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ABSTRACT: We report here a new class of biological
reagents derived from luminescent rhenium(I) polypyridine
complexes modified with a poly(ethylene glycol) (PEG)
pendant. The PEG-amine complexes [Re(N∧N)(CO)3(py-
PEG-NH2)](PF6) (py-PEG-NH2 = 3-amino-5-(N-(2-(ω-
methoxypoly(1-oxapropyl))ethyl)aminocarbonyl)pyridine,
MWPEG = 5000 Da, PDIPEG < 1.08; N∧N = 1,10-phenanthro-
line (phen) (1-PEG-NH2), 3,4,7,8-tetramethyl-1,10-phenan-
throline (Me4-phen) (2-PEG-NH2), 4,7-diphenyl-1,10-phe-
nanthroline (Ph2-phen) (3-PEG-NH2)) and [Re(bpy-PEG)-
(CO)3(py-NH2)](PF6) (bpy-PEG = 4-(N -(2-(ω -
methoxypoly(1-oxapropyl))ethyl)aminocarbonyl)-4′-methyl-
2,2′-bipyridine; py-NH2 = 3-aminopyridine) (4-PEG-NH2) have been synthesized and characterized. The photophysical
properties, lipophilicity, water solubility, cytotoxic activity, and cellular uptake properties of these complexes have been compared
to those of their PEG-free counterparts [Re(N∧N)(CO)3(py-Et-NH2)](PF6) (py-Et-NH2 = 3-amino-5-(N-(ethyl)-
aminocarbonyl)pyridine; N∧N = phen (1-Et-NH2), Me4-phen (2-Et-NH2), Ph2-phen (3-Et-NH2)) and [Re(bpy-Et)-
(CO)3(py-NH2)](PF6) (bpy-Et = 4-(N-(ethyl)aminocarbonyl)-4′-methyl-2,2′-bipyridine) (4-Et-NH2). The PEG complexes
exhibited significantly higher water solubility and lower cytotoxicity (IC50 = 6.6 to 1152 μM) than their PEG-free counterparts
(IC50 = 3.6 to 159 μM), indicating that the covalent attachment of a PEG pendant to rhenium(I) polypyridine complexes is an
effective way to increase their biocompatibility. The amine complexes 1-PEG-NH2−4-PEG-NH2 have been activated with
thiophosgene to yield the isothiocyanate complexes [Re(N∧N)(CO)3(py-PEG-NCS)](PF6) (py-PEG-NCS = 3-isothiocyanato-
5-(N-(2-(ω-methoxypoly(1-oxapropyl))ethyl)aminocarbonyl)pyridine; N∧N = phen (1-PEG-NCS), Me4-phen (2-PEG-NCS),
Ph2-phen (3-PEG-NCS)), and [Re(bpy-PEG)(CO)3(py-NCS)](PF6) (py-NCS = 3-isothiocyanatopyridine) (4-PEG-NCS) as a
new class of luminescent PEGylation reagents. To examine their PEGylation properties, these isothiocyanate complexes have
been reacted with a model substrate n-butylamine, resulting in the formation of the thiourea complexes [Re(N∧N)(CO)3(py-
PEG-Bu)](PF6) (py-PEG-Bu = 3-n-butylthioureidyl-5-(N-(2-(ω-methoxypoly(1-oxapropyl))ethyl)aminocarbonyl)pyridine;
N∧N = phen (1-PEG-Bu), Me4-phen (2-PEG-Bu), Ph2-phen (3-PEG-Bu)), and [Re(bpy-PEG)(CO)3(py-Bu)](PF6) (py-Bu
= 3-n-butylthioureidylpyridine) (4-PEG-Bu). Additionally, bovine serum albumin (BSA) and poly(ethyleneimine) (PEI) have
been PEGylated with the isothiocyanate complexes to yield bioconjugates 1-PEG-BSA−4-PEG-BSA and 1-PEG-PEI−4-PEG-
PEI, respectively. Upon irradiation, all the PEGylated BSA and PEI conjugates exhibited intense and long-lived emission in
aqueous buffer under ambient conditions. The DNA-binding and polyplex-formation properties of conjugate 3-PEG-PEI have
been studied and compared with those of unmodified PEI. Furthermore, the in vivo toxicity of complex 3-PEG-NH2 and its
PEG-free counterpart 3-Et-NH2 has been investigated using zebrafish embryos as an animal model. Embryos treated with the
PEG complex at high concentrations revealed delayed hatching, which has been ascribed to hypoxia as a result of adhering of the
complex to the external surface of the chorion.

■ INTRODUCTION

PEGylation is a covalent modification of proteins, peptides,
antibody fragments, and drug molecules with poly(ethylene
glycol) (PEG). This derivatization procedure significantly
reduces the toxicity of the molecules without sacrificing their
specific biological or therapeutic properties.1 PEGylated
molecules show reduced aggregation tendency and nonspecific

interactions with surfaces and other biological entities and

display enhanced biodistribution, pharmacokinetics, and

resistance to undesirable proteolysis.2 Additionally, PEG has

been used as a highly flexible spacer-arm for protein-
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conjugation3 and protein-cross-linking.4 Since PEGylation is
such a useful bioconjugation process, PEGylation reagents with
a wide range of molecular weights and shapes, reactive
functional groups for modification, and specific properties
have been developed.5 Those reagents containing fluorescent
units such as the dansyl group,6 BODIPY,7 and fluorescein8 are
particularly useful in the modification of biological targets as
they not only confer the aforementioned properties but also
enable detection and quantitation of the targets by optical
methods.
In fact, transition metal complexes have been modified with

PEG to increase their aqueous solubility; for example, there is a
growing interest in using transition metal PEG complexes as
soluble polymer-supported catalysts.9 Also, reports on the
electro-optical applications of transition metal PEG complexes
with intriguing emission properties have appeared.10 In
addition to the work on the modification of cisplatin with

PEG and the incorporation of related anticancer drugs into
PEG-containing micelles,11 there is an emerging interest in the
use of transition metal PEG complexes in biological
applications; for example, the luminescent platinum(II)
complex [Pt(C∧N∧N-4-Ph-PEGm)]Cl has been designed as a
sensitive light-switch for proteins.12 G3- and G4-poly-
(amidoamine) (PAMAM) dendrimers have also been modified
with organorhenium CpRe(CO)3 units and PEG chains,
yielding immunological reagents for carbonyl metalloimmuno-
assays.13 Additionally, folic acid has been conjugated to a
tricarbonylrhenium(I) unit with a PEG linker to examine its
receptor-mediated endocytotic uptake by A2780/AD cells.14

Despite these studies, the biological applications of
luminescent transition metal PEG complexes are still relatively
unexplored. Recently, we have reported a new class of
luminescent iridium(III) polypyridine PEG complexes that
possess high water solubility and low cytotoxicity as new

Chart 1. Structures of Complexes 1-PEG-NH2−4-PEG-NH2, 1-Et-NH2−4-Et-NH2, 1-PEG-NCS−4-PEG-NCS, and 1-PEG-Bu−
4-PEG-Bu
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Table 1. Photophysical Data of Complexes 1-PEG-NH2−4-PEG-NH2, 1-Et-NH2−4-Et-NH2, 1-PEG-NCS−4-PEG-NCS, and 1-
PEG-Bu−4-PEG-Bu

complex medium (T/K) λem/nm τo/μs Φem kr/s
−1 knr/s

−1

1-PEG-NH2 CH2Cl2 (298) 532 2.18 0.11 5.1 × 104 4.1 × 105

CH3CN (298) 546 0.73 0.048 4.1 × 104 1.3 × 106

buffer (298)a 543 0.14 0.018 1.3 × 105 7.0 × 106

glass (77)b 508 10.13
2-PEG-NH2 CH2Cl2 (298) 491 sh, 511 16.05 0.29 1.8 × 104 4.4 × 104

CH3CN (298) 487 sh, 516 12.9 0.22 1.7 × 104 6.1 × 104

buffer (298)a 487 sh, 512 0.85 0.013 1.5 × 104 1.2 × 105

glass (77)b 468 (max), 502, 539 sh 42.71 (22%), 150.57 (78%)
3-PEG-NH2 CH2Cl2 (298) 545 6.24 0.26 4.2 × 104 1.2 × 105

CH3CN (298) 559 2.32 0.061 2.6 × 104 4.1 × 105

buffer (298)a 563 0.61 0.026 4.3 × 104 1.6 × 106

glass (77)b 511, 540 sh 19.50
4-PEG-NH2 CH2Cl2 (298) 552 0.45 0.010 2.2 × 104 2.2 × 106

