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ABSTRACT: A nonemissive cyclometalated iridium(III) sol-
vent complex, without conjugation with a cell-penetrating
molecular transporter, [Ir(ppy),(DMSO),]"PFs~ (LIrl), has
been developed as a first reaction-based fluorescence-turn-on
agent for the nuclei of living cells. LIrl can rapidly and
selectively light-up the nuclei of living cells over fixed cells,
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giving rise to a significant luminescence enhancement (200-fold), and shows very low cytotoxicity at the imaging concentration
(incubation time <10 min, LIr1 concentration 10 #M). More importantly, in contrast to the reported nuclear stains that are based on
luminescence enhancement through interaction with nucleic acids, complex LIr1 as a nuclear stain has a reaction-based mode of
action, which relies on its rapid reaction with histidine /histidine-containing proteins. Cellular uptake of LIr1 has been investigated
in detail under different conditions, such as at various temperatures, with hypertonic treatment, and in the presence of metabolic and
endocytic inhibitors. The results have indicated that LIrl permeates the outer and nuclear membranes of living cells through an
energy-dependent entry pathway within a few minutes. As determined by an inductively coupled plasma atomic emission
spectroscopy (ICP-AEC), LIr1 is accumulated in the nuclei of living cells and converted into an intensely emissive adduct. Such
novel reaction-based nuclear staining for visualizing exclusively the nuclei of living cells with a significant luminescence enhancement
may extend the arsenal of currently available fluorescent stains for specific staining of cellular compartments.

l INTRODUCTION

The cell nucleus, the most conspicuous organelle in the
eukaryotic cell, houses the chromosomes and controls metabo-
lism, heredity, and reproduction.' Since visualization of these
nucleus-related events by fluorescence microscopy is very im-
portant for biomedical studies, a great deal of attention has been
paid to developing fluorescent nuclear stains. Currently, some
small- molecular dyes are being used as commercial nuclear
imaging agents.” Two representative examples are the fluores-
cent cationic dyes 4’,6-diamidino-2-phenylindole (DAPI, A, =
364 nm, Ao, = 454 nm) and Hoechst 33342 (Aeye =352 nm, A =
461 nm). These organic dyes, the fluorescence of which is
quenched by hydrogen bonding with water, bind to nucleic acids
and intercalate among their stacked base pairs, leading to a
fluorescence enhancement in the nuclear region. These commer-
cial organic dyes usually require ultraviolet (UV) light as excitation
light source, which can lead to extensive cellular damage and
significant autofluorescence from biological samples.®

Metal-based emissive probes (including lanthanide complexes™*
and heavy-metal complexes®”) are interesting alternatives, be-
cause they exhibit advantageous photophy51cal properties for
bioimaging, such as enhanced photostability,® and large Stokes
shifts for easy distinction between emission and excitation.”
More importantly, these materials possess relatively long life-
times (~us and ms), and hence become appealing as probes that
could completely eliminate short-lived autofluorescence (~ns)
through a time-resolved technique.'® Recently, Parker et al. reported
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an interesting Tb complex bearing two trans-related azaxanthone
chromophores, which selectively stained the nuclei of cells,
allowing the monitoring of nuclear DNA changes in dividing
cells in the course of mitosis."" Barton et al. developed a phos-
phorescent ruthenium complex conjugated w1th a cell-penetrat-
ing peptide to facilitate entry to the nucleus,'” and Thomas et al.
reported a dinuclear ruthenium(II) polypyridyl complex as a
luminescent agent that stained the nuclear DNA of living cells."*

It should be noted that the above-mentioned luminescent dyes
permeate the outer and nuclear membranes of cells nonselec-
tively and exhibit a fluorescence enhancement when they are
intercalated between the stacked base pairs of nucleic acids in the
nuclear region. That is to say, the design of nuclear imaging
agents is still focused on dyes that bond to nucleic acids and
serve as a “light-switch” for DNA. In contrast to this nucleic acid-
bonding strategy, we demonstrate herein a new design strategy
that does not involve bonding to nucleic acids to fabricate a
nonemissive reaction-based dye for visualizing exclusively the
nuclei of living cells with a significant luminescence enhance-
ment. The nonemissive cyclometalated iridium(1II) solvent com-
plex [Ir(ppy).(DMSO),]"PFs~ (LIrl), without conjugation of a
molecular transporter, can react with histidine and histidine-rich
proteins to exhibit intense emission, thereby selectively lighting-
up the nuclei of living cells very quickly. Furthermore, the
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interactions of LIrl with a series of biomolecules, and the
dependence of its cellular uptake on different conditions, such
as low temperature, hypertonic treatment, and the presence of
metabolic and endocytic inhibitors, have been investigated in
detail. We present evidence for an energy-dependent entry
pathway for the cellular uptake of LIr1l and a non-nucleic acid-
bonding mechanism for nucleus staining.

