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In order to utilize macromolecules for drug targeting and delivery,
a strategy to tether organometallic ruthenium—arene drugs to carrier
protein molecules was developed. The approach involves the
design of a drug fragment capable of conjugating to linker
molecules on a modified carrier protein via hydrazone bond
formation. The proof-of-concept using recombinant human serum
albumin is described.

pressure in the blood and to scavenge free radicals as an
antioxidant. It is an attractive macromolecular carrier, given
its nontoxicity and nonimmunogencity and that it is available
in pure form. Chlorambucil and paclitaxel conjugated to HSA
exhibit cytotoxicity comparable to that of the parent drugs
in vitro but are less toxic in vivé.n addition, a doxorubicin
prodrug, which exploits endogenous serum albumin as a drug
carrier, also showed a superior antitumor effect on murine
renal cell carcinoma in vivé.Recombinant HSA (rHSA)

Drug targeting, i.e., the specific delivery of a drug to Purified from yeastRichia pastori§ is also commercially
cancer Ce”sl may be achieved by the use of targeting group@Va”able and has been tested in clinical t”als, with no adverse
or by tuning the chemical and physical characteristics of the €ffects reported. o . .
drug or drug carrier, such as hydrophobicity and molecular N recent years, there has been growing interest in studying
sizel One passive targeting method that has been widely 'uthenium-based compounds as potential anticancer drug
utilized exploits the so-called “enhanced permeability and candidates, following the successful completion of two
retention (EPR)” effect of macromolecules on tumbihe ~ ruthenium(ill) compounds in phase | clinical trials (see
EPR effect is based on the observation that macromoleculeg™igure 1)7 In addition, organometallic ruthenium(itgrene
are able to penetrate the leaky vasculature surrounding thecomplexes bearing the 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]-
tumor. As a result of the increased permeability, the decane ligand (known as RAPTA complexes) exhibit favor-
macromolecules “selectively” permeate the tumor tissues as@blé pharmacological profiles in vitro and in vivo for
compared to healthy tissues. In addition, their lymphatic @pplication as antitumor compourftfsit is therefore worth-
drainage system is impaired, which results in an accumulationWhile to develop a system to conjugate RAPTA moieties to
of the macromolecules at the tumor site. Different types of & carrier protein molecule such as rHSA for passive drug
macromolecules have been used as carrier molecules, includtargeting.
ing liposomes, dendrimers, poly(ethylene glycol) polymers, (s) (a) Dosio, F.; Brusa, P.; Crosasso, P.; Arpicco, S.; Cattely.L.
nanoparticles, and protein biomolecufes. Controlled Releas&997, 47, 293-304. (b) Kratz, F.; Beyer, U.; Roth,

. . . T.; Schutte, M. T.; Unold, A.; Fiebig, H. H.; Unger, @rch. Pharm.
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exploited as the carrier conjugate of various organic anti- Esser, N.; Drevs, J.; Rognan, D.; Bissantz, C.; Hinderling, C.; Folkers,
cancer drugs such as chlorambucil, doxorubicin, and pacli- G.; Fichtner, I.; Unger, CJ. Med. Chem2002, 45, 5523-5533.
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Figure 1. Ruthenium-based complexes investigated for anticancer activity.
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Figure 3. MALDI-TOF mass spectra of rHSA and rHSARAPTA
conjugates.
Figure 2. Ball-and-stick representation 8f Atoms are spheres of arbitrary Scheme 2
diameter. The DMF solvent molecule is omitted for clarity. Key bond
distances (A) and angles (deg): RGa, 2.228; Ru-P, 2.308(4); Ru- a-bromoacetyl j\/
Clay, 2.438(8); CF-Ru—Cl, 86.61(14); P-Ru—Clay, 84.8(3). @/‘Nm - - O/\u Br
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Ideally, the coordination sphere of the RAPTA moiety (W}
should remain as unperturbed as possible and, therefore,
modification at the arene ring is preferred. In addition, RuCls - xHi0
because the reactive ruthenium center is susceptible to both
nucleophilic and redox reagents, a mild conjugation method HJ\@
that connects the RAPTA moiety to the protein by means of ™Y
a linker is required. An optimal conjugation method would o 7L\,
be to cross-link RAPTA to biomolecules via acid-labile @/\N OQW”
hydrazone bonds using aldehyde and hydrazine functional X
groups based on well-established methods. Indeed, the
lability of the hydrazone bond under acidic conditions has “"a
been exploited for targeted release of drugs after cellular
uptake> We therefore decided to build a RAPTA fragment Hﬁ\@ “\,@
containing an aldehyde bond, which can conjugate to rHSA o’\om R
functionalized with hydrazine groups, by means of the RAPTA-FORM (3) cl 4?\’],?
hydrazone bond (see Scheme 1).