CH3CN (298) 578 0.21 0.0041 2.0 × 104 4.7 × 106

buffer (298)a 580 0.07 0.0019 2.7 × 104 1.4 × 107

glass (77)b 517 5.24
1-Et-NH2 CH2Cl2 (298) 530 2.65 0.30 1.1 × 105 2.6 × 105

CH3CN (298) 547 1.26 0.18 1.4 × 105 6.5 × 105

buffer (298)c 544 0.07 0.010 1.4 × 105 1.4 × 107

glass (77)b 502 11.19
2-Et-NH2 CH2Cl2 (298) 488 sh, 512 11.33 0.44 3.9 × 104 4.9 × 104

CH3CN (298) 486 sh, 514 9.16 0.28 3.1 × 104 7.9 × 104

buffer (298)c 486 sh, 513 0.62 0.0087 1.4 × 104 1.6 × 106

glass (77)b 467(max), 501, 539 sh 41.92 (22%), 152.17 (78%)
3-Et-NH2 CH2Cl2 (298) 545 8.00 0.33 4.1 × 104 8.4 × 104

CH3CN (298) 559 3.97 0.20 5.0 × 104 2.0 × 105

buffer (298)c 558 0.42 0.021 5.0 × 104 2.3 × 106

glass (77)b 510, 533 sh 20.49
4-Et-NH2 CH2Cl2 (298) 547 0.46 0.037 8.0 × 104 2.1 × 106

CH3CN (298) 578 0.28 0.013 4.6 × 104 3.5 × 106

buffer (298)c 584 0.02 0.0015 7.5 × 104 5.0 × 107

glass (77)b 521 5.46
1-PEG-NCS CH2Cl2 (298) 525 2.90 0.26 9.0 × 104 2.6 × 105

CH3CN (298) 540 1.88 0.072 3.8 × 104 4.9 × 105

glass (77)b 508 9.42
2-PEG-NCS CH2Cl2 (298) 486 sh, 507 13.68 0.28 2.1 × 104 5.3 × 104

CH3CN (298) 490 sh, 510 12.08 0.14 1.2 × 104 7.1 × 104

glass (77)b 470 (max), 501, 535 sh 30.07 (21%), 111.52 (79%)
3-PEG-NCS CH2Cl2 (298) 539 9.23 0.29 3.1 × 104 7.7 × 104

CH3CN (298) 552 3.79 0.050 1.3 × 104 2.5 × 105

glass (77)b 513, 538 sh 20.36
4-PEG-NCS CH2Cl2 (298) 552 0.63 0.089 1.4 × 105 1.5 × 106

CH3CN (298) 572 0.26 0.0050 1.9 × 104 3.8 × 106

glass (77)b 513 5.99
1-PEG-Bu CH2Cl2 (298) 527 3.20 0.28 8.8 × 104 2.3 × 105

CH3CN (298) 541 1.68 0.056 3.3 × 104 5.6 × 105

buffer (298)a 542 1.19 0.043 3.6 × 104 8.0 × 105

glass (77)b 510 9.76
2-PEG-Bu CH2Cl2 (298) 486 sh, 511 13.40 0.39 2.9 × 104 4.6 × 104

CH3CN (298) 482 sh, 513 9.73 0.18 1.9 × 104 8.4 × 104

buffer (298)a 487 sh, 513 4.21 0.079 1.9 × 104 2.2 × 105

glass (77)b 470 (max), 501, 537 sh 32.48 (18%), 146.15 (82%)
3-PEG-Bu CH2Cl2 (298) 541 9.20 0.30 3.3 × 104 7.6 × 104

CH3CN (298) 554 3.83 0.049 1.3 × 104 2.5 × 105

buffer (298)a 560 2.88 0.045 1.6 × 104 3.3 × 105

glass (77)b 516, 538 sh 19.33
4-PEG-Bu CH2Cl2 (298) 554 0.53 0.017 3.2 × 104 1.9 × 106

CH3CN (298) 575 0.19 0.014 7.4 × 104 5.2 × 106

buffer (298)a 588 0.08 0.0060 7.5 × 104 1.2 × 107

glass (77)b 514 5.92
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bioprobes and imaging reagents.15 Thus, we envisage that the
incorporation of a PEG pendent to rhenium(I) polypyridine
complexes would significantly increase their biocompatibility.
The advantages of rhenium(I) polypyridine complexes are their
ease of emission color-tuning using different diimine ligands
and their long-lived excited states, which are useful in the
development of multicolor probes for time-resolved applica-
tions such as fluorescence lifetime imaging microscopy (FLIM).
Additionally, since the coordination chemistry of the group 7
congeners rhenium and technetium is similar, the same set of
polypyridine ligands can be coordinated to [Re(CO)3]

+ and
[99mTc(CO)3]

+ cores to yield luminescent probes and radio-
imaging reagents and -pharmaceuticals, respectively. Herein, we
report the synthesis, characterization, and photophysical
properties of a new class of luminescent rhenium(I) PEG-
amine complexes [Re(N∧N)(CO)3(py-PEG-NH2)](PF6) (py-
PEG-NH2 = 3-amino-5-(N-(2-(ω-methoxypoly(1-oxapropyl))-
ethyl)aminocarbonyl)pyridine, MWPEG = 5000 Da, PDIPEG <
1.08; N∧N = 1,10-phenanthroline (phen) (1-PEG-NH2),
3,4,7,8-tetramethyl-1,10-phenanthroline (Me4-phen) (2-PEG-
NH2), 4,7-diphenyl-1,10-phenanthroline (Ph2-phen) (3-PEG-
NH2)), and [Re(bpy-PEG)(CO)3(py-NH2)](PF6) (bpy-PEG
= 4-(N - (2 - (ω -methoxypo ly(1 -oxap ropy l ) )e thy l ) -
aminocarbonyl)-4′-methyl-2,2′-bipyridine; py-NH2 = 3-amino-
pyridine) (4-PEG-NH2) (Chart 1). The lipophilicity, water
solubility, cytotoxic activity, and cellular uptake properties of
these complexes have been compared to those of their PEG-
free counterparts [Re(N∧N)(CO)3(py-Et-NH2)](PF6) (py-Et-
NH2 = 3-amino-5-(N-(ethyl)aminocarbonyl)pyridine; N∧N =
phen (1-Et-NH2), Me4-phen (2-Et-NH2), Ph2-phen (3-Et-
NH2)) and [Re(bpy-Et)(CO)3(py-NH2)](PF6) (bpy-Et = 4-
(N-(ethyl)aminocarbonyl)-4′-methyl-2,2′-bipyridine) (4-Et-
NH2) (Chart 1). The amine complexes 1-PEG-NH2−4-PEG-
NH2 have been activated with thiophosgene to yield the
isothiocyanate complexes [Re(N∧N)(CO)3(py-PEG-NCS)]-
(PF6) (py-PEG-NCS = 3-isothiocyanato-5-(N-(2-(ω-
methoxypoly(1-oxapropyl))ethyl)aminocarbonyl)pyridine;
N∧N = phen (1-PEG-NCS), Me4-phen (2-PEG-NCS), Ph2-
phen (3-PEG-NCS)) and [Re(bpy-PEG)(CO)3(py-NCS)]-
(PF6) (py-NCS = 3-isothiocyanatopyridine) (4-PEG-NCS)
(Chart 1) as a new class of luminescent PEGylation reagents.
To examine their PEGylation properties, these isothiocyanate
complexes have been reacted with a model substrate n-
butylamine, resulting in the formation of the thiourea
complexes [Re(N∧N)(CO)3(py-PEG-Bu)](PF6) (py-PEG-Bu
= 3-n -butyl thioureidyl-5-(N -(2-(ω -methoxypoly(1-
oxapropyl))ethyl)aminocarbonyl)pyridine; N∧N = phen (1-
PEG-Bu), Me4-phen (2-PEG-Bu), Ph2-phen (3-PEG-Bu)) and
[Re(bpy-PEG)(CO)3(py-Bu)](PF6) (py-Bu = 3-n-butylthiour-
eidylpyridine) (4-PEG-Bu) (Chart 1). Additionally, bovine
serum albumin (BSA) and poly(ethyleneimine) (PEI) have
been PEGylated with the isothiocyanate complexes to yield the
luminescent bioconjugates 1-PEG-BSA−4-PEG-BSA and 1-
PEG-PEI−4-PEG-PEI, respectively. The DNA-binding and
polyplex-formation properties of conjugate 3-PEG-PEI have
been studied and compared with those of unmodified PEI.
Furthermore, the in vivo toxicity of complex 3-PEG-NH2 and
its PEG-free counterpart 3-Et-NH2 has been investigated using
zebrafish embryos as an animal model.

