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The objective of this preliminary investigation of
a number of water-soluble carrier-bound plati-
num(II) complexes for potential use in cancer
chemotherapy was to assess the toxicological
behavior of representative platinum coordina-
tion compounds anchored to, or incorporated
into, polymeric carriers via polymer-attached
amine ligands. The conjugates included linear
polyaspartamides (1–4, 6, 7), each composed of a
major fraction of subunits featuring side-chain-
attached tertiary amino groups as water-solubi-
lizing entities, and a minor fraction of subunits
comprising the anchored platinum complexes,
again as side-chain components. Whereas in 1–4
the platinum atom was polymer-bound through
a single amino group, both 6 and 7 contained
polymer-attached cis-diamine-chelating ligands
coordinating to the metal center. Also included
in this study was a linear polyamidoamine (5),
which contained a poly(ethylene oxide) segment
in the backbone in addition to intrachain
ethylenediamine segments acting ascis-diamine
chelating ligands for coordination to the plati-
num center. The compounds were injected as
aqueous (phosphate-buffered saline) solutions
into the tail veins of CD-1 mice (four to eight
mice per conjugate), and the maximally toler-
ated dose was determined for each compound.
For polyaspartamides 1–4 the dose levels ranged
from about 25 mg Pt (kg body weightÿ1) (in
conjugate 4) to 500 mg Pt kgÿ1 (in compound 1),
the latter conjugate proving some 100-fold less
toxic than cisplatin (3–4 mg Pt kgÿ1), which was
included in this study for comparison. Low

toxicity (tolerated dose 160 mg Pt kgÿ1) was also
observed for the intrachaincis-diamineplatinum
complex polymer (5). The polyaspartamide
conjugates 6 and 7, on the other hand, both
characterized by acis-diamineplatinum complex
system in the side chain, were toxic even below
the dose level of 20–25 mg Pt kgÿ1. The pre-
liminary findings of this study, while providing a
basis for more extensive and broad-based
toxicological studies, will serve to direct and
optimize structural conjugate designs in forth-
coming synthetic programs. Copyright# 2000
John Wiley & Sons, Ltd.

Keywords: platinum complexes; cancer chemo-
therapy; polyaspartamide; polyamidoamine;
toxicology; water-soluble; carrier-bound

Received 18 August 1999; accepted 6 March 2000

INTRODUCTION

In a series of preceding communications the
synthesis of water-soluble and biodegradable poly-
mer–platinum conjugates was described in which
monoamine- andcis-diamine-platinum complexes
related to the anticancer drug cisplatin [cis-
diamminedichloroplatinum(II)] were covalently
attached (conjugated) to linear, macromolecular
carrier molecules.1–6The polymer-drug conjugates,
constructed in accordance with established biome-
dical design requirements, were intended to serve
as potential prodrugs in cancer chemotherapy, the
rationale being that improved pharmacokinetic
efficacy should lead to selective accumulation in
cancer tissue and facilitated endocytotic cell entry.
Enzymic or hydrolytic action on the conjugate in
the lysosomal compartment should then cause
liberation of the active platinum complex from
the carrier for ultimate interaction with the nuclear
DNA of the affected target cells, and this should
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result overall in reducedtoxicity and increased
bioavailability and concomitantlyenhancedther-
apeuticeffectiveness.Selectedmembersof these
variably constructed platinum conjugates were
recentlytestedin vitro for antiproliferativeactivity
againsthumancervical carcinoma(HeLa) cells7,8

and other cell lines9 with encouragingresults.To
arrive at a preliminaryassessmentof the toxicolo-
gical behavior of the synthesizedpolymers, we
havedetermined,andreporthere,thetolerateddose
levels in vivo for some representativepolymer–
platinum conjugatesdevelopedin the preceding
investigations.

