
Chemical Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 2
:1

1:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
School of Chemistry, University of Sydney, S

sydney.edu.au; Fax: +61 2 9351 3329; Tel: +

† Electronic supplementary informa
10.1039/c3sc51530c

Cite this: Chem. Sci., 2013, 4, 3731

Received 31st May 2013
Accepted 10th July 2013

DOI: 10.1039/c3sc51530c

www.rsc.org/chemicalscience

This journal is ª The Royal Society of
Delivery and release of curcumin by a hypoxia-activated
cobalt chaperone: a XANES and FLIM study†

Anna K. Renfrew,* Nicole S. Bryce and Trevor W. Hambley

We present a bioreductively activated cobalt(III) carrier system for the delivery of curcumin with enhanced

drug stability, tumour penetration and efficacy in hypoxic tumour regions. Curcumin is a natural product

with potent anticancer activity but low bioavailability and serum stability. With the aim of overcoming

these limitations, we prepared a cobalt(III) prodrug of curcumin and compared the stability, cytotoxicity

and cellular uptake with those of the free drug. Using a combination of fluorescence lifetime imaging

and X-ray absorption spectroscopy, we demonstrated that curcumin is released from the cobalt carrier

complex in tumour cells, with strong evidence to suggest that the process occurs via reduction of the

cobalt centre. Furthermore, fluorescence lifetime imaging in solid tumour models showed that the cobalt

complex delivered curcumin uniformly throughout the tumour model, while free curcumin only

accumulated on the outer edges. For comparison, we also investigated the isoelectronic ruthenium(II)

complex and found its properties and biological activity to be very different to those of the cobalt analogue.
Introduction

The efficacy of many anticancer therapeutics is compromised by
poor stability, solubility and selectivity for tumour cells. A viable
strategy to overcome these limitations is through complexation
of the drug to a metal complex. Transition metal complexes are
particularly suitable as tumour-selective drug delivery agents,
having metal–ligand bond that are highly responsive to envi-
ronmental factors such as pH, redox, light and temperature. A
range of rationally designed, metal-based drug carriers have
been reported in recent years, including bioreductive drug
chaperones,1,2 light-activated prodrugs3,4 and metallo-cages that
can exploit the EPR effect for the transport of small hydrophobic
molecules.5 An understanding of the stability, distribution and
fate of both the metal and cytotoxin in a cellular system is key to
evaluating the efficacy of prodrugs and chaperone complexes,
but current methods are limited and oen do not provide a
complete picture. Metal accumulation studies will conrm
whether a complex enters the cell but do not give any infor-
mation on oxidation state or coordination environment. Simi-
larly, uorescent tags can be employed to monitor cellular
localisation by confocal uorescence microscopy but in most
cases this does not show whether the metal–drug complex
remains intact.

Research within our group and others has shown synchro-
tron radiation to be an effective way of determining both the
ydney, Australia. E-mail: anna.renfrew@

61 2 9351 4233

tion (ESI) available. See DOI:
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oxidation state and coordination sphere of metal complexes in
tumour cells.6–8 This technique is particularly useful for moni-
toring the activation of bioreductive prodrugs such as plati-
num(IV) and ruthenium(III) as reduction of the metal centre can
be observed but it does not give any information on the fate of
the cytotoxin. Fluorescent cytotoxins can be visualised in cells
by uorescence microscopy, but this technique gives limited
information on whether the cytotoxin is still bound to the metal
centre. Fluorescence lifetime imaging (FLIM) is a powerful tool
for monitoring uorescent drugs in cellular systems and is
widely used to study small molecule uorophores,9–11 though
the use of FLIM to study metal complexes in vitro has been
limited to ruthenium and rhenium polypyridyl oxygen sensors
and bis(thiosemicarbazone) radio metal complexes.12,13 Here we
use a combination of X-ray absorption spectroscopy and uo-
rescence lifetime imaging to evaluate the cellular uptake,
distribution and fate of novel metal curcumin complexes in
tumour cells.

