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We have shown previously that complexes containing 1,4,5,8-tetraazaphenanthrene (TAP) ligands are able to
form photoadducts with the guanine bases of DNA and oligonucleotides. In this work, we have exploited this
specific photoreaction for carrying out photo-cross-linkings between guanine-containing oligonucleotides (G-
ODNs) and biodegradable polymers derivatized with the photoreactive Ru(II) compounds. The aim in the future
is to use these polymer conjugates as vectorizing agents of the metallic compounds inside the cells. Thus,
photooxidizing Ru(II) complexes such as [Ru(TAP)3]2+ and [Ru(TAP)2phen]2+ (phen) 1,10-phenanthroline)
have been derivatized by an oxyamine function to attach them, via an oxime ether linkage, to a soluble 6 or 80
kDa poly-[N-(2-hydroxyethyl)-L-glutamine] polymer that contains pendent aldehyde groups. It is demonstrated
that the resulting Ru-labeled polymers exhibit photophysical properties and a photochemistry that are comparable
with those of the free, nonattached complexes. The photo-cross-linkings with the G-ODNs are clearly detected
by gel electrophoresis with the 6 kDa Ru conjugates upon illumination.

Introduction

Transition metal complexes have been extensively studied
as probes of nucleic acids or metal-based drugs over the last
two decades.1-3 In this context, the effects of nucleic acids on
the photophysics and photochemistry of Ru(II) complexes have
been the subject of intensive research.4,5 More particularly, it
has been shown by our team that excited ruthenium(II)
complexes bearing at least two 1,4,5,8-tetraazaphenanthrene
(TAP) ligands are able to abstract an electron from the guanine
(G) residues of mononucleotides (guanosine-5′-monophosphate,
GMP), synthetic oligodeoxyribonucleotides (ODNs), or natural
DNA.6 This photoelectron transfer process can lead to different
reactions such as guanine oxidation,7 cleavage of the DNA
backbone,8 and most interestingly irreversible photoadduct
formation between the complex and the G residues.9-11 Indeed
the presence of this photoadduct has been shown to block in
vitro the function of RNA polymerase with DNA templates.12

Such complexes that are biologically photoactive are considered
as novel interesting potential drugs because their activity offers
the advantage, over that of classical transition metal-based drugs,
to be triggered only under illumination.13 Although the in vitro
results with the TAP complexes are promising,12 these Ru
complexes exhibit a major drawback. They are unable to
penetrate cells membranes. Indeed, in the presence of viable
cells, [Ru(bpy)3]2+ (bpy ) 2,2′-bipyridine) and [Ru(phen)3]2+

(phen) 1,10-phenanthroline), which are structurally similar to

the above-mentioned complexes but do not photooxidize G units,
tend to accumulate in internal vesicles. They are thus unable to
reach the cytoplasm or nucleus where they should play their
role of nucleic-acid-damaging agents.14,15 To use these com-
plexes in phototherapy, methods for increasing their cellular
uptake are needed. One possible strategy is presented in this
work. We have chemically anchored DNA photoreactive Ru-
(II) complexes on biodegradable polymeric carriers that facilitate
cellular membrane penetration. We have selected the polymer
poly-[N-(2-hydroxyethyl)-L-glutamine] (PHEG) (Figure 1), which
according to literature data is nontoxic and nonimmunogenic.16

Moreover, it can be easily derivatized, which allows subsequent
coupling with drugs.17-21 It has also been demonstrated that
this synthetic poly(amino acid) polymer is an excellent substrate
for lysosomal enzymes;16,22its digestion prevents accumulation
of the polymer in the body. However, the enhanced permeability
of the cancerous vasculature tissue and the absence of a good
lymphatic system allow the polymer to accumulate in tumor
regions23 and to penetrate into cells by endocytosis. As a result,
the tethering of photoreactive Ru(II) complexes to the polymer
should favor the cellular penetration of these metallic com-
pounds, and the lysosomal enzymes could release the active
complexes inside the cells.

In this work, we have prepared and studied different Ru-
PHEG conjugates. The chemically anchored complexes are
derivatives of [Ru(TAP)3]2+ and [Ru(TAP)2phen]2+ bearing an
oxyamine-functionalized phen or TAP ligand (Figure 2). These
complexes have been chosen because, as explained above, their
excited states are able to oxidize the G moieties of DNA by
electron transfer, which leads to the formation of G photoad-
ducts. Polymers of two different molecular weights have been
prepared: one of 80 kDa and one of 6 kDa. The goal of the
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present work is to investigate whether the Ru complexes
attached to these polymers keep their interesting properties
versus the G units, even before digestion by lysosomal enzymes.
Thus the behavior of these anchored complexes versus mono-
and oligonucleotides containing G moieties has been examined.

