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Ru(ll)-polypyridyl cages with sterically bulky bidentate ligands
provide efficient photochemical release of the anticancer drug
imatinib using low energy visible light, imparting spatiotemporal
control over drug bioavailability. The light-activated drug release
is maintained when the Ru(ll) cage is covalently coupled to an
antibody, which is expected to localize selectively on the tumor.

Ru(Il)-polypyridyl complexes are attractive candidates for a host of
photochemically driven processes due to their rich light-absorbing
properties and tunable photoreactivity.l'6 In particular, such
compounds have demonstrated versatility in the design of
alternative molecules for photodynamic therapy (PDT) and
photochemotherapy (PCT).7'11 In traditional PDT, a relatively long-
lived triplet excited state transfers energy to ground state 302 to
produce cytotoxic 102 with high yield.lz’ B opcr compounds that
induce a cytotoxic or inhibitory effect on cancer cells following
irradiation do not depend on the presence of 302, a species that is

. . . . 14,15
typically present at low concentrations in solid tumors.

One class of PCT compounds photoreleases biologically active
molecules from Ru(ll)-polypyridyl protecting groups, or “cages.”
When the drug molecule is coordinated to the Ru(ll) center through
a functional group such as nitriIe,lG'19 pyridyl,zo’ = imidazole,zz'24 or
amine,zs'28 its biological activity is inhibited. However, irradiation
with visible light induces ligand exchange, whereby the active
molecule is released and substituted by a solvent molecule. It is
generally accepted that this process occurs by population of the
thermally accessible triplet ligand field (3LF) excited state(s), with
Ru—(c*) antibonding character.”® ® The population of this state in

complexes with low energy triplet metal-to-ligand charge transfer
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(BMLCT) excited states presents challenges due to the increased
energy necessary to overcome the 3MLCT-LF state gap. We
recently reported that the addition of steric bulk into the ligand
structures in such complexes effectively lowers the 3LF state energy
by distorting the pseudo-octahedral geometry around the metal
center and decreasing the orbital overlap between the metal and
the photolabile Iigand.al‘ 32 This stabilization of the >LF state causes
a dramatic enhancement of more than three orders of magnitude in
the py ligand exchange quantum yields (®) for [Ru(tpy)(L)(py)]b,
where L = 6,6'-dimethyl-2,2'-bipyridine (Me,bpy) 2,2"-biquinoline
(big), or 3,6-dimethylbenzolildipyrido[3,2-a:2’,3'-c]phenazine
(Me,dppn), compared to that of the [Ru(tpy)(bpy)(py)]2+ analog
(bpy = 2,2'-bipyridine) which lacks steric bulk.

The improvement in py dissociation efficiency in these
[Ru(tpy)(L)(py)]2+ complexes inspired us to use the Ru”(tpy)(L)
fragments as cages for the light-activated delivery of imatinib (STI-
571), a tyrosine kinase inhibitor that is used in the treatment of
nonresectable gastrointestinal stromal tumors (GISTs).B‘ * More
than half of GISTs begin in the stomach,* which is accessible by an
endoscope, so the use of a light source to activate a drug at the
GIST site is a promising early treatment option. Controlling the
delivery of imatinib spatiotemporally by localized light activation
may lessen the host of side effects often caused by the drug,
including abdominal pain, decreased hemoglobin, nausea and
vomiting, cardiac toxicity, and skin rashes and blistering.35’36
Herein we describe the synthesis, characterization, and
photoinduced drug release in a series of
[Ru(tpy)(L)(imatinib)](PFs), complexes, where L = Me,bpy (1),
big (2), and Me,dppn (3). The structures of the complexes are
shown in Figure 1. Additionally, the complexes with L =
Me,bpy and biq were covalently coupled to the c-kit/CD117
antibody (Ab) to form 1-Ab and 2-Ab, respectively. The c-kit/CD117
enzyme is overexpressed in GISTs, therefore this work
demonstrates the potential for such light-activated caged drug
systems to be incorporated into antibody-drug conjugates to
enhance localization of the drug at the tumor site(s).
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1: [Ru(tpy)(Me,bpy)(imatinib)]2*
2: [Ru(tpy)(biq)(imatinib)]*
3: [Ru(tpy)(Me,dppn)(imatinib)]?*

[Ru(tpy)(L)(py)I**

Fig 1. Structural representations of the bidentate ligands (L: Me;bpy,
big, and Me,dppn), 1-3, and [Ru(tpy)(L)(py)]*".

