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Two peptide nucleic acid (PNA) oligomers containing two
different organometallic moieties, namely derivatives of azi-
doferrocene (Fc-N3) and ferrocene carboxylic acid (Fc-
COOH) for PNA5 and derivatives of β-cymantrenoylpro-
pionic acid [Cym-CO(CH2)2COOH] and the rhenium bisqui-
noline tricarbonyl complex [Re(BQ-N3)(CO)3]Br for PNA6,
have been prepared on a solid support by using two different
synthetic methods: Peptide coupling and click chemistry.
PNA5 and PNA6 were unambiguously characterized by ESI-
MS or MALDI-TOF MS and their purity checked by LC–MS.
As expected, the bioconjugate PNA6 presents two broad and
strong absorption bands at 1933 and 2032 cm–1 in its IR spec-
trum due to the presence of six metal–carbonyl bonds. It has

Introduction

Peptide nucleic acids (PNAs) are unnatural nucleic acid
analogues.[1,2] In PNAs, the usual phosphate-ribose back-
bone of DNA/RNA is replaced by a neutral pseudo-peptide
backbone made of N-(2-aminoethyl)glycine units, which are
ligated, through a methylenecarbonyl, to the four nucleo-
bases.[1] PNAs have a multitude of attractive properties,
such as high binding affinity for DNA/RNA strands, high
chemical stability, resistance to nucleases, great discrimi-
nation of single mismatches and fast hybridization. These
favourable characteristics have led PNAs to be widely inves-
tigated for biosensing purposes,[3,4] as agents in antisense
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also been demonstrated that the presence of the Mn complex
in PNA6 did not significantly alter the fluorescence proper-
ties of the Re complex in aqueous solution compared with a
previously reported Re–PNA bioconjugate (PNA7). Photoex-
citation of PNA6 at 350 nm reveals two distinct emission
bands at about 434 and 595 nm in aqueous solutions. PNA6
was successfully electroporated into HeLa cells, as shown by
high-resolution continuum-source atomic absorption spec-
troscopy, which was used to measure the concentrations of
both Re and Mn. However, no fluorescence of the Re com-
plex in PNA6 was observed in living cells, even at a concen-
tration 20 times higher than that previously reported for
PNA7.

and antigene therapy[5] or to facilitate gene repair.[6] An im-
portant topic currently in PNA research is the quest for the
facile addition of new functionalities and/or spectroscopic
properties to PNA oligomers. Hence, numerous metal com-
plexes have been coupled to PNA oligomers with the aim of
tuning their physicochemical properties.[7] Organometallic
compounds have been found to have ideal properties for
this purpose; they are kinetically stable, usually uncharged,
relatively lipophilic and their metal atom is in a low oxi-
dation state. Furthermore, they have great structural vari-
ety. These attractive properties have led organometallic
compounds to be employed as anticancer or antimalarial
agents.[8] Different synthetic methods for attaching organo-
metallic complexes to PNA oligomers have been investi-
gated and, until recently, they were always attached to the
N-terminal end of the PNA sequence through an amide
bond, to the side-chain amino group of N-terminal (non-
natural) amino acids or to the residue of the glycine α-car-
bon atom of a modified PNA monomer.[9] To allow more
versatility in the preparation of PNA oligomers containing
multi-metal complexes we recently proposed an alternative
approach. In a manner related to that undertaken, for ex-
ample, by Achim,[10–13] Balasubramanian,[14] Spiccia[15–17]

and Strömberg[18,19] and their co-workers, we envisaged the
insertion of modified (metal-containing) PNA monomers
into PNAs. In our case, we successfully inserted, by using
an automated oligonucleotide synthesizer, an alkyne-con-
taining PNA monomer (Fmoc-1-OH, Figure 1) into any
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Figure 1. Structures of Fmoc-1-OH and the different organometallic compounds used in this study.