Experimental Procedures

Syntheses.The methods of syntheses and purifications of the
derivatized ligands phen′′24 and TAP′′25 have been published elsewhere.
The complex Ru(TAP)2Cl2 has been synthesized according to the
already described procedure.26 [Ru(TAP)2phen′′]Cl2 and [Ru(TAP)2-
TAP′′]Cl2 have been prepared following the method reported in ref 25
via the intermediate [Ru(TAP)2(H2O)2]2+. We report in this work the
full attribution of the1H and 13C NMR spectra (see also Supporting
Information for the spectra).

[Ru(TAP)2phen′′]Cl 2. 1H NMR (300 MHz, d6-DMSO) (for the
numbering of the protons, see Figures 2 and 3)δ, ppm: 1.40 (s, 9H,
t-Bu), 4.23 (d,J ) 5,5 Hz, 2H, CH2NH), 4.28 (s, 2H, CH2O), 7.74
(dd,J ) 8 Hz,J ) 5 Hz, 1H, HP

8), 7.82 (dd,J ) 8 Hz,J ) 5 Hz, 1H,
HP

3), 8.17 (d,J ) 5 Hz, 1H, HP
9), 8.23 (d and d,J ) 3 Hz, 2H, HT

3,3′),
8.30 (d,J ) 5 Hz, 1H, HP

2), 8.47 (m, 2H+ NH, HT
6,6′ + CH2NH),

8.62 (s, 1H, HP
6), 8.65 (s, 4H, HT9,9′,10,10′), 8.79 (d,J ) 8 Hz, HP

7),
8.99 (d,J ) 8 Hz, HP

4), 9.04 (m, 4H, HT
2,2′,7,7′), 10.32 (s, 1NH, phen-

NH), 10.71 (s, 1NH, ONHBoc).13C NMR (300 MHz,d6-DMSO) δ,
ppm: 27.87 (CH3, t-Bu), 42.57 (CH2NH), 74.54 (CH2O), 80.47 (C,
t-Bu), 119.37 (CP6-H), 125.60 (CP

3-H), 126.42 (CP
8-H), 130.20 (CP

5),
132.30 (CT

9,9′,10,10′-H), 133.53 (CP
4-H), 136.95 (CP

4a), 137.32 (CP
7-

H), 141.84 (CT
4a,4a′,4b,4b′), 141.89 (CP

6a), 144.13 (CP
10a), 144.42

(CT
8a,8a′,10a,10a′), 146.75 (CP

10b), 148.58 (CT
3,3′-H), 149.49 (CT

6,6′-H),
149.59 (CT

2,2′,7,7′-H), 152.76 (CP
9-H), 153.98 (CP

2-H), 156.60 (NH-
CO-O), 168.57 and 168.96 (2 NH-CO-CH2). ES-MS calcd for
C41H35N13O5Ru, 890.88; found, 445.6 [M]2+, 962.2 [M]Cl+.

[Ru(TAP)2TAP′′]Cl 2. 1H NMR (300 MHz, d6-DMSO) (for the
numbering of the protons, see Figures 2 and 3)δ, ppm: 1.41 (s, 9H,
t-Bu), 4.29 (d,J ) 6 Hz, 2H, CH2NH), 4.30 (s, 2H, CH2O), 8.35 (d,
J ) 3 Hz, 1H, HT′′

3), 8.52 (m, 4H, HT
3,3′,6,6′), 8.58 (d,J ) 3 Hz, 1H,

HT′′
6), 8.67 (s, 4H, HT9,9′,10,10′), 8.72 (t,J ) 6 Hz, 1NH, CH2NH), 8.99

(d, J ) 3 Hz, 1H, HT′′
2), 9.04 (d,J ) 3 Hz, 1H, HT′′

7), 9.09 (m, 4H,
HT

2,2′,7,7′), 9.26 (s, 1H, HT′′
10), 10.38 (s, 1NH, TAP-NH), 10.89 (s, 1NH,

ONHBoc).13C NMR (300 MHz,d6-DMSO)δ, ppm: 27.86 (CH3, t-Bu),
43.18 (CH2NH), 74.39 (CH2O), 80.50 (C,t-Bu), 115.39 (CT′′

10-H),
132.18 (CT

9,9′,10,10′-H), 137.08 (CT′′
4a), 137.36 (CT′′

4b or 8a), 137.96
(CT′′

4b or 8a), 141.35 (CT
4a,4a′,4b,4b′), 141.72 (CT′′

10a), 144.38 (CT
8a,8a′,10a,10a′),

145.22 (CT′′
9), 147.43 (CT′′

3-H), 147.86 (CT′′
7-H), 149.67 (CT

2,2′,3,3′,6,6′,7,7′-
H), 150.20 (CT′′

2-H or CT′′
6-H), 150.23 (CT′′

2-H or CT′′
6-H), 156.61

(NH-CO-O), 168.84 and 169.33 (2 NH-CO-CH2). ES-MS calcd
for C39H33N15O5Ru, 892.86; found, 446.6 [M]2+, 928.2 [M]Cl+.