The complexes were prepared by heating at reflux an ethanol
solution of the previously reported [Ru(tpy)(L)CI]" precursors with
an excess of imatinib. Purification was achieved by precipitation of
1 - 3 upon addition of aqueous NH,PF¢ followed by washing the
solid with Et,0. Analysis by 'H NMR (Figures S1-S3) and ESI-MS
(Figure S4) confirmed the identity and purity of the compounds.
Details of the synthetic procedures, as well as NMR and MS data are
presented in the Supporting Information.

The electronic absorption properties of 1 — 3 in CH3CN and H,0 are
similar to those reported for the [Ru(tpy)(L)(py)](PFs), analogs,al’ 32
indicating that the incorporation of the imatinib drug does not
significantly impact the light absorbing properties of the Ru(ll)
caging chromophore. The overlaid spectra of the imatinib and the
corresponding py complexes are presented in Figure S5. The visible
region is dominated primarily by 'MLCT transitions. When the
bidentate ligand, L, is Me,bpy (1) or Me,dppn (3), the lowest energy
absorption band is assigned to overlapping Ru—tpy and Ru—L
MLCT transitions with maxima at 472 nm (9330 M ‘cm™%) and 487
nm (12,000 M_lcm_l), respectively. In the case where biq is the
bidentate ligand (2), the lowest energy band is shifted to 528 nm
(10,800 M*cm™) and is assigned as the Ru—bigq MLCT transition,
while the Ru—tpy MLCT transition occurs at higher energy, 440 nm
(5170 M "em ™).

Irradiation of 1 — 3 with visible light in coordinating solvents results
in the substitution of the monodentate imatinib ligand with a
solvent molecule. In these reactions, the resulting free imatinib and
the corresponding solvato complex are observed by 'H NMR
spectroscopy (Figure S6). This photoactivity is similar to that

reported for the related [Ru(tpy)(L)(py)](PFs), complexes,gl’32 in
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Fig 2. Overlaid electronic absorption spectra of 1 (black), 2 (red), and 3
(blue).

which the pyridine ligand dissociates and is replaced by a solvent
molecule. As shown in Figure 3, irradiation of 2 with red light (A;,, =
590 nm) results in a shift from 483 nm to 470 nm, consistent with
the formation of [Ru(tpy)(Meszy)(OHz)]2+ upon exchange of the
imatinib ligand with a water solvent molecule. Similar spectral
changes are observed for the photochemistry of the 2 and 3
(Figures S7 and S8) in water, which form the corresponding
[Ru(tpy)(L)(OHz)]2+ complexes upon irradiation with red light. No
spectral changes are observed in aqueous solution in the absence of
light for at least one hour (Figures $9-511).

When the irradiation of 1 — 3 is conducted in CH;CN, a blue shift in
the MLCT band is observed upon formation of the
[Ru(tpy)(L)(CH3CN)]2+ products (Figure S$12-S14). The ligand
exchange processes for 1, 2, and 3 in CH3CN occur with quantum
yields (®Dsqy) of 0.25(2), 0.058(1), and 0.073(1), respectively (A, =
500 nm). These values are greater than those previously reported
for the corresponding [Ru(tpy)(L)(py)]2+ complexes, with @5y =
0.16(1), 0.033(1), and 0.053(1) when L = Me,bpy, big, and Me,dppn,
respectively.sl’32 The better efficiency for imatinib release
compared to that of py may be due to the larger size of imatinib
that may prevent it from easily recombining with the Ru(ll) center
once it rotates, such that the pyridyl substituent is no longer
pointing toward the metal center. The higher efficiency could also
be attributed to the weaker alkalinity of the coordinate nitrogen
atom compared to that of py. The trend between the three caging
molecules, however, remains consistent with that observed in the
py complexes.“’32

In addition to the release of the drug imatinib, 3 sensitizes 102 with
®A = 0.57(7) which is similar to the value reported for
[Ru(tpy)(Mezdppn)(py)2+, 0.69(9).31 It is also important to note that
following imatinib release, the photoproduct
[Ru(tpy)(Mezdppn)(OHz)]2+ remains active for 102 generation with
@ = 0.22(2), showing that the Ru(ll) fragment remains active for
PDT after the drug is uncaged. Overall, the photochemical data
suggest that the Ru”(tpy)(L) fragments can serve as cages with
sterically bulky bidentate L ligands, making them promising
molecular architectures for red-light activated drug release when
the drug has an appropriate functional group for metal
coordination.