position in a PNA sequence.[20] A similar method has pre-
viously been employed by our group to insert a terminal
alkyne into peptides for subsequent Sonogashira cou-
pling.[21] The different alkyne-containing PNA oligomers
were then quantitatively functionalized on a solid support
with ferrocenyl azide (Fc-N3) by the copper(I)-catalysed
Huisgen 1,3-dipolar cycloaddition reaction, often referred
to as “click chemistry”.[10] However, this method allows the
multi-insertion of only one type of organometallic com-
pound. To overcome this limitation, as a proof of principle,
we recently investigated the preparation, in solution, of het-
ero-di-[22] and hetero-tri-organometallic-containing[23] PNA
monomers or PNA-like monomers. We demonstrated that
three different organometallic compounds could be incor-
porated into Fmoc-1-OH through three different types of
reactions, namely click chemistry, Sonogashira and peptide
coupling.[23] In this contribution we further extend this ap-
proach by reporting, to the best of our knowledge, the first
two examples of the stepwise addition, on a solid support,
of two different organometallic complexes to a single PNA
oligomer by using two different synthetic methods, namely
peptide coupling and click chemistry (Figure 1 summarizes
the organometallic compounds used in this work). This “di-
organometallic derivatization” of PNA oligomers is of great
interest, for example, in multi-modal imaging.[23] Moreover,
we employed high-resolution continuum-source atomic ab-
sorption spectroscopy (HRCS-AAS) as a novel AAS tech-
nique to measure the concentration of both Re and Mn in
electroporated HeLa cells.

To show the variety of physicochemical properties that
can be added to PNA oligomers through the insertion of
organometallic compounds, three different types of these
complexes were selected, namely two ferrocene derivatives
(Fc-COOH and Fc-N3), a manganese tricarbonyl complex
[β-cymantrenoylpropionic acid, Cym-CO(CH2)2COOH[24]]
and a fluorescent rhenium tricarbonyl compound ([Re(BQ-
N3)(CO)3]Br; Figure 1). The ferrocene derivatives were cho-
sen due to their attractive redox properties and chemical
stability;[25,26] Fc-PNA oligomers have already shown great
promise in the field of electrochemical PNA·DNA biosen-
sors.[27,28] A tricarbonyl complex [Cym-CO(CH2)2COOH]
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was chosen as the second type of organometallic compound
to be coupled to PNA oligomers as such complexes have
characteristic CO stretching bands, which can be employed
to detect, and sometimes quantify, different analytes in bio-
logical samples by IR spectroscopy[29] or Raman micro-
scopy.[30] A rhenium tricarbonyl complex ([Re(BQ-N3)-
(CO)3]Br) was selected for its fluorescence properties and
potential in radiolabelling studies;[31,32] [M(CO)3]+ has be-
come a very popular core for radiolabelling experiments,
with M = 99mTc used for radioimaging and M = 186/188Re
for therapeutic applications.[33] Furthermore, Re/Tc tricar-
bonyl complexes with similar ligands have been shown to
have attractive fluorescent/chemical properties, namely
large Stokes shifts, long lifetimes, polarized emission, chem-
ical stability and facile preparation, and have already been
intensively used for the (radio)labelling of biomolecules by
Zubieta, Valliant and Babich and their co-workers for both
in vitro and in vivo purposes.[32,34–41] Alberto and co-
workers and our group have recently reported the labelling
of a PNA monomer and oligomer with Re and 99mTc tri-
carbonyl complexes.[42–46]

Results and Discussion

Preparation and Characterization of the Metal-Containing
PNA Oligomers

Two different PNA oligomers containing synthon 1
(PNA1 and PNA2) were synthesized on TentaGel R Fmoc-
Lys(Boc)-RAM resin using Fmoc-Bhoc-protected PNA
monomers (see Scheme 1 for the synthesis of a hetero-di-
organometallic-containing PNA oligomer with the prepara-
tion of PNA6 as an example and Table 1 for a summary of
the PNA oligomers prepared during the course of this
work). The PNA sequence (H-ggg-tc-agc-tt-NH2) was cho-
sen in analogy to previous work on the derivatization of
PNAs with organometallic compounds.[20] Both C- and N-
terminal lysine residues were introduced to enhance the sol-
ubility.[47] A small amount of resin was cleaved from both
PNA oligomers with a mixture of TFA/triisopropylsilane
(TIS)/H2O (95:2.5:2.5, v/v/v) to determine whether the in-
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Scheme 1. Synthesis of hetero-di-organometallic-containing PNA oligomer PNA6. Reagents and conditions: a) i. 20% Piperidine in DMF;
ii. Cym-CO(CH2)2COOH, HATU, HOBt·H2O, DIPEA (10 equiv.), 2,6-lutidine (10 equiv.), DMF; b) CuI (2.5 equiv.), [Re(BQ-N3)(CO)3]-
Br (3.0 equiv.), DIPEA (150 equiv.), DMF; c) TFA/phenol/TIS 85:10:5 (v/v/v).