Polymer. N-Carboxyanhydride ofγ-benzyl-L-glutamate (NCA-BG)
was prepared by its reaction with diphosgene in dry ethylacetate at
60 °C. The product is recrystalized from ethylacetate and dried under
vacuum. The polymerization of NCA-BG was carried out in dry
dichloromethane/ethyl acetate solution (5:1, v/v) at room temperature
using 2-methoxyethylamine as the initiator for the low-molecular-weight
polymer (9 kDa) and tributylamine for the high-molecular-weight
polymer (121 kDa). The reaction was followed by IR spectroscopy.
Poly(γ-benzyl-L-glutamate) was aminolyzed inN,N-dimethylformamide
at room temperature with a mixture containing 10 mol % 3-amino-
1,2-propanediol and 90 mol % 2-aminoethanol using 2-hydroxypyridine
as a catalyst. The product obtained, PHEG with side vicinal diol groups,
was precipitated in diethyl ether/ethanol (2:1, v/v), filtered, and dried
under vacuum. The polymer was purified by preparative gel permeation
chromatography (GPC; Sephadex G-25, water as an eluent) and
lyophilized; its polydispersity from GPC analyses corresponds to about
1.5. The oxidation reaction of PHEG with NaIO4 was performed in
phosphate buffer pH 7.0 at room temperature, under argon, in darkness,
for 3 h. The polymer obtained (PHEG-CHO) was purified using a PD10
desalting column, containing Sephadex G25, with 0.01 M phosphate
buffer (pH 7.0) as the eluent.

Tethering of the Complexes to the Polymer.The oxyamine
function of the complexes [Ru(TAP)2TAP′′]2+ and [Ru(TAP)2phen′′]2+

was deprotected from the Boc group in CH2Cl2/trifluoroacetic acid
(TFA) (1:1, v/v) for 2 h. The solvent was removed by evaporation
under vacuum, and the product was redissolved in 20 mM ammonium
acetate buffer, pH 4.5. The solutions of PHEG-CHO and deprotected
Ru(II) complex were mixed together. After 5 h of reaction, the product
was purified using preparative GPC (Sephadex G25 with water as the
eluent). The final conjugate was isolated by lyophilization. The high-
performance liquid chromatography (HPLC) analysis at 408 nm showed
that the products contain only Ru(II)-PHEG conjugates.

Materials. Tributylamine, 2-methoxyethylamine,N,N-dimethylfor-
mamide, 2-aminoethanol, 3-amino-1,2-propanediol, ethylacetate, diethyl
ether, and dichloromethane were purified by distillation from calcium
hydride under vacuum. 2-Hydroxypyridine, dichloroacetic acid, and
trifluoroacetic acid were used as received.

The concentrations of the metal-containing conjugates were deter-
mined by optical absorption using the absorption coefficientε of the
complexes given in the literature.27,28The Tris-HCl buffer (1 M, pH 7)
stock solution was purchased from Sigma, and water was purified with
a Millipore Milli-Q system. GMP was purchased from Sigma. The
oligonucleotides were prepared by automated DNA synthesis on an
Expedite DNA Synthesizer (Perkin-Elmer) using standardâ-cyano-
ethylphosphoramidite chemistry on a 1µM scale. They were purified
by reverse-phase HPLC and preparative polyacrylamide gel electro-
phoresis.

Instrumentation. The molecular weight of the poly(γ-benzyl-L-
glutamate) was determined by viscosimetry in dichloroacetic acid. The
molecular weight of PHEG was determined by analytical GPC using
Hema Bio 40, 100, 300, and 1000 columns (Tessek, Prague, Czech
Republic) with refractive index (RI) and multiangle laser light scattering
(MALLS) detectors. The content of the vicinal diol groups in PHEG
was determined by1H NMR (D2O) spectroscopy. The Ru(II)-PHEG
conjugates were analyzed by HPLC (Bio-Sil SEC-125 column (Bio
Rad), citrate buffer (pH 6.0) as the eluent, UV-vis detector,λ ) 408
nm).

The absorption and emission spectra and emission intensities and
lifetimes were recorded at room temperature in buffer solutions (100
mM Tris-HCl, pH 7). When the measurements were carried out under
argon, the solutions were deoxygenated with argon for at least 45 min
before and during all experiments. The absorption spectra were recorded
on a Perkin-Elmer Lambda UV-vis spectrophotometer. All of the
emission spectra were recorded on a Shimadzu RF-5001 PC spectro-

Figure 1. Structure of the PHEG polymer.

Figure 2. Structures of the two derivatized ligands phen′′ and TAP′′.
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fluorimeter equipped with a xenon lamp (250 W) as the excitation
source and a Hamamatsu R-298 red-sensitive photomultiplier tube for
detection. The spectra were corrected for the instrument response. The
luminescence lifetime measurements were performed with a time-
resolved single-photon counting (SPC), Edinburgh Instruments (Edin-
burgh, U. K.) FL-900 spectrophotometer, equipped with a nitrogen-
filled discharge lamp and a Peltier cooled Hamamatsu R-995
photomultiplier tube. The emission decays were analyzed with the
Edinburgh Instruments software (version 3.00), based on nonlinear least-
squares regressions using a modified Marquardt algorithm. Excitation
at 379 nm was used, and the emission was measured at the emission
maximum for each complex.