To increase the potential functionality of these caged drug
conjugates, the tpy ligand was substituted for tpy-COOH (2,2":6’,2"-
acid)

terpyridine-4'-carboxylic and the [Ru(tpy-
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Fig 3. Changes in the electronic absorption spectroscopy of
[Ru(tpy)(Me,bpy)(imatinib)](PFe), in H,O (< 5% acetone) upon
irradiation with Air 2 590 nm for 0-60 min.
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COOH)(L)(imatinib)]2+ complexes were prepared with L = Me,bpy
(1-COOH) and biqg (2-COOH). The carboxylic acid on the tpy ligand
allows facile coupling to an antibody (Ab) that targets c-kit/CD117
and is overexpressed in GISTs.”*° The Ab was covalently coupled to
the Ru(ll)-imatinib complexes using a peptide coupling reaction
between surface amine groups on the antibody and carboxylic acid-
substituted tpy on 1-COOH and 2-COOH, which were synthesized in
the same way as the analogous 1 and 2. The carboxylic acid was
converted to the NHS-ester by the reaction with NHS and DCC, and
the [Ru(tpy—NHSester)(L)(imatinib)]2+ was stirred in the dark at
room temperature with the antibody in PBS buffer (pH = 7.5) for 1 h
to produce the metal complex-antibody conjugates 1-Ab and 2-Ab
(L = Me,bpy and big, respectively). Size exclusion chromatography
was used to remove unreacted 1-COOH and 2-COOH from the
samples. Detailed synthetic procedures are provided in the
Supporting Information.

The electronic absorption spectra of the antibody-metal
complex conjugate 1-Ab as well as those of the Ab and 1 are
shown in Fig. 4, showing that that the product spectrum
exhibits features from both Ab alone (A,.« = 280 nm) and
unconjugated 1 (A, = 480 nm). This finding clearly indicates
that both the antibody and metal complex are present in the
high molecular weight sample eluted in the size exclusion
chromatography column. The electronic absorption spectrum
for the 2-Ab conjugate is presented in Figure S15. Based on the
absorbance at 280 nm and at the lowest energy MLCT band,
the samples of 1-Ab and 2-Ab were determined to have an
average of 10 and 3 metal complexes, respectively, per Ab.
These ratios are within or near an optimal range of drug
loading previously reported for Ab-drug and Ab-dye
conjugates.m’41 To ensure that the metal complex is covalently
bound to the Ab, a control experiment was performed in
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Fig 4. Electronic absorption spectra in PBS buffer for c-kit Ab (black) and
1 (red) (a) and the resulting 1-Ab (b).

This journal is © The Royal Society of Chemistry 20xx

which the same coupling synthesis was performed while
substituting  only [Ru(tpy—NHSester)(biq)(imatinib)]2+ for
[Ru(tpy)(biq)(imatinib)]2+. The latter molecule does not possess
the NHS-ester group necessary for coupling with an amine on
the surface of the Ab. Following the room temperature
reaction for 1 h, the antibody sample that eluted from the
column was colorless, and the absorption spectrum showed no
absorption bands in the visible region, consistent with the
covalent binding of the metal complex in 1-Ab and 2-Ab
through the carboxylic acid functional group rather than
through weaker, non-covalent interactions.

The photochemistry of 1-Ab and 2-Ab was investigated in PBS
buffer (pH = 7.5) using red light (A;; = 590 nm). Irradiation of 1-
Ab results in a red shift in the "MLCT transition from 460 nm to
510 nm (Figure 5), consistent with the substitution of the
imatinib ligand with either H,O or CI” from the buffer solution.
A similar effect is observed upon the irradiation of 2-Ab, with
the MLCT transition shifting from 520 nm to 560 nm, as
shown in Figure S16. These results demonstrate that
conjugation of the [Ru(tpy)(L)(imatinib)]2+ complexes to an Ab
for directed drug delivery does not compromise the
photoactivity of the metal complex cage. In addition, western
blot analyses confirmed that the antibodie's selectivity is
unaffected by the covalent modification of 1-Ab and 2-Ab
(Figure S17).
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Fig 5. Changes in the electronic absorption spectroscopy of 1-Ab in PBS
buffer (pH = 7.5) upon irradiation with A;r 2 590 nm for 0-90 min.

In the present work, we demonstrated that the drug imatinib
can be caged using appropriate Ru(ll) complexes with steric
bulk, 1 — 3, showing its release from the metal complex
coordination sphere upon irradiation with low energy visible
light. When the ancillary ligand is Me,dppn (3), further
irradiation of the complex following release of the drug
sensitizes the production of 102, giving this molecule dual
therapeutic activity. The Ru-caged imatinib complexes were
also covalently coupled to an antibody that targets the c-kit
proto-oncogene that is overexpressed in gastrointestinal
stromal tumors and serves as a selective homing site for the
caged drug to target imatinib’s activity. This antibody-drug
conjugate is expected to enhance the photoactivated delivery
of the drug to the tumor site. Work is ongoing to establish the
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light-activated in vitro and in vivo activity of the new
complexes and antibody-drug conjugates.
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