■ RESULTS AND DISCUSSION

Design and Synthesis of Complexes. Regarding the
design of the PEG complexes, different diimine ligands (phen,
Me4-phen, Ph2-phen, and bpy-PEG) have been used to
investigate the effects of the methyl, phenyl, and amide
substituents on various physical and biological properties of the
complexes. The PEG pendant was linked to the complexes via
the use of the monodentate py-PEG-NH2 and bidentate bpy-
PEG ligands, which were synthesized from the reactions of 3-
amino-5-carboxysuccinimidylpyridine (py-NHS-NH2) and 4-
carboxysuccinimidyl-4′-methyl-2,2′-bipyridine (bpy-NHS), re-
spectively, with α-amino-ω-methoxypoly(ethylene glycol)
(mPEG5000-NH2). Complexes 1-PEG-NH2−4-PEG-NH2 and
their PEG-free counterparts 1-Et-NH2−4-Et-NH2 were
obtained from the reaction of [Re(N∧N)(CO)3(CH3CN)]-
(CF3SO3) with the respective pyridine ligands, followed by
anion exchange with KPF6 and purification. The isothiocyanate
complexes 1-PEG-NCS−4-PEG-NCS were obtained from the
reaction of the amine complexes 1-PEG-NH2−4-PEG-NH2
with thiophosgene in acetone at room temperature. To examine
the reactivity of the isothiocyanate complexes toward primary
amines, they have been reacted with a model substrate, n-
butylamine, yielding the thiourea complexes 1-PEG-Bu−4-
PEG-Bu. These complexes were purified by size exclusion
chromatography and microfiltration. All the complexes have
been characterized by 1H NMR, IR spectroscopy, ESI-MS (or
MALDI-TOF-MS for the PEG complexes), and elemental
analysis (for the non-PEG complexes). The molecular weight
difference of complexes 1-PEG-NH2−3-PEG-NH2 and the
ligand py-PEG-NH2, respectively, was found to be about 500
Da in the MALDI-TOF mass spectra (Supporting Information,
Figure S1), which is in agreement with the mass of the
corresponding [Re(N∧N)(CO)3] unit.

Electronic Absorption and Emission Properties. The
electronic absorption spectral data of all the complexes are
summarized in Supporting Information, Table S1. All the
complexes displayed intense absorption bands at about 250−
345 nm with extinction coefficients on the order of 104 dm3

mol−1 cm−1, which have been assigned to spin-allowed
intraligand (1IL) (π → π*) (N∧N and pyridine ligands)
transitions.16−26 The lower-energy absorption shoulders at
about 366−396 nm, with extinction coefficients on the order of
103 dm3 mol−1 cm−1, have been assigned to spin-allowed metal-
to-ligand charge-transfer (1MLCT) (dπ(Re) → π*(N∧N))
transitions.
Upon photoexcitation, all the complexes displayed intense

and long-lived green to orange emission. The photophysical
data are summarized in Table 1, and the emission spectra of the
PEG-amine complexes 1-PEG-NH2−3-PEG-NH2 in CH3CN
at 298 K are shown in Figure 1. In fluid solutions at 298 K,
most of the complexes displayed reduced emission energy,
quantum yields, and lifetimes upon increasing the polarity of
the solvents. These findings, together with the dependence of
the emission energy on the π* orbital energy level of the N∧N
ligands, point to an emissive state of 3MLCT (dπ(Re) →
π*(N∧N)) character. The structural features and long emission
lifetimes of the Me4-phen complexes in fluid solutions under
ambient conditions suggest the involvement of 3IL (π → π*)

Table 1. continued

a50 mM potassium phosphate buffer at pH 7.4. bIn butyronitrile glass. c50 mM potassium phosphate buffer at pH 7.4 containing 10% methanol.
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(Me4-phen) character in their emissive states. In low-temper-
ature glass, the Me4-phen complexes displayed even richer
structural features in their emission spectra, as exemplified by
that of complex 2-PEG-NH2 (Supporting Information, Figure
S2). Also, double-exponential decay was observed, with shorter-
and longer-lived components of about 30 to 40 and 110 to 150
μs, respectively (Table 1), which have been attributed to
3MLCT (dπ(Re) → π*(Me4-phen)) and

3IL (π → π*) (Me4-
phen) emissive states. Interestingly, while the PEG pendants
did not significantly perturb the emission energy of the
rhenium−amine complexes, the emission quantum yields of the
PEG-amine complexes are lower than those of their PEG-free
counterparts in CH2Cl2 and CH3CN. It is conceivable that the
long and flexible PEG pendant facilitates the nonradioactive
decay of the PEG complexes, as reflected by the generally large
knr values of these complexes compared to the PEG-free
complexes (Table 1),26e which subsequently lead to lower
emission quantum yields. Although complex 2-PEG-NH2
displayed a lower emission quantum yield, unexpectedly, it
exhibited a longer emission lifetime than its PEG-free
counterpart 2-Et-NH2, which may be related to the 3IL
character of the emissive states. In aqueous buffer, all the PEG-
amine complexes displayed smaller knr values and higher
emission quantum yields than their PEG-free counterparts
(Table 1). We have tentatively attributed this observation to
the self-wrapping of the rhenium(I)-diimine core by the PEG
chain, which is expected to shield the luminophore from
interacting with the water molecules and buffer ions, resulting
in less efficient nonradiative decay and an increased emission
quantum yield. Similar findings have also been observed in
related rhenium(I) polypyridine complexes modified with long
aliphatic chains.27 It is noteworthy that the isothiocyanate
complexes 1-PEG-NCS−4-PEG-NCS emitted at higher energy
than their amine 1-PEG-NH2−4-PEG-NH2 and thiourea 1-
PEG-Bu−4-PEG-Bu counterparts. We have ascribed this to the
strongly electron-withdrawing isothiocyanate group, which
stabilizes the dπ(Re) orbitals and hence causes higher
3MLCT emission energy. Nonetheless, the energy difference
is small because the electron density of the rhenium(I) center is
only remotely influenced by the substituents on the pyridine
ligand.
Lipophilicity and Water Solubility. The lipophilicity (log

Po/w) of the PEG-amine complexes 1-PEG-NH2−4-PEG-NH2
and their PEG-free counterparts 1-Et-NH2−4-Et-NH2 has been

determined by the flask-shaking method, and the results are
listed in Table 2. We found that the lipophilicity of the

complexes depended on the diimine ligands and followed the
order: Ph2-phen > Me4-phen ≈ bpy-amide > phen, which is in
accordance with the hydrophobic character of the ligands. The
PEG complexes 1-PEG-NH2−4-PEG-NH2 (log Po/w = −0.87
to −1.70) exhibited substantially lower lipophilicity than their
PEG-free counterparts 1-Et-NH2−4-Et-NH2 (log Po/w = 0.81
to 2.04), reflecting the highly hydrophilic nature of the PEG
pendants. Importantly, the water solubility of the PEG-NH2
complexes (from 13.1 to 47.5 mM) is significantly higher than
that of the PEG-free analogues (from 0.02 to 2.7 mM) (Table
2). The high water solubility of the PEG complexes is obviously
an advantage that would render the complexes useful reagents
for various biological applications.

Cellular Uptake Properties and Live-Cell Confocal
Imaging. The cellular uptake properties of the PEG-amine
complexes 1-PEG-NH2−4-PEG-NH2 and their PEG-free
counterparts 1-Et-NH2−4-Et-NH2 have been studied by ICP-
MS. Upon incubation with the complexes at 37 °C for 3 h, an
average HeLa cell (volume = 3.4 pL) contained 0.09 to 2.99
fmol of rhenium (Table 3), which is comparable to related

rhenium(I) complexes in other studies such as [Re(phen)-
(CO)3(py-TU-DPAT)](CF3SO3) (py-TU-DPAT = 3-(2-(4-
h yd r o x y - 3 - ( 2 , 2 ′ - d i p i c o l y l am i n ome t h y l ) ph en y l ) -
ethylthioureidyl)pyridine) (2.8 fmol of rhenium)24 and [Re-
(phen)(CO)3(py-3-glu)](PF6) (py-3-glu = 3-(N-(6-(N′-(4-(α-
D-glucopyranosyl)phenyl)thioureidyl)hexyl)thioureidyl)-
pyridine) (1.10 fmol of rhenium).26i The PEG-amine
complexes displayed less effective cellular uptake than their
PEG-free counterparts, which is probably due to their lower

Figure 1. Emission spectra of complexes 1-PEG-NH2 (green), 2-PEG-
NH2 (blue), and 3-PEG-NH2 (red) in CH3CN at 298 K.