Steady-State Irradiation in the Presence of GMP.Steady-state
illuminations were performed with a mercury vapor lamp (Osram HBO,
200 W) and a quartz halogen lamp (Philips, 2000 W), cooled by a
system of water circulation. IR (water) and UV (KNO2) cutoff filters
were inserted between the irradiation cell and the exciting sources. All
experiments were performed with argon-saturated solutions (2 mL)
containing Ru(II)-PHEG conjugates (10-5 M, expressed in Ru(II)
complex concentration) and GMP (10-3 M) in buffered solutions (100
mM Tris-HCl, pH 7).

Gel Electrophoresis.The oligonucleotides were 5′-end-labeled by
T4 polynucleotide kinase using 3000 Ci mmol-1 [γ32P]-ATP (Amer-
sham) at 37°C for 30 min. The addition of 5µL of a 10 wt % EDTA
aqueous solution stops the kinase activity. Excess ATP and kinase were
removed by exclusion chromatography with Micro Bio-Spin P-6 in Tris
buffer (Bio-Rad). A solution of the complex conjugates (15µM) in 5
mM Tris-HCl buffer (pH 7) and32P-labeled single-stranded oligonucle-
otides (55µM in base) was illuminated for 15 and 30 min at 442 nm

at room temperature with a monochromatic laser (He-Cd, Melles Griot,
35 mW). To the samples of the different mixtures (10µL), the loading
buffer (89 mM Tris-HCl, pH 8, 89 mM boric acid, 2 mM EDTA, 7 M
urea, 12% Ficoll, 0.02% xylene cyanol, 0.01% bromophenol) (10µL)
was added. The DNA species were separated by electrophoresis on a
polyacrylamide gel (10% with a ratio of 19:1 of acrylamide to
bisacrylamide) containing urea (7 M) in TBE buffer (90 mM Tris-
borate, pH 8, 2 mM EDTA). The different DNA fragments were
visualized by autoradiography with Phosphor Screen and were counted
with a phosphorimager (Storm 860 instrument).

Results

Syntheses of the Conjugates.DeriVatized Ligands and
Corresponding Complexes.The TAP ligand derivatized with
the oxyamine function (Figure 2) was prepared25 according to
the procedure described for the phen′′ derivative.24 The synthesis
consists of the following main steps. Starting from 9-amino-
TAP,29 the glycine linker was introduced by reaction with the
corresponding anhydride ofN-(tert-butoxycarbonyl)glycine. The
tert-butoxycarbonyl group was removed by acidic treatment in
CH2Cl2/TFA (50:50, v/v). Introduction of the oxyamino group
was achieved by coupling the activated ester ofN-Boc-O-
(carboxymethyl)-hydroxylamine30 with the amino derivative
obtained in the previous step. The protected oxyamino derivative
was purified by column chromatography as a white powder
(45% overall yield from the 9-amino-TAP).

Figure 3. Preparation of the [Ru(TAP)2phen′′]2+ and [Ru(TAP)2TAP′′]2+ complexes. Reagents and conditions: (a) AgNO3, H2O, 2 h, 100 °C;
(b) phen′′ or TAP′′, DMF, 1 h, 100 °C, Ar.

Figure 4. Synthesis of PHEG with vicinal aldehyde groups. Reagents and conditions: (a) (COCl2)2, AcOEt, 60 °C; (b) polymerization with
2-methoxyethylamine or tributylamine, CH2Cl2/AcOEt (5:1, v/v), room temperature; (c) 3-amino-1,2-propanediol (10 mol %) and 2-aminoethanol
(90 mol %), DMF, 2-hydroxypyridine, room temperature; (d) NaIO4, phosphate buffer (pH 7.0), room temperature.
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The complexes [Ru(TAP)2phen′′]Cl2 and [Ru(TAP)2TAP′′]-
Cl2 were obtained by the straightforward synthesis illustrated
in Figure 3. The precursor Ru(TAP)2Cl2 was synthesized from
RuCl3 and TAP ligand as already described.26 After activation
of the precursor Ru(TAP)2Cl2 into [Ru(TAP)2(H2O)2]2+ accord-
ing to previously described conditions,31 the complexes were
obtained after substitution of the two water molecules by the
protected oxyamino phenanthroline or tetraazaphenanthrene in
dimethylformamide (DMF); they were purified by column
chromatography with a 70% overall yield.

PHEG with Vicinal Aldehyde Groups.The precursor for
PHEG, i.e., poly(γ-benzyl-L-glutamate), was prepared by po-
lymerization of NCA-BG using 2-methoxyethylamine as an
initiator for the low-molecular-weight polymer (9 kDa) and
tributylamine for the high-molecular-weight polymer (121 kDa)
(Figure 4). After aminolysis of poly(γ-benzyl-L-glutamate) with
a mixture of 3-amino-1,2-propanediol (10 mol %) and 2-ami-
noethanol (90 mol %), the (PHEG polymers with molecular
weights of 6 and 80 kDa, respectively, and containing side
vicinal diol groups were obtained. Finally, PHEG was oxidized
with NaIO4 to prepare the polymers with aldehyde groups.

