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The anticancer drug carboplatin has been monitored in rats
during treatment by means of in vivo ***Pt NMR spectroscopy at
2.0 T. The purpose of the study was to assess local disposition
kinetics in intact tissue following subcutaneous injection of a
platinum-containing drug. Serial **>Pt NMR measurements have
been carried out in four animals after administration of carbopla-
tin solutions with doses ranging from 37.1 to 59.4 mg per kg body
weight. A surface coil of 2 cm diameter tuned to 18.3 MHz was
placed over the injection site (back of the neck of the animals). To
optimize measurement parameters of the single-pulse-acquire se-
guence and to determine chemical shifts and the detection thresh-
old, in vitro '°>Pt NMR experiments have been performed on
model solutions of potassium tetrachloroplatinate(ll), carboplatin,
and cisplatin with different solvents such as H,0, DMSO, and
DMF. Resonances of PtCI2~, carboplatin, cisplatin, and cis-
[Pt(NH,)CI(DMSO)]* were observed at chemical shift positions &
= —1623 ppm, —1705 ppm, —2060 ppm (cisplatin in DMSO), and
—3120 ppm, respectively, relative to the reference signal of
Na,PtCl; at 6 = 0 ppm. A spin-lattice relaxation time of carbo-
platin of T, = (0.103 % 0.02) s was measured. The threshold for
NMR detection of platinum-containing compounds estimated
from the in vitro experiments was 10 pwmol (corresponding to ~4.8
mM). In vivo °°Pt NMR spectra obtained in four rats after
administration of carboplatin showed a broad resonance at 6 =
—(1715 = 8) ppm. The signal-to-noise ratio of this peak (starting
2 min after the injection) was ~9:1 for a measurement time of 6
min (Tgx= 13 ms, 28672 transients). The elimination rate constant
of local disposition of carboplatin was k., = 0.017 (0.008-0.025)
min~! (median and range). © 1998 Academic Press

INTRODUCTION

able isotope of relatively high natural abundant®rt). Its
presence in some antineoplastic agents such as carbopla
(diammine[1,1-cyclobutandicarboxylato{3-0,0']plati-
num(ll)) and cisplatin ¢is-diammine-dichloroplatinum(ll))
(Fig. 1) suggests a potential for drug monitorimgvivo by
19%pt NMR spectroscopy.

The properties of°Pt relevant for its detection with NMR
are as follows: nuclear spin 1/2, gyromagnetic ratigsp; =
5.768 X 10’ (ST) * (Larmor frequency 18.30 MHz &8, =
2 T), maximum nuclear Overhauser effect (NOE) factor in
extreme narrowingn = v,4/2y195p; = 2.32, chemical shift
range~5000 ppm, natural abundance 33.8%, relative sensitiv
ity 0.00994 {H: 1.00), absolute sensitivity 0.00336.

The direct observation of platinum-195 NMR signals was
first reported in 1951 by Proctor and Yu for an aqueous
solution of H,PtCl (7). A large number of Pt NMR studies
on solutions followed (reviews, see Re&.9, 10. For exam-
ple, investigations of the interaction of cisplatin with single-
and double-stranded DN vitro by means of***Pt NMR
(11) showed stable intrastrand crosslinks with thegdsition
of purine bases producing an unwinding of DNA by 13 to 23
degrees (as detected by means of “DNMR and gel elec-
trophoresis 12, 13). Proton decoupling suppressed the strong
scalar spin—spin interaction of th€*Pt nuclei with bound
ammine protons and was successfully employed in studies
the hydrolysis of platinum complexe$4, 15.

