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ABSTRACT: A new amphoteric copolymer, PhenISA, has been obtained by copolymerization of 4-(4′-aminobutyl)-1,10-
phenanthroline (BAP) with 2-methylpiperazine and bis(acrylamido)acetic acid (BAC) (6% of phenanthroline-containing
repeating units). The copolymer showed excellent solubility in water, where it self-aggregated to give clear nanoparticle
suspensions (hydrodynamic diameter = 21 ± 2 nm, by dynamic light scattering (DLS) analysis). The phenanthroline pendants of
the polymer stably coordinated either Re(CO)3

+ or Ru(phen)2
2+ fragments, affording luminescent Re-PhenISA, Re-Py-

PhenISA, and Ru-PhenISA polymer complexes, emitting from triplet metal-to-ligand charge transfer (3MLCT) excited states
(with λem = 608, 571, and 614 nm, respectively, and photoluminescence quantum yields Φem = 0.7%, 4.8%, and 4.1%, in aerated
water solution, respectively). DLS analyses indicated that the polymer complexes maintained the nanosize of PhenISA. All the
complexes were stable under physiological conditions (pH 7.4, 0.15 M NaCl) in the presence of an excess of the ubiquitous
competitor cysteine. In vitro viability assays showed no toxicity of Re-Py-PhenISA and Ru-PhenISA complexes, at
concentrations in the range of 0.5−50 μM (calculated on the metal-containing unit), toward HEK-293 (human embryonic
kidney) cells. A preliminary investigation of internalization in HEK-293 cells, by means of fluorescence confocal microscopy,
showed that Ru-PhenISA enters cells via an endocytic pathway and, subsequently, homogeneously diffuse within the cytoplasm
across the vesicle membranes.

■ INTRODUCTION

Metal coordination chemistry, in recent years, has provided a
significant contribution to the development of efficient
diagnostic and therapeutic agents for biomedical applications.1

For instance, the use of lanthanide complexes for magnetic
resonance imaging is well-established,2 and many metal
radionuclides, strongly chelated by suitable ligands, are
extensively employed for radio-imaging and radiotherapy.3

Moreover, luminescent transition-metal complexes have a
definite potential for optical imaging and offer considerable
advantages, with respect to organic fluorophores,1,4 because of
their generally high photostability,5 large Stokes’ shifts, and

relatively long lifetimes of the excited states. These properties
permit one to overcome some drawbacks of organic
fluorophores, such as photobleaching and superposition of
short-lived cell autofluorescence, improving the sensitivity of
the measurements.
Diimine complexes of fac-Re(CO)3 are currently attracting

much interest for their remarkable photophysical and photo-
chemical properties, relevant for widespread applications in
chemical and biological sensing,6 bioconjugation,7 and
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optoelectronics.8 Most of these studies concerned compounds
with general formula fac-[ReX(CO)3(N

∧N)]n+ (Chart 1),

where N∧N indicates a chelating diimine ligand (typically
2,2′-bipyridine or 1,10-phenanthroline), and X is a neutral or
anionic monodentate ligand (with n = 1 or 0, respectively).9,10

Similar to other d6 transition-metal complexes, these species
exhibit an intense long-lived emission, originating from
dπ(Re)−π*(N∧N) triplet metal-to-ligand charge transfer
(3MLCT) excited states. The strongest emission occurs either
from mononuclear cationic complexes11 or from dinuclear
species in which two metal centers are bonded to the same
chromophore.12−14

In this context, increasing attention is presently being
focused on the covalent binding of metal complexes to water-
soluble, biocompatible, and biodegradable polymer carriers,15

capable of improving dispersibility in aqueous media, increasing
plasma residence time, and reducing toxicity.16 In addition,
polymer carriers may elicit passive targeting to solid tumors via
the so-called “enhanced permeability and retention” (EPR)
effect,17 and favor active targeting to specific tissues if decorated
with suitable directing units. Moreover, the presence of
numerous conjugation sites also allows one to combine
different imaging functionalities on a single macromolecular
carrier, for obtaining multimodal imaging probes.18

Poly(amidoamine)s (PAAs) are a family of synthetic
polymers characterized by the presence of amide and tert-
amine groups regularly arranged along the polymer chain.19

They are obtained by Michael stepwise polyaddition of amines
and bisacrylamides in aqueous solution and at room temper-
ature. Under these conditions, the presence of several other
functional groups does not interfere in the Michael reaction and
the structure and the physicochemical properties of PAAs can
be tuned within ample limits.20 PAAs are normally degradable
in aqueous media at pH >7, and most of them are
biocompatible, even if they are of a polycationic nature.21

Some purposely planned PAAs are internalized in cells and act
as endosomolytic polymers with the potential for the
intracellular delivery of genes and toxins.22 An amphoteric
PAA carrying carboxyl groups as side substituents, namely
ISA23, was determined to be almost as biocompatible as
dextran and, when injected into animals, exhibited “stealth-like”
properties and an EPR effect.23 In a previous paper,24 a
tricarbonyl rhenium(I) complex of a thiol-functionalized ISA23
polymer, named ISA23SH (Chart 2), which was chosen as a
model of 188/186Re and 99mTc radiopharmaceuticals,25 was
reported.
Therefore, it was of interest to investigate the covalent

binding of luminescent Re(CO)3(N
∧N)+ moieties to a PAA

backbone, to combine the excellent emission properties of the
former with the good physicochemical and biological properties
of the latter as carrier. In addition, the presence of many
luminescent groups on the same polymeric unit could improve

the brightness of the probe itself,26 since many emitters are
simultaneously delivered to the same target.
Recently, dendritic ruthenium(II)-based dyes have been

proposed, for diagnostic or therapeutic applications.26 Den-
drimers, which are a class of polymers that can be designed to
have well-defined hyperbranched structures and size, may no
doubt constitute an effective starting platform for obtaining
multifunctional conjugates of therapeutic or diagnostic interest.
Linear PAAs can be employed for the same purposes, with the
additional advantage of their simple one-pot preparation
process, performed in water with no added catalysts.
This paper describes the design and the synthesis of a new

amphoteric PAA copolymer carrying a limited, but controlled,
number of 1,10-phenanthroline (phen) pendants randomly
distributed along the polymer chain. In aqueous media, these
substituents induce spontaneous self-assembling of the PAA
copolymer into nanoparticles, most likely due to hydrophobic
interactions. However, it may be observed that linear PAAs,
including the one employed in this work as a carrier, as a rule,
enter cells and undergo intracellular trafficking, even in the
absence of hydrophobic side substituents.19

The new copolymer, dubbed PhenISA because its major
component is the constituent of the aforementioned homo-
polymer ISA23, was observed to be capable of tightly binding
both Re(CO)3

+ and Ru(phen)2
2+ fragments (Chart 2), giving

stable, water-soluble, biocompatible and highly luminescent
complexes. Metal complexes of polymers containing bipyridine
or phenanthroline ligands have been reported in the literature,
mainly for optoelectronic applications;27 however, to the best
of our knowledge, this is the first time in which highly water-
soluble metal complexes of a diimine-functionalized hydrophilic
linear polymer are reported and proposed for imaging
application.28−31

■ RESULTS AND DISCUSSION
The aim of this work was to obtain a new luminescent
Re(CO)3(N

∧N)+-PAA complex with the potential for imaging
application. Two different strategies were devised to achieve
this. The first strategy relied on the well-known affinity of
metals in low oxidation states for soft sulfur ligands and
consisted of preparing a complex between a luminescent
Re(CO)3(N

∧N)+ fragment and the previously mentioned
ISA23SH copolymer (Chart 2), acting as a “multicenter” ligand
through its thiol pendant groups. To this purpose, the
[Re(CO)3(OH2)(BPS)]