Coupling of the Ru(II) Complex to the PHEG Polymer.After
deprotection of the oxyamine function of the two complexes in
acidic conditions, the Ru(II)-PHEG conjugates were obtained
by coupling of the deprotected Ru(II) complexes via an oxime
ether linkage to PHEG-containing pendent aldehyde groups
(Figure 5). The percentage of labeling by the Ru(II) complex
in the conjugate, determined by UV-vis spectroscopy at 408
nm, is 7.0 wt % (2.3 mol %) in RuT3-PHEG (80 kDa), 6.0 wt
% (2.0 mol %) in RuT3-PHEG (6 kDa), and 6.3 wt % (2.1
mol %) in RuT2P-PHEG (6 kDa) (mol % is determined as the
percentage of ruthenium(II) complex per 100 monomer units
in the polymer).

Absorption, Luminescence, and Photostability of the Ru-
(II) -PHEG Conjugates. The spectroscopic absorption and
emission data recorded for the Ru(II)-PHEG conjugates are
gathered in Table 1 along with those of the free complexes [Ru-
(TAP)2TAP′′]2+ and [Ru(TAP)2phen′′]2+ for comparison pur-
poses. The absorption and emission spectra are displayed in
Figures 6 and S2, respectively. The Ru(II)-polymer conjugates
show the characteristic metal-to-ligand charge transfer (MLCT)
and ligand-centered (LC) bands of the free Ru(II) complexes

at 400-450 and 250-320 nm, respectively. An important
increase of the absorption is observed below 240 nm, which is
due to the polymer absorption. However, the Ru(II)-PHEG
conjugates show structureless emission at room temperature.
This emission is typical of Ru(II) polypyridyl complexes and
originates from the3MLCT excited state involving a TAP ligand
for both metallic compounds. The emission intensities, for the
same percentage of absorbed light, are very similar for the free
and the polymer-anchored complexes. Time-resolved lumines-
cence analyses under pulsed illumination lead to single-
exponential decays with corresponding excited-state lifetimes
(Table 1) close to the values determined for the free complexes
(less than 2% difference).

The stabilities of the Ru(II)-PHEG conjugates under steady-
state illumination also have been tested. It was shown previously
that the free complex [Ru(TAP)3]2+ gives rise to the loss of a
ligand under illumination at pH 7. This is demonstrated by a
decrease of the 400 nm absorption band and the appearance of
a new absorption at 500 nm due to the formation of [Ru(II)-
(TAP)2XY] n+ (X and Y are H2O, Cl-) corresponding to photo-
dechelated products.27 This photoreaction is not observed with
[Ru(TAP)2phen]2+, which does not cross as easily as the tris-
homoleptic complex [Ru(TAP)3]2+ to the triplet metal-centered
state (3MC) responsible for the dechelation. To check whether
the attachment to the polymer could influence the behavior of
these two metallic compounds, the UV-vis absorption of the

Figure 5. Synthesis of Ru(II) complex-PHEG conjugates. Reagents and conditions: (a) CH2Cl2/TFA (1:1, v/v); (b) ammonium acetate buffer
(pH 4.5).

Table 1. Spectroscopic Data for the Ru(II) Complex-Polymer
Conjugatesa

sample
absorption
λmax (nm)

emissionb

λmax (nm)

excited-state
lifetimec

τ (ns)

RuT3-PHEG (80 kDa) 406 277 602 236
RuT3-PHEG (6 kDa) 406 279 604 219

RuT2P-PHEG (6 kDa) 414 273 646 709
[Ru(TAP)2TAP′′]2+ 406 278 601 226

[Ru(TAP)2phen′′]2+ 414 273 645 724

a All of the measurements were performed at room temperature in air-
saturated buffer solutions (100 mM Tris-HCl, pH 7). b Excitation at the
maximum of visible absorption, 406 nm, for the [Ru(TAP)2TAP′′]2+

conjugate and 414 nm for the [Ru(TAP)2phen′′]2+ conjugate. c Emission
monitored at the wavelength of the maximum (λexc ) 379 nm); the
luminescence decays analyzed according to a monoexponential function:
Iem ) A exp(-t/τ), estimated error for τ ≈ 3%.
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Ru-PHEG conjugates has been monitored during steady-state
illumination. Figure 7 shows the absorption spectra obtained
after 1 h of illumination of the RuT3-PHEG (80 kDa) and
RuT3-PHEG (6 kDa) conjugates in buffered solution (100 mM
Tris-HCl, pH 7). In both cases, there is a decrease of the 400
nm absorption band and the appearance of a new one at 500
nm as for the nontethered complex. For the RuT2P-PHEG (6
kDa) conjugate no spectral changes are detected in the same
conditions (data not shown).