Since 1965, platinum-containing compounds have bee
known to possess antineoplastic activiys), especially cis-
platin and carboplatin, a second-generation drug, which hav
been applied in chemotherapy since 1971 and 1981, respe
tively. Both drugs have been shown to be effective in the

In vivo NMR has been performed with a variety of nucleitreatment of a variety of malignant tumors in man, including

particularly with*H, 3C, and®'P present in endogenous menon-small-cell lung cancer, head and neck cancer, and testi
tabolites. Rare nuclei with physiological concentrations belowar and ovarian cancetT). The antineoplastic effects of these
the detection limit oin vivo NMR could be observed in tissuedrugs are attributed to Pt-DNA adducts that are capable c
after exogenous administration of the free atom (hyperpolditocking replication and transcription of DNALL, 18.

ized noble gasesHe (1) and **°Xe (2)) or of biologically ~ °*Pt NMR has been used to study iproplatin metabolites ir
active compounds that carry the magnetic nucléus(@3, 4), the urine (9) of patients, but, to our knowledge, has not beer
°F (5, 6). appliedin vivo so far. The aim of the present study was to

Another potential nucleus fan vivo NMR following exog- explore the feasibility of**Pt NMR spectroscopy for moni-

enous administration is platinum, which has an NMR-detedbring in vivo the disposition kinetics of a subcutaneously
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b 0) 199t NMR experiments. For the measurements with mode
solutions, the reference tube was placed in the center of tf
0 NH sample solution.
\ / The platinum spin-lattice relaxation tinlg was measured
a Pt with the aperiodic pulse saturation (APS) sequence which i
H;N Cl O/ AN insensitive toB;-field inhomogeneity. For driving the spin
\Pt/ NH;3 system into saturation, APS uses a train of RF pulses wit
7N decreasing interpulse delays applied at timerior to the
H3N Cl 0 readout pulse. The resulting NMR signal intensity(i3 = 1,
FIG. 1. Chemical structures of (a) cisplatinci¢diamminedichloro- X SiN ap X [1—(1—Ccos ay) X exp(~t/T,)], where, is the
platinum(11)) and (b) carboplatin (diammine[1,1-cyclobutandicarboxylato(2-effective flip angle of the saturating pulse traim, the flip
0,0 Tplatinum(in). angle of the readout pulse, aigithe signal of the equilibrium
magnetization. The delaywas varied from 0.05 to 0.80 s in
steps of 0.05 sT, was determined by least-squares fil @f to
administered platinum-containing drug at the injection site anlde observed signal-time profile.
to assess the potential of the method for biopharmaceuticaln thein vivo ***Pt NMR experiments the rats were placed
purposes. The demonstration of a possible clinical relevanceonfa support with the surface coil positioned on the back of th
9Pt NMR was not the aim of this investigation. The experineck of the animals on top of the injection site. After shimming
ments were performed as part of a broader study where thethe tissuéH water resonance (resulting linewidshv, ,,(*H)
purpose is to develop controlled-release preparations of cyte-30—40 Hz [full width at half maximum]), a series 61°Pt

static agents for local application. NMR spectra was acquired.
Individual transients of 1024 (1K) complex data points were
MATERIALS AND METHODS accumulated over an 80-kHz spectral window using gu%0-
excitation pulse and an acquisition time of 4 ms. The dela)
Animals and Treatment between RF pulse and data collection wag®0and repetition

time Tg was 13 ms 11). All FIDs were zero filled to 2K data

19M2:;e W|s;ar rats (b?]dy tr\1N et:gh(tj [Vl\)”}[N/] 4(1)996;;3420 g\;/ /\?)geboints and multiplied by an exponential function for line broad-
_t 0 wee ?) l\;ve;t;:/a ef’ N ﬁ loth Bnm%whi( h was ar due_:ning @ = 1 kHz) prior to Fourier transformation and phase
containing initially 2% (volume) halothane ch was gradus e ction. After baseline correction the Fourier spectra wer

o . ) .
ally reduceq t0 0.7% within 90 min (r(_alatl_vely hegvy animaly nalyzed by means of a least-squares fit routine assumir
were used in order to allow the application of high absoluﬁe

A orentzian lineshapes of the resonances.
doses and thereby enhance the chance of deteatingvo To enhance'®Pt NMR signal-to-noise ratiogN) for the
signals). Carboplatin, 29—42 mM in isotonic saline, was a%

ministered by subcutaneous injection within 15 s; the injectionneti(.: analysis of animal ex.periments,. spectra Were.adde
volume was 2.1 ml in all cases. Individual doseé ranged froresul'qng in a temporal re'sglu'uon of 6 min (28672 t.ransqants)
37 t0 59 mg/(kg b.w.) (Table l). The injection site was in thE]alf-llves (t,,») of the administered drug in the examined tissue