troduction of Fmoc-1-OH was successful. As shown by
MALDI-TOF or ESI-MS, Fmoc-1-OH was successfully in-
troduced at the N (PNA1) and C (PNA2) termini. Indeed,
a peak corresponding to [M + H]+ was observed by
MALDI-TOF mass spectrometry for PNA1 (see Figure S1
in the Supporting Information).[48] Peaks at m/z = 1597,
1065, 799 and 639 corresponding to [M + 2H – Fmoc]2+,
[M + 3H – Fmoc]3+, [M + 4H – Fmoc]4+ and [M + 5H –
Fmoc]5+ were detected in the ESI-MS spectrum of PNA2.
The N-terminal Fmoc protecting groups of PNA1 and
PNA2 were then deprotected with a mixture of piperidine
in DMF. The newly formed amino terminal groups were
subsequently treated, still on the solid support, in a stan-
dard peptide coupling procedure, with Fc-COOH and
Cym-CO(CH2)2COOH, respectively, to give the mono-or-
ganometallic-containing PNAs PNA3 and PNA4, respec-
tively. A small amount of resin was cleaved from both PNA
oligomers with a mixture of TFA/phenol/TIS (85:10:5,
v/v/v) to determine whether these coupling reactions were
successful. The presence of PNA3 was ascertained by
MALDI-TOF MS with a peak corresponding to [M + H]+

(see Figure S2 in the SI).[48] In the case of PNA4, the ESI-
MS spectrum clearly shows the presence of the expected
oligomer with peaks at m/z = 1161, 871, 697 and 581 corre-
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sponding to [M + 2H]2+, [M + 3H]3+, [M + 4H]4+ and [M
+ 5H]5+, respectively (see Figure S3 in the SI). For both
PNA3 and PNA4 the last synthetic step involved the cop-
per(I)-catalysed Huisgen 1,3-dipolar cycloaddition reaction.
By using reaction conditions similar to those recently re-
ported by our group,[20,49,50] the two alkyne-containing
PNA oligomers were functionalized, on the solid support,
with Fc-N3 and [Re(BQ-N3)(CO)3]Br, respectively, to give
the hetero-di-organometallic-containing PNA oligomers
PNA5 and PNA6. As for the previous step, a small amount
of resin was cleaved from the two PNA oligomers with a
mixture of TFA/phenol/TIS (85:10:5, v/v/v) to determine
whether the second coupling reactions were successful.
Both the success of the click reactions and the purity of the
oligomers were analysed by MALDI-TOF and LC–MS. To
our surprise, the coupling of the Re complex was found
to be almost quantitative. Indeed, the LC chromatogram
contains a single major (broad) peak and the three major
peaks in the MS at m/z = 2059, 1373 and 1030 were as-
signed to [M + 2H]2+, [M + 3H]3+ and [M + 4H]4+, respec-
tively (see Figure S6 in the SI). Note that this broad peak
in the LC chromatogram corresponds to a single compound
as all the MS spectra recorded at different retention times
within this peak are similar (data not shown). This is proba-
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bly due to the presence of different PNA conformations in
solution, hence the broadening of the peak. Interestingly,
the presence of six metal–carbonyl groups in PNA6 was
confirmed by IR spectroscopy with two broad and strong
absorption bands at 1933 and 2032 cm–1, respectively (see
Figure S6 in the SI). In the case of the di-ferrocene-contain-
ing PNA oligomer PNA5, both the MALDI-TOF and LC–
MS spectra show that the reaction was not fully completed
and that a significant amount of the starting material PNA3
was still present (about 40% by LC–MS). The addition of
fresh reagents did not result in any significant improvement,
possibly due to steric hindrance. Indeed, compared with
PNA6, the two organometallic moieties in PNA5 are in
close proximity, thus rendering the cycloaddition more diffi-
cult. Nonetheless, both PNA5 and PNA6 were cleaved from
the resin using a mixture of TFA/phenol/TIS (85:10:5, v/v/
v). PNA5 was purified by HPLC and the expected oligomer
was obtained after lyophilization as a fluffy, slightly yellow
solid. PNA5 was unambiguously characterized by ESI-MS
with five main peaks at m/z = 1212, 909, 728, 606 and 520
assigned to [M + 3H]3+, [M + 4H]4+, [M + 5H]5+, [M +
6H]6+ and [M + 7H]7+ and its purity was checked by LC–
MS (see Figures S4 and S5 in the SI). The preparation of
such di-ferrocene-containing PNAs is of great interest for
the sensing of specific DNA/RNA sequences. It can be en-
visaged that the shift in potential between the two different
ferrocenyl moieties could be used to assess the presence or
absence of a specific DNA/RNA sequence.