− complex (2 in Chart 3),32 containing
the water-soluble dianionic bathophenanthroline sulfonate

Chart 1. Schematic Drawing of the fac-[ReX(CO)3(N
∧N)]n+

Complexes

Chart 2. (Top) The Previously Reported Re(CO)3-ISA23SH
Complex24 and (Bottom) the MLn-PhenISA Polymer
Complexes Described Here
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chromophore (BPS), was synthesized, via the reaction of BPS
with an equimolar amount of the [Re(CO)3(OH2)3]

+ complex
(1 in Chart 3). The reaction of 2 with ISA23SH (1:1 2/SH
molar ratio, 80 °C, 5 h under inert atmosphere) resulted in the
replacement of the labile water ligand by the ISA23 thiol
groups. The final ISA23SH-[Re(CO)3(BPS)]

− polymeric
complex displayed the expected luminescent properties (λem
= 629 nm, photoluminescence quantum yields Φem = 0.4%).
However, incubation with an excess of the ubiquitous
competitor cysteine (20 equiv) at room temperature in saline
solution at pH 7.4 revealed extensive cleavage of the Re
polymer bond after 24 h, pointing to the conclusion that this
complex would not be endowed with long-term stability in the
physiological environment. This instability is due to the fact
that the polymer can bind the complex through monodentate
Re−S bonds only, without the stabilization that arises from
chelating N−S interactions.24

Therefore, a different strategy was envisaged, consisting of
the covalent binding of the phenantroline ligand to the polymer
backbone via the insertion of limited amounts (<10%) of
phenanthroline-substituted repeating units into the ISA23
chain, to obtain a copolymer capable of acting as a
“multicenter” chelating ligand toward a variety of metal
fragments (Chart 2).
Synthesis of PhenISA Copolymer. The copolymer was

synthesized by the copolymerization of 4-(4′-aminobutyl)-1,10-
phenanthroline (BAP), via its primary amine, with 2-
methylpiperazine and bis(acrylamido)acetic acid (BAC) in
0.1:0.9:1 molar ratio (see Scheme 1). BAP was, in turn,
synthesized by a slightly modified literature method (see the
Experimental Section).33

In order to ensure the insertion of BAP deriving units in the
final polymer chain and to randomize their distribution along
the polymer chain, BAP was first reacted with 10 equiv of BAC
for 48 h at room temperature, adjusting the pH to 9−10 to
promote the reactivity of the terminal primary amine of BAP

(Scheme 1). 2-Methylpiperazine was then added, and the
reaction was allowed to proceed for 5 days at room
temperature, until the final mixture became very viscous and
its slightly yellow color deepened. The polymer was then
isolated by acidification (pH 3) with triflic acid (CF3SO3H) and
ultrafiltration through a membrane with molecular weight
cutoff of 3000 Da. Triflic acid was preferred to other acids in
order to avoid the presence of potentially coordinating anions.
Size exclusion chromatography−low angle laser light scattering
(SEC-LALLS) revealed that the resultant polymer had a
number-average molecular weight of Mn = 46 800 and a weight-
average molecular weight of Mw = 83100 (polydispersion index
PD = 1.78). Nuclear magnetic resonance (NMR) analysis (see
below) showed that the polymer contained 94% 2-methyl-
piperazine deriving units and 6% phenanthroline deriving units.
It may be observed that the amount of BAP units in the
polymer is significantly lower than expected. This is probably
due to the poor reactivity of the second hydrogen of the
primary amine, which could not be completely overcome by the
preliminary reaction with excess BAC.
Dynamic light scattering (DLS) measurements, performed in

0.3 M NaCl solution at pH 7.4, showed a hydrodynamic
diameter of 21 ± 2 nm, corresponding to a translational
diffusion coefficient (Dt) of 23.8 (± 2.5) μm2/s, indicating that
the polymer self-assembles in aqueous media, yielding a clear
nanoparticle (NP) suspension. A smaller size (7.6 ± 1 nm) was
measured in a different medium, which mimics the eluent used
for SEC analysis (tris(hydroxymethyl)aminomethane (Tris)
buffer, 0.1 M + NaCl 0.2 M). On the other hand, the SEC
traces, obtained using both refractive index (RI) and light
scattering (LS), gave no evidence of aggregation phenomena,
suggesting that nanoaggregation is driven by reversible
interactions among the macromolecular chains, easily broken

Chart 3. Structures of the Complexes [Re(CO)3(OH2)3]
+

(1), [Re(CO)3(OH2)(BPS)]
− (2),a

[Re(CO)3(OH2)(BAP)]
+ (3),b and [Re(CO)3(py)(BAP)]

+

(4)

aBPS = bathophenanthroline sulfonate, with sulfonate groups in meta
or para positions. bBAP = 4-(4′-aminobutyl)-1,10-phenanthroline).

Scheme 1. Synthesis of the PhenISA Copolymer
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under the conditions of the SEC analysis. However, this
hypothesis was not specifically investigated.
Spectroscopic Characterization of PhenISA. 1H dif-

fusion ordered spectroscopy (DOSY) NMR experiments
showed the same diffusion coefficient for all the resonances,
both of the phenanthroline moiety and of the aliphatic
backbone (Figure 1). This not only indicated that small

oligomers had been successfully removed, but also provided
evidence of the incorporation of phenanthroline units into the
macromolecular chain. Actually, the hypothesis that equidiffu-
sion might arise from encapsulation of BAP in the polymer by
hydrophobic effects was ruled out by the observation of very
different diffusion coefficients for phenanthroline and ISA23
homopolymer in a DOSY experiment performed on a mixture
of these two species (see Figure S1 in the Supporting
Information).

A detailed multinuclear NMR characterization (including 13C
and 15N NMR) was also performed. The 1H spectrum is shown
in Figure 2. Concerted homonuclear and heteronuclear 2D
NMR correlation spectroscopy allowed the assignment of all of
the proton signals, as well as the 13C and 15N resonances (see
Table S1 in the Supporting Information).
The UV spectrum of PhenISA (black trace of Figure 3a), in a

pH 5.5 aqueous solution, shows a strong absorption band at ca.
200 nm, attributed to the backbone amide groups. This band
and the π−π* transitions of the phenanthroline BAP (Figure
3b)34 partly overlap, so that only the BAP absorption at longer
wavelength (277 nm) is detectable in the spectrum of the
polymer PhenISA.
The photoluminescence (PL) spectrum of PhenISA shows a

broad featureless band centered at 413 nm (Figure 3a), slightly
red-shifted and broadened, with respect to the emission of the
“free” (i.e., not polymer-bound) BAP ligand. The latter displays
a structured band, as typical of conjugated organic molecules,
with maxima at 365 and 383 nm, and approximately equispaced
shoulders at higher and lower wavelength (by ca. 1290 cm−1;
see the gray trace of Figure 3b). The quantum yields (Φem) of
the emission from the polymer (ca. 1%) are in agreement with
the values typical of phenanthroline.35

Synthesis of the Model Complexes [Re(CO)3(OH2)-
(BAP)]+ (3) and [Re(CO)3(py)(BAP)]

+ (4). In order to
determine the best conditions for the conjugation of Re to
PhenISA, the reactivity of the BAP ligand with the aquo-
complex [Re(CO)3(OH2)3]

+ (1, Chart 3) was investigated.
The substitution kinetics of water by bipyridine or phenanthro-
line ligands in complex 1 had been previously investigated in
acidic aqueous solution (pH ca. 1) at room temperature.36

Under these conditions, the reaction was slow, probably
because of protonation of the N atoms at low pH. On the other

Figure 1. Two-dimensional (2D) map of a 1H DOSY NMR (D2O,
300 K, 9.4 T) of PhenISA (see Experimental Section for details).