Photochemical Behavior of the Ru(II)-PHEG Conjugates
with G Moieties. With GMP.Luminescence quenching experi-
ments of the Ru(II)-PHEG conjugates by GMP were carried
out at room temperature in air-saturated solutions at pH 7 (100
mM Tris-HCl buffer). All of the plots are linear, and the
corresponding quenching rate constants for the three conjugates
are collected in Table 2 along with the values obtained for the
corresponding free complexes. These data indicate that the
quenching rate constants for the Ru(II) complexes anchored to
the polymer are slightly lower than those for the free complexes.

Previous studies of the free TAP complexes in the presence
of G units showed that the intermediate species formed after

the photoelectron transfer led to a photoadduct of the G moiety
on one of the TAP ligands of the complex. Formation of this
photoproduct can be easily followed by the appearance under
illumination, of a hyperchromic effect around 350-450 nm in
the Ru(II) complex absorption spectrum.32

Figure 8 shows the modifications in the absorption spectra
of the three conjugates under illumination in the presence of
GMP in deoxygenated solution. A hyperchromic effect around
350-420 nm is demonstrated for the RuT2P-PHEG (6 kDa)
conjugate, which can be attributed to the formation of a
photoadduct. This increase is indeed similar to that observed
for the free complex.32 With the RuT3-PHEG conjugates (6
and 80 kDa) the light-induced changes are more complicated
because of the presence of a photo-dechelation process (Figures
8A and 8B). Indeed, in addition to the hyperchromic effect at
350 nm due to photoadduct formation, an absorption increase
due to photo-dechelation appears clearly at 500 nm.

With Oligonucleotides.Photoadduct formation also can be
detected with an oligonucleotide containing G moieties, and such
a photoreaction can be easily followed by polyacrylamide gel
electrophoresis experiments in denaturing conditions.33 In these
series of experiments a32P-5′-end-labeled single-stranded oli-
gonucleotide containing two guanine units in its sequence (3′-
AGG AAA ATA ATT TAA AT-5 ′) was irradiated with a 442
nm light source in the presence of the two small conjugates,
RuT3-PHEG (6 kDa) and RuT2P-PHEG (6 kDa), successively.
To compare the results, the illuminations with the same ODN
in the presence of the free [Ru(TAP)2phen′′]2+ and [Ru-
(TAP)2TAP′′]2+ complexes were also performed. Figure 9 shows
the results of a typical electrophoresis experiment carried out
with a sample of the conjugates or the free complexes il-
luminated in an aerated 5 mM Tris-HCl (pH 7) buffered solution
containing the 17-mer32P-labeled oligonucleotides.

Lanes A, D, G, and J correspond to the samples before
illumination. The only spot observed in this case corresponds
to the 17-mer oligonucleotide. Lanes C, F, I, and L show the
effects of a 30 min illumination in the presence of the conjugates
or the free complexes. For the free complexes, one or two

Figure 6. Absorption spectra of (A) the complex [Ru(TAP)2TAP′′]2+ (gray line) and the conjugate RuT3-PHEG (80 kDa) (dark line), (B) the
complex [Ru(TAP)2TAP′′]2+ (gray line) and the conjugate RuT3-PHEG (6 kDa) (dark line), and (C) the complex [Ru(TAP)2phen′′]2+ (gray line)
and the conjugate RuT2P-PHEG (6 kDa) (dark line). Measurements were performed in aqueous buffered solutions (100 mM Tris-HCl, pH 7);
the absorbance was adjusted at 0.04 at the maximum of absorbance of the MLCT band in the three cases.

Figure 7. Absorption spectra for (A) RuT3-PHEG (80 kDa) and (B)
RuT3-PHEG (6 kDa) after visible light irradiation (from 0 until 60 min).
The inset in part B illustrates the changes in the MLCT band. The
measurements were recorded in aqueous buffer (100 mM Tris-HCl,
pH 7).

Table 2. Quenching Rate Constants by GMP, Determined from
the Linear Stern-Volmer Plots in Emission Intensity (100 mM
Tris-HCl Buffer, pH 7)

sample
kq

(M-1s-1)

RuT3-PHEG (80 kDa) 1.5 × 109

RuT3-PHEG (6 kDa) 1.4 × 109

RuT2P-PHEG (6 kDa) 0.54 × 109

[Ru(TAP)3]2+ 11 2.2 × 109

[Ru(TAP)2phen]2+ 11 0.98 × 109
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delayed spots appear; they correspond to the formation of one
or two adducts of the free complexes on the two accessible G
units of the oligonucleotide. In contrast, for the two PHEG 6
kDa conjugates, the illumination does not lead to these spots
but to the appearance of a smear of radioactivity (lanes E, F,
H, and I) on the gel due to species with different lower
mobilities. Incubation of the oligonucleotide in the presence of
the conjugates in the dark does not produce these retarded
smears. The quantification of the radioactivity of the smears
results in 2% and 8% photoadduct after 30 min of illumination
for RuT3-PHEG (6 kDa) and RuT2P-PHEG (6 kDa), respec-
tively (Table 3) and in 45% and 75% photoadduct formation
for the free [Ru(TAP)2TAP′′]2+ and [Ru(TAP)2phen′′]2+, re-
spectively.