_The ruthenium fragment was synthesized in two main parts gnectroscopy to yield the target complex RAPTA-FORSY! (
via a reported proceduféirst, the arene ligand was prepared i good yield. The product was characterized spectroscopi-
from 1-methylamine-1,4-cyclohexadien®) (n three steps 5y py negative-mode electrospray ionization mass spec-
(see Scheme 2 and the Supporting Information). Second, theometry (NESI-MS) andH and®P{*H} NMR spectroscopy.
functionalized arene ligand was reacted with hydrated |y particular, its solid-state structure, determined using X-ray
ruthenium(ill) chloride in ethanol under reflux for 16 h 10 ¢ytaliography? revealed that the bond parameters around
yield the arene-capped ruthenium(ll) din#eiThe subsequent  the rythenium(il) are remarkably similar to those of RAPTA-

reaction with pta was carried out in degaleﬂl-dlmeth- C, implying that the coordination sphere of the ruthenium-
ylformamide (DMF) and monitored usingP{*H} NMR (1) center is largely preserved (see Figure 2). The structure
(9) (a) Scolaro, C.; Bergamo, A.; Brescacin, L.; Delfino, R.; Cocchietto, (10) Crystal data foB: CyH27CloN4OsPRu0.5DMF,M,, = 634.96, crystal
M.; Laurenczy, G.; Geldbach, T. J.; Sava, G.; Dyson, Rl. Med. system= monoclinic,a = 20.93(2) A,b = 17.304(8) A,c = 6.992-
Chem2005 48, 4161-4171. (b) Scolaro, C.; Geldbach, T. J.; Rochat, (3) A, oo =y =090, B =90.20(6}, V = 2532(3) B, T = 100(2) K,
S.; Dorcier, A.; Gossens, C.; Bergamo, A.; Cocchietto, M.; Tavernelli, space group= P2y/c, Z=4,/(Mo K) = 0.710 73 A, 25 582 reflections
I.; Sava, G.; Rothlisberger, U.; Dyson, P.Qrganometallics2006 collected, 4012 independent reflectiofgy = 0.1341, R1[ > 2(1)]
25, 756-765. = 0.0886, WR2 (all datay 0.2299, GOF= 1.122.
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Table 1. Inhibition of Cancer Cell Growth (I&) for Test Compounds derivative did not significantly affect the cell growth within
and rHSA Conjugates after 72 h the concentration range tested, a positive response was
A2780 ovarian carcinoma observed in the A2780 cell line exposed to rHSA conjugated
rHSA >75uM? with RAPTA. The IG, value is 20-fold lower than that of
rHSA—hydrazine >75uMa 3, even if one considers that four RAPTA moieties are
;HASPA{AF_Q,':A(';;,\A,,S Zéém present (Table 1). It is worth noting that RAPTA-C, the
RAPTA-C >300uM prototype compound with p-cymene ring, is also nontoxic

toward A2780 cells with 16 > 300uM, further indicating
the remarkable effect provided by the conjugation of the
of 1 was also confirmed by X-ray crystallograptyand the ruthenium(lly-arene unit to rHSA.
bond parameters of the functional part of the molecule are In comparison, paclitaxel drug moieties conjugated to HSA
very similar to those of the coordinated system (see the via ester bonds (6 or 30 molecules per HSA) were less active
Supporting Information). than the drug in free forfmThis was attributed to the labile
The functionalization of the rHSA protein was carried ester bonds, which may be hydrolyzed before cellular uptake.
using established protocols (see the Supporting Information Such a hypothesis is supported by the observation that while
for full details). Briefly, the protein was modified with the the HSA-chlorambucil conjugate with ester bond linkers
succinyl HCl terephthalic hydrazine linker, which reacts with was not active against cancer cells, a similar derivative with
amine groups on the lysine residues of the protein. Becauseacetaldehyde carboxylic hydrazone bond linkers was active.
excess modification of the hydrophobic linkers can result in As mentioned above, such hydrazone bonds have been shown
the precipitation of the protein, the optimal reaction condi- to cleave under acidic conditions, thus providing a means

aMaximum concentration possible.

tions were determined empirically to be within-%0-fold for the targeted release of the drug in the acidic environment
stoichiometric excess of the linker molecule. Upon modifica- of lysosomes within the tumor cell. This phenomenon could
tion, the protein is purified and conjugated with in explain the improved efficacy in the rHSARAPTA con-

phosphate-buffered saline (pH 7.4). The conjugated proteinjugate reported herein. Because HSA in known to be taken
is further purified and analyzed using WWis absorption up by cells via endocytosis, the facilitated uptake of the drug
spectroscopy and matrix-assisted laser desorption ionizationconjugate coupled with the controlled release of the RAPTA
time-of-flight (MALDI-TOF) mass spectrometry. The pres- drug moiety could correspond to the key reason for the
ence of the conjugated hydrazone bond is indicated by animprovement in drug efficacy. Clearly, these potential
increase in absorbance at 317 nm, which is absent in rHSA,mechanisms would need to be investigated further in order
hydrazine-modified rHSA, an8. The MALDI-TOF mass to develop other organometallic dragrotein conjugates
spectra obtained indicated an increase of approximately 1900with optimized activities against cancer cells.
Da, equivalent to the presence of three to four RAPTA In conclusion, a strategy to tether an organometallic
moieties. The mass spectra also showed that the parent rHSAuthenium(ll)-arene anticancer compound to rHSA was
molecule was completely consumed during the conjugation developed with a view to develop a drug that could
(see Figure 3). However, the broadening of the mass peakselectively accumulate in tumor cells. Preliminary results
suggests that conjugation was not completely homogeneousndicate that the strategy is viable and that rHSA could be
and that the final protein solution probably contained a exploited as a carrier biomolecule for drug delivery of
mixture of rHSA species with different numbers of RAPTA RAPTA complexes in vivo, with the prospect of adjusting
conjugates. the loading capacity for tailored effects.

Using the A2780 ovarian carcinoma cell line, rHSA, rHSA
modified with the hydrazine linker, and rHSA conjugated
with RAPTA were tested for their ability to inhibit cancer
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space group= P2i/c, Z = 4,A(Mo K) = 0.710 73 A, 25 814 reflections  via the Internet at http://pubs.acs.org.
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