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The ferrocene/ferricenium redox system plays a
significant role in biological oxidation, reduction
and free-radical reactions. Of particular interest
are the findings of earlier investigations which
showed certain water-soluble ferricenium salts
to possess appreciable antiproliferative activity
against various murine tumor lines and a
xenografted human colorectal adenocarcinoma.
Solubility in water, a prerequisite for efficacious
transport and dissipation in central circulation,
was then proposed as a principal requirement
for the ferrocene complex system to exert
antineoplastic activity irrespective of the oxida-
tion state in which it is administered. In order to
shed more light on this question, we decided to
investigate the antiproliferative properties of
polymer—ferrocene conjugates containing the
metal complex in the non-oxidized (ferrocene)
form while fulfilling the critical requirement of
water solubility. To this end, five selected, water-
soluble conjugates, synthesized by reversible
coupling of 4-ferrocenylbutanoic acid to var-
iously structured polyaspartamides featuring
pendant primary amino groups as coupling sites,
were testedin vitro against cultured Hela cells
at concentrations up to 50pg Fe mi~*. Optimal
antiproliferative activities, with IC 5o in the
range of 2-7pg Fe mi™?, were determined for
three compounds possessing tertiary-amine
functions susceptible to protonation at physio-
logical pH. Lower activities (ICso=45-60ng
Fe mI™*) were demonstrated for two poly(ethy-
lene oxide)-containing conjugates. However, no
reasonable structure—performance relationships
can be derived at this stage from the small
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INTRODUCTION

As a metallocene of the transition-metal series, the
di-n>-cyclopentadienyliron(ll) compound, ferro-
cene (), shows an unusual oxidation/reduction
behavior. The neutral, uncharged compound readily
loses an electron, thereby converting to its one-
electron oxidation product, the ferricenium cation
(1%) (Scheme [1]). Holding an unpaired electron in
one of the two non-bondinggorbitals, the cation
represents a free-radical species of appreciable
stability.* With free-radical processes abundant in
the biological world, it is not surprising that the
ferrocenefferricenium system has become a study
object par excellence for researchers in the
biochemical and biomedical disciplines. The ferri-
cenium cation is biologically accessible to enzymi-
cally mediated oxidation ofl by hydrogen
peroxide® The reverse reactiod;” - 1, is mediated

by NADH® and metalloproteing;in addition, 1"
undergoes recombination reactions with other free
radicals, which, after proton elimination, leads to
substituted, uncharged ferrocene compountke
cation is also reduced by interaction with the
biologically important superoxide anion radical,
regenerating dioxygen in the procé&s#nother
biologically significant reaction step involves
oxidation of ferrocenylcarboxylate anion by the
notoriously aggressive hydroxyl radical, affording
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ferriceniumcarboxyla in additionto the (biologi-
cally harmlesshydroxyl anion®