. o Co : : region were estimated by extended least-square20jtdf a
centerl Ilne_ﬁ: the Ibapk offthe' qeck_, immediately Crag'?' of tEr%onoexponential function to the integrated peak areas
;Zaﬁ l;)gfeo're tﬁesgxu;::r?r?legtrslr:r?gtlscigr\évderaet Zr_e;)? ée esst va\}Hereby the midpoints of the measuring time interval for eacl

. . . . .ﬁ?ectrum were taken as measurement times.
The animal experiments were performed in compliance wi

the laws of the FRG relating to the conduct of animal experi-

mentation. _ TABLE 1 N
Data of Examined Animals, Administered Doses, and

Platinum NMR Spectroscopy Elimination Constants of Carboplatin

195pt NMR experiments were performedBy = 2.0 T in a Body weight Dosé Rate constafit )
31-cm diameter horizontal-bore spectrometer (SIS 85/31TRt "°: (ka) (mg/(kg b.w.)) (ke/min—7) c.v.
Varian, Pa'lo Alto, CA). A hon119ebuilt 2-cm diameter circular 0528 594 0.025 6%
surface coil (tunable tdH and *°*Pt Larmor frequency) was > 0.611 44.5 0.019 10%
used in all experiments. An external sample (commercial 3 0.732 37.1 0.008 13%
5-mm diameter NMR tube, volume 0.5 ml) of,RtCl, dis- 4 0.499 44.5 0.015 25%
solved n 1 M HCI served as platinum chemical shift reference _ o .

. . . . 2LDg, for 500-g rats at intravenous administration: 85.0 mg carboplatin pe

(chemical shifté = —1623 ppm vs sodium hexachloroplatl-kg b

nate(IV), NgPtCl, resonating aé = 0 ppm). The solutionwas "oy = 1n2t,,,
also used for calibration of the spectrometer prior toitihvo © Coefficient of variation of the estimates.
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FIG. 2. !°°Pt NMR spectra of model solutions of (a) carboplatin {4@o0l; solvent: HO) and (b) cisplatin (4gumol; solvent: DMF). Platinum resonances
with SN = 10 are found at chemical shift positiofis= —1705 ppm (a) and = —2080 ppm (b) and = —1623 ppm (PtG") relative to the reference signal
of PtCE™ at 8 = 0 ppm. Experimental parametef§; = 13 ms, measurement time 30 min,B, = 2.0 T.

Model Solutions RESULTS

14.8 mg carboplatin (purchased from Sigma-Aldrich Che- 10 ] ' _
mie GmbH, FRG) was dissolved in 0.5 mL® by intense Pt NMR spectra of carboplatin and cisplatin model
stirring giving a concentratioe = 80 mM (amount of sub- Solutions are shown in Figs. 2 and 3. Broad resonances
stanceA = 40 pmol). Hydrolysis of carboplatin was not!inewidthsAwy,(**Pt) = 1 kHz are found at chemical shift
observed during the experiments. Stable carboplatin solutid#2sitionsd = —1705 ppm (carboplatin, Fig. 2aj,= —2060
were only obtained in the absence of Qthloride ions were PPM (cisplatin/DMSO, Fig. 3) anéi = —2080 ppm (cispla-
found to trigger the transformation of carboplatin to cisplatiin/DMF, Fig. 2b) relative to the external reference signal of
(21, 22). This solution was successively diluted with®to PtCE™ at —1623 ppm fv,,(**Pt) = 170 Hz) according to
estimate the minimum drug concentration that can be detec@f. (14). A list of ***Pt NMR chemical shifts observed in
with our equipment. this study is given in Table 2 along with data reported in the