Figure 2. 1H NMR spectrum of PhenISA (D2O, 300 K, 9.4 T, pH 3.2, water signal suppressed).
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hand, high pH values should be avoided, since they induce
deprotonation of water ligands and condensation37 to form the
“cubane-like” derivative [Re4(CO)12(μ3-OH)4].

24

In the present investigation, it was found that the 1:1
reaction between [Re(CO)3(OH2)3](CF3SO3) and BAP, to
give complex 3 (Chart 3), was fast when performed at pH 5.5
and at 323 K (completion occurred within 0.5 h; see
Experimental Section and Figure S2 in the Supporting
Information).
Phenanthroline coordination did not cause a significant

change in the ν(CO) region of the IR spectrum, with respect to
the spectrum of 1 (Figure S3 in the Supporting Information),
in agreement with literature data for the analogous complex
[Re(CO)3(OH2)(phen)]

+.38 Despite its cationic nature, the
emission from 3 (see Table 1) was much weaker than that of
related [Re(CO)3(L)(N

∧N)]+ cationic complexes bearing L
ligands different from H2O. This is likely attributable to the
lability of the aquo ligand and to the occurrence of hydrogen-
bond and proton exchange processes (the acidity of bonded

water strongly increases in the excited MLCT state),38 which
can activate nonradiative deactivation pathways, resulting in a
decrease in both lifetime and quantum yields. On the other
hand, the intensity of the PL from 3 decreased at pH >8 (see
Figure S4 in the Supporting Information), because of
deprotonation of the coordinated water, to give a neutral
poorly emitting hydroxo derivative.38

Therefore, to improve the emission efficiency, the synthesis
of a complex containing a pyridine molecule in the sixth
coordination position (complex 4 in Chart 3) was addressed,
since it has already been shown that the substitution of water by
pyridine in the [Re(CO)3(OH2)(phen)]

+ complex affords a
significant increase of the emission intensity.38 Such replace-
ment was previously performed in pyridine as solvent, and
required 10 days at room temperature.38 Here, reaction
conditions more transferable to the polymeric ligand were
found, i.e., aqueous solution, 20 equiv of pyridine, pH 5.5, 323
K for 24 h. The extent of substitution was spectroscopically
determined, relying on the close analogy of the spectroscopic
data of 4 (shown in Figure S5 in the Supporting Information)
with the literature data for [Re(CO)3(py)(phen)]

+.38,39 The PL
band of 4 was blue-shifted, with respect to that of 3 (by ca. 30
nm, see Table 1), and showed the desired increase in lifetime
and quantum yields (with Φem increasing from 0.5% for 3 to
6.9% for 4 in aerated water solution).

Synthesis and Characterization of Re-PhenISA Com-
plex. The reaction of complex 1 with PhenISA was performed
under the same conditions as the model reaction (pH 5.5, 323
K). Spectroscopic monitornig (IR, 1H NMR) showed that, also
in this case, the reaction went to completion within 30 min,
indicating that the phenanthroline ligands are not significantly
sheltered within the entangled polymer and are easily accessible
for the metal centers.
However, the large bandwidth of the νCO bands of Re-

PhenISA (much larger than that of the model compound 3; see
Figure S6 in the Supporting Information) suggests that
different coordination environments are present in the polymer.
The position of the IR bands (shifted to lower wavenumbers,
with respect to 3) agrees with the formation of neutral
species,40 in which the sixth coordination position around Re is
occupied by an anionic ligand, most likely one of the
carboxylate groups omnipresent along the polymer skeleton
(see Chart 4a).
The polymeric complex was isolated by ultracentrifugation

and elemental analysis of the retained fraction confirmed a 1:1
phenanthroline/Re(CO)3

+ ratio. DLS measurements showed
that the aggregation extent of the polymer chains was not
modified by the presence of the metal (Dt = 23.8 (±1.2) μm2/s,
corresponding to a hydrodynamic diameter dH = 21 ± 1 nm).
In the UV-vis spectrum of Re-PhenISA, a relatively weak

absorption band at ca. 360 nm (Figure 4) was detectable, which

Figure 3. UV/vis absorption (black) and photoluminescence (gray, λex
= 320 nm) spectra of (a) PhenISA (aqueous solution, pH 5.5) and (b)
4-(4′-aminobutyl)-1,10-phenanthroline (BAP).

Table 1. Spectroscopic and Photophysical Data for the Model Compounds 3 and 4 and for the Investigated Polymeric
Complexesa

compound IR ν(CO) (cm
−1) λ abs MLCT (ε) (nm, cm−1 M−1) λem (nm) Φem (× 102) lifetime (ns)

[Re(CO)3(OH2)(BAP)]
+ (3) 2034, 1921 364 (3100) 597b 0.5 40 (97%)

[Re(CO)3)(py)(BAP]
+ (4) 2035, 1929 366 (3300) 568c 6.9 544 (97%)

Re-PhenISA 2025, 1910 362 (3500) 608b 0.7 260 (55%) 40 (45%)
Re-Py-PhenISA 2034, 1930 364 (3800) 571c 4.8 550 (98%)
Ru-PhenISA 430 (18 900), 458 (19 100) 614d 4.1 580

aConditions: in aerated water solution, room temperature, pH 5.5. bλex = 400 nm. cλex = 375 nm. dλex = 490 nm.
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was due to the singlet metal-to-ligand charge transfer transition
(1MLCT), typical of Re(I)-diimine complexes (see Table 1).
Also typical of these compounds is the broad featureless
emission band in the red region,9,10 shown in Figure 4. Both the
wavelength of the emission and the photoluminescence yields
(Φem = 0.7% in aerated water) were comparable to those of
many other neutral tricarbonyl diimine Re(I) emitters.10 A
biexponential decay of the excited states was observed
(lifetimes τ = 260 and 40 ns, accounting for 55% and 45% of
the emission, respectively). The short lifetime perfectly agrees
with the value measured for the model aquo-derivative 3 (see
Table 1), and with the value of 28 ns measured for an
analogous aquo complex in ref 38.41 This might be suggestive
of the presence in the polymer, in addition to the main
carboxylate derivative, as well as a minor amount of a complex
bearing water in the sixth position. However, the observation of
two lifetime values does not necessarily imply the presence of
two species: multiexponential decay can arise from hetero-
geneity of the environment, particularly in macromolecular
systems, either in solid film42 or in solution.43 Therefore, the

hypothesis that both lifetimes are due to the carboxylate
derivative in a heterogeneous environment cannot be ruled out.
Moreover, a biexponential decay, with very similar lifetime
values (τ = 244 and 31 ns), was measured for the
[Re(CO)3(OC(O)CH3)(bpy)] complex, in CH2Cl2 solution.

44

Synthesis and Characterization of the Re-Py-PhenISA
Complex. The better emitting Re-Py-PhenISA polymer
complex (Chart 4b) was prepared by using the reaction
conditions established in the synthesis of model complex 4.
The reaction rate was lower than that in the synthesis of 4 (ca.
48 h, based on the IR monitoring, see Figure S8 in the
Supporting Information, compared to 24 h for 4). This is in
agreement with the hypothesis that, in this case, the leaving
group is an anionic species rather than a more labile water
molecule. DLS measurements showed that the hydrodynamic
diameter of the nanoparticles (23 ± 1 nm) after pyridine
insertion was unchanged compared with that of Re-PhenISA,
suggesting that the polymer chain was not significantly
degraded under the reaction conditions. This was confirmed
by transmission electron microscopy (TEM) analysis, showing
that Re-Py-PhenISA had a nanoparticulated structure with a
size distribution histogram peaking at ca. 21 ppm (Figure 5).
Similar results were obtained in the case of PhenISA and Re-
PhenISA (data not shown).