The natural product, curcumin, isolated from curcuma longa
(turmeric), exhibits potent activity in cell culture and animal
studies, acting as an anti-proliferative, anti-metastatic and anti-
angiogenic agent.14 However, clinical use of curcumin as an
anticancer agent has met with limited success. Poor solubility
and rapid metabolism result in very low bioavailability upon
oral administration. Daily doses of 8–12 g of curcumin were
found to give a plasma concentration of less than 1 mg mL�1, far
lower than the level required for a signicant pharmacological
effect.15,16 A large number of synthetic curcuminoids have been
prepared with the aim of overcoming these limitations, though
these oen require many synthetic steps.17 An alternative
strategy to improving the properties of curcumin, without the
Chem. Sci., 2013, 4, 3731–3739 | 3731
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need to modify the drug, is the incorporation of curcumin into
delivery vehicles and a number of possible macromolecular
carriers, including nanoparticles, micelles and micro-
emulsions, have been evaluated in recent years.18

Our interest has focused on cobalt(III)19,20 complexes as bio-
reductive drug chaperones. Coordination to inert cobalt(III)
deactivates a cytotoxin under normal physiological conditions;
however, in the presence of a large excess of reducing agents
and an oxygen decient environment, such as found in a
hypoxic tumour, the cobalt(III) centre is reduced to labile
cobalt(II) and the cytotoxin released.21 We have previously
demonstrated that cobalt(III) complexes are suitable hypoxia-
selective chaperones for carboxylic22 and hydroxamic23 acid
containing drugs, including the matrix metalloproteinase
inhibitor Marimastat.24 Here we evaluate two potential metal
chaperone complexes for the delivery and release of curcumin, a
cobalt(III) complex and the isoelectronic ruthenium(II) analogue.
Ruthenium(II) complexes are gaining increasing attention as
potential anticancer agents, with a number showing high
selectivity towards cancer cells.25 While several metal–curcumin
complexes with anti-alzheimers26,27 or anticancer28,29 properties
have been reported previously, to the best of our knowledge
none have focused on the delivery and release of curcumin in
tumour cells and tumour models.

Results and discussion
Syntheses of the complexes

Curcumin contains a 1,3 diketone moiety and coordinates
metal complexes as a 1,3 b-hydroxyketone.30 Ruthenium and
cobalt complexes of curcumin and related diketone ligands
acetylacetone (acac) and dibenzoylmethane (dbm), were
prepared with tris(2-methylpyridine)amine (tpa) as the ancillary
ligand (Fig. 1). tpa was chosen as it is known to form highly
stable complexes with both ruthenium31 and cobalt23 and the
reduction potential of cobalt(III)–tpa complexes has previously
been established to be within a biologically relevant window. All
complexes were obtained in good yield by reuxing [MCl2(tpa)]-
ClO4 in water with 1 equivalent of the protonated acac ligand
Fig. 1 Chemical structures of ruthenium and cobalt complexes prepared.

3732 | Chem. Sci., 2013, 4, 3731–3739
and 1.2 equivalents of triethylamine. Addition of excess NaClO4

induced precipitation of the product as monocationic (1a–c) or
dicationic (2a–c) perchlorate salts. The complexes are highly
soluble in polar organic solvents and sparingly to moderately
soluble in water. All complexes were characterised by 1H NMR,
IR and UV-vis spectroscopy, ESI-mass spectrometry, elemental
analysis and 1a, 1b and 2b by X-ray crystallography (ESI†).

Each of the structures exhibits a distorted octahedral struc-
ture with bond lengths typical of those described in the litera-
ture for related ruthenium(II)31 and cobalt(III)–tpa complexes.32

For ruthenium complexes 1a and 1b, the metal–nitrogen bonds
lengths are similar to the metal–oxygen bond lengths, while for
cobalt complexes 2a and 2c, the metal–oxygen bond lengths are
notably shorter. ORTEP plots derived from the X-ray crystal
structures of complexes 1a, 1b and 2b are given in Fig. 2 and
selected bond lengths are listed in Table 1, with those of 2a
included for comparison.