Table 2. Lipophilicity (log Po/w) and Water Solubility of
Complexes 1-PEG-NH2−4-PEG-NH2 and 1-Et-NH2−4-Et-
NH2

complex log Po/w water solubility/mM

1-PEG-NH2 −1.70 ± 0.04 47.5
2-PEG-NH2 −0.94 ± 0.02 13.1
3-PEG-NH2 −0.87 ± 0.05 39.7
4-PEG-NH2 −1.04 ± 0.01 28.7
1-Et-NH2 0.81 ± 0.03 0.36
2-Et-NH2 1.09 ± 0.03 0.19
3-Et-NH2 2.04 ± 0.05 0.016
4-Et-NH2 1.37 ± 0.06 2.66

Table 3. Numbers of Moles of Rhenium(I) Associated with
an Average HeLa Cell upon Incubation with Complexes 1-
PEG-NH2−4-PEG-NH2 and 1-Et-NH2−4-Et-NH2 at 37 °C
for 3 ha

complex no. of mol/fmol concentration/mM

1-PEG-NH2 0.21 ± 0.03 0.06 ± 0.008
2-PEG-NH2 0.37 ± 0.02 0.11 ± 0.006
3-PEG-NH2 0.40 ± 0.01 0.12 ± 0.003
4-PEG-NH2 0.09 ± 0.01 0.03 ± 0.001
1-Et-NH2 0.27 ± 0.03 0.08 ± 0.009
2-Et-NH2 0.82 ± 0.02 0.24 ± 0.006
3-Et-NH2 2.99 ± 0.07 0.88 ± 0.020
4-Et-NH2 0.12 ± 0.03 0.04 ± 0.009

a[Re] = 10 μM in the incubation medium.
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lipophilicity and larger molecular size. It is important to point
out that the intracellular rhenium concentrations of all the
complexes (0.03 to 0.88 mM) were much higher than that in
the medium before the uptake (10 μM), indicative of cellular
accumulation of the complexes.
The biological properties of the Ph2-phen complexes 3-PEG-

NH2 and 3-Et-NH2 have been studied in more detail. The
laser-scanning confocal microscopy images of HeLa cells
treated with these complexes (10 μM, 1 h) showed that they

were effectively internalized and localized in the cytoplasmic
region (Figure 2). Thus, the PEG pendant of complex 3-PEG-
NH2 did not significantly affect its intracellular localization
properties. Also, the nuclei showed much weaker or no
emission, indicative of negligible nuclear uptake. HeLa cells
incubated with complex 3-PEG-NH2 emitted weaker than
those loaded with complex 3-Et-NH2, which is a result of the
lower uptake efficiency of the former complex. To examine the
intracellular localization properties of the PEG complexes,

Figure 2. Laser-scanning confocal microscopy images of HeLa cells incubated with complexes 3-PEG-NH2 (top row) and 3-Et-NH2 (bottom row)
(10 μM) at 37 °C for 1 h.

Figure 3. Laser-scanning confocal microscopy images of HeLa cells treated with complex 3-PEG-NH2 and (a) MitoTracker Deep Red FM and (b)
Alexa Fluor 633-conjugated transferrin at 37 °C, respectively.
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HeLa cells have been co-stained with complex 3-PEG-NH2 and
MitoTracker Deep Red FM (a mitochondrial marker) and
Alexa Fluor 633-conjugated transferrin (an endosomal marker),
respectively. The images showed that the complex was co-
localized with the mitochondrial and endosomal markers with
co-localization coefficients of 71.6% and 18.2%, respectively,
suggesting that the PEG complex 3-PEG-NH2 is enriched in
the mitochondria (Figure 3). Similar mitochondria-targeting
behavior has been observed in other rhenium(I) polypyridine
complexes.26j

Cytotoxicity. The cytotoxicity of the PEG-amine complexes
1-PEG-NH2−4-PEG-NH2 and their PEG-free counterparts 1-
Et-NH2−4-Et-NH2 toward HeLa cells over an incubation
period of 48 h have been investigated by the MTT assay (Table
4). In both series of complexes, the Ph2-phen and Me4-phen

complexes showed higher cytotoxicity, which has been ascribed
to their higher lipophilicity and uptake efficiency. Similar
observations have been reported in related studies.26i,j We also
noted that the PEG complexes were less cytotoxic than their
PEG-free counterparts, which has been attributed to the long
and flexible PEG pendants which prevent the complexes from
interacting nonspecifically with extracellular proteins and
triggering immunogenicity and antigenicity inside the cells.28

Remarkably, the bpy-PEG complex 4-PEG-NH2 displayed
extraordinarily low cytotoxicity, with an IC50 value of >1152
μM, which is at least 7 times lower than that of its PEG-free
counterpart 4-Et-NH2 (IC50 = 159.1 μM). Apparently, the low
lipophilicity and uptake efficiency of this complex alone cannot
account for this result. One possible reason is that the PEG
pendant of this complex is linked to the diimine ligand, which
may provide more effective wrapping of the complex, resulting
in much enhanced biocompatibility.
PEGylation of BSA and PEI. To evaluate their PEGylation

properties, the isothiocyanate complexes 1-PEG-NCS−4-PEG-
NCS have been used to label a model protein, BSA, via the
reaction of the isothiocyanate group with the primary amines of
the lysine residues. The resultant bioconjugates 1-PEG-BSA−
4-PEG-BSA were purified by size exclusion chromatography
and ultrafiltration. The electronic absorption spectra of the
bioconjugates have been measured and that of bioconjugate 1-
PEG-BSA is shown in Figure 4 as an example. The spectra
displayed an intense absorption band at 280 nm, which is
attributed to both the protein and the complexes, and a
shoulder at about 328−371 nm, which is solely due to the
rhenium(I) complexes. On the basis of the spectroscopic data,
the rhenium-to-protein ratios of bioconjugates 1-PEG-BSA−4-
PEG-BSA have been determined to be about 2.2, 2.7, 2.9, and

3.8, respectively. Upon photoexcitation, all the bioconjugates
showed intense and long-lived green to orange-yellow
3MLCT/3IL emission in 50 mM potassium phosphate buffer
pH 7.4 at 298 K (Table 5). The emission spectrum of

bioconjugate 1-PEG-BSA is shown in Figure 4. While the
emission wavelengths of bioconjugates 1-PEG-BSA−3-PEG-
BSA were similar to those of their thiourea counterparts 1-
PEG-Bu−3-PEG-Bu, respectively, bioconjugate 4-PEG-BSA
emitted at higher energy than 4-PEG-Bu (Table 1). This
observation may originate from the hydrophobic nature of the
protein surface since the emission of common [Re(N∧N)-
(CO)3(py)]

+ complexes occurs at higher energy in more
nonpolar solvents, with higher environment-sensitivity of the
bpy-amide ligand compared to the other diimine ligands (phen,
Me4-phen, and Ph2-phen).

26e,g Another interesting observation
is that all the bioconjugates displayed biexponential decay
(Table 5), which is common for biomolecules labeled with
luminescent transition metal complexes.25a,b,29 It is noteworthy
that the average emission lifetimes of bioconjugates 1-PEG-
BSA−4-PEG-BSA (from 0.39 to 10.16 μs) are longer than
those of the thiourea complexes 1-PEG-Bu−4-PEG-Bu (from
0.08 to 4.21 μs) as a result of the more hydrophobic and rigid
local environment associated with the protein molecules.
The use of polyamines in gene delivery and cancer therapy

has attracted much attention. In this context, PEI has been
commonly used as a DNA condensing and gene delivery
reagent because of its high positive charge density and high
proton buffer capacity over a wide pH range.30 Since PEI does

Table 4. Cytotoxicity (IC50, 48 h) of Complexes 1-PEG-
NH2−4-PEG-NH2 and 1-Et-NH2−4-Et-NH2 and Cisplatin
toward HeLa Cells

complex IC50/μM

1-PEG-NH2 26.3 ± 1.6
2-PEG-NH2 11.9 ± 1.6
3-PEG-NH2 6.6 ± 0.4
4-PEG-NH2 >1151.7
1-Et-NH2 15.0 ± 4.8
2-Et-NH2 5.0 ± 0.4
3-Et-NH2 3.6 ± 0.4
4-Et-NH2 159.1 ± 8.0
cisplatin 11.9 ± 0.3

Figure 4. Electronic absorption (red) and emission (blue) spectra of
bioconjugate 1-PEG-BSA in degassed 50 mM potassium phosphate
buffer at pH 7.4 at 298 K.