Re-Py-PhenISA exhibited spectroscopic properties very
similar to those of 4 (see Table 1). Accordingly, with respect
to Re-PhenISA, the emission maximum moved from 608 nm
(orange) to 571 nm (bright yellow) and the quantum yields of
the emission increased from 0.7% to 4.8% in aerated water
solution (see Figure 6 and Table 1).

Synthesis and Characterization of Ru-PhenISA. Poly-
pyridine Ru(II) complexes of the general formula [Ru-
(N∧N)3]

2+ (with N∧N = bipyridine or phenathroline) are, by
far, the most extensively investigated luminescent transition-
metal complexes.45 The MLCT excited states of such
complexes have been exploited both in materials science (for
instance, dyes for solar cells)46 and in biological applications,
such as staining specific cell compartments for in vivo
imaging,4e,47 or monitoring the behavior of active molecules
in living species.48 In particular, Ru complexes functionalized
with suitable intercalating ligands have been used as probes of

Chart 4. Schematic Drawings of (a) the Re-PhenISA
Copolymer, Showing the Coordination of a Carboxylate
Anion to Complete the Coordination Sphere of Rhenium,
and (b) the Re-Py-PhenISA Copolymer

Figure 4. UV-vis absorption (left, black) and photoluminescence (PL)
(right, gray, λex = 400 nm) spectra of Re-PhenISA (inset shows a
magnified view of the 1MLCT absorption band).

Figure 5. TEM micrograph of Re-Py-PhenISA and the relative size
distribution histogram (the scale bar in the lower right-hand corner
corresponds to 200 nm).
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DNA structure,49 able to act as smart molecular “light switch”
agents.43 Dendritic polyamidoamines26 or polymeric vesicles50

have sometimes been employed as carrier of Ru complexes, to
improve and control their cellular uptake and also to increase
their brightness.26 Therefore, it was of interest to investigate the
binding of a ruthenium polypyridyl moiety to the PhenISA
carrier.
The Ru-PhenISA complex was prepared by reacting

PhenISA with an equivalent amount (with respect to
phenanthroline moieties) of the [Ru(phen)2(CF3SO3)2]
complex, in aqueous solution at 323 K, for 1 h using microwave
activation (Scheme 2). The reaction progress was monitored by

UV-vis and the resultant orange Ru-PhenISA complex was
purified by ultracentrifugation. The 1H NMR spectrum (see
Figure S9 in the Supporting Information) was in agreement
with the proposed structure. Resonance peaks were assigned by
scalar and dipolar 2D NMR spectra, following spectral data
reported for the [Ru(phen)3]

2+ complex.51 Inductively coupled
plasma (ICP) analysis confirmed that the amount of bound
ruthenium was very close (93%) to the maximum loading. The
hydrodynamic diameter obtained by DLS was 18 ± 2 nm,
which is very close to that observed for PhenISA and the
Rhenium containing analogues.
The photophysical properties of Ru-PhenISA (see Table 1

and Figure 7) are very similar to those of conventional

[Ru(phen)3]
2+ complexes.52 The UV−vis absorption spectrum

showed the typical MLCT transition at ca. 450 nm, and in the
PL spectrum, an emission centered at 614 nm was observed,
with a lifetime of 580 ns and Φem = 4.1%, in aerated water
solution.

Stability under Physiological Conditions, Cell Tox-
icity, and Cellular Uptake. The stability of the three
complexes Re-PhenISA, Re-Py-PhenISA, and Ru-PhenISA
under physiological conditions (pH 7.4, 0.15 M NaCl) in the
presence of excess cysteine (20 equiv, with respect to Re or Ru)
was evaluated by monitoring the variation of the absorption and
emission spectra over time. No significant change was observed
over 24 h (as shown in Figure S10 in the Supporting
Information for the Ru complex), thus indicating that the
interaction of the Re(CO)3 or Ru(phen)2 fragments with the
phenanthroline ligand on the polymer is sufficiently strong to
avoid cleavage of the metal−polymer interaction, even in the
presence of a large excess of strong potential external ligands,
such as cysteine. As expected, cysteine is not able to break the
M-phen bond. Nevertheless, it is noteworthy that, despite the
strong affinity of Re toward S-donor ligands, cysteine was not
able to coordinate the sixth position of the Re(CO)3 moiety.

24

To test a possible toxic effects of the metal complexes, HEK-
293 cells were incubated for 24 h with three different
concentrations of Re-Py-PhenISA and Ru-PhenISA, namely,
the standard concentration used for the cell uptake experiments
described below (5 μM) and 10-fold higher (50 μM) or lower
(0.5 μM) concentrations. None of the polymer complexes
provided evidence of toxic effect on the cells, even at the
highest concentration, as shown in the bar diagram of Figure
S11 in the Supporting Information.
Finally, a preliminary investigation of cell internalization and

intracellular distribution was performed, by means of
fluorescence confocal microscopy. Ru-PhenISA was used for
this study, since its absorption spectrum (458 nm, see Table 1)
is consistent with the wavelength of the excitation source
available on the instrument (450 nm). HEK-293 cells were
incubated with Ru-PhenISA (see Experimental Section) and
analyzed after 6 and 12 h. After 6 h, most of the complex
localized in vesicular compartments within the cytoplasm
(Figure 8a), suggesting an active pathway for cell internal-
ization, such as endocytosis or micropinocytosis, whereas after
12 h (Figure 8b), the complex appeared to be almost
homogeneously distributed inside the cytoplasm, indicating
subsequent complex escape across the vesicular membrane. The

Figure 6. Photoluminescence (PL) spectra (λex = 375 nm) in aerated
water of Re-PhenISA (black trace) and Re-Py-PhenISA (gray trace).

Scheme 2. The Synthesis of Ru-PhenISAa

aMW = microwave.

Figure 7. UV-vis absorption spectrum (black) and PL spectrum (gray,
λex = 490 nm) of Ru-PhenISA.
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ability of PAAs to permeabilize endocytic vesicular membranes
in response to reducing the pH inside the organelle, with
consequent delivery of the vesicle content, was previously
demonstrated both in vitro and in vivo.22,53

■ CONCLUSIONS
The insertion of phenanthroline ligands into the skeleton of an
amphoteric PAA was successfully achieved. The resultant
PhenISA copolymer, which was endowed with the same
excellent water solubility as ISA23, stably coordinated both
rhenium and ruthenium pro-luminescent complexes. The
polymeric derivatives so obtained exhibited photophysical
properties that are almost superimposable to those of the
corresponding molecular complexes, suggesting that binding to
the macromolecular chain did not affect the interaction of the
metal centers with the environment. On the other hand, the
metal-PhenISA complexes maintained the nanometric size,
water solubility, and biocompatibility of parent PhenISA.
Therefore, conjugates joining the favorable properties of PAAs
and of the selected transition-metal complexes were obtained,
thus opening the pathway to several future improvements.
In fact, the properties of the nanoconjugates described here

appear widely tunable. It would be possible to modulate the

wavelength, lifetime, and intensity of the emission by changing
the substituents on the phenanthroline or the metal itself. It will
also be possible to vary the size of the polymer or the number
of phenanthroline ligands on the macromolecule, by varying the
conditions of the copolymerization reaction. The structure of
the PAA main chain can also be varied, in order to tune the cell
internalization and intracellular trafficking. The preliminary
cellular uptake experiments here described already suggested
that the metal-PhenISA complexes enter cells by endocytic
pathway and, subsequently, homogeneously diffuse within the
cytoplasm across the vesicle membranes. This behavior
resembles that of the polymeric vesicles (polymersomes),
developed by Battaglia and co-workers, as biomimetic nano-
vectors,50,54 which are able to enter cells by endocytosis and
then escape via the endocytic pathway to release their content
(bioactive agents) within the cells. The development of
PhenISA-based systems toward similar applications can be
envisaged.
Last, but not least, an important potentiality of the Re-