Electrochemistry

Cyclic voltammograms in DMF were obtained for all complexes
(Table S1 ESI†). While the acac and dbm complexes have only a
single peak corresponding to a one electron oxidation or
reduction on the metal centre, the curcumin complexes 1c and
2c also show a reduction of the ligand at �1560 mV vs. Fc/Fc+.33

Ruthenium complexes 1a–1c undergo a one electron oxidation
around �200 mV corresponding to the Ru(II)/(III) couple. These
processes ranged from almost fully reversible for 1a, to quasi-
reversible for 1b, to irreversible for 1c. Cobalt complexes 2a–c
show a one electron reduction at �650 to �950 mV corre-
sponding to the Co(II)/(III) couple. As for the ruthenium
complexes, the process was almost reversible for 2a, quasi-
reversible for 2b, and irreversible for 2c.

Characterisation in solution

The uorescence properties of curcumin complexes 1c and 2c
were compared to those of the free ligand. While curcumin is
strongly uorescent in many organic solvents, the uorescence
quantum yield is solvent-dependent and is only around 0.01 in
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 ORTEP plots of 1a, 1b and 2b with non-hydrogen atoms represented by thermal parameters with 50% probability ellipsoids. ClO4 counter anions have been
omitted for clarity.

Table 1 Comparison of selected bond lengths (Å) and angles (�) of complexes

1a 1b 2aa 2b

M-O1 2.040(8) 2.0592(8) 1.8847(14) 1.8794(19)
M-O2 2.063(2) 2.0637(8) 1.9027(14) 1.886(2)
M-N1 2.061(3) 2.0537(11) 1.9304(17) 1.918(2)
M-N2 2.056(3) 2.0621(9) 1.9510(17) 1.943(2)
M-N3 2.025(3) 2.0305(10) 1.9240(18) 1.920(2)
M-N4 2.040(8) 2.0520(11) 1.9281(18) 1.926(3)

a From ref. 32.
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aqueous solution.34 Though emission was also signicantly
quenched in buffer/DMSO solutions, we observed that a
reasonable emission spectrum could be obtained in TRIS buffer
solution (pH 7.4) with 4% methanol (Fig. 3a). Under the same
conditions, the curcumin emission from complexes 1c and 2c is
quenched to ca. 10% of that of the free uorophore. A number
of d6 transition metals, including ruthenium(II)35,36 and cobal-
t(III),22 have been reported to quench the uorescence of
This journal is ª The Royal Society of Chemistry 2013
coordinated uorophores through energy or electron transfer
processes. This effect provides a convenient means of observing
uorophore release by the increase in uorescence, both in
solutions and in live cells.

In order to determine the stability of the complexes under
pseudo-physiological conditions, the emission spectra of 1c and
2c in TRIS buffer (pH 7.4) were measured at regular intervals
over 20 hours. Neither complex showed any increase in uo-
rescence over the measured time, which suggests that the cur-
cumin ligand remains coordinated (Fig. 3c, S1, ESI†). To
evaluate the stability of the complexes towards biological
reductants, the TRIS buffer solutions were treated with 10
equivalents of ascorbic acid or glutathione and the uorescence
emission monitored over the same time period (Fig. 3b and c,
S1, ESI†). For complex 1c, only a 2-fold increase in uorescence
was observed in the presence of ascorbic acid and 3-fold
increase in the presence of glutathione (Fig. S1, ESI†). This
result was expected for ascorbic acid as the ruthenium(II)
complex is resistant to reduction. However, many ruthenium(II)
complexes are known to react readily with glutathione.19,20
Chem. Sci., 2013, 4, 3731–3739 | 3733
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Fig. 3 (a) Absorbance and emission spectra of curcumin (red), 1c (green) and 2c
(purple) lex ¼ 420 nm. (b) Increase in emission over time of a deoxygenated
solution of 2c with excess ascorbic acid. (c) Comparison of fluorescence return
traces for 2cwith excess ascorbic acid in deoxygenated and oxygenated solutions,
and in the absence of reducing agent.