Table 5. Photophysical Data of Bioconjugates 1-PEG-BSA−
4-PEG-BSA and 1-PEG-PEI−4-PEG-PEI in Degassed 50
mM Potassium Phosphate Buffer at pH 7.4 at 298 K

bioconjugate λem/nm τo/μs Φem

1-PEG-BSA 541 0.58 (39%), 1.29 (61%) 0.018
2-PEG-BSA 485 sh, 516 3.26 (23%), 10.78 (77%) 0.041
3-PEG-BSA 562 1.66 (26%), 4.70 (74%) 0.013
4-PEG-BSA 566 0.10 (18%), 0.41 (82%) 0.0071
1-PEG-PEI 552 0.96 0.014
2-PEG-PEI 484 sh, 520 3.89 0.012
3-PEG-PEI 565 1.86 0.0045
4-PEG-PEI 584 0.08 0.0022
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not absorb or emit in the UV−vis region, it has been modified
with various reporters so that its cellular uptake and gene
delivery properties can be readily investigated by fluorescence
methods; for example, PEI has been conjugated with
fluorescent organic dyes and phosphorescent transition metal
complexes to study the cellular uptake and intracellular
transport pathways of PEI/DNA polyplexes.15,31 Also, since
PEI is cytotoxic to many cell types, it is commonly PEGylated
to lower its cytotoxicity, to increase the water solubility of the
PEI/DNA polyplexes, and to facilitate transfection applica-
tions.32 In this work, we have PEGylated PEI (25 kDa) with the
isothiocyanate complexes 1-PEG-NCS−4-PEG-NCS to gen-
erate a new class of luminescent vectors for transfection studies.
The resultant conjugates 1-PEG-PEI−4-PEG-PEI were
purified by size exclusion chromatography and ultrafiltration.
On the basis of the spectroscopic data, the rhenium-to-PEI
ratios of conjugates 1-PEG-PEI−4-PEG-PEI have been
determined to be about 21.6, 13.6, 8.4, and 13.7, respectively.
These are larger than those of the BSA conjugates 1-PEG-
BSA−4-PEG-BSA (vide supra), most likely because of the
higher number of primary amines available on the PEI polymer.
Upon photoexcitation, all the PEI conjugates displayed long-
lived green to orange-yellow 3MLCT/3IL emission in 50 mM
potassium phosphate buffer pH 7.4 at 298 K. The emission
maxima of these PEI conjugates (520−584 nm) occurred at
slightly lower energy than their BSA counterparts (Table 5).
These results illustrate the highly polar nature of the
protonated amine groups of the PEI moiety in an aqueous
environment. Interestingly, these findings are also in
accordance with the shorter emission lifetimes and lower
quantum yields of the PEI conjugates compared to both the
corresponding BSA conjugates (Table 5) and the thiourea
complexes 1-PEG-Bu−4-PEG-Bu (Table 1). Thus, in aqueous
buffer, the rhenium(I) polypyridine PEG complexes experience
the most hydrophobic environment on BSA molecule, whereas
the polycationic nature of the PEI polymer would offer the
most hydrophilic surroundings. This also highlights the
environment-sensitive emission properties of this class of
complexes, which render them useful reporters of their local
environments.
DNA-Binding and Transfection Properties. We have

investigated the DNA-binding properties of conjugate 3-PEG-
PEI by agarose gel electrophoresis. Polyplexes formed from this
conjugate and the pDNA pRL-TK with N/P ratios from 1 to 32
have been prepared prior to the analysis. Polyplexes prepared
with unmodified PEI and pRL-TK were used as a control. As
shown in Figure 5, conjugate 3-PEG-PEI retarded the pDNA
with increasing N/P ratios, revealing that the positively charged
PEI conjugate neutralizes the negative charge of the pDNA.
The migration of DNA bands of polyplexes 3-PEG-PEI/pRL-
TK and PEI/pRL-TK was completely retarded at N/P ratios =
8 and 4, respectively (Figure 5). This result illustrates that the
DNA condensation ability of PEI was reduced upon
conjugation with the PEG complex.
The zeta potentials and mean hydrodynamic diameters of the

polyplexes 3-PEG-PEI/pRL-TK and unmodified PEI/pRL-TK
have been studied by dynamic light scattering. The polyplexes
3-PEG-PEI/pRL-TK displayed negative zeta potentials from
−31.8 to −1.0 mV with N/P ratios from 1 to 8, and acquired a
significant increase of zeta potentials to +1.1 and +5.8 mV at
N/P ratios = 16 and 32, respectively (Table 6). The trend
observed for the unmodified PEI/pRL-TK is similar, except
that a positive zeta potential (+3.4 mV) appears when the N/P

ratio arrives at 8. This is in agreement with the gel
electrophoresis results since the polyplexes at N/P ratios ≥8
or 4 were retarded in the agarose gel for 3-PEG-PEI/pRL-TK
and unmodified PEI/pRL-TK, respectively (Figure 5). The
hydrodynamic diameters of the polyplexes 3-PEG-PEI/pRL-
TK increased from about 260 to 390 nm upon increasing the
N/P ratio from 1 to 8, and decreased at higher N/P ratios (16
and 32). Similarly, the size of unmodified PEI/pRL-TK
increased from 226 to 816 nm (with N/P ratios from 1 to 4)
and subsequently decreased to 249 nm at N/P ratio = 32.
These observations support the argument that the positively
charged PEI conjugate condensed the negative pDNA
efficiently and formed more compact polyplexes at N/P ratios
≥8 and 4, respectively for the two series of polyplexes. Similar
expansion and shrinking of hydrodynamic diameters are
commonly observed in other amphiphile/DNA polyplexes.33

Interestingly, the increase is less prominent for the polyplexes
3-PEG-PEI/pRL-TK than the unmodified PEI/pRL-TK, which
is attributable to the fact that aggregation of the polyplexes can
be prevented by PEG pendants.
The in vitro transfection efficiency of conjugate 3-PEG-PEI

has been examined using HeLa cells and the plasmid pRL-TK
that expresses luciferase via formation of polyplexes with N/P
ratios from 1 to 32. Lipofactamine/pRL-TK and naked pDNA
were used as a positive and negative control, respectively, and
the results are shown in Figure 6. The transfection efficiency of
polyplexes 3-PEG-PEI/pRL-TK and unmodified PEI/pRL-TK
was the highest at N/P ratios = 16 and 8, respectively, which is
generally in line with the gel electrophoresis results (Figure 5).
Although the transfection efficiency of conjugate 3-PEG-PEI
was weaker than PEI at N/P ratio = 8, its transfection ability
was higher at higher N/P ratios, that is, 16 and 32. Actually, at
N/P = 32, the transfection ability of unmodified PEI was much
lower. All these observations can be ascribed to the lower
cytotoxicity of conjugate 3-PEG-PEI due to the PEG units.
Additionally, the intracellular localization of the polyplex 3-
PEG-PEI/pRL-TK (4 μg pDNA; N/P = 16) has been
investigated by laser-scanning confocal microscopy. HeLa
cells treated with the polyplex showed punctate cytoplasmic
staining with negligible nuclear uptake (Figure 7). All these
results demonstrated that the transfection properties of PEI are
retained after PEGylation by complex 3-PEG-NCS and the
intracellular localization properties of the PEGylated PEI