Table 1. PNA1–7 employed during this work. The labels 1–3 within
the PNA oligomer refer to structures Fmoc-1-OH, Fmoc-2-OH
and Fmoc-3-OH presented in Figure 1, respectively.

PNA Sequences

PNA1 Fmoc-NH-Lys-1-ggg-tc-agc-tt-Lys-NH2

PNA2 Fmoc-NH-Lys-ggg-tc-agc-tt-1-Lys-NH2

PNA3 FcCO-Lys-1-ggg-tc-agc-tt-Lys-NH2

PNA4 Cym-CO(CH2)2CO-Lys-ggg-tc-agc-tt-1-Lys-NH2

PNA5 FcCO-Lys-2-ggg-tc-agc-tt-Lys-NH2

PNA6 Cym-CO(CH2)2CO-Lys-ggg-tc-agc-tt-3-Lys-NH2

PNA7 H-Gly-3-atgaacttcagggtcagcttgc-Lys-NH2

Fluorescence Properties of PNA6

To assess whether the presence of a second organometal-
lic entity within a single PNA oligomer could affect the in-
trinsic fluorescence properties of the Re complex, we
studied the photophysical behaviour of PNA6 in water. As
shown in Figure 2, the photophysical data of PNA6 are
comparable to those previously reported by our group for
another Re-containing PNA oligomer (PNA7, see
Table 1).[32,34,37,45] The transitions most likely have con-
siderable metal-to-ligand charge-transfer (MLCT:
[dπ(Re)� π*(ligand)]) as well as intraligand (IL) character,
in agreement with a previous report.[34] Furthermore, upon
photoexcitation at 350 nm, the rhenium complex of PNA6
shows two distinct emission bands at about 434 and 595 nm
in aqueous solution. The high-energy transition has tenta-
tively been assigned to ligand-centred fluorescence, whereas
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the lower-energy transition probably originates from a
3MLCT state. All in all, the photophysical measurements
suggest that PNA6 could potentially be used as a fluores-
cent probe in biological settings.

Figure 2. Emission spectra of PNA6 (dotted line) and PNA7 (con-
tinuous line) in aqueous solution (λexc = 350 nm, bandwidth: 8 nm)
at room temperature.

Biological Evaluation of PNA6

With PNA6 in hand, we investigated the possibility of
using the fluorescence properties of the Re complex to lo-
calize the metal–PNA bioconjugate in HeLa cells. Thus,
PNA6 was transfected by electroporation into HeLa cells
as previously performed with PNA7.[45] The presence of two
different metal atoms within a single PNA strand evidently
raises questions regarding the toxicity of such bioconju-
gates. In this study we did not observe any cytotoxic effect
of PNA6 on HeLa cells at concentrations up to 200 μm

(data not shown). This observation is in accordance with
our previous work, which showed that Co–PNA bioconju-
gates were not toxic up to a concentration of 100 μm for
HT-29 cells.[51] However, to our surprise, we were unable to
detect any fluorescence of the Re complex present in PNA6
in HeLa cells, even at a concentration 20 times higher than
that employed to localize PNA7 in the same cell line.[45]

These rather surprising results may be explained by a low
cellular uptake of PNA6. To confirm/refute such an as-
sumption, we electroporated a concentration of 200 μm of
PNA6 into HeLa cells and measured both the Re and Mn
contents of isolated cell pellets after exposure for 24 h. For
this purpose we used a novel technique, namely high-resolu-
tion continuum-source atomic absorption spectroscopy
(HRCS-AAS),[52,53] to quantify sensitive trace metals with
simultaneous background correction (for more information
on the sensitivity of the method, see the Exp. Sect.). Both
Re and Mn could be quantified under the chosen experi-
mental set-up with the absorption signals being well sepa-
rated from any background interference (see Figure 3 for an
example with Mn). In three separate experiments, values of
2.40� 0.25 nmol Re and 1.99 �0.25 nmol Mn per isolated
cell pellet were measured. The Re/Mn ratios of the single
experiments afforded a mean ratio of 1.2 �0.1. Although it
is not definitive evidence, it is reasonable to assume that the
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complex is electroporated in an intact (or almost intact)
form and that the absence of fluorescence observed for
PNA6 could not be explained by a low cellular uptake of
PNA6.