RESULTS AND DISCUSSION

Three different structural types of conjugate,
schematicallydepictedby A, B and C (Scheme

1), were studied.In A the platinum atom is poly-
mer-anchoredthrough a single, carrier-attached
amineligand,andwe ascribethe aquadichloropla-
tinum(II) structure to the conjugatecomplex. B
representsa conjugatemodelin which themetalis
coordinatedby two cis-oriented,secondaryintra-
chain amino groups, and the active complex
thereforeconstitutesa main-chaincomponent.A
cis-diamine–metal coordination pattern is also
presentin C, althoughthe amino groups,primary
and secondaryin this scheme,are constituentsof
polymer-attachedsidechains.

Specifically, the conjugates investigated, all
completelysoluble in water, possessedthe struc-
tures 1–7 (Scheme 2) and were prepared by
previously elaborated,slightly modified proce-
dures.1–7 Conjugates1–4, all of Type A, were
polyaspartamidesdistinguishedfrom one another
by thenatureof the hydrosolubilizingsidegroups,
3-(dimethylamino)propyl in 1 and 3, and 3-

Scheme1 The threestructuraltypesof conjugatestudiedin this work.
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Scheme2 Structuralrepresentationsof theconjugates1–7 (protonationeffectsareignored).
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(morpholin-4-yl)propylin 2 and4, andalsoby the
natureof the carrier–ligandspacers,a propylene
segmentin 1 and 2, and a 1,2-bis(ethyleneoxy)-
ethanesegmentin 3 and4. Releaseof the aquated
monoamineplatinum(II) complex system as the
ultimatelyactiveagentrequireslysosomalcleavage
of the side-chain amide group (symbolized in
Scheme1 by //). Polyamidoamine5, an intrachain
polymer complex of Type B, must undergo
completebackbonefission at the cleavagesites//
for liberation of the monomeric, aquated cis-
diamineplatinum(II) moiety,a processexpectedto
beconsiderablyretardedrelativeto that in TypeC.
Representativesof Type C are the polyaspart-
amides6 and7, which againaredifferentiatedby
the natureof the hydrosolubilizinggroup.Release
of theactiveaquatedcis-diamineplatinumcomplex
will requirefissionof the side-chainamidegroup,
asin Type A (Scheme1).

For thetoxicologicalwork, thepolymersamples
were dissolved in phosphatebuffer at typical
concentrationsof 10–100mg of polymer perml.
The mice (CD-1, male) were weighed, and in-

creasingdosesin 0.1–0.5ml aliquotsof thefiltered
solutionswere injected into their tail veins. The
bodyweightandgeneralappearanceof theanimals
sotreatedweremonitoredovera periodof 20 days
post-injection.Animals alive and well by day 20
wereconsideredto be long-termsurvivors,andthe
maximaldoselevel administeredto allow for long-
termsurvivalof, for example,two miceout of two
animals injected was taken as the maximum
tolerateddosefor the conjugatein question.The
doselevelswereestablishedfor 1–7 in termsof mg
of polymerperkg bodyweightandultimately,asa
common baseof comparison,were expressedin
unitsof mgPtkgÿ1. Thedataarelisted in Table1.
Graphical representationsfor the first two con-
jugatesof the series(Fig. 1) illustrate the general
trend.

Conjugate 1, with a dose level of >500mg
Ptkgÿ1, wasthe mostreadily tolerated,andhence
least toxic, compound (Table 1). Set against
cisplatin, for which we redetermineda maximum
tolerated dose of 3–4mgPtkgÿ1, the conjugate
provedlesstoxic by a factor greaterthan100.For
theanalogous2, with anaminopropylmorpholinein
placeof anaminopropyldimethylaminehydrosolu-
bilizing side group, the tolerated dose, 145
mgPtkgÿ1, is lower,althoughstill nearly50 times
higherthanfor cisplatin.Substantiallylowerdoses,
42 and 27mgPtkgÿ1, respectively,were deter-
minedfor thecloselyrelatedconjugatepair3 and4,
andat presentwe haveno reasonableexplanation
for this unexpecteddifference. Once again, the
aminopropylmorpholine-containing4 wasfoundto
be more toxic than the dimethylaminopropyl-
containing analogue3. It will be of interest in
futurework to examinethetoxicologicalfeaturesof