B EXPERIMENTAL SECTION

Materials and General Instruments. 2-Phenylpyridine (ppy),
2-ethoxyethanol, phosphate buffered saline (PBS), DMSO, L-alanine
(Ala), L-arginine (Arg), L-asparagine (Asp), L-glutamine (Gln), L-glycine
(Gly), L-isoleucine (Ile), L-leucine (Leu), L-lysine (Lys), L-phenylalanine
(Phe), L-proline (Pro), L-serine (Ser), L-threonine (Thr), L-tryptophan
(Try), L-tyrosine (Tyr), L-valine (Val), L-glutamic acid (Glu), L-cysteine
(Cys), L-methionine (Met), L-histidine (His), lysozyme, bovine serum
albumin (BSA), deoxyribonucleotide triphosphate (dANTP), and CT
DNA were obtained from Acros. IrCl; - 3H,O was an industrial product
and used without further purification. Polypeptides including 6xHis,
Pro-Cys-Asn-Glu-Met-Leu, Arg-Trp-Ser-Asp-Thr-Tyr, and Val-Gly-
Ala-Lys-GIn-Phe were purchased from Shanghai Bootech Bioscience
and Technology Co., Ltd. Hoechst 33258, propidium iodide (PI), and
cell culture reagents were purchased from Invitrogen. Metabolic inhibi-
tors (oligomycin, deoxyglucose) and endocytosis inhibitor (chloroquine)
were obtained from Sigma-Aldrich.

"H NMR spectra were recorded with a Varian spectrometer at 400
MHz. Electrospray ionization mass spectra (ESI-MS) were measured on
a Micromass LCTTM system. UV —visible spectra were recorded on a
Shimadzu UV-2550 spectrometer. Steady-state emission experiments at
room temperature were measured on an Edinburgh instrument FL-900
spectrometer with Xe lamp as excitation source. Luminescence lifetime
studies were performed with an Edinburgh FL-900 photocounting
system with a hydrogen-filled lamp as the excitation source. Lumines-
cence quantum yields of 1-histidine in aerated solution were measured
with reference to quinine sulfate (0.5 in 0.05 M H,SO,).

Synthesis of Iridium(lll) Complex Lir1. The complex LIr1 was
synthesized according to previously reported methods.'*~'® Briefly, a
mixture of 2-ethoxyethanol and water (3:1, v/v) was added to a flask
containing IrCl; - 3H,O (1 mmol) and ppy (2.5 mmol). The mixture was
refluxed for 24 h. On cooling, a yellow precipitate was deposited, which
was collected by filtration and identified as [(ppy),Ir(u-Cl),Ir(ppy).]-
This dimer was used for the next reaction without further purification.
Thus, a mixture of [(ppy),Ir(u-Cl),Ir(ppy).] (0.085 g, 0.079 mmol)
and DMSO (30 mL) was heated to reflux. After 2 h, the yellow solution
was cooled to room temperature, whereupon a 4-fold excess of
potassium hexafluorophosphate was added. The suspension was stirred
for 1 h and then filtered to remove insoluble inorganic salts. The filtrate
was concentrated to dryness under reduced pressure. The crude product
obtained was chromatographed on silica eluting with CH,Cl,/acetone
(15:1) to afford [Ir(ppy),(DMSO),]"PFs in 47% yield as a yellow
solid, which was characterized by "H NMR and ESI-MS measurement.
"H NMR (400 MHz, DMSO-dg, TMS): 0 =9.78 (d, ] = 6.0 Hz, 2), 9.51
(d,J=S52Hz2'),824(d,J=7.6 Hz,5),8.16 (d, ] = 84 Hz, '), 8.07
(t,]=72Hz,J=7.6Hz,4),7.99 (t,]=7.6 Hz, ] =8.0 Hz,4'),7.76 (d,] =
7.2Hz,6),7.71(d, ] =7.6 Hz,6'),7.55 (t, ] = 6.0 Hz, ] = 6.8 Hz, 3), 7.43
(t,J=6.0Hz,J=6.8Hz3'),6.87 (t,]=7.2Hz,]=8.0Hz,7),6.82 (t,] =
7.6 Hz, 8),6.74 (t,]=7.6 Hz,8'),6.67(t,]=8.0 Hz, = 7.6 Hz, 7'), 6.22
(d,J=72Hz 9), 564 (d, ] = 72 Hz, 9'). m/z (ESI-MS, Solvent:
DMSO), 657.1, corresponding to [Ir(ppy),(DMSO),]".

Interaction of LIr1 with Amino Acids and Biomolecules.
The interaction of LIrl with amino acids, polypeptides, lysozyme,
bovine serum albumin (BSA), deoxyribonucleotide triphosphate (dNTP),
and CT DNA has been investigated by luminescent emission titration.

Herein, L-alanine (Ala), L-arginine (Arg), L-asparagine (Asp), L-glutamine
(Gln), L-glycine (Gly), L-isoleucine (Ile), L-leucine (Leu), L-lysine (Lys),
L-phenylalanine (Phe), L-proline (Pro), L-serine (Ser), 1-threonine (Thr),
L-tryptophan (Try), L-tyrosine (Tyr), L-valine (Val), L-glutamic acid (Glu),
L-cysteine (Cys), L-methionine (Met), and L-histidine (His) were used as
examples of amino acids. In particular, the absorption and emission res-
ponses of LIr1 to different amount of histidine were studied in detail.

Competitive Binding Assay. The competitive binding of CT
DNA and BSA to complex LIrl was carried out in a $ mM Tris-HCl/
NaCl buffer (pH 7.4) using luminescence detection. Complex LIrl
(30 uM) was mixed with CT DNA in a molar ratio of 1:10 and incubated
at 25 °C for 1 h in Tris-HCl/NaCl buffer. Then, 10 equiv BSA (300 xM)
was added and incubated at 25 °C for another 1 h. The lumines-
cence intensity at 520 nm (A, = 365 nm) was measured on an
enzyme-linked immunosorbent assay (ELISA) reader (Infinite
M200, Tecan, Austria).