PhenISA conjugates should be considered. Rhenium possesses
two radioisotopes (188Re and 186Re), both of which, because of
their β− and γ emissions, have potential applications in cancer
therapy and diagnosis, respectively. The preparation of
[Re(CO)3(OH2)3]

+ (1) samples incorporating radioactive Re
isotopes is well-established,37,55 and the reaction of 1 with
PhenISA is fast enough to be compatible with the lifetimes of
both rhenium radioisotopes (17 h for 188Re, 88 h for 186Re).
Therefore, in principle, it is possible to develop a bimodal
theranostic system, endowed with rhenium complexes able to
act both as dyes for optical imaging and as γ emitters for radio-
imaging, with the additional benefit of β-emission for therapy.
Such dual systems are of high interest,56 because they combine
the high spatial resolution of fluorescence microscopy, useful
for both in vitro and ex vivo studies, with the accurate
localization, deep within the body, of radioactive probes in vivo,
bridging the gap between such different imaging approaches.57

The Re-PhenISA system presented here has the potential for
dual-modality-imaging based on a single compound, obtained
with a single preparation step.58

■ EXPERIMENTAL SECTION
Materials. Ultrapure water (Milli-Q, Millipore, resistivity = 18 MΩ

cm−2) was used for the preparation of the aqueous solutions. D2O
(99.9%) was purchased from Aldrich and used as received. 2-
Methylpiperazine was purchased from Fluka and used after
sublimation. Its final purity (98%) was determined with acidimetric
titration. N,N′-Bis(acrylamido)acetic acid (BAC) was prepared as
reported in the literature,59 and purity (98%) was determined by NMR
spectroscopy and titration. Re2(CO)10 was purchased from Sigma−
Aldrich and used as received. Re(CO)5Br,

60 Re(CO)5(CF3SO3),
61 and

[Re(CO)3(OH2)3](CF3SO3),
62 were synthesized according to liter-

ature procedures (slightly modified in the latter case by the addition of
a small amount of CF3SO3H before refluxing; see ref 24).
[Ru(phen)2Cl2] and [Ru(phen)2(CF3SO3)2] were prepared using
the methods employed for the synthesis of [Ru(bpy)2Cl2]

63 and
[Ru(bpy)2(CF3SO3)2],

64 respectively. All the other reagents were
purchased from Aldrich and used as received, without further
purifications, if not otherwise specified. THF was dried using the M.
Braun SPS-800 solvent purification system. CH2Cl2 was distilled from
P4O10 using standard Schlenk techniques.

Instruments and Methods. NMR experiments were performed
on a Bruker Model DRX400 spectrometer (operating at 400.13,
100.62, and 40.55 MHz for 1H, 13C, and 15N NMR, respectively),
equipped with a Bruker 5 mm BBI Z-gradient probe head capable of
producing gradients with a strength of 53.5 G/cm. 15N NMR spectra

Figure 8. Confocal microscopy images of HEK-293 cells incubated
with Ru-PhenISA (ca. 5 μM) for (a) 6 h and (b) 12 h. Field of view is
111 μm × 111 μm for panel (a) and 89 μm × 89 μm for panel (b).
Figure S12 in the Supporting Information shows the corresponding
bright-field images and their merge with the luminescence images.
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were referenced to external CH3NO2. All spectra were acquired at 300
K using standard 1D and 2D NMR experiments on samples typically
containing 10−30 mg of lyophilized polymer samples dissolved in 500
μL of D2O (or of a D2O/H2O 1/9 mixture, when necessary to identify
the NH protons). The π/2 pulse lengths were 6.9 μs (1H), 9.25 μs
(13C), and 31.0 μs (15N). The DOSY maps of Figure 1 and Figure S1
in the Supporting Information were obtained by a 1H pulsed-field-
gradient spin echo (PGSE) NMR experiment (not calibrated),
performed at room temperature. A stimulated echo sequence
(STE)65 incorporating bipolar gradient pulses, was used,66 with
water suppression for the experiment of Figure 1 (standard Bruker
pulse programs stebpgp1s19). The gradient strength (G) was linearly
incremented in 16 steps from 5% to 95% of its maximum value. A
diffusion time of Δ = 500 ms and a gradient pulse duration of δ = 4 ms
were used.
Infrared (IR) spectra were acquired on a Bruker Model Vector 22

FT instrument, using 0.1 mm CaF2 cells. Electronic absorption spectra
were recorded on an Agilent Model 8543 spectrophotometer at room
temperature. Steady-state photoluminescence (PL) measurements
were performed on a Jobin-Yvon−Horiba Fluorolog spectrometer
and emission spectra were corrected for the spectroscopic sensitivity of
the photomultiplier tube. Quantum yields were determined by
comparison with the emission of [Ru(bpy)3]Cl2 for the metal
complexes (Φem = 0.04 in aerated water), and with the emission of
quinine bisulfate for PhenISA (Φem = 0.52 in 1 N H2SO4).

67

Dynamic fluorescence measurements were performed with a
frequency-modulated phase fluorometer (Digital K2, ISS, Inc., Urbana,
IL). The excitation was accomplished by the 9-mW output of a 378-
nm diode laser (ISS, Inc., Urbana, IL). At least 15 data points at
logarithmically spaced frequencies in the range 0.3−30 MHz with a
cross-correlation frequency of 400 Hz (Model A2D, ISS, Inc., USA)
were acquired for lifetime measurements. The convenient accuracy for
phase angles and modulation ratios was 0.2° and 0.004, respectively.
Lifetime measurements were performed under the magic-angle
condition,68 and a 535-nm long-pass filter (Andover Co.) was
employed in order to reduce light scattering. A solution of glycogen
in doubly distilled water was used as a reference sample.69 Lifetime
data fitting was accomplished by an ISS routine based on the
Marquardt least-squares minimization, with at least two exponential
components in the decay scheme in order to take into account the
scattering contribution to the overall signal. The fit of the fluorescence
intensity decay F(t) yields the lifetime values, τi, together with the
corresponding fractional intensities f i:

∑ α= τ−F t( ) ei
t/ i

and

α τ
α τ

=
∑

fi
i i

i i

where αi represent the pre-exponential factors.
The optical confocal setup employed to study the cellular uptake of

Ru-PhenISA by HEK-293 cells was a Leica TCS resonant STED
DMI6000 CS microscope equipped with a multiline Ar+ laser, two
highly efficient hybrid detectors, and highly sensitive prism spectral
detectors.
Elemental C, H, N analyses were performed on a Perkin−Elmer

CHN 2400 instrument, while the metal content was determined by
ICP analysis on a Perkin−Elmer Optima 8300 instrument.
Ultrafiltration for the purification of the synthesized polymers was

performed using an Amicon apparatus through a membrane with a
nominal cutoff of 1000 or 3000 Da. The purification of the polymeric
rhenium complexes was performed either by ultracentrifugation or
dialysis. Ultracentrifugations were performed on a Beckman Model J2-
21 centrifuge equipped with a Model JA-20 35° fixed-angle rotor, using
Amicon Ultra-4 or Centricon centrifugal filter devices (Millipore) with
3000 nominal molecular weight limit (NMWL) membranes. The
solutions were diluted up to 1:10, and centrifugation processes were
repeated until the IR spectrum of the filtrate (concentrated to a small
volume, ca. 100 μL) did not show any absorption attributable to

Re(CO)3 fragments. Dialysis processes were performed using 12−14
kDa cutoff membranes (Spectrapore) against ultrapure water.