Table 1 Maximum tolerateddoselevelsa for 1–7

Max. tolerateddose

Conjugate Numberof mice persample Nominal Pt content(%)b mg polymerkgÿ1 mg Pt kgÿ1

1 8 18.5 2800 518
2 5 16.5 900 145
3 8 8.4 500 42
4 9 7.2 375 27
5 8 7.4 2000 160
6 5 18.3 <150 <27
7 4 16.4 <150 <25
Cisplatin 2 65.0 4.6c 3–4

a SeetheExperimentalsectionfor procedure.
b Masspercentageof platinumin unprotonatedcompounds(seethe Experimentalsectionfor compositions).
c Givenasmgcisplatinkgÿ1. In otherinvestigations(Refs14,15),we found7.5mgcisplatinkgÿ1 to betoxic, 4 mgkgÿ1 to benon-
toxic (Ref 16.), and5 mg kgÿ1 to beborderline,causing40%deathin onestudy(Ref 14.) but no deathin another(Ref 15.).

Figure 1 Survival time versusdosefor conjugates1 and5.
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the metal-freecarrierswith a view to establishing
differences,if any,in theeffectsexertedby thetwo
dissimilarhydrosolubilizinggroups,andequallyso,
by the spacerstying the metal-coordinatingamine
ligand to thepolymermain chain.

An interestingpicture, lastly, emergesfrom a
comparisonof the toxicological featuresof the
threeconjugates5–7 characterizedby a platinum
bonding pattern in which the metal is polymer-
anchored via the cis-diamine ligand system.
Whereasthe poly(ethyleneoxide)-modifiedpoly-
amidoamine 5 allows for a remarkably large
tolerateddose(160mgPtkgÿ1), both polyaspart-
amides6 and7 werefoundto belethally toxic even
at the lowestdoselevel tested,150mg of polymer
per kg, which translatesinto distinctly less than
25mgPtkgÿ1 of tolerated dose. In light of the
moderatelyor appreciablybettertoleranceprovided
by theconjugates1–4, theobservationsregarding6
and7 arenot convincing;the toxicities may have
resultedfrom factorsunconnectedwith the platin-
um complex structure, such as coagulation or
clotting in central circulation. Thesepreliminary
findings,therefore,requireconfirmationin a more
extendedtestingprograminvolving setsof identical
conjugates prepared separately in independent
experiments.Thepresentdatawill serveto develop
strategiesfor the synthesisof carrier polymers
comprising backbone and side-chain structures
modifiedfor enhancedin vivo toleranceof derived
conjugates.

EXPERIMENTAL

General procedures

Solid-stateIR spectra(KBr pellets)wererecorded
over the region 4000–200cmÿ1. 1H NMR spectra
(400MHz) weretakenin D2O solutions;chemical
shifts, d, are given in ppm relative to internal
sodium3-(trimethylsilyl) propionate-2,2,3,3-d4 (in-
tegrationerror limits �12%). Immediatelybefore
recording,the pH of the solutionswasadjustedto
10 (KOH) in order to eliminatepotentialprotona-
tion effects.Cannon–Fensketubeswere usedfor
the determinationof inherentviscosities,Zinh, in
deionizedwaterat 30.0� 0.5°C; theconcentration
wasc = 0.2g/100ml; thefindingsaregivenin units
of ml gÿ1. Spectra/Por4 membranetubing (Spec-
trum Industries, Los Angeles, CA, USA), with
molecular masscut-off limits of 12000–14000,
was used routinely for dialysis of carriers and

conjugates.Thecarrierpolymerswereadditionally
dialyzed in Spectra/Por6 wet tubing with cut-off
limit 25000.Freeze-dryingoperationswerecarried
outwith theaidof aVirtis BenchTop3 freeze-drier
at ÿ30°C, 0.1Torr. Platinum-freepolymerswere
routinely post-driedin a SartoriusThermoControl
Infrared Drying System (heating program 2�
8 min at 65°C); alternatively, an Abderhalden
drying tube was used (two days at 60°C, 10–
20Torr). The Abderhaldenequipmentwas also
employedfor a post-dryingoperation(two daysat
65°C, 10Torr) of samplematerial preparedfor
microanalysis.Platinum determinations(in dupli-
cate; data averaged)were made in the Anglo
American ResearchLaboratories,Crown Mines,
Johannesburg.