Amphiphilicity. The octanol/water partition coefficient, P, ,, (or
log P, ), is a measure of the amphiphilicity of a material. It represents
the relative solubilities of a given material in oil and water. The octanol/
water partition coefficient P,,, of LIrl was measured on an HY-4
oscillator according to a classical method.'” Equal amounts of n-octanol
and phosphate-buffered saline (PBS) were thoroughly mixed in the
oscillator for 24 h. The mixture was then left to separate for a further 24 h
so as to yield water and octanol phases, each saturated with the other.
Complex LIrl was carefully dissolved in PBS (concentration denoted
as C,) and PBS saturated with octanol to form a 20 #M solution. The latter
was then mixed with an equal amount of octanol (saturated with water) and
shaken again as described above. After separation, the final concentration of
LIrl in water was denoted as C,. Both C, and C,, were measured by
spectrophotometry at 4 = 310 nm, and the partition coefficient (P, ,,) for
LIrl was calculated according to the equation: P, = (C, — Cy)/C-

Cell Culture. The HeLa and KB lines were provided by the Institute
of Biochemistry and Cell Biology, SIBS, CAS (China). Primary me-
senchymal stem cells (MSCs) and fibroblast-like synoviocyte (FLS) cell
line was presented by the Jiangsu Stem Cell Bank and the State Key
Laboratory of Genetic Engineering (SKLGE) in Fudan University,
respectively. The HeLa cells were grown in DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 10% FBS (fetal bovine
serum). The KB and FLS cells were grown in RPMI 1640 supplemented
with 10% FBS. MSCs were grown in DMEM/F12 supplement with 10%
FBS. All cells culture was at 37 °C under 5% CO,.

Cell Viability/Cell analyzer. HelLa cells (1 x 10° cells) were
treated with 10 #M LIr1 for 10 min. After trypsinization, the cells were
washed twice with PBS and cell viability was assessed using a Casy Cell
Counter and Analyzer System TT (Scharfe System, Reutlingen,
Germany).

Cytotoxicity Assay. The in vitro cytotoxicity was measured using a
standard methyl thiazolyl tetrazolium (MTT, Sigma-Aldrich) assay in
HeLa, KB and FLS cell lines. Briefly, Cells growing in log phase were
seeded into 96-well cell-culture plate at 1 x 10*/well. The complex LIr1
(100 uL/well) at concentrations of 20, 40, 60, 80, and 100 #M was
added to the wells of the treatment group, and 100 uL/well DMSO
diluted in DMEM or RPMI 1640 at final concentration of 0.2% to the
negative control group, respectively. The cells were incubated for 24 and
48 h at 37 °C under 5% CO,. The combined MTT/PBS solution was
added to each well of the 96-well assay plate, and incubated for an
additional 4 h. An enzyme-linked immunosorbent assay (ELISA) reader
(infinite M200, Tecan, Austria) was used to measure the ODS70
(Absorbance value) of each well referenced at 690 nm. The following
formula was used to calculate the viability of cell growth:

Viability (%) =
(mean of Absorbance value of treatment group/mean Absorbance value of control)

x100
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Figure 1. Photographs of the bright-field and room temperature luminescent emissions of LIr1 (100 #M) in DMSO solution, PBS buffer solution, and
as a solid-state powder, with [Ru(bpy);]Cl, as a reference. The excitation wavelength was 365 nm from a portable lamp.

Determination of Iridium(lll) Concentration in Cytoplasm
and Nucleus. After digestion by trypsin-EDTA solution, HeLa cells
were counted and divided into two parts (each part § x 10 cells). When
the cells adhered to the culture flask, the culture medium was changed to
10 mL of PBS with 10 uM LIr1. The cells were incubated with LIr1 for
10 min at 37 °C. Thereafter, they were carefully washed with PBS, and
then the nuclei and cytoplasm were extracted using a nucleus extraction
kit (Nanjing KeyGen Biotech. Co., Ltd.). The iridium concentration in
the samples was determined by an inductively coupled plasma atomic
emission spectroscopy (ICP-AEC Thermo Elemental Co., Ltd.).

Luminescence Imaging. For Live Cell Imaging. Cells (5 x 10%/L)
were plated on 14 mm glass coverslips and allowed to adhere for 24 h. The
cells were washed with PBS and then incubated solely with 10 #M iridium
complexes in DMSO/PBS (pH 7.4, 1:99, v/v) for 10 min at 37 or 4 °C.
Cell imaging was then carried out after washing the cells with PBS.

For Live Cell Imaging after Treatment with Metabolic and Endo-
cytic Inhibitors. Cells were detached from the culture and were
preincubated with S0 mM 2-deoxy-p-glucose and S uM oligomycin,
with 100 uM chloroquine, or with 50 mM NH,Cl in PBS, for 1 h at
37 °C. The cells were then washed with PBS and incubated solely with
10 uM LIrl1 in DMSO/PBS (pH 7.4, 1:99, v/v) for 10 min at 37 °C.
Before imaging, the cells were washed three times with PBS.