When the same procedure is applied to the large conjugate
RuT3-PHEG (80 kDa), only traces (<2%) of radioactivity are
detected in the wells of the gel due to the very low mobility

species unable to migrate through the gel; they could be
attributed to the formation of the photoadduct between the
complex anchored to the PHEG and the guanine units of the
single-stranded oligonucleotide. Even when the percentage of
acrylamide in the gel was reduced from 10% to 5%, the
radioactivity for this species was still concentrated in the wells,
and no quantification was possible.

Discussion

Three different conjugates have been prepared with polymers
of two different lengths (6 and 80 kDa), chemically derivatized
by two different complexes photoreactive with guanine moieties.
The shorter 6kDa polymer, once inside the cells, should be
digested relatively rapidly by enzymes that would liberate the
photoactive drug. The higher-molecular-weight 80kDa polymer
should be degraded less easily. Therefore, it is essential to test
in that case whether the metal complex is still photoreactive
versus DNA while attached to the polymer.34-36 Indeed in both
cases, after or even before the complete digestion of the polymer,
the complex could photodamage the nucleic acids. The two
chemically tethered ruthenium(II) complexes present similar
sizes and shapes; they have, however, a slightly different
oxidation power in their3MLCT state (reduction potentials of
the excited states,Ered

/ ([Ru(TAP)3]2+) ) +1.30 V vs SCE and
Ered
/ ([Ru(TAP)2phen]2+) ) +1.15 V vs SCE),3 and they ex-

hibit a different photostability under continuous illumination
in the absence of reactant. [Ru(TAP)2phen]2+ is photostable
whereas [Ru(TAP)3]2+ undergoes photo-dechelation.37 Therefore
both complexes were tested; [Ru(TAP)2phen]2+ was anchored
on the small polymer, and [Ru(TAP)3]2+ was anchored on the
shorter and longer polymers to check, in addition to its
photochemical behavior with G residues, whether the length of
the polymer would influence the photo-dechelation process.

The photophysical properties of the three conjugates are very
close to those of the respective free Ru(II) complexes. No shifts
in the absorption or emission maxima are observed, which
indicates that the microenvironment of the polymer around the
complex has no influence on the electronic transitions. In

Figure 8. Absorption spectra of (A) RuT3-PHEG (80 kDa), (B) RuT3-PHEG (6 kDa), and (C) RuT2P-PHEG (6 kDa) as a function of visible
irradiation, from 0 until 60 min, in the presence of GMP (10-3M) under argon, in aqueous buffer solution (100 mM Tris-HCl, pH 7).

Figure 9. Autoradiogram of a 10% denaturing polyacrylamide gel
showing the 32P-end-labeled 17-mer in the presence of RuT3-PHEG
(6 kDa), RuT2P-PHEG (6 kDa), [Ru(TAP)2TAP′′]2+, and [Ru-
(TAP)2phen′′]2+. Lanes A-C: illumination of [Ru(TAP)2TAP′′]2+ for
0, 15, and 30 min. Lanes D-F: illumination of RuT3-PHEG (6 kDa)
for 0, 15, and 30 min. Lanes G-I: illumination of RuT2P-PHEG (6
kDa) for 0, 15, and 30 min. Lanes J-L: illumination of [Ru-
(TAP)2phen′′]2+ for 0, 15, and 30 min. The inset shows the smears
by increasing the time of radioactivity counting. The reaction mixture
contained 1 pmol of 5′-32P-labeled single-stranded oligonucleotide,
5 mM Tris-HCl, pH 7 in a total volume of 10 µL.

Table 3. Percentages of Photoadduct Formationa

sample
photoadduct formation

(%)

RuT3-PHEG (6 kDa) 2
RuT2P-PHEG (6 kDa) 8
[Ru(TAP)2TAP′′]2+ 45
[Ru(TAP)2phen′′]2+ 75

a Yields are given for 30 min of continuous illumination of a solution
containing 5′-32P-labeled single-stranded oligonucleotides. The intensity
of the smear corresponding to the photoadduct was compared to the total
radioactivity measured in each lane.
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agreement with this, no significant differences in emission
intensities or emission lifetimes are demonstrated between the
linked and the free complexes. There are thus no changes in
the rate constants of deactivation (τ-1 ) kr + knr + kMC e-∆E/RT)
of the excited state. Also, in agreement with these conclusions,
the single-exponential emission decays under pulsed excitation
mean that the excited complexes do not probe different
microenvironments; they are not protected nor quenched by the
polymer chain. These results concerning the photophysical
behaviors are thus positive, considering future possible applica-
tions of these polymers.