Size exclusion chromatography (SEC) traces were obtained with
Toso-Haas TSK-gel G4000 PW and TSK-gel G3000 PW columns
connected in series, using a Waters model 515 HPLC pump equipped
with a Knauer autosampler 3800, a light scattering and viscometer
Viscotek 270 dual detector, UV detector Waters model 486 operating
at 230 nm, and a refractive index detector (Waters, Model 2410). The
mobile phase was a 0.1 M Tris buffer (pH 8.00 ± 0.05) with 0.2 M
sodium chloride. The flow rate was 1 mL min−1, and the sample
concentration was 1% (w/w).

DLS measurements were performed on a Malvern Zetasizer nano
ZS instrument at 298 K on diluted samples (1 mg/mL) in ultrapure
water at various pH. Standard deviations of the diffusion coefficients
were obtained by the nonlinear fitting of the correlation function70

∑= −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟G t A( ) 0.15 e

i
i

D qt
2

i

where q is the wave vector (q = 4πn/[λ sin(θ/2)]), λ the wavelength
of the incident light (λ = 633 nm), θ the detecting angle (θ = 173°),
and n the refractive index of the solution approximated to that of the
pure solvent (n = 1.33). The standard deviations of the hydrodynamic
diameters were computed accordingly using the Origin data analysis
software package. From the diffusion coefficients, the hydrodynamic
diameter (dH) is obtained through the Stokes−Einstein equation,

πη
=D

kT
c rt

H

where k is the Boltzmann’s constant, T the absolute temperature, η the
solution viscosity (approximated to that of pure water), and c a factor
that is dependent on the size of the diffusing species (with c ranging in
value between 4 (slip boundary conditions) and 6 (stick boundary
conditions)).71

Preparation of Complex ISA23SH-[Re(CO)3(BPS)] (BPS =
Bathophenanthroline Sulfonate). At first, the [Re(CO)3(OH2)-
(BPS)]− complex 2 was prepared by reacting 1 mL of a 0.1 M solution
of the aquo complex 1 with stoichiometric BPS (69.5 mg, 0.1 mmol),
at 353 K for 24 h. The solution color progressively turned to yellow,
and the final IR spectrum of 2 showed ν(CO) bands at 2033(s) and
1926(vs) cm−1. UV−vis (H2O): λmax = 372 nm; photoluminescence
(aerated H2O solution): λmax = 615 nm, Φem = 0.5%. The 1H NMR
spectrum was strongly dependent on the pH and concentration of the
solution (data not shown). The Re-ISA23SH complex was then
prepared as follows: a copolymer ISA23SH solution (28.3 mg) in H2O
(2 mL) (5.0 mM cysteamine content) was treated with a slight defect
(with respect to SH groups) of the complex 2 solution (86 μL) and
the pH was adjusted to 5.5 with NaOH. The solution was heated at
353 K for 5 h and maintained for an additional 16 h at room
temperature to complete the reaction. The color changed from yellow
to deep orange, and the position of the ν(CO) IR bands moved to
2024(s) and 1919(vs) cm−1. To remove the possible presence of
unreacted free 2, the reaction mixture was diluted 1:20 with water and
ultracentrifuged (5000 rpm, 293 K, 5 cycles, 1 h each), until no ν(CO)
bands were detected in the filtrates. Finally, the retained portions were
lyophilized. Yield: 20.8 mg (57%). UV−vis (H2O): λmax = 376 nm;
photoluminescence (aerated H2O solution): λmax = 629 nm, Φem =
0.4%. A stability assay was performed on a sample of ISA23SH-
[Re(CO)3(BPS)] (5 mM with respect to the Re content) dissolved in
a saline solution (0.15 M NaCl) at pH 7.4. The addition of 20 equiv of
cysteine (with respect to Re) resulted in cleavage of the Re−polymer
bond, after 24 h of interaction at room temperature, as revealed by the
IR analysis of the filtrates after ultracentrifugation.

Synthesis of 4-(4′-Aminobutyl)-1,10-phenanthroline (BAP).
The amino-functionalized phenanthroline BAP was prepared by a
slightly modified literature procedure.33 To a lithium diisopropylamide
(LDA) solution (1.06 mmol) in anhydrous THF (2.2 mL), a sample of
4-methyl-1,10-phenanthroline (200 mg, 0.999 mmol) dissolved in
anhydrous THF (6.6 mL) was slowly added at 195 K. The solution
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turned instantaneously dark brown. The mixture was then warmed to
room temperature and subjected to stirring for 12 h. 1-(3-
Bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane (1
mmol) dissolved in THF (660 μL) was added, and the mixture
stirred for 4 days.
The solution turned from dark brown to dark green with the

formation of a precipitate. The reaction was quenched by adding a
KHCO3 saturated aqueous solution (3.5 mL) and a 15% NaOH
solution (3.3 mL). The aqueous phase then was extracted with THF
(3 × 10 mL), and the organic layers collected and vacuum-dried. The
crude product was treated with 1 M HCl and stirred for 3 h to
deprotect the amine group, then treated with concentrated NaOH to
adjust the pH at ca. 6. Maintaining this pH, unreacted 4-methyl-1,10-
phenanthroline, together with silane byproducts derived from the
amine group deprotection, were successfully eliminated by repeated
extractions with CH2Cl2 (5 × 5 mL). The aqueous phase was then
vacuum-dried, and the wet solid was treated with anhydrous Et2O
several times to remove hydrogen-bonded water, eventually obtaining
an ocher solid. Yield: 137 mg (54%). 1H NMR (H2O/D2O 9:1, pH
10) δ 1.37−1.49 (4H, CH2(b) and CH2(c), m), 2.57−2.68 (4H,
CH2(a) and CH2(d), m), 7.21 (1H, H3, d, J = 4.6 Hz), 7.30 (1H, H6,
d, J = 9.1 Hz), 7.42 (1H, H5, d, J = 9.1 Hz), 7.51 (1H, H8, dd, J = 4.4,
8.1 Hz), 7.99 (1H, H7, dd, J = 1.5, 8.1 Hz), 8.62 (1H, H2, d, J = 4.6
Hz), 8.82 (1H, H9, dd, J = 1.5, 4.4 Hz).
Synthesis of the Copolymer PhenISA. To a solution of BAC

(394 mg, 1.95 mmol) and NaOH (79.2 mg, 1.98 mmol, pH 9−10) in
water (640 μL), 4-(4′-aminobutyl)-1,10-phenanthroline (50.2 mg,
0.194 mmol, 97% purity from 1H NMR analysis) was added. The
reaction was left for 48 h at room temperature under gentle stirring,
then 2-methylpiperazine was added (184 mg, 0.174 mmol). The
mixture was maintained under the same conditions for an additional 5
days, during which the viscous solution turned from light yellow to
honey-colored. After this period, the crude reaction mixture was
diluted with water (10 mL) and acidified to pH 3 by the addition of
few drops of triflic acid. The solution was purified by ultrafiltration
through a membrane with a nominal cutoff of 3000 Da and the
retained portion was recovered by freeze-drying. Yield: 620 mg (70%).
Mn = 46 790, Mw = 83 100, PD = 1.78. The polymer contained variable
amounts of the triflate anion, as revealed by 19F NMR and elemental
analysis. 1H, 13C, and 15N NMR (D2O, 9:1, pH 3.2) results are
reported in Table S1 in the Supporting Information. The loading of
BAP (6% on a molar basis) was estimated by 1H NMR. Elemental
analysis: Found = C, 39.24; H, 6.61; N, 12.95; C/N = 3.03 (calcd for
(C13H22N4O4)0.94(C24H27N5O4)0.06(CF3SO3H)0.6(H2O)2: C, 39.51; H,
6.25; N, 13.12; C/N = 3.01).
Preparation of the Model Complex [Re(CO)3(OH2)(BAP)]-