For Colocalization Imaging of Living Cells. The cells were washed
with PBS, then incubated with 10 #M LIrl in DMSO/PBS (pH 7.4,
1:99, v/v) for 10 min at 37 °C, and then further incubated with Hoechst
33258 for another 20 min before imaging.

For Colocalization Imaging of Fixed Cells. The cells were detached
from the culture and were fixed with 4% paraformaldehyde at room
temperature for 20 min. After washing with PBS, the fixed cells were
incubated with 10 M LIrl in DMSO/PBS (pH 7.4, 1:99, v/v) for
10 min at 37 °C, and then further stained with Hoechst 33258 for
another 20 min. After washing with PBS, the coverslips were separated
from the chamber, and the cells were mounted with 10% glycerol and
sealed with nail varnish on a glass substrate.

Luminescence imaging, including xy-scan, lambda-scan, T-scan, and
time-lapse imaging, was performed with an Olympus FluoView FV1000
confocal fluorescence microscope and a 60X oil-immersion objective
lens.'® Cells incubated with LIrl were excited at 488 nm with a
semiconductor laser, and the emission was collected at 520 + 20 nm.
Quantization by line plots was accomplished using the software package
provided by Olympus instruments. Hoechst 33258 was excited using a
laser at 405 nm, and the emission was collected at 460 + 20 nm. PI
was excited using a laser at 488 nm, and the emission was collected at
620 + 20 nm.

Protein Isolation and Electrophoresis. HeLa cells were main-
tained in DMEM supplemented with 10% fetal bovine serum (FBS) at
37 °C and 5% CO,. The cells were harvested and isolation of nuclear and
cytoplasmic proteins was performed according to the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Biotech, China). The
extraction proteins were dissolved in SDS-sample buffer, heated accord-
ing to the manufacturer’s instruction, and then separated using a 5%

stacking gel and 12% resolving gel. After electrophoresis, the gels were
stained with complex LIr1 (S0 #M) for 20 min. The staining of the gels
was measured on the Bio-Rad Gel Doc imaging system.

Cellular Uptake of Lir1 under Hypertonic Conditions.
Hypertonic treatment was employed to analyze the effect of LIrl
diffusion into HeLa cells. Cells were seeded into 96-well cell-culture
plates at a density of 2 x 10" cells/well in PBS. A mixture of complex
LIrl (10 M) and a combination of sucrose/PBS (w/v) at different
concentrations of 1%, 2.5%, 5%, 10%, and 30% was added to each well of
the 96-well assay plate. An enzyme-linked immunosorbent assay
(ELISA) reader (Infinite M200, Tecan, Austria) was then used to
measure the luminescence intensity at 520 nm (4., = 365 nm) of each
well (n = 3).

Flow Cytometry Analysis. Cellular uptake of LIrl (10 uM)
under different conditions was assessed by means of flow cytometry (BD
FACSCalibur). HeLa cells preincubated with or without S0 mM
2-deoxy-p-glucose and S #M oligomycin in PBS for 1 h at 37 °C were
incubated with 10 uM LIr1 in PBS (pH 7.4) for 10 min at 37 or 4 °C.
The cells were harvested, rinsed in PBS, resuspended, and determined

by flow cytometry.

B RESULTS AND DISCUSSION

Synthesis and Photophysical Properties of Lir1. The
synthetic procedure for the cationic cyclometalated iridium (IIT)
solvent complex LIrl consisted of two steps. First, the chloro-
bridged dinuclear iridium(IIl) precursor [Ir(dfpy),Cl], was
synthesized according to the method reported by Nonoyama.'*
Then, the cationic solvent complex LIrl was synthesized by a
bridge-splitting reaction of [Ir(dfpy),Cl], and subsequent com-
plexation with the requisite solvent DMSO. The chemical struc-
ture of LIrl was further confirmed by ESI-MS (Figure S1 in the
Supporting Information). The ESI mass spectrum features a
major peak centered at m/z 657.1 corresponding to LIrl. The
photophysical properties of LIrl were also investigated. The
UV /vis absorption spectrum of LIr1 in HEPES buffer solution is
shown in Figure S2. LIr1 displays intense high-energy absorption
bands in the region 250—325 nm, and weak bands in the region
330—470 nm that can be assigned to mixed singlet and triplet
metal-to-ligand charge-transfer ("MLCT and *MLCT) and in-
traligand (77—7r*) transitions (ppy)."”*° Moreover, like other
reported cyclometalated iridium(III) solvent complexes [Ir(ppy),-
(H,0),]" and [Ir(ppy),(CH;CN),]**° LIrl exhibits negligible
luminescence in both solution and the solid state at room tempera-
ture (Figure 1).

Cellular Uptake. Interestingly, after treating living HeLa, KB,
FLS, and MSC cells with LIr1 for 10 min, intense luminescence
was detected in the nuclear region under excitation at 488 nm,
while the luminescence in the cytoplasm was very weak (Figure 2a).
As shown in Figure 2b,c, quantification of the luminescence
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Figure 2. (a) Confocal luminescence images of living HeLa, FLS, KB,
and MSC cells incubated with 10 #M LIr1 in DMSO/PBS (pH 7.4, 1:99,
v/v) for 10 min at 37 °C (A¢ = 488 nm, Aoy = 520 £ 20 nm). (b)
Amplified confocal luminescence imaging (as shown in panel a) of living
HelLa cells incubated with 10 M LIr1 in DMSO/PBS (pH 74, 1:99, v/v)
for 10 min at 37 °C. (c) Luminescence intensity profile across the line
shown in panel b corresponding to extracellular region (1), nuclear region

(2), and cytoplasm (3 and 4).