Ru(II) complexes containingπ-deficient ligands, such as those
examined in this work, are strongly oxidizing in their3MLCT
excited state with the oxidizing power increasing with the
number ofπ-deficient ligands (number of TAP). Their emission
is quenched by the reducing agent GMP, and the rate constant
depends on theEred

/ value. Even when the complexes are
tethered to the higher-molecular-weight polymers, their lumi-
nescence is quenched by GMP due to a photoinduced electron
transfer from the guanine moiety of GMP to the excited
complexes.11,38 The values of the quenching rate constants
determined from Stern-Volmer plots (Table 2) are close to
those found for the quenching of the excited states of the free
complexes. This indicates again that the presence of the polymer
attached to the complexes does not perturb their behavior
because the electron transfer from GMP to the excited state is
still very efficient. No significant difference could be demon-
strated for the RuT3-PHEG (80 kDa) and RuT3-PHEG (6 kDa)
conjugates. Thus increasing the length of the polymer chain does
not prevent the photoinduced electron transfer from taking place.
The studies under continuous illumination of the RuT2P-PHEG
(6 kDa) conjugate demonstrate the appearance of the charac-
teristic hyperchromic effect around 350-420 nm attributed to
the formation of a photoadduct “complex-GMP”. Nevertheless
for the two [Ru(TAP)3]2+ conjugates, the hyperchromic effect
is not as clear because for these conjugates the photoadduct
formation is in competition with the photo-dechelation process.

The photoadduct formation of the polymer conjugates on
guanine residues is also demonstrated by gel electrophoresis
experiments with a 17-mer oligonucleotide containing two G
residues. In such a case, the photoreaction can be called photo-
cross-linking between the ODN and the polymer. Thus, when
the lower-molecular-weight conjugates are illuminated in the
presence of a32P-labeled oligonucleotide, a smear of radio-
activity corresponding to much lower mobility species is

observed. Incubation of the same oligonucleotide in the presence
of the Ru(II)-PHEG conjugates in the dark does not produce
these retarded bands or smear, which confirms that the covalent
binding of the metal complexes to the oligonucleotides takes
place under the action of light. Moreover, comparison with the
photoadduct formation of the same oligonucleotide with the free
complexes indicates that one or two photoadducts are detected
with the free complex, whereas with the PHEG conjugates no
spots are detected but only smears. These smears of radioactivity
can therefore be attributed to the migration of photoadducts
between the oligonucleotides and the Ru(II) complexes anchored
to the PHEG polymers. (see Figure 10 for a schematic
representation). Calculations lead to the conclusion that on
average one complex is tethered to one 6 kDa polymer (11
complexes for 80 kDa polymers). The smears can thus originate
from different factors. First, a polydispersity of the polymer of
1.5 leads to variable migrations of the different chain lengths,
most probably with one but also with two complexes. Moreover,
as also observed in previous works for the photo-cross-linkings
between oligonucleotides,33 depending on the position of the
complex on the polymer (in the middle or at the end of the
chain), the photo-cross-linkings will also generate compounds
that exhibit different rates of migration on the gel.

A comparison of the percentage of radioactivity (Table 3)
corresponding to the photoadduct formation with the free
complexes and with the PHEG conjugates indicates that the
formation of adducts, in the same conditions of illumination
and concentration in the complex, is much lower for complexes
tethered to the polymer. This drop of yield could be due to some
steric hindrance between the polymer chain and the oligonucle-
otide that prevents the attached Ru(II) compound from adopting
the correct geometry in the encounter species “Ru-guanine”
for the formation of the photoadduct. However, the presence
of some polymer remaining in the wells of the gel could be
responsible for an underestimation of the photo-cross-linking
yield. However, the lower percentage of photoadduct formation
observed for RuT3-PHEG (6 kDa) in comparison to that for
RuT2P-PHEG (6 kDa) (Table 3) can be attributed to competi-
tion between the photo-dechelation process and photoadduct
formation for RuT3-PHEG (6 kDa).

Conclusion

In this work, we have investigated the effect of the chemical
anchoring of biodegradable polymers to photooxidizing Ru(II)

Figure 10. Schematic representation of possible components in the smear of radioactivity detected on the 10% acrylamide gel in denaturing
conditions. (A) Polymer with one anchored complex that has photoreacted with an oligonucleotide. (B and C) Polymers with two anchored
complexes where, respectively, only one or both have photoreacted with an oligonucleotide.
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complexes. By comparing the photophysical properties of these
attached metallic compounds to those of the free complexes
and by examining their photochemical behaviors in the presence
of two different sources of the guanine moiety, we have
demonstrated that the Ru(II) complexes keep their interesting
photoreactive properties toward the guanine moieties despite
their attachment to high-molecular-weight polymers. Moreover,
we have demonstrated by gel electrophoresis that these Ru-
polymers are even capable, under illumination, to lead to the
formation of a photoadduct with guanine-containing oligonucle-
otides. Because the presence of the polymer does not prevent
the photodamage of the oligonucleotides by the photooxidizing
complexes, the uptake of these Ru conjugates by the cells will
be investigated in the future.
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