Figure 3. HRCS-AAS measurement of Mn in a cell suspension af-
ter electroporation. The figure shows the absorption signal at
279.4817 nm measured over 5 s during atomization.

Conclusions

In this paper we have reported the preparation and char-
acterization of the first two di-hetero-organometallic-con-
taining PNA oligomers (PNA5 and PNA6). Two different
types of reactions, namely peptide coupling and copper(I)-
catalysed Huisgen 1,3-dipolar cycloaddition (often referred
to as “click chemistry”), were employed for the preparation
of the two multi-metal–PNA bioconjugates. Interestingly, as
shown for the Mn- and Re-containing PNA oligomer
(PNA6), no cytotoxicity was observed when PNA6 was elec-
troporated into HeLa cells. The cellular uptake of PNA6
was confirmed by a novel technique, namely high-resolu-
tion continuum-source atomic absorption spectroscopy,
which was used to measure the concentrations of both Re
and Mn. It was demonstrated that the Re and Mn contents
in the HeLa cells were comparable. Although it is not defin-
itive evidence, this is a good indication that a different up-
take of possible fragments is of only minor relevance and
that the complex is electroporated in an intact (or almost
intact) form. However, contrary to our expectations, no
fluorescence of the Re complex in PNA6 could be observed
in the electroporated cells, even at a concentration 20 times
higher than that employed to localize the previously re-
ported PNA7 in the same cell line. All in all, this study is
further evidence that (multi)-organometallic-containing
PNAs can be used for cellular biology purposes, contrary
to the general belief that organometallic compounds are un-
stable under physiological conditions and/or cytotoxic.

Experimental Section
Materials: All reactions were carried out in ordinary glassware and
solvents were used without further precautions unless indicated
otherwise. Chemicals were purchased from commercial suppliers
and used as received. Solvents were used as received or dried with
molecular sieves (4 Å).

Instrumentation and Methods: 1H and 13C NMR spectra were re-
corded in deuteriated solvents with a Bruker DRX 400 spectrome-
ter at 30 °C. Chemical shifts, δ, are reported in ppm (parts per
million). Residual solvent peaks were used as internal reference.
The abbreviations for the peak multiplicities are as follows: s (sing-
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let), d (doublet), dd (doublet of doublets), t (triplet), q (quartet),
m (multiplet) and br. (broad). Infrared spectra were recorded with
an ATR unit using a Bruker Tensor 27 FTIR spectrophotometer
at a resolution of 4 cm–1. Signal intensity is abbreviated as br
(broad) where appropriate. ESI mass spectra were recorded with a
Bruker Esquire 6000 spectrometer. All UV/Vis measurements were
carried out with a Varian Cary 100 Conc instrument using quartz
cuvettes with a width of 1 cm. MALDI-TOF mass spectra were
measured with a Bruker Daltonics Autoflex spectrometer. The ex-
periments were performed in linear mode with positive polarity
using sinapinic acid as the matrix. PNA5 was purified by HPLC
with a Merck–Hitachi l-7000 instrument equipped with a diode ar-
ray Uv/vis spectrometer and a Merck LiChroCART RP18 column
(5 μm particle size, 100 Å pore size, 250 �10 mm, flow rate 4 mL/
min). The purification was performed with a linear gradient of A
(millipore® water containing 0.1% v/v TFA) and B [acetonitrile
(Sigma–Aldrich HPLC-grade) containing 0.1% v/v TFA]. Prepara-
tive runs: t = 0 min 5 % B, t = 12 min 15% B, t = 32 min 40% B,
t = 50 min 80% B, t = 51 min 100% B, t = 56 min 100% B, t =
61 min 5% B. LC–MS spectra for PNA1–4 and PNA6 were mea-
sured with a LC Agilent 1100 System equipped with a PDA detec-
tor and an auto-sampler using Agilent Zorbax SB-C18 reversed
phase columns (1.8 μm particle size). The LC was coupled to a
Bruker Esquire 6000 spectrometer to record the mass spectra. The
LC runs (flow rate 0.3 mL/min) were performed with a linear gradi-
ent of A (Millipore® water containing 0.1% v/v TFA) and B [aceto-
nitrile (Baker HPLC-grade) containing 0.1% v/v TFA]: t = 0 min
0% B, t = 10 min 100% B, t = 12 min 100% B, t = 18 min 0 % B,
t = 22 min 0% B. The LC–MS spectrum of PNA5 was measured
with an AcquityTM Waters system equipped with a PDA detector
and an auto-sampler using a Macherey–Nagel Nucleosil C18 RP
column (5 μm particle size, 100 Å pore size, 250 �3 mm). This LC
was coupled to a Bruker Esquire HCT spectrometer (Bremen, Ger-
many) to record the mass spectrum. The LC run (flow rate 0.3 mL/
min) was performed with a linear gradient of A (Millipore® water
containing 0.1% v/v formic acid) and B [acetonitrile (Sigma–Ald-
rich HPLC-grade) containing 0.1% v/v formic acid]: t = 0 min 5%
B, t = 2 min 5% B, t = 32 min 100% B, t = 37 min 0% B, t =
22 min 0% B.