Lirt Hoechst 33258

Live HeLa
+LIr
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Figure 3. Confocal luminescence images of (a) living HeLa cells
incubated with 10 uM LIr1 in DMSO/PBS (pH 7.4, 1:99, v/v) for 10
min at 37 °C and then further incubated with Hoechst 33258, and (b)
fixed HeLa cells stained with LIrl and Hoechst 33258 under the same
conditions. Arrows point to the nucleolus of HeLa cells.

DIC overlay

intensity profile of LIr1-treated HeLa cells revealed an extremely
high signal ratio between the nucleus (region 2, >1000) and the
cytoplasm (regions 3 and 4, ~0), suggesting an exclusive staining
of the cell nuclei. This conclusion was further confirmed by
complete intracellular colocalization with the nuclear counter-
stain Hoechst 33258. As shown in Figure 3a, the bright spots
(green), that is, the luminescence of LIr1, were perfectly coloca-
lized with those (blue) obtained at the setting for Hoechst 33258,

Figure 4. Three-dimensional luminescence images of live KB cells
loaded with 10 uM LIrl in DMSO/PBS (pH 7.4, 1:99, v/v) for 10
min at 25 °C. The cell membrane was stained red with Dil. Panel a is an
xy image obtained at z = 7.47 um, while panels b and ¢ display the yz and
xz cross sections (z = 0.87—16.27 um) taken at the lines shown in panel
a, respectively.

and the colocalization was evident from bright sky-blue spots in
the region of the nucleus. Moreover, the nucleolus of the HeLa
cells also showed strong luminescence intensity (Figure 3b).
These facts indicated that the nonemissive complex LIr1 acts as a
luminescence-enhanced imaging agent for cell nuclei without
requiring prior membrane permeabilization.

A further exploration of LIr1 for nuclear staining was carried
out by three-dimensional (3D) visualization of live cells. KB cells
were loaded with Dil (for membrane staining) and LIrl, and
then were imaged by serially scanning at increasing depths along
the z-axis. As shown in an xy image of the cells obtained at a
certain depth z, the cell membrane is stained red with Dil, while
the nuclear regions are also clearly evident owing to staining with
LIr1 (Figure 4a). Interestingly, by virtue of 3D reconstruction of
serial xy sections, the nuclei of KB cells are perfectly visualized in
the xz and yz cross-sectional images (Figure 4b,c), indicating that
the luminescence enhancement occurred in the entire nucleus.

It should be noted that this specific nucleus staining by LIrl
with a luminescence enhancement effect is not restricted to
cancer cell lines, but that cell-specific effects are operative. For
example, primary cells lines, FLS and MSC cells, also exhibited
intense luminescence in the nuclear region (Figure 2a) when
they were incubated with LIr1, and high signal ratios (>200, as
shown in Figure S$ in the Supporting Information) between the
nucleus and the cytoplasm were observed for LIr1-treated living
FLS and MSC cells. Therefore, we can conclude that LIrl can
selectively stain the nuclear region in both primary and trans-
formed cell lines. Moreover, the specific nucleus staining by LIr1
was achieved only for living cells and not for fixed cells. When
HeLa cells were fixed and further incubated with LIr1, a general-
ized diffuse whole-cell staining pattern was observed by confocal
luminescence bioimaging (Figure 3b), which is significantly
different from the specific nucleus staining seen in living cells
(Figure 3a).

Cytotoxicity of Complex LIr1. The long-term cellular toxicity
of LIr1 toward the HeLa, KB, and FLS cell lines was determined
by means of an MTT assay. In the presence of an LIr1 concentration
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Table 1. In Vitro Cytotoxicity of LIrl by MTT Assay”

concentration 24 h 48 h
(uM) HeLa KB FLS Hela KB FLS
0 100 100 100 100 100 100
20 98.8+3.9 98.7+4.1 98.4 +2.3 983423 983+ 2.1 98.2+3.3
40 98.4+3.1 984+ 1.0 97.6+2.4 95.5+1.7 962 + 14 96.5+3.1
60 95.6+1.8 97.6+2.1 96.8 +0.4 94.4+2.4 94925 9594235
80 94.8+2.5 93.5+2.0 95.8+1.9 939129 90.5+ 3.0 929+13
100 94.1+4.9 91.6+29 94.0+ 1.6 934+23 89.4+1.9 91.2+3.0

“ Three cell lines (HeLa, KB, and FLS) were cultured in the presence of 20—100 uM LIr1 at 37 °C for 24 and 48 h.
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Figure 5. Real-time monitoring of nuclear staining with LIr1. Luminescence (a) and bright-field merged (b) images of living HeLa cells incubated with
10 uM LIr1 in DMSO/PBS (pH 7.4, 1:99,v/v) at 37 °C at selected time points (4., = 488 nm, A, = 520 £ 20 nm; scale bar: 10 um). Ty indicates a short
time (<30 s) for cells entering the focal plane after LIr1 was added. (c) Time course of luminescence intensity in the nucleus (regions 1 and 3inb) and

cytoplasm (regions 2 and 4 in b).