Solvents, reagents and reactants

Deionized water was used for preparativeand
dialysis operations. N,N-Dimethylformamide
(DMF), predriedover molecularsieves,4A, was
redistilledunderreducedpressurein a faint stream
of N2. All other solvents,laboratorygrade,were
usedasreceived.Potassiumtetrachloroplatinate(II)
(Strem Chemicals) and other reactants,reagent
grade (Fluka Chemie), were used as received.
Theseincluded the poly(ethyleneglycol) deriva-
tive, JeffamineED 2001(nominalmolecularmass
2000), designatedby the supplier as O,O'-bis(2-
aminopropyl)poly(ethyleneglycol) 1900.1H NMR
data have shown this compoundto possessthe
averagecomposition:

H2NCH�CH3�CH2O�CH2CH2O�41�CH�CH3�
CH2O�1CH2CH�CH3�NH2

with M = 1996.

Polymeric carriers and conjugates

Poly-D,L-succinimide,theeductin thesynthesesof
the polyaspartamidecarriers as precursors to
conjugates1–4, 6 and 7, was prepared by a
literaturemethod;9 a mass-averagemolecularmass
of 36 700wasdeterminedfrom viscometricdata.10

The polymerwasredriedin a SartoriusIR heating
systembefore use.Amounts of polymeric educts
andproductsaregivenasbasemoles,i.e. molesof
recurringunitsnormalizedto x = 1 (y = 1 in 1–4).

Conjugate 1
Thecarriercomponentof this conjugate,poly-a,b-
D,L-[N-(3-dimethylaminopropyl)aspartamide(75)-
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co-N-(3-aminopropyl)aspartamide(25)], synthe-
sized by a previously describedprocedure11 [for
which it wasdesignated11(75)], wasadditionally
dialyzedin Spectra/Por6 wet tubing for two days,
freeze-driedandpost-dried.1H NMR datawerein
accord with those described previously.11 For
conversion of the carrier to the conjugate, the
platination method describedearlier2 was used,
with minor modification. A 386-mg portion
(0.5mmol) of the carrier was dissolvedin 10ml
of H2O. K2PtCl4, (250mg; 0.6mmol), was added
and dissolved,while a slow stream of N2 was
introducedto saturation.The orange–redsolution
wasstirredin astopperedflaskwith protectionfrom
light for 24h at ambient temperatureand for
another 20h at 55°C. Throughout the heating
period,thepH wasmaintainedat 5–6,andonly for
the last 20min was it loweredto 4–5 (HCl). The
routinely filtered solution, upon addition of NaCl
(0.5g), wasstirredfor 3 h at roomtemperatureand
dialyzedin Spectra/Por4 tubingfor 2 h againstH2O
atpH 7 andfor another50h againstseveralbatches
of H2O acidifiedto pH 6 andultimatelypH 5 (HCl).
Freeze-dryingof theretentategave364mg(69.2%)
of light-brown,water-solublesolid;Zinh, 15ml gÿ1.
Analysis: Found: Pt, 19.1. Calcd for (C34H66
Cl2N12O9 Pt)n (1) (1052.9)n: Pt,18.5%.Protonation
effects were neglected in this and subsequent
conjugatecompositions.

Conjugate 2
By the procedure described for the foregoing
experiment,this conjugatewas preparedin 63%
yield from the polyaspartamidecarrier, poly-a,
b-D,L-[N-(3-(morpholin-4-yl)propyl)aspartamide-
(75)-co-N-(3-aminopropyl)aspartamide(25)], de-
signated5(75) in the previouspaper,11 as a tan-
brown,water-solublesolid; Zinh, 14ml gÿ1. Analy-
sis: Found: Pt, 16.1. Calcd for (C40H72Cl2
N12O12Pt)n (1179.0)n (2): Pt, 16.5%.