Figure 5. Gel electrophoresis of polyplexes 3-PEG-PEI/pRL-TK and
PEI/pRL-TK with different N/P ratios. Lane 1: DNA only; Lane 2:
conjugate 3-PEG-PEI only; Lane 3 to 8: polyplexes 3-PEG-PEI/pRL-
TK with N/P ratios = 1, 2, 4, 8, 16, and 32, respectively; Lane 9: DNA
only; Lane 10: PEI only; Lane 11 to 16: polyplexes PEI/pRL-TK with
N/P ratios = 1, 2, 4, 8, 16, and 32, respectively.
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conjugate can be readily studied by optical spectroscopy and
microscopy.
In Vivo Toxicity. We have selected zebrafish embryos as an

animal model to examine the effects of the PEG pendants on
the in vivo toxicity of the complexes. Selected 4 hours post
fertilization (hpf) embryos were exposed to the PEG complex
3-PEG-NH2 and its PEG-free counterpart 3-Et-NH2, respec-
tively, and the LD50 values have been determined at five
incubation time points (24, 48, 72, 96, and 120 hpf). The LD50
values for both complexes did not vary much in first 4 time
points (24 to 96 hpf) (Table 7). As expected, the PEG complex
exhibited higher LD50 values than its PEG-free counterpart at
all time points studied, indicating that modification of the
complex with a PEG unit reduces its in vivo toxicity. We have
studied the hatching rates of the embryos incubated with

complexes 3-PEG-NH2 and 3-Et-NH2, and the results are
shown in Figure 8. The hatching percent was calculated from
the total number of hatched larvae relative to the total number
of surviving embryos and larvae at each concentration. In the
control experiments without any rhenium(I) complexes added,
about 60% of the embryos hatched in 72 hpf and over 95% of
them in 96 hpf. It is noteworthy that the embryos incubated
with the complexes at lower concentrations (from 0.31 to 5
μM) showed a similar hatching rate to the controls. However,
at higher complex concentrations (10 and 20 μM), while none
of the embryos incubated with complex 3-Et-NH2 hatched
successfully, most of those incubated with the PEG complex 3-
PEG-NH2 hatched but with a delayed hatching time. The
hatching percentage of the embryos at [3-PEG-NH2] = 10 μM
was only about 20% in 72 hpf and 80% in 120 hpf. At [3-PEG-
NH2] = 20 μM, the hatching of the embryos was suppressed
significantly, and less than 60% of the embryos hatched in 120
hpf. It is likely that the delayed hatching is due to hypoxia
because the PEG complex was found to adhere to the external
surface of the chorion upon incubation, as revealed by the
fluorescence and brightfield microscopy images in Figure 9 (top
row), which is likely to interfere with oxygen and nutrients
exchange. Related studies have also shown that hypoxia
significantly affects embryonic development; for example,
sand snail (Polinices sordidus) displays delayed hatching under
hypoxic conditions.34 Similar hatching delay has also been
observed for the zebrafish embryos incubated with single-wall
carbon nanotubes.35 It is important to point out that although
the PEG complex caused delayed hatching, all the successfully
hatched larvae did not show any defects. These results further
support that modification of the rhenium complex with a PEG
unit is an efficient method to lower its in vivo toxicity and
enhance its biocompatibility.

Table 6. Zeta Potentials and Mean Hydrodynamic Diameters of Polyplexes 3-PEG-PEI/pRL-TK and PEI/pRL-TK with
Different N/P Ratios in Tris-Cl Buffer (50 mM, pH = 7.4)

zeta potential/mV mean hydrodynamic diameter/nm

N/P ratio 3-PEG-PEI/pRL-TK PEI/pRL-TK 3-PEG-PEI/pRL-TK PEI/pRL-TK

1 −31.8 ± 1.8 −33.3 ± 8.5 259.9 ± 5.3 225.5 ± 12.8
2 −30.1 ± 0.2 −25.5 ± 1.7 265.2 ± 42.9 234.2 ± 3.6
4 −24.5 ± 0.4 −7.8 ± 2.0 352.9 ± 10.7 815.5 ± 148.6
8 −1.0 ± 0.2 +3.4 ± 2.1 389.8 ± 20.3 713.0 ± 64.3
16 +1.1 ± 0.2 +28.3 ± 1.7 291.0 ± 43.8 234.9 ± 16.4
32 +5.8 ± 0.4 +37.9 ± 2.3 207.1 ± 25.9 248.5 ± 20.9

Figure 6. Luciferase activity (RLU/mg of protein) of HeLa cells
incubated with polyplexes 3-PEG-PEI/pRL-TK (red) and unmodified
PEI/pRL-TK (blue) with different N/P ratios. Lipofectamine/pRL-
TK (orange) and naked DNA (green) were used as a positive and
negative control, respectively.

Figure 7. Fluorescence (left), overlaid (middle), and brightfield (right) microscopy images of HeLa cells incubated with the polyplex 3-PEG-PEI/
pRL-TK (4 μg pDNA, N/P = 16) at 37 °C for 5 h.
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■ CONCLUSION
In this work, a series of luminescent rhenium(I) polypyridine
PEG-amine complexes 1-PEG-NH2−4-PEG-NH2 has been
synthesized and characterized. Upon photoexcitation, these
complexes displayed intense and long-lived 3MLCT/3IL
emission. The PEG complexes exhibited increased water
solubility and biocompatibility compared to their PEG-free
counterparts 1-Et-NH2−4-Et-NH2. The amine group of
complexes 1-PEG-NH2−4-PEG-NH2 was activated by thio-
phosgene to yield the amine-specific PEGylation reagents 1-
PEG-NCS−4-PEG-NCS, which have been used to label n-
butylamine, BSA, and PEI, respectively. All the resultant
conjugates have been isolated, purified, and their photophysical
properties have been investigated. The DNA-binding properties
of the PEI conjugate 3-PEG-PEI have been studied, and
polyplexes formed from this conjugate and pDNA with
different N/P ratios have also been characterized. Furthermore,

the transfection properties of conjugate 3-PEG-PEI have been
investigated by luciferase assays, and the results showed that the
transfection properties of PEI are retained after PEGylation by
complex 3-PEG-NCS. Thus, conjugate 3-PEG-PEI serves as a
novel phosphorescent transfection reagent for eukaryotic cells,
which are expected to offer new insights in understanding the
cellular uptake, intracellular trafficking, and DNA-delivery
properties of PEI molecules.
Compared with their iridium(III) counterparts,15 the effect

of the appended PEG unit on the biocompatibility of the
luminescent rhenium(I) PEG complexes in this work is less
significant; for example, modification of the monodentate
pyridine ligand with a PEG chain did not substantially lower the
cytotoxicity of the rhenium(I) complexes, which we believe is
due to the less effective coverage of the complex by the PEG.
Unlike the iridium(III) system, where the attached PEG
pendant alters the emissive state nature of the complexes, the
rhenium(I) PEG complexes in this work emit at very similar
energy to their PEG-free counterparts. However, both classes of
complexes reveal increased emission quantum yields in aqueous
buffer solutions, which is a consequence of the protection of
excited complexes through wrapping by the PEG units. It is also
obvious that the attachment of PEG to these transition metal
complexes has substantially increased their water solubility,
which is an important requirement for the design of biological
probes. Related work on phosphorescent inorganic and

Table 7. In Vivo Toxicity of Complexes 3-PEG-NH2 and 3-Et-NH2 toward Zebrafish Embryos at Different Incubation Time
Points

LD50 at different incubation time points/μM

complex 24 hpf 48 hpf 72 hpf 96 hpf 120 hpf

3-PEG-NH2 >40 >40 >40 >40 20.7 ± 3.0
3-Et-NH2 5.4 ± 0.3 5.4 ± 0.3 5.4 ± 0.3 5.4 ± 0.3 5.3 ± 0.2

Figure 8. Hatching efficiency of zebrafish embryos after exposure to
complexes 3-PEG-NH2 (top) and 3-Et-NH2 (bottom), respectively, at
72 (red), 96 (blue), and 120 (green) hpf at 28.5 °C.

Figure 9. Brightfield (left) and fluorescence (right) microscopy images
of 24-hpf zebrafish embryos incubated with complex 3-PEG-NH2 (20
μM) at 28.5 °C for 20 h (top row). Bottom row: a control experiment
in which the embryo was not treated with the complex.
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organometallic transition metal PEG and PEI complexes is in
progress.

■ EXPERIMENTAL SECTION
Materials and Synthesis. All solvents were of analytical reagent

grade and purified according to standard procedures.36 Diimine ligands
including phen, Ph2-phen, and Me4-phen, AgCF3SO3, 3-amino-
pyridine, KPF6, CaCO3, ethylamine, triethylamine, thiophosgene,
and cisplatin were purchased from Acros. Re(CO)5Cl and branched
PEI (MW = 25 kDa) were obtained from Aldrich. MTT, tricaine, and
n-butylamine were purchased from Sigma. α-Amino-ω-methoxypoly-
(ethylene glycol) (mPEG5000-NH2) (MWPEG = 5000 Da, PDIPEG <
1.08) was purchased from Nanocs. All these chemicals were used
without further purification. Py-NHS-NH2,