Table 2 IC50 values determined in DLD-1 colon cancer cells

Complex IC50 (mM)

1a 5 � 2
1b 1.6 � 0.2
1c 52 � 8
2a >200
2b 29 � 2
2c 39 � 4
acac >200
dbm 19 � 1
Curcumin 13 � 2
[RuCl2(tpa)]ClO4 >200
[CoCl2(tpa)]ClO4 >200
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Repeating the experiment in deoxygenated solutions did not
affect the extent of uorescence return. While 2c also showed
minimal uorescence increase when treated with glutathione
(Fig. S1, ESI†), in the presence of ascorbate the uorescence
3734 | Chem. Sci., 2013, 4, 3731–3739
intensity increased to 18% of that of free curcumin. When the
experiment was repeated in a deoxygenated solution, the extent
of uorescence return doubled to 36% (Fig. 3c). This preferen-
tial ligand release under reducing and oxygen-free conditions is
consistent with a reductive mechanism of activation.
Cytotoxicity

The cytotoxicities of all complexes and free acac ligands were
evaluated against the colorectal cancer cell line DLD-1 and are
summarised in Table 2. This cell line was chosen as curcumin is
currently undergoing Phase I/II clinical trials against colorectal
cancer. The IC50 value determined for curcumin is in agreement
with that previously reported in the same cell line.37 IC50 values
were found to be dependent on both the nature of the metal and
the acac ligand. For ruthenium complexes 1a–1c, the trend
curcumin > acac > dbm was observed. The same trend has been
reported for the [Ru(p-cymene)(acac)Cl] series in the A2780
ovarian cancer cell line and was attributed to lipophilicity.29,38

For 1a and 1b in particular, the complex is more cytotoxic than
either the free acac ligand or [RuCl2(tpa)]ClO4 by more than
factor of 10.

In contrast, for cobalt complexes 2a–c, the IC50 values were
consistently higher than those of the free acac ligands, implying
that the cobalt–tpa moiety does not induce any cyototoxic
effects of its own. Furthermore, the dichlorido precursor
complex, [CoCl2(tpa)]ClO4, exhibited no toxicity up to a
concentration of 200 mM. The trend IC50 acac > curcumin > dbm
mirrors that of the free acac ligands, suggesting that cell death
may result from release of the ligands and not from toxicity of
the cobalt complex. High IC50 values are typical of this class of
cobalt-chaperone where any effect is thought to be due to
release of a cytotoxin rather than the complex itself.21
Fluorescence confocal microscopy in monolayer and 3-
dimensional cell culture

To evaluate the effect of complexation on curcumin localisation,
the uorescence distribution of free curcumin, 1c and 2c, in
both monolayer cells and spheroids was imaged. Spheroids
(three-dimensional aggregates of tumour cells) are excellent
models of solid avascular tumours as they display many of the
same characteristics, including concentration gradients of
This journal is ª The Royal Society of Chemistry 2013
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oxygen and biochemical waste products, areas of hypoxia and
necrosis, and similar drug diffusion proles.39,40

2-Dimensional monolayer cell culture

In DLD-1 cells treated with free curcumin for 24 h, the uo-
rophore was found to have a preferential localisation in mem-
braneous structures, with uorescence observed almost
uniquely in the membranes of cytoplasmic organelles and the
nuclear membrane (Fig. 4). The cytoplasmic staining pattern
was similar to that seen in DLD-1 cells stained with Mitotracker
(Fig. S2, ESI†). Curcumin accumulation in cellular membranes,
and to a lesser extent in nuclear membranes, has previously
been observed in MCF-7 (breast cancer) and NIH3T3 (broblast)
cells,41 while accumulation in the cytoplasm was reported for
HeLa (cervical cancer) cells.28 It should be noted that the
quantum yield of uorescence emission for curcumin is
signicantly higher in hydrophobic environments, such as
membraneous structures, therefore the possibility that curcu-
min is also accumulating in other regions of the cell, where its
uorescence is quenched, cannot be ruled out. Complexes 1c
and 2c showed very similar uorescence distributions to those
of free curcumin though the intensity was considerably lower.
Importantly, this demonstrates that coordination to the metal
complexes does not prevent the cellular uptake of curcumin.

