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The cellular uptake characteristics of a small molecule are critical
to its application as a therapeutic or diagnostic agent. However,
our understanding of the chemical rules governing uptake is

rudimentaryt-2 Although transition metal complexes have increas- N N=
ingly been applied for biological applicatiofs} their uptake | N o COOE
properties are even less well developed. Here, we exploit flow ©§: \:“;R]U;N = M M
cytometry to provide statistics on the uptake of ruthenium com- = ,L\/N _Nb N= _CNO Et_:_
plexes into HeLa cells. These ruthenium complexes, owing to their i e coo"
facile synthesis, stability, and luminescence, provide a route to CQ} M
compare and contrast factors governing cellular uptake. - = - =

A series of dipyridophenazine (dppz) complexes of Ru(ll) were phen mebpy

synthesized for systematic comparigohSubstituting the ancillary =~ Figure 1. Dipyridophenazine complexes of Ru(ll).
ligands on the dppz complex permits variation in the overall

. . - Table 1. Characteristics of Ru Complexes
complex charge, size, and hydrophobicity (Figure 1).

Furthermore, since these dppz complexes all act as molecular 2"1aV felatve relative octanolH;0 A
liaht switches. showing minimal luminescence in aqueous solution ligand of emission intensity ~ emission intensity  partition coefficient  diameter
ignts » Showing a ! RuL,dppz in CH,CN? WIDNA2® (log P NG
and intense luminescence when bound to DNA or otherwise

) . py 1.0 1.0 —2.50 16.2
protected from water, they provide a sensitive cellular probe (Table CO,Et-bpy 18 11 076 20.4
1)8-1 mcbpy 1.2 0.6 —0.43 18.2

HelLa cells were prepared for flow cytometry analysis after phen 1.2 2.3 —1.48 16.2

incubation with the Ru complexes at various concentrations and D'P 2.7 2.7 1.30 204

times!2 Flow cytometry was performed on a BD FACS Aria using 2 Excited at 488 nm: integrated emission at 6820 nm: 104M Ru
~20 000 cells per sample. The ruthenium complexes were excited\yas used, except for Ru(DiRpp2* in Tris buffer, where a lower

at 488 nm, with the emission observed at 6820 nm. Live cells concentration was used due to poor solubility; emission values were scaled
were distinguished by their low To-Pro-3 emission. acc9rdingly.b_Luminescence val_ues with DNA were obtained at saturation.
. : ¢ Cl- salt.d Diameters were estimated using Titan.
Figure 2 illustrates results of the flow cytometry. Cells not treated
with complex exhibit some background luminescence. Incubation

with 10 uM Ru(bpyydppZ* or Ru(phenydppZ* for 2 h causes 100 = Blank

only a small change in the luminescence profile. When cells are @ g0 == Ru(bpy),dppz?*

incubated with 1M Ru(DIP),dppZ*, however, the luminescence § = Ru(phen),dppz**

intensity of the cell population increases dramatically. # g = Ru(DIP),dppz**
Uptake for the different Ru complexes may be compared based 2

upon the mean luminescence intensity of the cell population (Table % 20

2). Below 1uM, Ru(DIP)dppZ* is taken up appreciably above E

background. At higher concentrations, Ru(kpyppZ", Ru(CG- 2 20 ]

Et-bpypdppZ*, and Ru(phenjippZ* are taken up to some extent,

but even at 2uM Ru, little luminescence is evident for Ru- 0.

(mcbpy}dppz!® Washing with buffer reduces luminescence by-20 0 102 103 104 105

50%, suggesting that, while some Ru is nonspecifically adhered to Ru Luminescence Intensity

the surface or rapidly exported, the bulk of Ru remains. Figure 2. Flow cytometry analysis of HeLa cells incubated with /A1

That the complexes are actually transported into the cellular ruthenium complex for 2 h. Luminescence data were obtained by excitation
interior rather than associating solely at the membrane surface isat 488 nm with emission at 66®20 nm using a light scatter gate to exclude

. . . " debris and To-Pro-3 (exciting at 633 nm and observing at&® nm) to
evident by confocal microscopy (Figure 8)For Ru(DIP)dppZ2", exclude dead cells.
intense luminescence in the interior is apparent within 2 h. For

Ru(phenydpp2* and Ru(bpyydppZ*, microscopy experiments also Interestingly, significantly less luminescence is apparent in the
show uptake into the cellular interior but, consistent with the flow nucleus. Quantitation by line plots (Figure 3) does show nuclear
cytometry data, on a slower time scate4 h for phen). For all uptake but of diminished intensity in the nucleus compared to other

complexes, greatest luminescence is evident in the cytoplasm, likelyregions!® Flow cytometry experiments on nuclear preparations
associated with the mitochondria and endoplasmic reticulum basedisolated after incubation of cells with Ru(DHelppZ" provide

upon costaining experiments with organelle-specific dyegthout consistent evidence of Ru uptake (Supporting Information).
protection from water through macromolecular binding, Ru quench-  These data establish that the ruthenium complexes are indeed
ing in the cytosol is expected. taken up inside Hela cells. If the complexes are entering the cell
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Table 2. Mean Luminescence Intensity of HeLa Cells Incubated that the Ru complexes are stable to the intracellular environment;
a . . .
with Ruthenium Complex by Flow Cytometry no loss of luminescence is evident, as would be expected based
conen Ancillary Ligands of RuL,dppz upon changes in complex coordination.
(uM) bpy CO,Et-hpy mchpy phen DIP Flow cytometry, traditionally used to examine organic fluoro-
05 nd. n.d. n.d. nd. 60 phores, thus provides an opportunity to examine the cellular uptake
1 n.d. n.d. n.d. n.d. 99 of transition metal complexes. Ruthenium analogues in particular
5 38 45 20 52 597 can be readily tested without special instrumentation or complicated
10 38 45 21 58 974 (571) ; ot ;
synthesis. Statistics on thousands of cells of varied cell type and
20 48 (27)  51(29) 26(19) 111(50) nd. . .
using a range of metal complexes can be generated to provide a
aCells were incubated with ruthenium complex 2 h at ambient powerful complement in the design of metal complexes for

temperature. Ruthenium complexes were excited at 488 nm, with emission biological application.
observed at 606620 nm. The mean luminescence intensity of cells not
treated with complex is 23. Data are an average of two independent ~Acknowledgment. We are grateful to the NIH (GM33309) for

experiments, and data not determined are indicated by Saimples washed  their financial support. We also thank the Caltech Flow Cytometry
after incubation are shown in parentheses. Facility and the Caltech Biological Imaging Center.

Supporting Information Available: Flow cytometry for cell nuclei.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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