Because of the poor solubility of cisplatin in aqueous solliterature.
tion (maximum concentration,,, = 16 mM), dimethylsulf-  **Pt NMR SN = 10 was obtained in a measurement time of
oxide (DMSO) andN,N-dimethylformamide (DMF) were used 30 min. After comparison with the NMR intensity of the
to predissolve the cisplatin complexH). Only fresh cisplatin/ dilution series of known platinum concentrations, the detectiol
DMSO solutions could be used for the NMR measurementfreshold (requiring/N = 3 in a measurement time of 10 min)
because of efficient ligand exchange-6IDMSO (15). DMF  was estimated to be J0mol. Taking into account the sensitive
is advantageous over DMSO in that the weakly coordinatedlume of the surface coil of about 2 énthe minimum
DMF ligand is easily replaced when water is addedotg: concentration of the platinum-containing compound that can b
DMF is suspected to be carcinogenic.) To measure the solvdétected with our equipment is approximately,, = 4.8 mM.
ysis kinetics of cisplatin in DMSO, a solution of 45 mg of the The APS experiment on the model solution yieldetP#®t
compound in 1 ml DMSO was prepared yielding a cisplatispin—lattice relaxation time for carboplatin ®f = (0.103 =
concentration ofc = 150 mM (A = 150 umol) and was 0.02) s at 2.0 T and room temperature (23°C).
measured at room temperature (23°C) over a period of 9 h. Ligand exchange was observed in cisplatin solutions witt
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FIG. 3. Series of 6-min"°*Pt NMR spectra obtained during solvolysis (9 h, 23°C) of 1560l cisplatin in 1 ml DMSO. Every second spectrum is shown.
Resonances are found at chemical shift positidrs —1623 ppm (1, PtGI, chemical shift referencep = —2060 ppm (2, cisplatin) and = —3120 ppm
(3, cis-[Pt(NH),CI(DMSO)]").

DMSO as solvent over a period 8 h after preparation (Fig. mg/(kg b.w.) 5), corresponding to 11amol for a 500-g rat,
3). In addition to the'*>Pt NMR signal ats = —2060 ppm, which is expected to provide sufficient sensitivity for kinetic
another resonance appeareddat —3120 ppm which was measurements.
assigned tais-[Pt(NH,)CI(DMSO)]* according to Ref.15). Therefore, only carboplatin has been used in the anime
Signals indicative of further ligand exchange products were nextperiments in this study. The resulting 6-nim vivo °°Pt
observed. NMR spectra showed a broad unresolved resonantag,|
With an injection volume of 2.1 ml, the maximum quantity*°*Pt) = 1.5 kHz), assigned to carboplatin, at chemical shift
of cisplatin in aqueous solutior~@32 uwmol) is too small for positiond = —1715= 8 ppm (Fig. 4) relative to the line of the
kinetic NMR measurements with our equipment. Moreoveexternal chemical shift reference (PfC) at 6 = —1623 ppm
this amount of the drug would exceed the JgDeported for (Av,,,(*°*Pt) = 130 Hz). The reference signal was measurec
intravenous administration in rats of 6.2 mg/(kg b.w2p)(or before the beginning of thim vivo experiment.
8.0 mg/(kg b.w.) 24), corresponding to 3.1 mg (340mol) and Figure 4 shows a series of vivo 1°*Pt NMR spectra with
4.0 mg (13umol), respectively, for a 500-g rat. In contrast, 17@-min temporal resolution obtained after subcutaneous injec
umol of carboplatin can be dissolved in 2.1 ml of water, antion of aqueous carboplatin solution in rat 1 (dose:u8dol).
the reported LI, in rats with intravenous administration is 85A decrease o&N from 9 to 3 of the carboplatin resonance was

TABLE 2
Chemical Shifts of Platinum Complexes

Compound Chemical shié (ppm) Reference
Tetrachloroplatinate(ll) Pt&r —1623 —1623 (1)
Monoagquatrichloroplatinate(ll) PtgfH,O)~ —-1182 —1185 (4)
Cisplatin cis-[Pt(NH;),Cl,] —2060 (in DMSO) —2097 (L5)
—2080 (in DMF) —2104 @)
cis-[Pt(NH,),CI(DMSO)]" —3120 (in DMSO) —3147 (15