The role of free radicals in the initiation,
progressionand control of canceroudesionshas
beena focal point of interestin cancermresearctor
manyyears! andthe peculiarredoxbehaviorof the
ferrocene system promptedthe early>° proposal
that polymeric ferrocenesshould be investigated
for charge-transferinteractions in carcinogenic
processesThe varioussubsequentlyeportedfree-
radical and superoxide-scavengingeaction se-
guencesdiscussedin the preceding paragraph
suggesthat the /1" systemcould indeedhavea
partto play in cancerpreventionor inhibition. In
order to explore this questionmore tangibly, we
reinvestigatechumerougerriceniumsaltsandother
ferrocenederivativesfor the purposeof providing
pure and compositionallywell-definedcompounds
for biomedical evaluatiom°~*" These included,
inter alia, the ferricenium tri- and penta-io-
didest**? the trichloroacetate$?*'* the tetra-
chloroferrate and some p-oxodiferrates:*314
Furthermore collaborativetesting programswere
initiated with biomedicalresearctgroups,in which
a numberof ferriceniumandferrocenecompounds
were screeenedor activity againstascitic murine
tumors®2° and humanclonogeniccancerlines*
Thefindings,demonstratinghe needfor solubility
in aqueousnediaasa meanf rapiddistributionin
central circulation, showed lack of activity for
water-insolublderriceniumsaltsbut a high degree
of activity for a number of readily soluble
ferricenium salts, cure rates in two instances
attainingthe 100% level againstEhrlich ascites:®
Activity was later observedalsoagainstColon 38
adenocarcinomd,ewis Lung carcinosarcomaand
a xenografted human colorectal carcinoma?
Promisingactivity behaviorwasreportedindepen-
dently for the tetrachloroferrat& and for the tri-
iodide?* with therapeutic indices appreciably
largerthandeterminedor cisplatin.Lastly, activity
wasshownby certainazolederivatiesof ferrocene
which could potentially existin a form featuringa
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cationicsite?® As the clonogenicassay* revealed
someactivity evenfor the two non-oxidizedbut
moderatelywater-solublecompounds ferrocenyl-
aceticacid andferrocylthiomalicacid, whereasan
equally non-oxidized but water-insoluble ferro-
cenyl-substituted cis-diaminedichloroplatinum()l
complexprovedinactiveZ® we concluded”?®that
it should be irrelevant whether a ferrocene
compoundbe administeredin the original (ferro-
cene)or in the oxidized(ferricenium)state,aslong
as the compoundpossessedufficient water solu-
bility to enterthevascularsystenrapidly. The1/1"
equilibrium distributionin any body compartment
should,afterall, bedictatedin thefirst placeby the
compound’s reduction potential and by such
environmentakonditionsas pH or enzymicactiv-
ity, ratherthanby the oxidation statein which the
compoundexisted when originally administered.
Theseconsiderationgpromptedus to designand
synthesizemacromolecularferrocenecompounds
in which the inherently hydrophobicand water-
insolublemetalloceneunit is reversiblyattachedo
polymeric carriers possessingompletesolubility
in water, thus providing a vehicle for efficacious
intravascular dissipatior?’° The potential for
enhancedchemotherapdic effectivenessof drug
speciesconjugatedto polymeric carriershasbeen
extensivelyinvestigatedand reviewedin the past
two decadesmost recently by Duncari* and by
PutnamandKope@k 32 In the presentommunica-
tion we reporton preliminary screeningn vitro of
selectedwater-solublemacromolecularferrocene
conjugatedor antiproliferativeactivity againstthe
humanHeLacancerline.

RESULTS AND DISCUSSION

Theconjugateselectedor activity screening2—6,
possessethe structuresshownin Figure 1.
Conjugates?, 4 and 5 are known compounds,
preparedn a precedinginvestigationby coupling
of 4-ferrocenylbutaaic acid to the primary amine
side functions of presynthesizegolyaspartamide
carriers*® Conjugate 3 was obtained by an
analogousprocedureinvolving coupling of the
same butanoic acid to the known carrier,
poly-o,3-D,L-[N-(3-
(dimethylamino)proplyasparamide(75)-co-N-
(3-aminopropyl)aspartamide-
(25)]3* For the preparationof conjugate 6, a
polyaspartamide carrier was prepared by the
proceduredevelopedin a previous study for the
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synthesisof similar polyamides®® This involved

the stepwisetreatmentof poly-D, L-succinimidein

N,N-dimethylformamié& solution with given

amountsof the amine nucleophilesJeffamineM-

1000, diethylenetriamineandethanolaminein that
order. The resulting copolyas J)artamldevas sepa-
ratedasin the precedingvork.>® Thewater-soluble
polymer containedpoly(ethyleneoxide)-modified
units(8 mol%), ethylenediamine-modifiednits (15

mol%) and hydroxylethyl -modfied units (77

mol%), as found by *H NMR. Coupling of 4-

ferrocenylbutanoiacid to the carrier so obtained
gaveconjugateb, in which 80% of availableNH,

groupswere ferrocenylatedAll productpolymers
were fractionated by dialysis for removal of

materialwith moleculamassesubstantiallybelow
25000in orderto retardrenalclearanceThechoice
of the4-butanoicacidderivativeof ferroceneasthe
active agentin this study was basedon its low