of 20—100 uM, the cellular viabilities were estimated to be
greater than 94% and 90% (Table 1 and Figure S8 in the Sup-
porting Information) after incubation for 24 and 48 h, respec-
tively. The results indicate that the complex LIr1 is generally low-
toxic for luminescence cellular nuclei imaging (conditions:
incubation time of <10 min, LIr1 concentration of 10 #M). This
conclusion was also supported by the result of the Casy Cell
Counter and Analyzer System TT under luminescence imaging
conditions (Figure S9 in the Supporting Information).
Moreover, to determine the health of the cells after incubation
with LIrl, a standard live/dead staining procedure using com-
mercially available propidium iodide (PI) was further performed.
In a control experiment, when LIr1-pretreated HeLa cells were
incubated with PI, to which they are normally impermeable, no
intracellular fluorescence signal at 600 &= 20 nm was measured in
confocal luminescence imaging. This indicated that the PI hardly
crossed the cell membrane, and that LIr1-pretreated HeLa cells
were normal healthy cells. In addition, as determined with trypan
blue, the LlIrl-treated cells retained 97.4 =+ 1.1% viability,
suggesting low cytotoxicity of LIr1 at the imaging concentration.
Kinetic Tracking of Cellular Uptake of Complex LIr1.
Subsequently, the dynamic process of nuclear staining with
LIr1 was monitored in real time by continuous imaging of living
HeLa cells (Figure S and movie in Supporting Information). At
first, only very weak luminescence was observed in the cells prior

to incubation with LIr1. However, when the cell culture medium
was replaced by a solution containing LIrl, luminescence was
detected in the nuclei within a very short period of time (T, < 30's)
for cells entering the focal plane of the objective lens (Figure Sa).
Thereafter, a continuous increase in luminescence was observed
with increasing time. Quantitative analysis of intracellular signal
intensities from the cytoplasm and nucleus, respectively, revealed
that the addition of LIr1 triggered a continuous increase in lumi-
nescence from the nucleus and that the intensity reached a
maximum within 6 min, while the signal from the cytoplasm
remained negligible (Figure Sb,c). These data imply that LIr1 is
rapidly internalized by the cells and nuclei, and that specific
nuclear staining with LIr1 can be effectively performed in several
minutes, even though LIr1 lacks a molecular transporter.

Moreover, to reveal the long-term kinetics of LIr1 internalization,
time-lapse imaging was carried out by using a Live Cell Workstation
for in situ observation (Figure 6). After incubation with 10 4m LIr1
for 10 min, the LIr1-containing PBS was replaced by fresh DMEM
for further culture. Confocal images were then acquired after 0,
15 min, 3 h, 12 h, and 24 h, respectively. As shown in Figure 6, LIr1
was localized in the cell nuclei over 24 h. Moreover, PI staining
showed that the LIr1-treated cells were still viable. Interestingly, no
significant cell division was observed.

Interaction with Amino Acids and Biomolecules. In the
case of LIr1 with weak emission, the mechanism of nuclear staining
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Figure 6. Time-lapse imaging in situ of HeLa cells which were preincubated with 10 #M LIr1 for 10 min and then further cultured in fresh DMEM.
Images were acquired after 0, 1S min, 3 h, 12 h, and 24 h, respectively. Inset: PI staining is included to indicate cell viability.

seems to be more complicated. To determine the key factors
involved in the luminescence increase upon nuclear staining with
LIrl1, the interactions of LIrl with numerous substances in the
nucleus, including various amino acids, peptides, deoxyribonu-
cleotide (ANTP), proteins, DNA, and RNA, were examined by
luminescence analysis techniques (Figures S10 and S11 in the
Supporting Information). The addition of histidine or BSA (as a
histidine-rich protein) to LIrl triggered a significant lumines-
cence enhancement (Figure S12 in the Supporting Information)."®
For example, the interaction of LIr1 with histidine resulted in an
emission enhancement of >300-fold (Figures S12 and S13 in the
Supporting Information), corresponding to a quantum yield of
0.058. The luminescent lifetimes of the adduct of LIrl with
histidine were measured as ~1.0 and ~0.62 s in the absence and
presence of oxygen, respectively, in phosphate-buffered saline
(PBS) (Table S1 in the Supporting Information), which are
indicative of the phosphorescent nature of the emission. Besides
that, polypeptides (6 x His, Pro-Cys-Asn-Glu-Met-Leu, Arg-Trp-
Ser-Asp-Thr-Tyr, Val-Gly-Ala-Lys-Gln-Phe), lysozyme (147AA,
with one r-histidine residue), and BSA (607AA, with 17
L-histidine residues) with different L-histidine residues were used
as examples to investigate contribution of histidine residues to
luminescence enhancement of complex LIrl. As shown in
Figures S14—S16, the addition of these peptides and proteins
with different number of histidine residues induced different
enhancement in luminescent intensity of LIr1. In contrast, weak
luminescence changes were observed for the other amino acids,
deoxyribonucleotide triphosphate (ANTP), CT DNA, and RNA
(Figure S10 in the Supporting Information). Coexistent CT
DNA had a negligible interfering effect on the luminescence
increase of LIrl upon addition of histidine/BSA (Figure S17 in
the Supporting Information). As shown in Figure S18 in the
Supporting Information, the competitive binding studies of CT
DNA and BSA to complex LIr1 showed that LIr1 presented high
affinity to BSA over CT DNA. Furthermore, comparison of the
emission spectrum of LIrl in the presence of histidine/BSA
(Amax ™ = ~508 nm) with that obtained for the nuclei of LIr1-
stained living cells (4. = 510 nm; lambda scan by confocal
microscopy, Figure $19 in the Supporting Information) revealed
that they were very similar in terms of both shape and the
maximum emission. Additionally, in a control experiment, when
LIrl was pretreated with excess histidine (or BSA) and further
interacted with living HeLa cells for 25 min, relative weak
enhancement in luminescent intensity was observed (Figure
$20 in the Supporting Information), which was also confirmed
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Figure 7. SDS—PAGE analysis of proteins from HeLa cells upon
staining with Coomassie brilliant blue complex G-250 and complex
LIrl. (a) Coomassie brilliant blue G-250 staining. Lanes A—D present
protein markers, nuclear proteins, cytoplasm proteins, and BSA, respec-
tively. (b) Complex LIrl staining under ultraviolet transillumination.
Lanes A;—D; stand for protein markers, nuclear proteins, cytoplasm
proteins, and BSA, respectively.