Carboplatin Pt(NH)»(CcHeO.) —1715 = 8 (in vivo)® —

—1705 (model solution)

aChemical shift vs PtGI (5 = 0 ppm).
® Error owing toBg-inhomogeneity.
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FIG. 4. Series of 6-mirin vivo *°*Pt NMR spectra detected at the injection site in rat 1 during the first 78 min after subcutaneous administratigmof 84
carboplatin.

observed during 78 min after infusion. After 90 min the camdescribed by a monoexponential function in all animals. The

boplatin concentration in the tissue was below the NMRestimated elimination rate constarig of local drug disposi-

detectable level. Figure 5 shows the carboplaiivivo 1°*Pt tion are given in Table 1 along with the coefficients of variation

NMR signal intensity vs time after the beginning of the injecef the estimates. The half-livetg,, of local drug disposition

tion in rat 1. Estimated amounts of the drug in the tissue aranged from 29 to 85 min.

also given. One animal (rat 1, receiving 59.4 mg carboplatin per kg
Drug disposition from the injection site was satisfactorilyp.w.) showed transient clinical signs of anemia about 1 wee
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FIG. 5. Time course ofn vivo ***Pt NMR signal intensities of carboplatin from spectra in Fig. 4. Estimated amoditspl) of carboplatin in the tissue
are plotted as a function of time after administration. Errors were calculated with line fit routine.
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after treatment, whereas two more animals (rats 2 and tBe experiment, broadband proton decoupling is required t
showed no clinical symptoms of toxicity within five weekssuppress the scaldP*Pt-*H couplings. Using this technique,
after treatment (animal 4 was sacrificed one day after treatm&l of in vivo 1Pt NMR is expected to increase significantly.

for inspection of the subcutaneous injection site). However, the interaction of th€Pt with the spin-1 nucleus
1N of the ammine group is unaffected in this experiment. Tc
DISCUSSION reduce these couplings, labeling witPN (spin 1/2) and*H