formalreductionpotential(E” = 0.172V vs SCE;in

agueousethanol) relative to ferrocene(O 199 V)

andotherferrocenylcarboxyl|camds thusensur-
ing easeof oxidationin the biologicalenvironment.
The peptidicmain-chaincompositionsverechosen
for reasons of biocompatibility and ease of

endocytotic tumor-cell entry prompted by the
elevatedamino acid demandof the transformed
cell. The chains, all of the «,3-D,L-configurated
type,areexpectedo be comparativelystablewhile

in circulation, the presenceof f-peptide and D-

configuredunits preventingprematuredegradation
by enzymic(xz-peptidase)unzipping’ action; upon
cell entry, however,lysosomaland hydrolytic (pH

reducedto approx.5) action should causefrag-

mentationandultimate cleavageof all amidelinks,

including those of the spacersconjugating the
ferrocenylbutanoicacid, thus liberating the ferro-

cene compoundfor interaction with the nuclear
material.

The compoundswere testedfor activity against
cultured HelLa cells over a per|od of 72h at
concentration®f up to 50 ug Feml™. Theresults
in terms of percentagecell growth (relative to
control) versusconcentratlorare plottedin Figure
2. ICsp data(ug Feml™ ) arepresentedn Table1,
which also lists the percentagd-e contentof the
conjugates.Best performanceis indicated for 3,
cIoserfoIIowed by 4, with 1Cgq in the VICInItY of
2ugml~t. A slightly higher value (7 pg ml
apparentfor 2. Significantly lower activites are
shownby the remainingtwo compoundss and 6,
with IC59 values of 45 and (extrapolated)
60ugml~, respectively. A common feature of
thefirst-namedhreeconjugatess thepresencef a

© 1998JohnWiley & Sons,Ltd.

Table 1 Activity of conjugates2—6 againstcultured HeLa
cells

Fein conjugate(%)

ICs0”
Conjugate Found Calcd. (ng/Fe mI D)
2 5.03 4.86 7.2
3 5.50 5.46 2.1
4 2.35 2.44 2.3
5 3.45 3.34 45
6 2.25 2.49 60°

& Mean Fe concentration (3 experiments) causing 50%
|nh|b|t|on of cell growth.
b Approximated by

>50ugml—™.

extrapolation to concentration

predominant proportion of tertiary-amine side
functionssusceptibleo protonationat physiologi-
cal pH. Facilitated cell entry through adsorptive
pinocytosishasbeenobservedwith cationic poly-
mers,suchaspolylysine3¢~28 Furthermorecertain
types of cancercell develop a negative surface
charge and are thus suscepnbleto preferential
approachby cationic substrated? Whether the
potentially cationic side groupsin 2—4 do indeed
play an active role in facilitating the pinocytotic
uptake by the transformedcell remainsan open
question.Conjugatess and 6 both contain com-
paratively long poly(ethyleneoxide) side chains,
introduced here to increase hydrophilicity and
reduce immunogenicity and protein binding°
The inferior performanceof the two compounds
might be associatedvith thesestructuralfeatures.
The coiling poly(ethyleneoxide) chainsmay cause
diminishedsteric accessibilityof the spacer-incor-
poratedamide links to lysosomalenzymeswith
consequentlydecreasednetallocenebioavailabil-
ity. Other observation§! however, seemto in-
validate this argument.Although the preliminary
activity data presentedhere confirm our earlier
expectations,a considerably larger number of
exemplifyingpolymerstructuregpossessing wide
rangeof sidegroupsandspaceiattachmentesigns
will haveto beinvestigatedn aneffort to establish
meaningful structure—performamc relationships
that may serveas a basisfor further development
work.

EXPERIMENTAL

Conjugates
Amounts of polymeric compoundsare given as
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Figure 2 Percentageell growth, relative to control, versus
concentatior(ug Feml™). » 3; W 4; 1 2; @ 5; O 6.

basemolesand,thus,referto thesimplestrecurring
units,definedby structure®2-5 normalizedoy =1,
and by structure 6 normalized to w=1. The
compound<, 4 and5, preparecand characterized
in theprecedingnvestigatiori® (theredesignateds
1-Fc,4(90:10)+Fc, and5(87:13)—Fc, respectively,
were usedasreceivedfrom that study.