Synthesis and Characterization

2-[N-(2-{[(9H-Fluoren-9-yl)methoxy]carbonylamino}ethyl)pent-4-yn-
amido]acetic Acid (Fmoc-1-OH): Fmoc-1-OH was prepared follow-
ing the procedure previously published by Gasser et al.[20] The spec-
troscopic data of the product matched those reported previously.[20]

β-Cymantrenoylpropionic Acid [Cym-CO(CH2)2COOH]: Cym-
CO(CH2)2COOH was prepared following the procedure previously
published by Schatzschneider and co-workers.[24] The spectroscopic
data of the product matched those reported previously.[24]

[Re(BQ-N3)(CO)3]Br: [Re(BQ-N3)(CO)3]Br was prepared following
the procedure previously published by Gasser et al.[45] The spectro-
scopic data of the product matched those reported previously.[45]

PNA7: PNA7 was prepared following the procedure previously
published by Gasser et al.[45] The spectroscopic data of the product
matched those reported previously.[45]

Synthesis of PNA1 and PNA2: PNA1 was synthesized by using an
automated Expedite 8909 nucleic acid synthesizer (Applied Biosys-
tems) adapted for PNA synthesis. The syntheses were performed
on a 2-μmol scale with Tentagel R Ram-Lys(Boc)Fmoc resin
(0.20 mmol/g) from Rapp Polymer using Fmoc/Bhoc-protected
monomers from commercial suppliers (all from Link Technologies,
Lanarkshire, Scotland). Synthon Fmoc-1-OH, dissolved in N-
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methylpyrrolidone (NMP), was inserted into one of the free posi-
tions of the synthesizer and a double coupling was applied to en-
sure full coupling. The SPPS of PNA2 was performed manually in
5-mL polypropylene one-way syringes as reaction vessels, which
were equipped with a frit at the bottom. They were filled with
125 mg of polystyrene resin beads TentaGel R RAM Lys(Boc)-
Fmoc (0.20 mmol/g). The resin was swollen in DMF for 1 h before
use. All reactions were performed on a mechanical shaker at
400 rpm with approximately 3–4 mL of freshly prepared solutions
in the syringes. Fmoc/Bhoc-protected PNA monomers or the Fmoc
spacer (5.0 equiv., all from Link Technologies, Lanarkshire, Scot-
land) were preactivated in Eppendorf tubes before every coupling
step for 2 min with HATU (4.5 equiv.) in DMF, adding DIPEA
and 2,6-lutidine (10.0 equiv. each) [A(bhoc)-PNA-monomer: 5 min,
C(bhoc)-PNA-monomer: 7 min]. For each coupling step the resin
beads were treated with the activated acid under vibration and sub-
sequently washed with DMF. The coupling step was monitored by
the Kaiser test. Two Fmoc deprotection steps were performed with
piperidine (20%, v/v) in DMF (2 + 10 min). The resin beads were
then washed successively with DMF, DCM and DMF. The whole
procedure (deprotection, coupling, monitoring) was repeated for
every PNA monomer until the PNA sequence was completed.
Characterization of PNA1: MS (MALDI-TOF): m/z = 3420 [M +
H]+.[48] Characterization of PNA2: MS (ESI): m/z = 1597 [M +
2H – Fmoc]2+, 1065 [M + 3H – Fmoc]3+, 799 [M + 4H –
Fmoc]4+, 639 [M + 5H – Fmoc]5+.

General Procedure for the Cleavage of the PNA from the Resin: Be-
fore cleavage, the resin containing the PNA was shrunk with meth-
anol and dried. The non-organometallic-containing PNAs were
cleaved using a mixture of trifluoroacetic acid/water/triisopropylsi-
lane (95:2.5:2.5, v/v/v) whereas the organometallic-containing
PNAs were cleaved by using a mixture of trifluoroacetic acid/phe-
nol/triisopropylsilane [85:10:5, v/v/v, 3 � 400 μL, 1 h 30 min each)].
The resulting solutions were first evaporated to dryness before be-
ing precipitated with ice-cold diethyl ether. The solids were centri-
fuged, washed with ice-cold diethyl ether and finally air-dried. The
crude oligomers obtained were purified by RP-HPLC (in the case
of PNA5) and finally characterized by ESI-MS or MALDI-TOF
MS.