(CF3SO3) (3). A sample of [Re(CO)3(OH2)3]CF3SO3 (1) (200 μL of
a 0.1 M solution) was added to 1 mL of a 0.02 M aqueous solution of
BAP. The pH was immediately adjusted to 5.5 by the addition of few
drops of 1 M NaOH, and the mixture heated at 323 K for 30 min. IR
ν(CO), H2O solution: 2034(s) and 1921(s) cm−1. 1H NMR (D2O,
pH 5; for the assignment of the BAP positions, see Chart S1 in the
Supporting Information): δ 1.73 (2H, CH2(b), q, J = 7.5), 1.83 (2H,
CH2(c), q, J = 7.5), 2.99 (2H, CH2(a) pseudo, t, J = 7.5 Hz), 3.20 (2H,
CH2(d), m), 7.75 (1H, H3, d, J = 5.5 Hz), 7.92 (1H, H8, dd, J = 8.3,
5.2 Hz), 7.99 (1H, H6, d, J = 9.2 Hz), 8.14 (1H, H5, d, J = 9.2 Hz),
8.67 (1H, H7, dd, J = 8.5, 0.9 Hz), 9.25 (1H, H2, d, J = 5.3 Hz), 9.40
(1H, H9, dd, J = 4.8, 0.9 Hz). 13C NMR (D2O, pH 5): δ 26.3 (CH2(b)
and CH2(c)), 31.0 (CH2(d)), 39.1 (CH2(a)), 123.6 (CH(5)), 125.8
(CH(3)), 125.9 (CH(8)), 127.2 (CH(6)), 139.8 (CH(7)), 153.4
(CH(2)), 154.1 (CH(9)).
Reaction of the Model Complex [Re(CO)3(OH2)(BAP)]

+ with
Acetate Ions. A 1.7 × 10−2 M water solution (450 μL) of complex 3
was treated with CH3COONa (3 mg) and heated at 333 K overnight.
A yellow precipitate formed, which was isolated and dissolved in
EtOH. IR ν(CO) (EtOH): 2025(s), 1919(s), and 1904(sh) cm−1. 1H
NMR (DMSO-d6; for the assignment of the BAP positions, see Chart
S1 in the Supporting Information): δ 1.70 (2H, CH2(b), m), 1.84 (2H,
CH2(c), m),1.92 (3H, CH3, s), 2.89 (2H, CH2(a), m), 3.34 (2H,
CH2(d), m), 7.96 (1H, H3), 8.11 (1H, H8), 8.36 (1H, H6), 8.49 (1H,

H5), 8.97 (1H, H7), 9.32 (1H, H2), 9.44 (1H, H9). 13C NMR
(DMSO-d6): δ 21.3 (CH3), 26.9 (CH2(c)), 27.0 (CH2(b)), 31.2
(CH2(d)), 38.9 (CH2(a)), 124.6 (CH(5)), 126.2 (CH(3)), 126.7
(CH(8)), 127.8 (CH(6)), 139.6 (CH(7)), 153.6 (CH(2)), 154.4
(CH(9)).

Preparation of the Model Complex [Re(CO)3(py)(BAP)]-
(CF3SO3) (4). A 8.0 × 10−3 M water solution (880 μL) of the
complex [Re(CO)3(OH2)(BAP)](CF3SO3) (3) was treated with
pyridine (11 μL, ca. 20 equiv). A yellow precipitate immediately
formed, likely constituted by the neutral complex [Re(CO)3(OH)-
(BAP)]. The precipitate was dissolved upon the addition of a few
drops of CF3SO3H, until pH 5.5 was reached. The reaction mixture
was heated at 323 K for 24 h. IR ν(CO) (H2O, pH 5): 2034 and 1929
cm−1. 1H NMR (D2O, pH 5; for the assignment of the BAP positions,
see Chart S1 in the Supporting Information): δ 1.79 (2H, CH2(b), m),
1.72 (2H, CH2(c), m), 2.95 (2H, CH2(a) pseudo, t, J = 7.1 Hz), 3.25
(2H, CH2(d), m), 7.86 (1H, H3, d, J = 5.5 Hz), 7.98 (1H, H8, dd, J =
8.5, 5.1 Hz), 8.05 (1H, H6, d, J = 9.2 Hz), 8.21 (1H, H5, d, J = 9.2
Hz), 8.70 (1H, H7, dd, J = 8.5, 0.8 Hz), 9.43 (1H, H2, d, J = 5.5 Hz),
9.55 (1H, H9, dd, J = 5.1, 0.8 Hz).

Synthesis of Re-PhenISA Complex. A sample of the PhenISA
copolymer (30.5 mg, 4.1 × 10−3 mmol of BAP) was dissolved in water
(1.5 mL) and the pH adjusted to 5.5 via the addition of 1 M NaOH. A
0.1 M solution of the aquo complex [Re(CO)3(OH2)3]CF3SO3 (1)
(45 μL, 4.5 × 10−3 mmol) then was added and the reaction mixture
was heated at 323 K for 30 min under N2. The solution color
progressively turned from pale pink to honey yellow, while under UV
irradiation orange luminescence was observed. The IR spectrum
showed that the ν(CO) bands of the starting material (2037(s) and
1916(vs) cm−1) were replaced by new bands at 2025(s) and 1910(s)
cm−1. After ultracentrifugation (20 min at 7000 rpm, with a 3000 Da
cutoff filter, 295 K), the IR spectrum of the retained fraction showed
the ν(CO) bands of Re-PhenISA, whereas no CO bands were
detectable in the IR spectrum of the filtrate. The retained fraction was
lyophilized, affording a light yellow and fluffy material. Elemental
analysis: Found = C, 47.50; H, 6.93; N, 16.16; Re 2.97% (calcd for
(C13H22N4O4)0.94(C28H27F3N5O10SRe)0.06(H2O) C, 47.62; H, 6.99; N,
16.22; Re 3.19); Found C/N, 2.93 (calcd C/N, 2.94). The 1H and 13C
NMR signals of the PAA backbone were indistinguishable from those
of PhenISA (reported in Table S1 in the Supporting Information).
NMR data of the phenanthroline pendant (H2O/D2O 9:1, pH 5.5; for
the assignment of the BAP positions, see Chart S1 in the Supporting
Information): 1H NMR δ 1.87 (CH2(b) and CH2(c), m), 3.16
(CH2(a), m), 3.33 (CH2(d), m), 7.83 (H3), 7.95 (H8), 8.14 (H6),
8.30 (H5), 8.75 (H7), 9.29 (H2), 9.39 (H9); 13C NMR: δ 22.8, 26.2
(CH2(b) and CH2(c)), 30.9 (CH2(d)), 54 (CH2(a)), 123.8 (CH(5)),
125.8 (CH(3)), 125.9 (CH(8)), 127.4 (CH(6)), 139.5 (CH(7)), 153.5
(CH(2)), 154.0 (CH(9)).