For the synthesisof conjugate3, not heretofore
described, a solution was prepared from the
carrier, poly-x,$-D,L-[N-(3-(dimethylamino)po-
pyl)aspartamide(75¢0-N-(3-aminopropyl)aspart-
amide(25¥* (154mg; 0.2mmol), in 3ml of dry,
freshlydistilled N,N-dimethylformamidelUponthe
additionof triethylamine(61 mg; 0.6 mmol) andN-
succinimidyl  4-ferrocenylbutanoat (133mg;
0.36mmol), the solutionwas saturatedwith nitro-
gen and stirred in the stopperedfiask for 48h at
ambienttemperatureand for another8 h at 65°C.
The pH at this point was approx.8. The product
polymerwas precipitatedfrom the cooledsolution
with excesEt,O, washedvith hexanedissolvedn
30ml of H,O anddialyzedin Spectra/Po# tubing
(molecularmasscut-off 12000-14000; Spectrum
Industries|.os Angeles CA, USA)for 0.5hin H,O
atpH 8 (Na,COy), followed by dialysisin Spectra/
Por 6 tubing (molecularmasscut-off 25000) for
20h againstdeionized H,O containing ascorbic
acid (20mg), thenfor 3 h againstplain H,O. The
retentatepn freeze-dryinggave3 asatan-colored
solid (111mg; 54.2%); ninn (H2O; c=0.2g/

© 1998JohnWiley & Sons,Ltd.

100ml), 8ml g 'H NMR (D,O, pH 10)
(expected proton count in parentheses):4.2—
4.1ppm, 9H (9H; cyclopentadienyl)1.8—1.6ppm,
10H (10H; CH,CH-CH,). Analysis: calcd for
C48H78Fe|\l_|_209)n (1023)1 (3) C, 56.35;H, 7.69;
N, 16.43;Fe,5.46%;C/N, 4:1. Found:C, 55.17 H,
7.52,N, 15.78;Fe,5.50%;C/N, 4.08:1.

The carrier required for the preparation of
conjugate6 was synthesizedas describedbelow.
The poly(ethyleneoxide) derivative usedin this
synthesis,Jeffamine M-1000, was a commercial
productwith anominalmolecularmassof ca 1000.
From 'H NMR data we derived a structure
containing an averageof one propylene oxide
unit randomly distributed in the molecular
chain: H2NCH(CH3)CH20[CH2CH20]18[CH'
(CH3)CH,0];CH,CH,OCHs. Poly-D,L-succini-
mide'? (970mg; 10mmol), was dissolved in
25ml of dry N,N-dimethylformamide. To the
stirred solution was added a solution of dry
Jeffamine M-1000 (5.0;9; 5mmol) in the same
solvent (10ml). After saturation with N,, the
resulting solution was stirred for 24h at 50°C
(bathtemperatureyvith moistureprotection,cooled
in an ice bath, and resaturatedvith N,, beforea
solutionof diethylenetriaming155mg; 1.5mmol)
in 20ml of N,N-dimethylformamidewas added
rapidly, by syringe, with strong agitation, again
with protectionfrom moisture. Stirring was con-
tinuedfor 10h at 0-5°C and anotherl6h at 20—
25°C. After theadditionof ethanolamin€732mg;
12 mmol), stirring wascontinuedoncemorefor 6 h
at ambient temperature whereuponmost of the
solventwas removedunderreducedpressureand
the polymeric productwas precipitatedwith Et,O
(30ml), washedwith hot precipitant and redis-
solvedin H,O (30ml). The aqueoussolutionwas
dialyzedfor two daysagainstH,0 in Spectra/Po#
tubing, and the retentatewas freeze-dried.The
crudesolid residuewasthoroughlyrewashedvith
boiling Et,O for removal of tracesof adsorbed
Jeffamineandwasredialyzedfor 30 h againstH,O
in Spectra/Poi6 wet tubing. Freeze-dryingof the
retentateandpost-dryingfor two daysat70°Cin an
Abderhaldentube gave 1.0g (37.6%) of beige—
colored, water-solublesolid; #inn, 13ml gfl. H
NMR (D20, pH 10) §: 4.7—4.5,7.8H (6.67H; CH
asp); 4.1-3.45, 58H (53.7H; CH, CH,, Jeff;
CH,OH); 3.4-3.2,12.9H (13.85H; OCH;; CONH-
CHy); 2.9-2.519.3H(19.3H;remainingCH,); 1.2—
1.0ppm, 3.7H (3.2H; C-CHjy). Becauseof obvious
variationsin the degreeof Jeffamineincorporation,
expected in this polymer-homologousreaction
type, it provednecessaryn repeatexperimentso
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determinethe compositionof eachreactionproduct
individually by NMR spectroscopyasin the case
described.