by flow cytometry analysis (Figure S21 in the Supporting
Information). All of these facts demonstrate that the intracellular
luminescence enhancement is associated with the interaction of
LIr1 with histidine/histidine-containing proteins in the nucleus.

Protein Electrophoresis. To investigate whether this effect of
nuclei staining of LIr1 is associated with distribution of proteins
(histidine/histidine-containing) in cells, nuclear and cytoplasmic
proteins of HeLa cells were isolated, and then the corresponding
protein electrophoresis was carried out. After electrophoresis, the
gels were stained with complex LIr1 (S0 uM) for 20 min, and
Coomassie Brilliant Blue was used as a reference. As shown in
Figure 7, both nuclear and cytoplasmic proteins gave rise to
luminescence enhancement of LIr1, which is matched with those
staining with Coomassie Brilliant Blue, but are slightly different
in signal intensity. This result was in well-agreement with imaging
result which showed that the fixed cells incubated with LIrl
displayed a generalized diffuse whole-cell staining pattern
(Figure 3b). All these facts demonstrate that the intracellular
luminescence enhancement is mainly attributed to the distribu-
tion and accumulation of complex LIr1 in cells rather than the
difference of proteins in nuclei and cytoplasm.

Mechanisms of Cellular Uptake. Cellular uptake of small
molecules can occur through energy-independent (facilitated
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Figure 8. Confocal luminescence image and bright-field images of
living HeLa cells incubated with 10 #M LIr1 in DMSO/PBS (pH 74,
1:99, v/v) under different conditions. (a) The cells were preincubated
with 50 mM 2-deoxy-D-glucose and 5 uM oligomycin in PBS for 1 h at
37 °C and then incubated with 10 #M LIr1 at 37 °C for 10 min. (b) The
cells were incubated with 10 «M LIr1 at 4 °C for 10 min. (c and d) As for
case b and further incubation at 25 and 37 °C, respectively. (e and f) The
cells were pretreated with endocytic inhibitors chloroquine (50 #M) and
NH,CI (50 mM), respectively, and then incubated with 10 #M LIr1 at
37 °C for 10 min (A, = 488 nm, Ay, = 520 =& 20 nm).

diffusion, passive diffusion) and energy-dependent (endocytosis,
active transport) pathways. To further explore the cellular and
nuclear entry pathway of LIr1, LIrl staining was investigated in
detail under conditions of different temperatures, hypertonic
treatment, and in the presence of metabolic and endocytic
inhibitors, and the data obtained are shown in Figure 8.

First, the location of LIrl was examined when active cellular
uptake was blocked by incubation at 4 °C or pretreatment with
the metabolic inhibitors 2-deoxy-p-glucose and oligomycin.”" As
determined by confocal luminescence microscopy (Figure 8)
and flow cytometry (Figure 9), when active transport was
inhibited, the intracellular luminescence was significantly
suppressed and prenuclear staining appeared (Figure 8a,b).
Interestingly, specific nuclear staining by LIrl reappeared
(Figure 8c) when the incubation temperature was increased
from 4 to 25 °C. With a further increase in the temperature to
37 °C, a continuous enhancement in the luminescence in-
tensity in the nuclear region was measured (Figure 8d). This is
not a surprising result when we consider the fact that cell
metabolism and physiological activity would be suppressed
under low-temperature conditions. These observations sug-
gest that energy plays a very important role in the process of
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Figure 9. Flow cytometric histogram profile of cellular uptake of LIr1 in
HeLa cells. HeLa cells were incubated with 10 #M LIr1 in DMSO/PBS
(pH 7.4, 1:99, v/v) for 10 min at (red) 37 °C, (green) 4 °C, and (blue)
37 °C after the cells had been preincubated with 50 mM 2-deoxy-p-
glucose and S M oligomycin in PBS for 1 h at 37 °C, respectively.

LIrl crossing the plasma membrane and eventually reaching
the nucleus.