Conjugate 3
Thecarriercomponentof this conjugate,poly-a,b-
D,L-[N-(3-dimethylaminopropyl)aspartamide(90)-
co-N-(9-aza-3,6-dioxanonyl)aspartamide(10)],was
synthesized,with somemodification,by a recently
describedprocedure.12 To the stirred solution of
polysuccinimide,1.94g (20mmol), in 40ml of
dimethylformomide (DMF), was added 3-(di-
methylamino)propylamine (1.84g; 18mmol), dis-
solvedin 10ml of DMF. After saturationwith N2,
thesolutionwasstirredin astopperedflaskfor 20h
at room temperatureand cooled in an ice bath.
Ethylenedioxy-O,O'-bis(2-ethylamine)

(889mg;6 mmol),dissolvedin 15ml of DMF, was
added rapidly with renewednitrogen saturation,
and the solution was stirred for 24h at ice-bath
temperatureandanother60h at ambienttempera-
ture. Up to this point, moisture access was
rigorously precluded in an effort to prevent
hydrolytic imide ring-openingin the intermediate
polymer.Volume reductionto ca 15ml by rotary
evaporationwasfollowed by productprecipitation
with 50ml of Et2O–hexane (2:1, v/v). The
precipitate was thoroughly washedwith hexane
and warm acetone for removal of admixed
ethylenedioxybisethylamine and, upon dissolution
in 20ml of H2O,wasdialyzedsuccessivelyfor 48h
in Spectra/Por4, andanother48h in Spectra/Por6
tubing. Freeze-dryingof the retentateand post-
drying in the Sartoriussystemafforded the poly-
aspartamideasanoff-white, water-solublesolid in
a yield of 2.53g (62.1%);Zinh, 14ml gÿ1. The 1H
NMR spectrumwassubstantiallyidenticalto thatof
the previously prepared12 compound.The carrier
wasplatinatedessentiallyby themethoddescribed
for 1; however,theheatingconditionswerealtered
to 60h at 45°C to prevent blackening of the
solution as a result of partial metal reduction to
platinum(0),observedat higher reactiontempera-
turesin previousexperiments.The conjugatewas
isolatedin 83% yield asa light-tan, water-soluble
solid; Zinh, 10ml gÿ1. Analysis: Found: Pt, 8.9.
Calcdfor (C91H174Cl2N30O23Pt)n (3) (2322.5)n: Pt,
8.4%.

Conjugate 4
Thecarriercomponentof this conjugate,poly-a,b-
D,L-[N-(3-(morpholin-4-yl)propylaspartamide(90)-
co-N-(9-aza-3,6-dioxanonyl)aspartamide (10)],
was synthesizedas in the precedingexperiment,
exceptthat4-(3-aminopropyl)morpholinewasused
in place of the dimethylaminopropylamine.The
yield was 64%; Zinh, 18ml gÿ1. Platination as
describedfor 3 gavewater-solubleconjugate4 as
a light-tan solid in 51% yield; Zinh, 13ml gÿ1.
Analysis: Found: Pt, 7.7. Calcd for (C109H192
Cl2N30O32Pt)n (4) (2700.8)n: Pt, 7.2%.