decoupling have been employed in studies of the variou
The ability of ***Pt NMR spectroscopy to follow the local solvolysis products of cisplatin in DMSQLF).
disposition kinetics of a platinum-containing compound in At present, it is difficult to predict the extent of sensitivity
intact tissue (mainly muscle) after subcutaneous injection hasshancement of the cisplatin and carboplatin resonances atta
been demonstrated. Determining carboplatin disposition kinable by***Pt—{*H} NOE and *H decoupling, because of un-
ics at the injection site will be helpful in optimizing controlled-known limitations of the experiment. The NOE factor could be
release preparations for local administration, such as liposor@e-but intensity enhancement of the dipolar coupled spin sys
encapsulated carboplatin. Release kinetics meaduargitro tem will decrease when competing relaxation pathways ar
can be compared to the disposition kineficwivo in order to present or when longer repetition times are used to include tr
obtain information on the stability of controlled-release drugulse train needed for gated/inverse gated broadband decc
preparations in a physiological environment and to assess fhieg. Likewise, a quantitative comparison 6Pt NMR vs
predictive value of thén vitro measurements. NMR with isotopically labeled drugs can only be obtained
The method is limited by the amount of carboplatin in th&om the experiment.
tissue region examined. ThE*Pt NMR experiment allows Relaxation via chemical-shift anisotropy can produce signif
detection of 10—15umol (3.7-5.7 mg, corresponding to aicant line broadening of NMR resonances. This mechanism i
concentration of 4.8—7.1 mM within the sensitive volume dield dependent, that is, the corresponding relaxation rate ir
the surface coil) carboplatim vivo, corresponding to 3.3-5.0 creases proportional 8 with higher field strength. However,
wmol *9%Pt. Cisplatin could not be used for vivo **Pt NMR  chemical-shift anisotropy is probably insignificant for the
in this study owing to its higher toxicity, which limits the broadening of thé®>Pt resonances of cisplatin and carboplatin
applicable dose in a 500-g rat to a maximum of aboutr®Il. as suggested by linewidths efl kHz of cisplatin observed at
Kinetic measurements in rats were possible by using retht.7 T without proton decouplindL().
tively heavy animals and applying doses in the range of 50—The major limitation of natural abundant&Pt NMR spec-
100% of the reported highest tolerable intraperitoneal dosetafscopy is the low detection threshold, which is approximately
60 mg/(kg b.w.) 23). Carboplatin plasma concentrations irc,,;,, = 4.8 mM with our 2-cm diameter surface coil. In general,
man after an intravenous infusion of 400 mg(nody surface) in vivo NMR spectroscopy requires concentrations of at least
over 30 or 60 min range between 10 and 100 for about 3h mM to measure the isotopésl and>'P in natural abundance
(26, 27). Thus, no attempt to measure carboplatin tissue comad **C after enrichment28). An increase of'°*Pt SN to
centrations by°>Pt NMR in man after systemic administrationenable the detection of concentrations of 1 mM must be the ail
of a therapeutic dose appears justified unless the detectidrfurther experiments.
volume is 1 liter or more, at the sensitivity that has been Alternative methods td°Pt NMR are thereforéH or pro-
achieved in this study. Howeve?®Pt NMR could possibly be ton-detected*C NMR using *H-*3C polarization transfer.
useful even with the presently attained sensitivity in monitoBetection of carboplatin by means & NMR, as demon-
ing drug concentrations at the application site in ovarian cancrated in measurements of human uri@8)( should also be
patients treated with intraperitoneal carboplatin. possiblein vivo, similar toin vivo *H NMR measurements of
The reasons for the large interindividual variation of dispdproplatin in mice by selective multiple quantum coherence
sition constants (Table 1) are not clear. The subcutanedtensfer 80). However, after separation of the cyclobutane-1,1-
location of the injection cannula was verified by careful paHicarboxylic acid ligand, the remaining Pt complex cannot be
pation in each case. One might speculate about different sdetected anymore by means % NMR or 3C NMR (21).
sitivity to the narcotics and hence different blood perfusion &eactions in the axial position of the central platinum atorr
the injection site, or about disruption of microvessels by thmnnot be observed, either.
large injection volume as possible explanations for the varia-The absolute sensitivity~(‘§1y3 X natural abundance) of
tion of local kinetics. Even the pressure of the surface coil di°Pt NMR is significantly higher than that of natural abun-
the skin directly surrounding the bulging injection site mightlance**C NMR (0.00336 vs 0.000176). Witi’C enrichment,
influence the distribution of the injected fluid volume. in vivo *3C NMR spectroscopy after intraperitoneal injection of
One of the main problems affectirfg®t NMR of cisplatin drugs is possible at doses %00 mg/(kg b.w.) 81). Labeling
and carboplatin is the broad resonances (linewidih5 kHz) is also possible with platinunt®>Pt NMR spectroscopy with
owing to strong scalar spin—spin couplings of ti#Pt nucleus platinum-195-enriched cisplatin has been successfully applie
with *H and directly bound“N. To improve the sensitivity of to study reaction pathways with single-stranded DNA)(
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Using radiopharmaceuticals that are labeled with metastable drug cis-diamminedichloroplatinum(il), Biochemistry 30, 8026-
platinum ¢°°™Pt), the measurable concentrations are expected 8035 (1991). )
to be about 100 times lower than the platinum levels detectaBfe P- Yang, S. S. G. E. van Boom, J. Reedijk, J. H. van Boom, and

with natural abundancé®Pt NMR (32). In animal experi-
ments, it is possible after tissue resection to localiz&Pt-
containing compounds with a spatial resolution even at thg
cellular level 83). However, the radiotracer technique mea-
sures the entir€>"Pt pool in the tissue and cannot distinguish
among the administered drug and the various platinum-cars-
taining compounds that are formed from the precursor. The
chemical specificity, promoted by the large chemical shift
range of*°Pt, is a particular advantage of NMR.

Direct comparison of different spectroscopic techniques {g
often very difficult. The choice of a specific method depends
on the purpose of the study. The direct NMR detection of the
199t nucleus in platinum-containing compounds and their metz.
abolic intermediates could be a useful extension of the appli-

cations of NMR to noninvasive drug monitoring.
18.
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