General Procedure for the Synthesis of PNA3 and PNA4 by Peptide
Coupling: The polystyrene resin preloaded with the respective PNA
sequence (PNA1 or PNA2) was first swollen in DMF for 1 h before
use. The last Fmoc protecting group of the sequence was then
cleaved with piperidine (20%, v/v) in DMF (2 + 10 min). The resin
beads were then washed successively with DMF, DCM and DMF.
Fc-COOH (5.0 equiv.) or Cym-CO(CH2)2COOH (5.0 equiv.) was
preactivated for 3 min in an Eppendorf tube with HATU and
HOBt·H2O (4.5 equiv. each) in DMF with DIPEA and 2,6-lutidine
(10.0 equiv. each). The resin was treated with the activated acid
under vibration for 4 h to give PNA3 and PNA4, respectively. The
resin was then successively washed with DMF, DCM and DMF.
The coupling step was monitored by the Kaiser test. See above for
details of the subsequent cleavage of the resin. Characterization of
PNA3: MS (MALDI-TOF): 3411 [M + H]+.[48] Characterization
of PNA4: MS (ESI): m/z = 1161 [M + 2H]2+, 871 [M + 3H]3+, 697
[M + 4H]4+, 581 [M + 5H]5+.

General Procedure for the Synthesis of PNA5 and PNA6 by Click
Chemistry: The polystyrene resin preloaded with the respective
PNA sequence (PNA3 or PNA4) was swollen with DMF for 1 h.
Fc-N3 (3.0 equiv.) or [Re(CO)3(L-N3)]Br (3.0 equiv.) and CuI
(2.5 equiv.) were then introduced into the syringe (from the top).
Afterwards, a mixture of ethyldiisopropylamine (54 μL) and DMF
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(400 μL) were aspired up the syringe and the mixture was shaken
for 3 d at room temperature in the absence of light and under ar-
gon. The resin was then washed successively with DMF (5 �),
CH2Cl2 (5�) and DMF (5 �). See above for details of the subse-
quent cleavage of the resin. Characterization of PNA5: HPLC: tR

= 16 min. MS (ESI): m/z = 909 [M + 4H]4+, 728 [M + 5H]5+, 606
[M + 6H]6+, 520 [M + 7H]7+. Characterization of PNA6: HPLC:
tR = 7.20 min. MS (ESI): m/z = 2059 [M + 2H]2+, 1373
[M + 3H]3+, 1030 [M + 4H]4+. IR: ν̃ = 1933 (C�O), 2032
(C�O) cm–1.

Calculation of the Extinction Coefficient of [Mn(CO)3(CO(CH)2-
COOH)]: The extinction coefficient of the Mn complex in the PNA
oligomer was estimated by using Cym-CO(CH2)2COOH as a
model compound. The absorption of Cym-CO(CH2)2COOH in
H2O at 260 nm was measured in the concentration range of 30–
350 μm. The gradient of the linear plot of the absorption against
concentration allowed the extinction coefficient to be calculated:
ε260 = 3003 m–1 cm–1.

Determination of the PNA Concentration: The concentration of
PNA6 was measured by using the absorption at 260 nm with the
incremental extinction coefficients of the PNA (εPNA,A =
13700 m–1 cm–1, εPNA,G = 11700 m–1 cm–1, εPNA,C = 6600 m–1 cm–1,
εPNA,T = 8600 m–1 cm–1).[2] The extinction coefficient used for the
Re complex was previously reported by our group (ε260 =
9040 m–1 cm–1).[45] PNA6 was dissolved in Milli-Q water and then
filtered to produce stock solutions. Small aliquots of these stock
solutions were then highly diluted in phosphate buffer (100 mM,
pH = 7.4). The measurements were carried out at 80 °C at which
temperature the PNA strands are completely destacked.