Conjugate 5
The polyamidoaminecarrier componentof 5 was
preparedby an proceduredescribedearlier13 with
minor modifications. Methylenebisacrylamide
(1.542g; 10mmol) was dissolvedin 40ml of hot
H2O, and the solution was cooled to 0–5°C,
whereupona portion of the solutecrystallizedout.
To the stirred suspensionwas rapidly added
JeffamineED 2001(10g; 5 mmol), andethylene-
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diamine (300mg; 5 mmol), while nitrogen was
introducedto saturation.Themixturewasstirredin
the stopperedflask for 18h at 0 °C, 4 h at room
temperature,and another48h at 65°C. Ethanola-
mine(30mg) wasaddedandstirring continuedfor
a further4 h at thattemperaturein orderto saturate
anyvinyl end-groups.Upondilution with 25ml of
H2O, theroutinelyfilteredsolutionwasdialyzedfor
24h in Spectra/Por4 tubingagainstseveralbatches
of H2O. The retentatewas freeze-dried,and the
crudeproduct(5.9g) wasthoroughlywashedwith
hot pentanefor extractionof any admixedJeffa-
mine left unreacted.It was then redissolvedin
30ml of H2O and redialyzed for two days in
Spectra/Por6 tubing.Freeze-dryingof theretentate
asbefore,followed by IR post-drying,gave4.10g
(34.7%) of an off-white waxy solid completely
soluble in H2O. 1H NMR (ppm): 4.6, 4.1H (4H;
N—CH2—N); 3.9–3.3, 171 H (171 H; CH—O,
CH2—O); 3.1–2.3, 19 H (22H; remaining CH,
CH2); 1.2–1.0,9H (9H; CH3).

A 473-mgportion (0.2mmol) of the carrier so
obtainedwas dissolvedin 5 ml of H2O. After the
addition of K2PtCl4, (104mg; 0.25mmol), and
saturationwith nitrogen,thesolutionwasstirredfor
15h at room temperatureand for another7 h at
65°C in thedark.Duringtheheatingperiod,thepH
wasallowedgraduallyto decreaseto 7; for the last
0.5h, it was further lowered to 4–5 (HCl). The
solution was dialyzed in Spectra/Por4 tubing for
16h againstaqueous0.15M KCl and for another
40h againstH2O acidifiedto pH 5 (HCl). Freeze-
drying of the retentateleft 390mg (74.1%) of
water-soluble,light-yellow solid; Zinh, 13ml gÿ1.
Analysis:Found:Pt, 7.7.Calcd:Pt, 7.4%.

Conjugates6 and 7
These were obtained previously as protonated
species,7 when they were designated1 and 2,
respectively,eachone containing3 equiv of HCl
perrecurringunit (notshownin structures6 and7).
The polymerswere redissolvedin H2O, and the
filtered solutions were freeze-driedto afford the
compoundsas light-tan, water-solublesolids con-
taining, respectively,18.3and16.4%Pt.

Embedding
As a precautionarymeasure,the polyaspartamide-
type conjugates1–4, 6 and 7 were redissolvedin
H2O togetherwith threetimestheirweightof NaCl,
andthesolutionswerefreeze-dried,affordingeach
conjugateasamatrix-embeddedsolid.Thisembed-
ding step served to prevent possible solid-state
interaction during lengthy periods of overseas

mailing from onelaboratory(Johannesburg)to the
other(Rehovot).Beforethetoxicologicalwork, the
sampleswereredissolvedin H2O andredialyzedfor
18h againstH2O for salt removal; they were re-
collecteduponfreeze-drying.

Toxicological procedures

The animals used were CD-1 male mice, 3–4
monthsold, with weightsin the rangeof 18–25g.
Conjugates 1–7 were dissolved in phosphate-
buffered saline (PBS) prior to injection; polymer
concentrationsrangedfrom 11to 86mgmlÿ1. Mice
wereindividually weighed,andconjugatesolutions
in volumesof 0.3–0.5ml with increasingconcen-
trations were injected intravenouslyinto the tail
vein.Theanimalswerecloselyobservedduringthe
first 3 h post-injection,anddaily observationswere
continuedovera periodof threeweeksfor changes
in body weight and survival. Death of mice or
decreasein body weight usually occurredduring
thefirst few daysfollowing administration.In afew
cases,deathwasinstantaneous,i.e. within minutes,
presumablyfor reasonsunrelatedto drug toxicity,
andtheseresultswere ignored.Animals surviving
day20 of thetestandfoundto beindistinguishable
from untreatedmice were consideredlong-term
survivors. Pertinent conditions and findings are
summarizedin Table1. In this limited project the
numberof animalsper conjugatewasrestrictedto
eight or less,althoughin repeatedexperimentsof
two or threemice pergroup.
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