3-Dimensional spheroid cell culture

Fluorescence confocal microscopy images of spheroids treated
with curcumin, 1c and 2c for 24 h are shown in Fig. 5a–c. The
uorescence distribution patterns of the treated spheroids were
found to be markedly different for the complexes compared to
the free drug. While uorescence for the curcumin treated
sample was observed only on the periphery of the spheroid,
considerable uorescence was observed throughout the spher-
oids following treatment with 1c and 2c. Previous work within
our group has found that charged complexes exhibit signi-
cantly better penetration through spheroids than neutral
complexes or free ligands.39 This is thought to be due to the
slower uptake of the charged complexes allowing greater
diffusion between the cells, so that a higher proportion of the
drug can reach the central regions of the spheroid. In particular,
2c shows high levels of accumulation throughout the central
regions of the spheroid that have been previously been deter-
mined to be hypoxic (70–150 mm from the periphery).39,42 There
is considerable interest in drugs that can penetrate as far as the
Fig. 4 DLD-1 cells treated with 20 mM of curcumin (a), 1c (b) and 2c (c). Scale bar

This journal is ª The Royal Society of Chemistry 2013
hypoxic regions, as these cells are typically highly aggressive
and drug resistant, and among the most difficult to treat.43 The
uorescence of the 1c-treated sample is limited to the periphery
and the most central region of the spheroid, where cells are
generally necrotic (>150 mm from the periphery).

To conrm that the observed uorescence did not result
from metabolites of the metal complexes, spheroids treated
with [RuCl2(tpa)]ClO4 and [CoCl2(tpa)]ClO4 were imaged under
the same conditions but no uorescence was observed for either
complex (Fig. S3, ESI†). In both monolayer cells and spheroids,
the uorescence intensity of 1c and 2c was signicantly lower
than that of free curcumin. From the solution emission spectra
recorded at pH 7.4 (Fig. 3a) it is clear that uorescence of cur-
cumin is signicantly quenched on complexation, however both
1c and 2c are slightly uorescent in the same region as curcu-
min (lem max ¼ 500 nm). To limit the possibility of uorescence
from the intact complexes, confocal microscopy images were
collected in the range 540–800 nm, where uorescence from 1c
and 2c is minimal (Fig. 3a). However, it could not be conclu-
sively determined whether the cellular uorescence observed
resulted from a low concentration of free curcumin or a higher
concentration of complexed curcumin. In order to distinguish
between free and complexed curcumin, we used uorescence
lifetime imaging (FLIM), using the difference in the uores-
cence lifetimes to establish whether the curcumin was metal
bound.
Fluorescence lifetime imaging in 3-D spheroid tumour
models

The average lifetime of uorescence for curcumin, 1c and 2c
were measured in cell free (methanol) solutions and live cells
(average values shown in Table 3). As has previously been
reported, the uorescence lifetime of free curcumin could not
be determined in methanol as it is shorter than the instrument
response time of 130 ps,44 however, uorescence lifetime values
for both 1c and 2c in methanol could be measured. All FLIM
experiments involving live cells were performed in spheroids,
due to the low uorescence levels of 1c and 2c. Images of
monolayer cells with high magnication objectives could not be
obtained as the level of laser power required to obtain sufficient
numbers of measurable photons over the relatively small area
within the short timeframe necessary to avoid cell movement
artefacts, destroyed the samples. In contrast, as spheroids were
imaged at a lower magnication, the laser power and time
¼ 20 mm.

Chem. Sci., 2013, 4, 3731–3739 | 3735
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Table 3 Fluorescence lifetime values of curcumin, 1c and 2ca

s1 (ps) s2 (ps) A1 (%) A2 (%) c2

Cell free
Curcumin nd nd
1c 353 � 32 2598 � 52 58 42 1.02
2c 650 � 27 2920 � 45 57 43 1.01

Spheroid culture
Curcumin 419 � 12 1675 � 55 71 29 1.01
1c 431 � 17 2124 � 32 72 28 1.01
2c 408 � 18 1751 � 32 72 28 1.02

a nd ¼ not determinable.

