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The limited penetration of cytotoxic drugs into tumors, a major value in each pixel by the beam height and assuming the density
component of multicellular resistance, is a significant contributing of each pixel was that of water (i.e., 1 g/@mThe detection limit
factor to the limited effectiveness of cancer chemothefapy. for Pt was determined to be near 10 ppm. Radial distribution profiles
Clinically important drugs such as doxorubicin diffuse only-40  for each tomogram were produced by determining the concentration
100um from blood vessels and reach a fraction of the viable cells profile through the center of the spheroid atidtervals. The central
that make up a solid tumd® The multicellular tumor spheroid  portion of each profile was expanded or contracted so that each
model is arin vitro system that has been extensively used to study ray had the same total length. These were averaged to produce a
the extent of anticancer drug penetratididowever, the techniques  single profile of Pt concentration through the spheroid. More
used to study penetration of platinum compounds are usually complete experimental details are provided in the Supporting
indirect and semiquantitative at best, mainly due to the inability to Information.
directly visualize these compounds in tissue. For example, the extent  Each of the Pt complexes studied produced similar distribution
of cell killing in spheroids has been used to ascertain the degree ofpatterns in spheroids following a 24 h incubation, with enrichment

penetration of cisplatin through the spheroid voluitfiegll sorting of Pt in the outer region, corresponding to the outer proliferative
techniques utilizing radiolabeled complexes have been used toleaflet2® and uniform distribution deeper within the spheroid. The
reconstruct the concentration gradients of cisplééind tetraplatift exterior Pt content was approximately double that of the interior

throughout spheroid volumes, and a fluorescent Pt porphyrin pt content for each of the samples. Figure 1 shows representative
complex has been used to monitor time-dependent penetration intoexamples of the Pt distribution in spheroids treated with each of
spheroids? However, these approaches sacrifice either tissue the Pt complexes for 24 h. Cu and Zn profiles collected simulta-
morphology or drug structure. X-ray fluorescence microtomography neously showed no surface concentration (e.g., Supporting Informa-
provides a means by which elemental distribution in virtual slices tion, Figure S1). Studies usifé¢C[ethane-1,2-diamine] complexes
through a sample can be imaged and has been used to study thgyggest that the majority of the Pt observed in the microtomography
internal elemental distributions of a variety of sampfed? experiments is that bound intracellularly to cell macromolecules
including a brief study of spheroid sampfés. such as DNA and proteirfd.Unbound Pt is expected to have been
Highly reactive anticancer agents, including cisplatin, will suffer \ashed out during preparation of the spheroid samples (fixation
from rapid reaction with cells close to the surface of a tumor and brief storage in formalin). As such, information regarding the
Spheroid, and this is ||ke|y to limit the extent of their diffusion total penetration of Pt Complexes into the Spheroids can on|y be
through the spheroid. Pt(IV) complexes are substantially more inert inferred, since the concentration of Pt that reached the inner regions
and therefore have the potential to penetrate further into the tumorsgf the spheroids but remained unbound could not be quantified.
while remaining largely intact. A number are in varying stages of However, since the spheroids were treated for 24 h, the bound Pt
clinical development including satraplatin which is being considered j represent most accurately the fraction with cytotoxic potential.
for FDA approval for use in hormone-refractory prostate cahcét. These results indicate that cisplatin and the Pt(IV) complexes
Herein we present the results of the first microtomographic study gre aple to penetrate and bind to the central regions of the spheroid.
of the distribution of cisplatin and three Pt(IV) complexes in  owever the peripheral, actively dividing cells accumulate a larger
spheroids to determine the ability of this method to reveal the portion of the drugs, leaving a smaller amount to penetrate more
variation of Pt distribution for Pt(ll) and Pt(IV) complexes. deeply. The spheroid periphery is analogous to tumor tissue closest
Following treatment with Pt complexes for 24 h, individual whole 1, the vessel and the central region is analogous to avascular,
DLD-1 human colon carcinoma spheroids were fixed and stored pyhoxic zones. Thus one may infer that the decreased intracellular
in neutral buffered formalin fixative. Individual spheroids were drug concentration in avascular tumor regions may contribute to a
removed from formalin immediately prior to analysis and mounted gecrease in drug efficacy and clinical resistance. Higher doses of
onto a goniometer head. Spheroids were analyzed using a 13.43,5 pt complexes may be required to enhance penetration into

keV monochromatic X-ray beam focused to a5ium spot central, quiescent regions of the spheroid. Previous studies with
(GeoSoilEnviroCARS sector at the Advanced Photon Source, teirapiatifit have shown that with higher drug doses, retention of

Argonne, IL) to give elemental imagesjig/cnt. Images in element oo 5jatin becomes more uniform throughout the spheroid.
weight fraction (e.g., ppm) were computed by dividing thyicn? The findings presented herein are consistent with previous studies
using other methods, which found that cispl&®tarboplatin® and

Im‘fvgrgii‘t’;ffi%)‘(}grsdyd”ey- tetraplatift! penetrate efficiently into spheroids following incubation
Il University of Chicago. times of up to 2 h. A porphyrit Pt complex was found to penetrate
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Figure 1. Pt distribution and corresponding average concentration profiles
through representative spheroids treated with cisplatin (cis)[PtCl,-
(NH3)2]), 50 uM, 24 h (A, B); cis-[PtCls(NHz3)2] (Cl4), 50 uM, 24 h (C,
D); cis,trans,cisfPtCl(OAc)(NH3)2] (OAc, OAc = CH3;COO™), 200uM,
24 h (E, F);cis,trans,cisPtCL(OH)(NH3)2] (OH), 200uM, 24 h (G, H).

throughout spheroids within 248 Studies of peritoneal rat tumors
found that the periphery of the tumors had higher Pt concentrations,
with a concentration gradient toward the center of the tumor
following intraperitoneal administration of cisplatin. In contrast,
following equimolar treatment with carboplatin, only low Pt

concentrations were observed on the periphery of the tumors, and
Pt was undetectable in the center of the tumor. When dosed at

significantly higher concentrations of carboplatin, Pt distribution
throughout the tumor was fairly homogeneous, though still at low
concentrationg?23

The profiles for spheroids treated with the Pt(IV) complexes
reveal somewhat lower levels of Pt accumulation than do cisplatin

treated spheroids, consistent with our observations of cellular uptake

of Pt(ll) and Pt(IV) complexed! In all cases, a higher accumulation
in the cells closer to the surface is observed. While these Pt(IV)
complexes do not offer improved penetration of spheroids, we

believe this is due to greater accumulation of the complexes tested

by cells closer to the surface, either because of consequent depletion
of the complex or because these cells are actively cycling.

Here we have shown for the first time that X-ray fluorescence
microtomography is a suitable technique for imaging the distribution
of Pt drugs within multicellular tumor spheroids. In the present
study this has revealed that there is no significant difference between
the distributions of the range of Pt(ll) and Pt(IV) complexes
investigated, suggesting that complexes that are more resistant to
cellular uptake may be needed to ensure more complete distribution
throughout a tumor.
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