Endocytosis is known as a general entry mechanism for various
extracellular materials and is an energy-dependent uptake route
that can be hindered under conditions of low temperature or
adenosine triphosphate (ATP) depletion. Thus, the endocytic
inhibitors chloroquine and NH4Cl were used to assess the
contribution of the endocytotic pathway for LIrl uptake and
entrance into the nuclei of cells. As can be seen from the relative
intensities and location of LIrl in the cells after treatment with
these inhibitors (Figure 8e,f), they had no effect on the ability of
LIr1 to function as a nuclear stain. In addition, the endocytotic
pathway is usually a slow process.”> However, Figure Sc shows
that the luminescence intensity in the nucleus reached a maxi-
mum within 6 min. The above-mentioned data indicate that the
endocytotic pathway is not responsible for the nuclear staining
by LIr1.

In addition, we also investigated the kinetic diffusion process
of LIr1 in hypertonic solutions of sucrose. In general, concentra-
tion gradient, temperature, and osmotic pressure are the three
main influencing factors on molecular diffusion. After preincubating
HeLa cells with various concentrations of sucrose/PBS solution,
the kinetic processes by which LIrl crossed the plasma mem-
brane were examined to determine the complex diffusion abilities
relative to the control untreated cells. Luminescence intensity
and time lapse reached a maximum, indicating that hypertonic
treatment had no significant effect on the process of LIrl
crossing the plasma membrane. However, on increasing the
sucrose concentration to 30% (w/v, sucrose/PBS), the maximum
luminescence intensity decreased by about 12.8% as compared
with that in the control group (Figure 10). This result may be
largely attributed to serious intracellular dehydration. As indicated
in Figure 9, the luminescence intensity showed no significant
variation under the same conditions but in the presence of
metabolic inhibitors (37 °C and 37 °C after preincubation with
metabolic inhibitors). The data show that diffusion is not the main
pathway by which complex LIr1 enters into cells.

The high degree of specificity for living cell nuclear staining
by LIrl with enhanced luminescence may be ascribed to two
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Figure 10. Time courses of luminescence intensity at 520 nm of HeLa
cells pretreated with different concentrations of sucrose and then
incubated with 10 #M LIr1 in PBS (pH 7.4) for 10 min at 37 °C.

Scheme 1. Chemical Structure and the Proposed Mechanism
of Nuclear Staining with Nonemissive Iridium(III) Complex
LIr1*

| =
_-DMSO (1)accumulat|
DMSO [2) conversion
emissive

Non-emissive

“The characters ‘C’ and ‘N’ denote cytoplasm and nucleus, respectively.

possible processes: either LIr1 is evenly distributed in the whole
cell, but is only converted to the luminescent form in the nucleus,
or LIrl is specifically concentrated in the nucleus and then
converted into a luminescent product therein. To address this
question, the amounts of iridium in the cytoplasm and nucleus
of an Llrl-stained cell were quantified by ICP-AEC measure-
ment” and the result revealed a high ratio between the nucleus
(~1.05 pg Ir/cell) and the cytoplasm (<0.08 pg Ir/cell),
indicating that more than 93% of the iridium had accumulated
in the nucleus. Moreover, when the cells were fixed, the plasma
membrane and the nuclear membrane became permeable to
LIr1, and further incubation with LIr1 resulted in a generalized
diffuse whole-cell staining pattern (Figure 3b), suggesting that
LIrl was then evenly distributed and converted into the lumi-
nescent form in the entire cell. The conclusion was also confirmed
by SDS—PAGE gel analysis (Figure 7). Therefore, the specific
concentration of the iridium complex in the nucleus is a key factor
for the exclusive nuclear staining of living cells with LIr1.

On the basis of all of the results obtained above, we propose a
possible mechanism of the nuclear staining with LIr1 as follows:
(1) LIrl with suitable positive charge and lipophilicity (octanol/
water partition coefficient, log Po v = —0.12) readily crosses the
cell membrane and accumulates to a great extent in the nucleus,
mainly through an energy-dependent mechanism, for example by
binding to a transport protein; (2) reactions with histidine/
histidine-containing proteins occur immediately to convert
the nonemissive complex into a luminescent product in the
nucleus (Scheme 1). However, the question as to which
protein helps LIrl to cross the plasma/nuclear membrane is
still under investigation.

B CONCLUSION

In summary, we have demonstrated a nonemissive cyclome-
talated iridium(III) solvent complex LIr1 as a non-nucleic acid-
bonding fluorescence-enhanced nuclear stain that is specifically
concentrated in the nuclei of living cells and reacts with histidine/
histidine-containing proteins to form a luminescent emissive
product in the nuclei. To the best of our knowledge, LIr1 repre-
sents the first reaction-based phosphorescence-enhanced nu-
cleus imaging agent. Its advantages of exclusive nuclear staining
of living cells over fixed cells, the very short staining time (<6 min),
excitation with visible light (<488 nm), high signal ratio between
the nucleus and the cytoplasm (>200), as well as low cytotoxicity
at imaging concentration, without the need for conjugation with
a cell-penetrating molecular transporter, promise potential ap-
plications of LIr1 in biomedical research. In particular, the “non-
nucleic acid-bonding light-up organelle” design strategy of this
nonemissive complex LIrl, showing instead a reaction-based
mechanism with histidine/histidine-containing proteins, will
provide many opportunities for the development of novel agents
for living cell-related studies.
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