Fluorescence Measurements: Steady-state emission spectra were re-
corded with a PTI Quantamaster QM4 spectrofluorimeter[54] using
ultra-micro quartz cells (Hellma 105.250-QS). The excitation light
source was a 75 W continuous xenon short-arc lamp. Emission
spectra were collected at 90° to the excitation beam using a PTI
R928 photomultiplier tube (operated at –1000 V) as the detector.
Spectral selection was achieved by a single grating monochromator
(1200 grooves/mm, blazed at 300 nm for the excitation and at 400
nm for the emission).

Cell Culture: Human cervix epithelial cells (HeLa) were used in all
cellular experiments. HeLa cells were cultured in cell culture me-
dium [CCM: Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS), 2 mm glutamine,
100 U/mL penicillin, 100 μg/mL streptomycin] in T 75 flasks (Sar-
stedt, Nümbrecht, Germany) at 37 °C and 10% CO2. All reagents
and media were purchased from PAA, Cölbe, Germany. Every 4–
7 days the cells were split by trypsination (2.5 mg/mL Trypsin with
0.02 m EDTA) and subcultivated.

Cell Transfection: PNA6 was transfected into HeLa cells by elec-
troporation using the Amaxa Cell Line Nucleofactor® Kit R
(Lonza Cologne AG, Köln, Germany). The electroporation was
carried out according to the manufactures’ manual. Briefly, 1 �106

cells were resuspended in 100 μL of Nucleofector® solution, which
was further supplemented with 1, 10, 20, 100 or 200 μm of PNA6.
The suspension was then transferred into a cuvette and electropor-
ated using the program I-13 of the Nucleofector® device. The
transfected cells were transferred into 6 mL of CCM (see above)
followed by centrifugation at 80g for 5 min. After decanting the
supernatant, the cells were then resuspended in fresh CCM
(500 μL) to a density of 5 �105 cells per well for cultivation in 24-
well plates (TPP, Trasadingen, Switzerland) or to 1.8 �106 cells in
10 mL CCM per T 25 flask (Sarstedt, Nümbrecht, Germany) at
37 °C and 10% CO2. As a control, cells were also electroporated
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with sterile distilled water, which does not contain any PNA6. For
high-resolution continuum-source atomic absorption spectroscopy,
cells of a T 25 flask were collected 24 h after electroporation.

High-Resolution Continuum-Source Atomic Absorption Spec-
troscopy: Cell pellets were suspended in 1.0 mL of distilled water
and lysed by ultrasonication. In the case of Mn measurements, the
lysates were further diluted as appropriate. Aqueous dilutions of
PNA6 were used for calibration purposes. Prior to measurements,
30 μL of HNO3 (13%) and Triton-X-100 (1%) were added as modi-
fiers and stabilizers to 300 μL of both standard and sample solu-
tions. Re and Mn were measured by using a contrAA 700 high-
resolution atomic absorption spectrometer as outlined in more de-
tail below. Injections were performed in duplicate and the respec-
tive mean absorbances were used for further calculations. A nega-
tive control experiment was performed using untreated HeLa cells
to correct for cellular levels of manganese (in the case of rhenium
no cellular levels were detectable). The characteristic concentration,
which is the concentration leading to a 1% absorption signal and
thus reflects the sensitivity of AAS measurements, was 0.10 μm for
Re and 0.005 μm for Mn. Accordingly, both applied methods were
sufficiently sensitive.

Set-up for Re Measurements: A volume of 30 μL was injected into
a PIN-platform graphite tube and thermally processed in the fur-
nace as indicated in Table S1 (see the Supporting Information). Re
was detected at a wavelength of 346.044 nm by recording 68 spectra
within 5 s.

Set-up for Mn Measurements: The set-up used was similar to that
previously reported by Schatzschneider and co-workers.[55] A vol-
ume of 20 μL was injected into a regular graphite tube and ther-
mally processed in the furnace as indicated in Table S2 (see the
Supporting Information). Mn was detected at a wavelength of
279.4817 nm by recording 68 spectra in 5 s.

Abbreviations: Bhoc = benzhydryloxycarbonyl, CPP = cell-pen-
etrating peptide, Cym = cymantrene, DIPEA = diisopropylethyl-
amine, Fmoc = fluorenylmethoxycarbonyl, HATU = 2-(1H-7-aza-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate, SPPS = solid-phase peptide synthesis, TIS = triisopropyl-
silane.

Supporting Information (see footnote on the first page of this arti-
cle): MALDI-TOF mass spectra of PNA1 and PNA3 (Figures S1
and S2), ESI mass spectrum of PNA4 (Figure S3), LC–MS spec-
trum of PNA5 (Figure S4) and IR spectrum of PNA6 (Figure S6).
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