1.

All reactions described above, except Gd loading, could be suc-
cessfully carried out on resin in an automated peptide synthesizer.
The synthesis of the PNA sequence, often laborious and lengthy,
was facilitated by developing and optimizing the scheme for an
automated peptide synthesizer (see Supplementary data). All reac-
tions were performed under mild conditions controlling the forma-
tion of side products. During the cleavage of the product from the
resin, cholesterol was also partially cleaved off. This side reaction
was dependent upon the incubation time of the resin in the cleav-
age cocktail and could be almost completely suppressed by choos-
ing the proper reaction time. Gd loading after cleavage was
achieved in the presence of water and methanol (1:1) at 40 �C for
55 h at pH 6.5. Methanol was used to increase the solubility. Excess
Gd was removed using HPLC.

Results of fluorescence spectroscopy revealed the highly effi-
cient intracellular uptake of CA1 at very low labeling concentra-
tions (Fig. 2). The internalization was concentration dependent
and linearly increased up to 3 lM. However, at concentrations
P3.0 lM precipitation was observed indicating a reduced solubil-
ity of these conjugates under physiological conditions.

Fluorescence microscopy (Fig. 3) demonstrated that CA1 en-
tered DsRed-expressing cells and was mainly located in vesicles
(green) around the nucleus (blue). A sufficient cytosolic distribu-
tion could not be observed. The localization in vesicles points to-
ward a predominantly endosomal uptake mechanism for CA1.
Because of vesicular entrapment, it can be expected that there
would be still a lack of interaction between contrast agent and
Figure 2. Cell internalization of CA1 into DsRed cells measured by fluorescence
spectroscopy. Cells were incubated with contrast agent at various concentrations in
complete medium for 18 h. Values are presented as mean ± SEM (n = 11–12); ***p
<0.001 significant difference to control.
mRNA in the cytosol. Although CA1 was also able to bind specifi-
cally to a synthetic 63mer target oligonucleotide in cell free gel
shift assay (data not shown), no significant inhibition of the DsRed
gene expression could be detected. Therefore, SL-O was tested for
its ability to improve the cytosolic uptake of CA1. In contrast to al-
ready published reports,16,19 in our study SL-O did not increase the
cytosolic distribution compared to a buffer control. The lack of
inhibition of the DsRed expression might not only be due to a
low number of molecules released to the cytosol but also to a
non-optimized antisense sequence for blocking gene expression.
Oligonucleotides (or PNAs) which are able to silence the DsRed
gene have at least the double length or are even longer hairpin-
type siRNAs compared to the 12mer sequence used in this study.20

This short sequence was selected to fulfill the minimal require-
ments for a specific binding to the mRNA of DsRed, not for the effi-
cient blocking of the synthesis of the fluorescent protein.

Our new cholesterol-based CA was able to enhance contrast in
T1-weighted MR images of labeled DsRed-expressing cells as well
as in the non-target containing parent cells. An increase of the
apparent cellular relaxation rate R1,cell of CA-loaded cells was al-
Figure 4. Cellular relaxation rate in DsRed and CCL-11 cells after labeling with CA1.
Cells were incubated with CA1 for 18 h, washed repeatedly and trypsinized. Cells
were resuspended in culture medium without CA1 at a cell density of 1.5 � 107

cells/500 ll and transferred into 0.65 ml tubes. The apparent cellular relaxation rate
R1,cell (1/T1,cell) was measured at 3T in an axial slice through the cell pellet and is
plotted on the starting labeling concentration of CA1. Values are presented as
mean ± SEM (n = 2); *p <0.05 significant difference to the corresponding control.



Figure 5. Comparison of cell internalization of cholesterol appended CA (CA1) and
D-Tat49–57 appended CA (Tat-CA).8 Cells were incubated with both types of contrast
agents at 0.5 and 1 lM concentrations in complete medium for 18 h. Values are
presented as mean ± SEM (n = 3–12); ***p <0.001 significant difference between
CAs.
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ready observed at a labeling concentration of 0.5 lM (Fig. 4). The
observed contrast MR enhancement and cellular internalization
at low concentrations makes such conjugates useful for biomedical
applications.

Various imaging probes have been developed so far8,21,22 but
the application of such probes in MR imaging is limited most likely
due to their endosomal entrapment, less specific nature or insuffi-
cient accumulation at the target site. Heckl et al.7 reported a CA
that showed increase in MR signal and prolonged retention in tu-
mor cells, but the applied concentration (0.5 mM) was 1000 times
higher than the concentration that we used with our compound.
Our new CA showed significant increases in the relaxation rate
R1,cell after loading within cells. Cholesterol conjugation in the
present study offered several advantages like (i) an efficient cellu-
lar delivery, (ii) contrast enhancement in low concentration, (iii)
easy conjugation, and (iv) chemical stability. In addition, it was re-
ported that cationic lipids containing cholesterol were biodegrad-
able and showed low toxicity.14 By coupling cholesterol in the
present construct, less chemical steps and better cellular internal-
ization was achieved as compared to previously reported Tat-CA
based on a peptidic vector (Fig. 5). However, poor aqueous solubil-
ity and endosomal entrapment are disadvantages of using
cholesterol.

In conclusion, our newly designed and synthesized targeted
cholesterol-conjugated contrast agent was internalized efficiently
into cells. A labeling concentration of 0.5 lM was sufficient to sig-
nificantly enhance MR image contrast. However, modifications are
still required to circumvent endosomal entrapment and to achieve
a better cytosolic distribution of the CA and a specific accumulation
in the target cells.
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