37 bpy-NHS,38 [Re(N∧N)-
(CO)3(CH3CN)](CF3SO3),

39 and bpy-Et40 were prepared as
described previously. BSA was obtained from Calbiochem. PD-10
size-exclusion columns and YM-30 centricons were purchased from
GE Healthcare and Millipore, respectively. All buffer components were
of biological grade and used as received. Autoclaved Milli-Q water was
used for preparation of aqueous solutions. HeLa cells were obtained
from American Type Culture Collection. Mature zebrafish were
purchased from Chong Hing Aquarium, Hong Kong, China, and
maintained as described by Westerfield.41 The zebrafish embryos were
obtained by photoinduced spawning over green plants and then
cultured at 28.5 °C in filtered tap water with Instant Ocean (60 ng/
mL), which was purchased from Aquatic System. MitoTracker Deep
Red FM, Alexa Fluor 633-conjugated transferrin, UltraPure agarose,
Dulbecco’s modified Eagle’s medium (DMEM), reduced serum
medium (Opti-MEM), fetal bovine serum (FBS), phosphate buffered
saline (PBS), Lipofectamine 2000, trypsin-EDTA, and penicillin/
streptomycin were purchased from Invitrogen. Tris(hydroxymethyl)-
aminomethane (Tris) from USB was used to prepare Tris-Cl (50 mM,
pH 7.4). The plasmid DNA (pDNA) pRL-TK (4.0 kb) was amplified
in Escherichia coli and purified by HiPure Filter Plasmid Kit, and the
concentration of the pDNA was measured spectrophotometrically.
The Renilla Luciferase Assay System was obtained from Promega and
stored at −70 °C before use. The growth medium for cell culture
contained DMEM with 10% FBS and 1% penicillin/streptomycin.
Py-PEG-NH2. Py-NHS-NH2 (114 mg, 0.48 mmol) was dissolved in

hot DMF (20 mL) under an inert atmosphere of nitrogen. After the
solution was cooled to room temperature, both mPEG5000-NH2 (800
mg, 0.16 mmol) (MALDI-TOF-MS: number average molecular weight
(Mn) = 5253.95 Da, weight average molecular weight (Mw) = 5315.32
Da, PDI = 1.012) and triethylamine (0.1 mL) were added. The
mixture was stirred under an inert atmosphere of nitrogen at room
temperature for 48 h. The mixture was evaporated to dryness yielding
a pale yellow solid which was redissolved in deionized water (10 mL).
The solution was loaded onto a PD-10 size-exclusion column that had
been equilibrated with water, and the solution containing the ligand
was collected and lyophilized to give the product as a white solid.
Yield: 744 mg (91%). 1H NMR (300 MHz, CDCl3, 298 K) δ 8.26 (d,
1 H, J = 1.5 Hz, H6 of pyridine), 8.05 (d, 1 H, J = 2.7 Hz, H2 of
pyridine), 7.40 (t, 1 H, J = 2.1 Hz, H4 of pyridine), 7.21 (s, 1 H, py-3-
CONH), 3.78−3.30 (m, ca. 452 H, CONHCH2 and OCH2 of PEG),
3.27 (s, 3 H, OCH3). MALDI-TOF-MS: Mn = 5358.37 Da, Mw =
5372.21 Da, PDI = 1.003.
Py-Et-NH2. Py-NHS-NH2 (300 mg, 1.28 mmol) was dissolved in

hot DMF (20 mL) under an inert atmosphere of nitrogen. After the
solution was cooled to room temperature, both ethylamine in THF (2
M, 1.92 mL, 3.84 mmol) and triethylamine (0.1 mL) were added. The
mixture was stirred under an inert atmosphere of nitrogen at room
temperature for 24 h. The solution was evaporated to dryness yielding
a pale yellow solid, which was purified by column chromatography on
silica gel. The desired product was eluted with CH2Cl2/MeOH (30:1,
v/v). The solvent was removed under vacuum to give the product as a
white solid. Yield: 154 mg (73%). 1H NMR (300 MHz, CDCl3, 298
K) δ 8.28 (d, 1 H, J = 1.5 Hz, H6 of pyridine), 8.16 (d, 1 H, J = 2.4 Hz,
H2 of pyridine), 7.43 (t, 1 H, J = 2.1 Hz, H4 of pyridine), 6.17 (s, 1 H,
py-3-CONH), 3.50 (q, 2 H, J = 7.2 Hz, NHCH2CH3), 1.26 (t, 3 H, J =

7.5 Hz, NHCH2CH3). Positive-ion ESI-MS ion cluster at m/z 166 {M
+ H+}+.

Bpy-PEG. Bpy-NHS (94 mg, 0.40 mmol) was dissolved in hot DMF
(20 mL) under an inert atmosphere of nitrogen. After the solution was
cooled to room temperature, both mPEG5000-NH2 (500 mg, 0.10
mmol) (MALDI-TOF-MS: Mn = 5254.95 Da, Mw = 5315.32 Da, PDI
= 1.012) and triethylamine (0.1 mL) were added. The mixture was
stirred under an inert atmosphere of nitrogen at room temperature for
48 h. The mixture was evaporated to dryness yielding a pale yellow
solid, which was redissolved in deionized water (10 mL). Any
undissolved solid (excess bpy-NHS) was removed by centrifugation.
The supernatant was loaded onto a PD-10 size-exclusion column that
had been equilibrated with water, and the solution containing the
ligand was collected and lyophilized to give the product as a white
solid. Yield: 416 mg (81%). 1H NMR (300 MHz, CDCl3, 298 K) δ
8.77 (d, 1 H, J = 4.8 Hz, H6 of bpy), 8.67 (s, 1 H, H3 of bpy), 8.52 (d,
1 H, J = 5.4 Hz, H6′ of bpy), 8.23 (s, 1 H, H3′ of bpy), 7.77 (d, 1 H, J
= 5.7 Hz, H5 of bpy), 7.44 (s, 1 H, bpy-CONH), 7.16 (d, 1 H, J = 5.1
Hz, H5′ of bpy), 3.87−3.38 (m, ca. 452 H, CONHCH2 and OCH2 of
PEG), 3.35 (s, 3 H, OCH3), 2.65 (s, 3 H, CH3 of bpy). MALDI-TOF-
MS: Mn = 5407.26 Da, Mw = 5420.97 Da, PDI = 1.003.

Rhenium(I) Polypyridine Amine Complexes 1-PEG-NH2−4-PEG-
NH2 and 1-Et-NH2−4-Et-NH2. A mixture of [Re(N∧N)-
(CO)3(CH3CN)](CF3SO3) (0.039 mmol) and the pyridine ligand
py-PEG-NH2 or py-Et-NH2 (0.039 mmol) in THF (30 mL) was
refluxed under an inert atmosphere of nitrogen for 12 h. The mixture
was then evaporated to dryness. The complex was dissolved in MeOH,
converted to the hexafluorophosphate salt by anion exchange with
KPF6, and then purified by column chromatography on alumina. The
desired product was eluted with a mixture of CH2Cl2 and methanol,
and it was subsequently recrystallized from a mixture of CH2Cl2 and
diethyl ether.

Rhenium(I) Polypyridine Isothiocyanate Complexes 1-PEG-NCS−
4-PEG-NCS. Thiophosgene (15.6 μL, 0.20 mmol) was added to a
mixture of the PEG-amine complex (0.020 mmol) and finely crushed
CaCO3 (26 mg, 0.20 mmol) in acetone (10 mL) under an inert
atmosphere of nitrogen. The suspension was stirred in the dark at
room temperature for 4 h. The mixture was filtered, and the filtrate
was evaporated to dryness to give the product as a yellow solid.

Rhenium(I) Polypyridine Thiourea Complexes 1-PEG-Bu−4-PEG-
Bu. A mixture of the PEG isothiocyanate complex (0.01 mmol) and n-
butylamine (0.04 mmol) in acetone (30 mL) was stirred under an
inert atmosphere of nitrogen for 12 h. The mixture was evaporated to
dryness to give a yellow solid, which was redissolved in deionized
water (5 mL). Any undissolved solid was removed by centrifugation.
The supernatant was loaded onto a PD-10 size-exclusion column that
had been equilibrated with water, and the solution containing the
complex was collected and lyophilized. Recrystallization of the crude
product from CH2Cl2/diethyl ether afforded the complex as pale
yellow crystals.

The characterization data of all the complexes are included in the
Supporting Information.