Fig. 5 Top: confocal fluorescence microscopy images of spheroids treated with 20 mM of (a) curcumin (b) 1c and (c) 2c. Middle: lifetime maps of the treated spheroids
(d) curcumin (e) 1c (f) 2c (scale bar ¼ 100 mm). Bottom: (g) global lifetime emissions for curcumin, 1c and 2c.
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required to obtain a sufficient number of measurable photons
was achievable without sample destruction. These images
provide an overall view of where the compounds are located but
lack the precise intra/intercellular detail required to determine
cellular localisation.

The lifetime of curcumin in methanol is extremely short and
below the system response time of 130 ps, through a two
component process with s1¼ 12 ps and s2¼ 70 ps measured by
ultrafast uorescence upconversion, has previously been
3736 | Chem. Sci., 2013, 4, 3731–3739
reported.45 The uorescence decay of 1c and 2c in methanol was
also found to proceed via a two-component process, with
considerably longer lifetimes than the free ligand (Table 3). s2
components were similar for the two complexes, while s1 is
markedly shorter for 1c (353 vs. 650). In the cellular system, the
uorescence decay curve of curcumin required a biexponential
t. For 1c and 2c in a cellular system, there is the possibility of a
four-component decay due to the presence of both complexed
and uncomplexed curcumin; however, in each case the data
could be tted to a biexponential decay. Curcumin and both
complexes were found to have similar s1 values, whereas
signicant variations in the distribution and length of the s2
component were observed (Fig. 5g).

In the case of the1c-treated spheroids, there is little difference
in either the s1 or s2 components between the methanol and
cellular samples. The s2 component is also signicantly longer
than that of the samples dosed with free curcumin. Both obser-
vations suggest that ruthenium–curcumin complex remains
largely intact, in agreement with the unusual stability of the
complex under pseudo-physiological solution discussed above.
However, while the average s2 component of the 1c-treated
spheroid is notably longer than that of curcumin, it is clear from
the false colour image (Fig. 5e) that there is a difference in
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sc51530c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 2
:1

1:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lifetime between the periphery and central region of the
spheroid. The longest lifetimes are observed on the periphery in
blue, with a shi towards shorter lifetimes in the centre, which
may indicate that the complex remains intact in the outer region
of the spheroid, but a percentage is metabolised in the central
region. For complex 2c, both the s1 and s2 values are almost
halved on moving from the methanol solutions to the spheroid
sample. Furthermore, the t2 component for 2c-treated spheroids
was found to be very close to that of free curcumin, suggesting
that the ligand has at least partly dissociated. The false colour
images of the s2 lifetime component in treated spheroids show
the similar lifetime distribution proles of curcumin and 2c
(Fig. 5d and f). The broad distribution of the average s2 lifetime
for 2c treated spheroids (Fig. 5g) may be due to the presence of
both complexed and uncomplexed curcumin, suggesting that
curcumin release is incomplete. This effect can also be observed
in the false colour lifetime image (Fig. 5f) and may be a conse-
quence of the continual diffusionof compound into the spheroid
from the media. A recent study by Waghorn et al. reported a
similar observation, where the combination of both the free
ligand and complex in cellular systems resulted in a broad
distribution of uorescent lifetimes.12 However, unlike the 1c-
treated sample, the broad distribution of lifetimes is consistent
in all regions of the spheroid. This indicates that there is a
mixture of free and bound curcumin throughout the spheroid,
and signicantly, that curcumin is being released in the hypoxic
and necrotic regions of the spheroid as well as on the periphery.
X-ray absorption studies in DLD-1 cells

To establish whether curcumin release from 2c occurs through
ligand exchange or reduction of the cobalt(III) prodrug, XANES
studies were carried out on DLD-1 cells treated with 2c. We have
previously demonstrated the use of XANES to probe the oxida-
tion state of both platinum and cobalt complexes in tumour cell
samples. There are a number of characteristic features in the
Fig. 6 Top: chemical structures of complexes 3–7. Bottom left: XANES spectra of DL
Bottom right: XANES spectra of DLD-1 cells treated with 2c (red), with possible cob