Conversionof the carrier to the ferrocenylated
conjugatess followed the procedureusedfor the
preparationof 3, exceptthat 2 equiv. of the active
esternwereusedandtheheatingperiodat 65 °C was
extendedto 24 h. The water-solublesolid 6, of a
light tan—browncolor, wascollectedin 65%yield;
inn 10ml g~ *H NMR (D0, pH 9) §: 4.25-4.05,
7.2H (9H; cyclopentadienyl);3.4—-2.3ppm, 37.2H
(372H,OCH3, CONH-CH,; CH>-CH,-CH,; CHo-
NH-CH,; CH,Asp; NH,-CH,). Analysis:calcd.for
(Cos.1H162.17€N19.1d038.09  (2240.0) (6): C,
51.03;H, 7.30; Fe, 2.49; N, 11.97%;C/N, 4.97:1.
Found: C, 49.87; H, 7.49; Fe, 2.25; N, 12.02%;
CIN, 4.84:1.

The active esterderivative of the ferrocenylbu-
tanoicacid usedin theseconjugationexperiments,
N-succinimidyl 4-ferrocenylbutanoate was ob-
tainedby treatmentf thefree acidin ethyl acetate
solutionwith 1.2 equiv.eachof N-hydroxysuccini-
mide andN,N-dicyclohexylcarbodiimile for 5 h at
ice-bathtemperatureandfor another24h at room
temperature Filtration from precipitateddicyclo-
hexylureaby-productandwashingof thelatterwith
thesamesolventwerefollowed by solventremoval
from the combined filtrate and washings. The
residuewasrecrystallizedrom ethyl acetateSmall
portions of the urea crystallizing in the first
fractionswerediscarded From the combinedmain
fractions, recrystallizedonce more, the esterwas
collectedas light orangecrystals,m.p. 89-91°C.
Yield, 68%.

Cytoxicity testing in vitro

Cytotoxicity assaysvereperformedasdescribedy
Van Rensburget al.*® using round-bottomedd6-
well tissuecultureplates.To eachwell wereadded
2500 tissue culture cells (HeLa human cervix
epithelioid carcinoma; ATCC CC 42), and the
volumes were brought to 200ul with MEM

supplementedwith 10% fetal calf serum (FCS)
containing the various drug concentrationsor
control systems.The plates were incubated for

72h at37°C in 5% CO, and,at termination,fixed
with 10% phosphate-bufferedormalin, washed
with phosphate-bufferedaline and stained with

0.02%CrystalViolet. Plateswerewashedn water
and the stain extractedwith 10% sodiumdodecyl
sulfate.Theabsorbancevasmeasure@t620nmon
a multiscan plate reader. Background values
(mediumonly) weresubtractedrom eachreading.

© 1998JohnWiley & Sons,Ltd.

Resultsof three separateexperimentsare either
expressedhs the meanpercentagg+ S.E.m) cell

growthof therespectivguntreatedgontrolsystems
(Figure?2) or aregivenasICsg values,.e. themean
drug concentration,in pg Feml™, required to

reducethe absorbancéo 50% of controland,thus,
cause50% cell growthinhibition (Table 1).
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