Synthesis of the Re-Py-PhenISA Complex. A water solution of
Re-PhenISA complex (2.9 mL, 5 × 10−3 M, with respect to the BAP
content) was treated with 20 equiv of pyridine (23 μL). The pH was
set to 5.5 via the addition of few drops of triflic acid and the mixture
was heated, under N2 at 323 K, for 48 h until disappearance of the
ν(CO) IR bands of the starting material (replaced by absorptions at
2034 and 1930 cm−1). The emitted light under UV lamp changed from
orange to yellow. The pyridine excess was removed by dialysis against
water (membrane cutoff 12−14 kDa). The retained fraction was
lyophilized, affording a fluffy light yellow material. Elemental analysis:
Found = C, 45.39; H, 7.53; N, 15.33; Re, 2.91%; C/N, 2.96 (calcd for
(C13H22N4O4)0.94(C33H32N6F3O10SRe)0.06(H2O)2.0 C, 45.68; H, 7.18;
N, 15.46; Re, 2.99%, C/N, 2.95). The 1H and 13C NMR signals of the
PAA backbone were indistinguishable from those of PhenISA
(reported in Table S1 in the Supporting Information). NMR data of
the phenanthroline pendant (H2O/D2O 9:1, pH 5.5; for the
assignment of the BAP positions, see Chart S1 in the Supporting
Information): 1H NMR δ 1.80 (CH2(b) + CH2(c), m), 3.15 (CH2(a)),
3.27 (CH2(d)), 7.06 (2H meta pyridine), 7.62 (H para pyridine), 7.90
(H3), 8.00 (H8), 8.17 (H6), 8.21 (H5), 8.23 (2H ortho pyridine), 8.72
(H7), 9.49 (H2), 9.59 (H9); 13C NMR: δ 23.1, 26.2 (CH2(b) and
CH2(c)), 31.3 (CH2(d)), 52.9 (CH2(a)), 124.0 (CH(5)), 126.1 (CH
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meta pyridine), 126.3 (CH(3)), 126.5 (CH(8)), 127.5 (CH(6)), 128.3
(CH(5)), 139.8 (CH(7)), 139.5 (CH para pyridine), 151.7 (CH ortho
pyridine), 153.4 (CH(2)), 154.1 (CH(9)).
Synthesis of the Ru-PhenISA Complex. A sample of PhenISA

(70 mg, 9.4 × 10−3 mmol of BAP) was dissolved in water (2.3 mL).
The complex [Ru(phen)2(CF3SO3)2] (7.1 mg, 9.4 × 10−3 mmol) then
was added and the mixture heated via microwave irradiation (150 W,
heating ramp: from 298 K to 323 K, 10 min; then, 323 K for 1 h). The
solution color turned to orange. The sample was purified by
ultracentrifugation (30 min at 7000 rpm at 293 K, filter cutoff =
3000 Da) two times. Finally, the polymeric complex was lyophilized to
give a fluffy orange material. Elemental analysis: Found = C, 45.04; H,
7 . 23 ; N , 14 . 84 ; Ru , 1 . 39% , C/N, 3 . 04 ( ca l cd fo r
(C13H22N4O4)0.94(C50H43F6N9O10S2Ru)0.06(H2O)3 C, 44.91; H, 7.25;
N, 14.80; Ru, 1.49%, C/N, 3.03). The 1H and 13C NMR signals of the
PAA backbone were indistinguishable from those of PhenISA
(reported in Table S1 in the Supporting Information). NMR data of
the phenanthroline pendant (H2O/D2O, 9:1, pH 5.5; for the
assignment of the BAP positions, see Chart S1 in the Supporting
Information; the four signals of the protons of the two phen ligands on
Ru are indicated by primed labels): 1H NMR δ 1.78 (CH2(b) and
CH2(c), m), 3.16 (CH2(a)), 3.25 (CH2(d)), 7.41 (1H, H3), 7.49 (1H,
H8), 7.52 (4H, H3′), 7.91 (1H, H2), 7.92 (1H, H9), 7.95 (4H, H2′),
8.09 (4H, H5′), 8.18 (1H, H6), 8.34 (1H, H5), 8.47 (1H, H7), 8.54
(4H, H4′); 13C NMR: δ 23.0, 26.5 (CH2(b) and CH2(c)), 30.7
(CH2(d)), 52.8 (CH2(a)), 124.2 (1CH, C5), 124.6 (1CH, C9), 125.1
(1CH, C3), 125.3 (1CH, C8), 125.4 (4CH, C3′), 127.8 (1CH, C6),
127.9 (4CH, C5′), 130.0 (Cq, C4a), 130.4 (Cq, C7a), 130.7 (4Cq,
C4a′), 136.5 (1CH, C7), 136.5 (4CH, C4′), 147.6 (Cq, C10a), 147.7
(4CH, C1a′), 149.7 (Cq, C1a), 151.7 (1CH, C2), 152.1 (Cq, C4), 152.2
(4CH, C2′).
Dynamic Light Scattering Measurements. The average hydro-

dynamic diameters of the new PhenISA polymer and of its rhenium
and ruthenium complexes were obtained by dynamic light scattering
(DLS) measurements at 298 K. Samples were prepared by dispersing
the freeze-dried polymers in filtered water (1 mg/mL Milli-Q water,
0.2 μm syringe filter), setting the pH at the desired value via the
addition of a few drops of 0.1 M NaOH or HCl directly into the
cuvette. The refractive index and the viscosity of the solution were
approximated to those of pure water at 298 K (1.33 and 0.8929 cP,
respectively). The measurements were repeated at least three times,
each repetition being the average of 10 scans of 60 s each.
Stability of the Metal Complexes under Physiological

Conditions in the Presence of Cysteine. A sample of Re-PhenISA
(4 mg) was dissolved in a 0.15 M NaCl solution (5 mL) at pH 7.2
(adjusted by the addition of a few drops of 0.1 M NaOH), affording a
0.14 mM solution (with respect to rhenium concentration), then
cysteine (20 equiv) was added. The sample was introduced in a
thermostated bath at 298 K and the stability was monitored through
luminescence measurements at different times, using an aerated
aqueous solution of [Ru(bipy)3]Cl2 as a standard. The stability assays
of the Re-Py-PhenISA and Ru-PhenISA copolymers were performed
in the same way.
In Vitro Toxicity Assay. HEK-293 cells were seeded in 96-well

treated plates at a concentration of 0.5 × 106 cells/ml in 100 μL of
Iscove Modified Dulbecco Medium (IMDM) supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, penicillin−
streptomycin, in the presence or absence of Re-Py-PhenISA and Ru-
PhenISA at concentrations ranging from 0.5 to 50 μM. After 24 h, the
toxicity of the different complexes on HEK-293 cells was measured
using the CellTiter−Blue Cell Viability Assay (Promega, Madison, WI,
USA). In brief, 40 μL of CellTiter-Blue were added in each well and, 3
h later, plates were read at 570 and 600 nm in a spectrofluorimeter and
analyzed according to manufacturer instructions.
Cell Uptake. HEK-293 cells were incubated with ca. 5 μM Ru-

PhenISA for either 6 or 12 h before the start of the confocal imaging
experiments: 106 cells per well were plated on tissue 6 wells plates in
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
penicillin−streptomycin (EuroClone), at 37 °C in a 5% CO2

atmosphere. The Ru-PhenISA fluorescence, collected between 420
and 650 nm, was excited by the 43 μW output of the 458 nm line of
the Ar+ laser and both the emission and the transmitted light images
were recorded at 400 Hz scan rate through a 40X HCX PL APO CS
oil objective (N.A. = 1.3) after identification of the cellular focal plane
by 1 μm step z-scan measurements. Each image line is the average of
five different measurements, with image dimensions being 512 × 512
pixels, pixel size either 217 nm or 174 nm (image size = 111 μm × 111
μm or 89 μm × 89 μm, respectively). In order to discriminate between
the emission of the complex and cellular autofluorescence, and to
select the most appropriate wavelength acquisition range, spectral
measurements were performed by recording the fluorescence images
with a 5 nm step in the 475−650 nm range.
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