This journal is ª The Royal Society of Chemistry 2013
K-edge spectra of cobalt(II) and cobalt(III) complexes that allow
the oxidation state of a complex to be assigned.46 The XANES
spectra of cobalt(II) complexes are independent of coordination
environment and have a single absorption peak at ca. 7723 eV
and post-edge minimum around 7750 eV. In contrast, cobalt(III)
spectra vary considerably depending on the nature of the ligand
sphere. Cobalt(III) complexes have a major absorption peak at
lower energies, at ca. 7727 eV, and a neighbouring peak around
7740 eV, with post-edge minima between 7757 and 7762 eV.47,48

While peak heights vary with coordination environment, the
edge energies for cobalt(II) complexes are consistently higher
than for cobalt(III) complexes.

The XANES spectra of 2c, cells incubated with 2c for 4 hours,
and possible metabolites of 2c are shown in Fig. 6. The chemical
structures of the possible metabolites studied are listed in Fig. 6
(top). Cobalt chloride was used as a cobalt(II) standard. The
cobalt(III) metabolites are possible products of aquation (3) or
reaction with cysteine (5–7). Previous studies into cobalt(III)
complexes conducted in both solutions and biological systems
have shown the tris–cysteine complex 7, or similar complexes,
to be the major metabolite, in some cases via the intermediate
5. The spectrum of 2c is typical of a cobalt(III) complex and very
similar to those previously reported for related cobalt(III)–tpa
compounds with hydroxamate or nitrate ligands.46,47 In the case
of the sulphur-coordinated complexes 5, 6 and 7, the edge
energies are notably lower than those of the other cobalt(III)
complexes (ca. 7720 eV vs. 7727 eV). This effect has been
reported previously for cobalt and other metal complexes and is
attributed to the high covalency of metal–sulphur bonds.49

Aer incubation of 2c in cells for 4 hours, there are marked
differences in the XANES spectrum. The spectrum of the cell
sample is characteristic of cobalt(II), with a shi to higher
energy of both the major absorption peak and post-edge
minimum, and loss of the second absorption peak. Comparison
with the spectra of complexes 3–7 shows that the cell sample
trace overlays very closely with the cobalt(II) standard 4,
D-1 cells treated with 2c (red), 2c and aquation product 3 and cobalt(II) standard 4.
alt(III) cysteine metabolites 5, 6 and 7.
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indicating that the majority of the complex has been reduced
aer 4 hours incubation. This result, in combination with the
uorescence return studies performed under anaerobic condi-
tions, suggests that reduction to cobalt(II) is involved in the
mechanism of curcumin release from 2c.
Conclusions

In conclusion, we have demonstrated that the cobalt chaperone
complex 2c is suitable for the delivery and release of curcumin.
Incorporation of curcumin into the cobalt(III) chaperone was
found to improve stability and solubility in aqueous solutions,
and to enhance tumour penetration and uptake into hypoxic
and necrotic regions. The uorescence studies conducted in the
presence of reducing agents, and X-ray absorption studies in
tumour cells, both suggest that curcumin release occurs via
reductive activation of the prodrug to cobalt(II). This is a
potential means of signicantly improving the efficacy of cur-
cumin in hypoxic tumour regions, both through increasing
penetration of the prodrug to hypoxic regions and by prefer-
ential release of the drug in a reducing environment.

The ruthenium complex 1c was found to be considerably
more stable than its cobalt analogue, with little curcumin
release observed either in solution or in cells. While this
remarkable stability means that the complex is not possibly
suitable for curcumin delivery, the low IC50 values of the other
ruthenium analogues 1a and 1b suggest that this class of
compounds induce cell death by a different mechanism to that
of the cobalt complexes and may merit further studies.

While this work has focused on curcumin complexes, the
techniques used to evaluate stability and distribution could be
applied to any chaperone complex containing a uorescent
ligand or intrinsically uorescent metal complex. In particular,
FLIM was shown to be a valuable tool for monitoring the
distribution and fate of the uorescent ligand and complexes.
Such information is very important to the future design of this
promising class of drug chaperone complexes.
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