Instrumentation and Methods. 1H NMR spectra were recorded
on a Varian Mercury 300 MHz NMR spectrometer at 298 K. Positive-
ion ESI mass spectra were recorded on a Perkin-Elmer Sciex API 365
mass spectrometer. MALDI-TOF mass spectra were recorded on an
Applied Biosystems 4800 plus MALDI-TOF/TOF analyzer. IR spectra
were recorded on a Perkin-Elmer 1600 series FT-IR spectropho-
tometer. Elemental analyses were carried out on a Vario EL III CHN
elemental analyzer. Electronic absorption and steady-state emission
spectra were recorded on a Hewlett-Packard 8453 diode array
spectrophotometer and a SPEX FluoroLog 3-TCSPC spectropho-
tometer equipped with a Hamamatsu R928 PMT detector,
respectively. Emission lifetimes were measured in the Fast MCS or
the MCS lifetime mode with a NanoLED N-375 as the excitation
source. All the solutions for photophysical studies were degassed with
at least four successive freeze−pump−thaw cycles and stored in a 10-
cm3 round-bottomed flask equipped with a side arm 1-cm fluorescence
cuvette and sealed from the atmosphere by a Rotaflo HP6/6 quick-
release Teflon stopper. Luminescence quantum yields were measured
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by the optically dilute method42 using a degassed acetonitrile solution
of [Re(phen)(CO)3(pyridine)](CF3SO3) (Φem = 0.18, λex = 355 nm)
as the standard solution.43 Details on the MTT assays and ICP-MS
have been reported previously.26h

Live-Cell Confocal Microscopy. HeLa cells in growth medium
were seeded on a sterilized coverslip in a 60-mm tissue culture dish
and grown at 37 °C under a 5% CO2 atmosphere for 48 h. The culture
medium was then removed and replaced with medium/DMSO (99:1
v/v) containing complex 3-PEG-NH2 (10 μM) or 3-Et-NH2 (10 μM).
After incubation for 1 h, the medium was removed, and the cell layer
was washed with PBS (1 mL × 3). The coverslip was mounted onto a
sterilized glass slide and then imaged using a Leica TCS SPE confocal
microscope. In the mitochondria-colocalization experiments, HeLa
cells were treated with complex 3-PEG-NH2 (10 μM) for 1 h and then
incubated with MitoTracker Deep Red FM (100 nM) in FBS-free
medium for 20 min, followed by washing with PBS (1 mL × 3). In the
endosome-colocalization experiments, HeLa cells were incubated with
complex 3-PEG-NH2 (10 μM) and Alexa Fluor 633-conjugated
transferrin (50 μg/mL) in medium for 1 h, followed by washing with
PBS (1 mL × 3). The colocalization coefficients were determined by
the program ImageJ (Version 1.4.3.67).
Lipophilicity (Log Po/w). The lipophilicity of the complexes was

determined using the flask-shaking method where n-octanol and an
aqueous sodium chloride solution were used as the organic and
aqueous phase, respectively. n-Octanol was presaturated with an
aqueous solution of sodium chloride (0.9% w/v) by swirling at 45 rpm
for 24 h. The complex was dissolved in the isolated organic phase at a
concentration of 50 μM. An equal volume of aqueous sodium chloride
solution (0.9% w/v) was added, and the mixture was swirled for 30
min at 45 rpm. The solution was then centrifuged, and the amounts of
complex in both layers were determined by emission spectroscopy.
PEGylation of BSA with Complexes 1-PEG-NCS−4-PEG-NCS.

The isothiocyanate complex (2.0 μmol) in anhydrous dimethylsulf-
oxide (DMSO, 50 μL) was added to BSA (13.0 mg, 0.2 μmol) in 50
mM carbonate buffer (450 μL) at pH 10. The mixture was stirred for
12 h in dark at room temperature. The solution was then diluted to 1.0
mL with 50 mM potassium phosphate buffer at pH 7.4 and loaded
onto a PD-10 column equilibrated with the same buffer. The first
elution band with yellow to orange emission was collected. Finally, the
bioconjugates 1-PEG-BSA−4-PEG-BSA were washed successively
with potassium phosphate buffer using an YM-30 centricon,
concentrated to 1.5 mL, and stored at 4 °C.
PEGylation of PEI with Complexes 1-PEG-NCS−4-PEG-NCS.

The isothiocyanate complex (5.0 μmol) in anhydrous DMSO (50 μL)
was added to PEI (12.5 mg, 0.5 μmol) in 50 mM carbonate buffer
(450 μL) at pH 10. The mixture was stirred for 12 h in dark at room
temperature. The solution was then diluted to 1.0 mL with 50 mM
potassium phosphate buffer at pH 7.4 and loaded onto a PD-10
column equilibrated with the same buffer. The first elution band with
yellow to orange emission was collected. Finally, conjugates 1-PEG-
PEI−4-PEG-PEI were washed successively with potassium phosphate
buffer using an YM-30 centricon, concentrated to 1.5 mL, and stored
at 4 °C.
Agarose Gel Electrophoresis Retardation Assays. Polyplexes

composed of conjugate 3-PEG-PEI (or unmodified PEI) and the
pDNA pRL-TK with N/P ratios (the number of PEI nitrogen per
DNA phosphate) from 1 to 32 were prepared by mixing different
amounts of the PEI-PEG conjugate and pRL-TK in Tris-Cl buffer (50
mM, pH 7.4). After incubation for 30 min at room temperature, the
polyplexes were analyzed by electrophoresis on a 0.9% (w/v) agarose
gel containing ethidium bromide with Tris-acetate buffer at 100 V for
45 min. The gel was visualized using a Bio-Rad Gel Doc imager.
Zeta Potentials and Mean Hydrodynamic Diameter Meas-

urements. Polyplexes composed of conjugate 3-PEG-PEI (or
unmodified PEI) and pRL-TK (4 μg) with N/P ratios from 1 to 32
in Tris-Cl buffer (80 μL, 50 mM, pH 7.4) were prepared and
incubated for 30 min at room temperature. The mixture was then
diluted 10-fold with the same buffer. The zeta potentials of the
polyplexes were measured using Zetasizer Nano ZS (Malvern
Instruments) with the following specifications: sampling time, 10−

20 s; medium viscosity, 1.0031 cP; dielectric constant, 80.4;
temperature, 20 °C; beam mode F(Ka) = 1.50 (Smoluchowsky).
The particle size was determined with the following specifications:
sampling time, 180 s; medium viscosity, 1.0031 cP; refractive index
(RI) medium, 1.330; RI particle, 1.450; temperature, 20 °C. All the
experiments were carried out in triplicate.

In Vitro Transfection (Luciferase Assays). HeLa cells were
seeded at a density of 100,000 cells per dish in a 35 mm cell culture
dish and incubated for 48 h at 37 °C under a 5% CO2 atmosphere.
The culture medium was replaced with DMEM (2 mL) containing
10% FBS 2 h prior to the transfection. The transfection experiments
were performed with pRL-TK (4 μg). At the time of transfection, the
medium was replaced with Opti-MEM (2 mL). Polyplexes composed
of conjugate 3-PEG-PEI (or unmodified PEI) and pRL-TK with
different N/P ratios were incubated with the cells for 5 h. The medium
was replaced with fresh growth medium (3 mL), and the cells were
further incubated for 43 h. The polyplex Lipofectamine/pRL-TK and
the naked pDNA were used as a positive and negative control,
respectively. After incubation, the cells were permeabilized with cell
lysis buffer (200 μL) (Promega) with one freeze−thaw cycle. The
luciferase activity in the cell lysate was measured using a Luciferase
Assay Kit (Promega) on a microplate reader (BMG FLUOstar
OPTIMA). All the experiments were carried out in triplicate.

In Vivo Toxicity. To determine the 50% lethal concentration
(LD50), selected 4-hpf zebrafish (Danio rerio) embryos were exposed
to complex 3-PEG-NH2 and 3-Et-NH2, respectively, at a series of
concentrations (0.3125, 0.625, 1.25, 2.5, 5, 10, 20, and 40 μM)
dispersed in filtered tap water (pH 7, 28.5 °C) with Instant Ocean (60
ng/mL). DMSO was used as a carrier solvent for the complex in the
embryo medium. The final concentration of DMSO in the treatment
medium was 1% (v/v), a concentration which was determined to be
nontoxic to zebrafish embryos.44 Three replicates were set up for each
concentration, including the control experiments in which no complex
was present; each replicate consisted of 20 embryos exposed to 6 mL
of testing medium in a Petri dish (diameter = 55 mm). Exposure to the
complexes lasted from 4 to 120 hpf. Mortality of the embryos was
monitored at five time points: 24, 48, 72, 96, and 120 hpf. The LD50
values were determined from the dependence of the mortality on the
concentration of the complexes.

Fluorescence Imaging of Zebrafish Embryos. Selected 4-hpf
zebrafish embryos were exposed to complex 3-PEG-NH2 (20 μM) in
filtered tap water (pH 7, 28.5 °C) with Instant Ocean (60 ng/mL).
After incubation for 20 h, the medium was removed, and the embryos
were washed twice thoroughly with deionized water. The embryos
were then transferred to 6 mL of testing medium with 0.016 M tricaine
for anesthetization and imaged using a fluorescence microscope
(Olympus SZX 12) equipped with a mercury lamp (EXFO X-cite
120Q) as the excitation source.
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