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(PA) activity in the near-IR (NIR) region. Their potential as PA contrast agents for full body imaging has
been demonstrated for the first time with mice; intravenous administration of the osmium carbonyl
cluster Nax[Os1o(ng-C)HCO),4] afforded up to a four-fold enhancement of the PA signal in various tissues.

The cluster exhibits low toxicity, high stability and superior PA stability compared to the clinically
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Introduction

The advent of transition metal carbonyls in biological applications
has partly been spurred on by the discovery that carbon monoxide
(CO) is produced endogenously through heme catabolism and is a
vital cell signaling mediator and regulator."* It has been reported to
induce vasorelaxation and exhibits anti-inflammatory and cyto-
protective effects against disease pathology.> The controlled
and site-specific delivery of CO has become of intense research
interest, and transition metal carbonyls have naturally become
the frontrunners as CO-releasing molecules (CORMs).°® Metal
carbonyls have also been of interest as anti-cancer agents, and in
bioimaging applications using infrared (IR), Raman, and surface-
enhanced Raman spectroscopy (SERS).>'> More recently, we have
demonstrated the use of a water-soluble triosmium carbonyl cluster
for in vivo imaging of the rat cerebral cortex vasculature via photo-
acoustic (PA) imaging."

PA imaging is a hybrid imaging modality that combines the
strengths of optical and acoustic imaging, i.e., strong optical
contrast with high spatial resolution, and is being recognized
as an attractive, non-invasive method for in vivo imaging."*® It
is based on the generation of acoustic waves resulting from
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approved NIR dye, indocyanine green.

thermoelastic expansion following the absorption of light.'®™®

Unlike modalities such as X-ray and positron emission tomo-
graphy (PET), the use of non-ionizing radiation is safer for both
the user and the subject. It also compares favourably with pure
optical imaging modalities such as multiphoton microscopy,
confocal microscopy and optical coherence tomography, which
suffer from poor penetration depth as a result of the strong
scattering by soft tissues.’®>! As a result, PA imaging has been
used in a wide range of in vivo studies, including probing of
dynamic changes in the hemoglobin oxygen saturation of skin,
brain hemodynamic changes and tumor angiogenesis.****
Aside from the visualization of the distribution of endogenous
molecules such as oxy- and deoxy-hemoglobin, exogenous contrast
agents are often introduced for site-specific imaging. Various
contrast agents have been developed, including single-walled
carbon nanotubes,*” gold nanostructures,”®*’ fluorescent pro-
teins,?® cyanine dyes and,”® most recently as mentioned above,
metal carbonyl clusters.

Although the PA contrast of the triosmium carbonyl cluster
is high, a major drawback lies in the incident wavelength of
410 nm; tissue penetration is low at this wavelength and thus
an invasive procedure is required to carry out the imaging. A
metal carbonyl that absorbs in the near-IR (NIR) range, from
680 to 1000 nm, is more desirable as it will offer deeper tissue
penetration and less scattering. We wish to report here that the
optical absorption of the metal carbonyl clusters is shifted to
longer wavelengths with an increase in the nuclearity of the
metal core, and these high nuclearity carbonyl clusters (HNCC)
show good PA activity in the NIR. A candidate compound has
been found and demonstrated to be a good contrast agent for
the full body imaging of small animals.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Molecular structures of 1-8. A line extending from the metal represents a CO ligand. Countercations and CO ligands in the HNCCs have been

omitted for clarity. (b) Optical absorption spectra of 1-3 in DMSO at their respective concentrations. (c) Optical absorption spectra of 4—8 in DMSO at
200 uM. Boxed area represents the NIR region of interest. (d) Combined plot of PA amplitude as a function of concentrations of 4—8 in DMSO.

Results and discussion
Optical and photoacoustic properties of metal carbonyls

The absorption spectra of a number of ruthenium, and osmium,
carbonyl complexes in a range of nuclearities were examined; these
included homoleptic, as well as carbido, hydrido, and phosphine-
substituted derivatives, and with different metal core structures
(Fig. 1a). While the low nuclearity compounds 1-3 did not show any
absorption in the NIR region, all the HNCCs exhibited absorption
in the NIR. In particular, there were distinct absorption maxima
(Amax) at 719 and 768 nm for clusters 4 and 8, respectively; the
others showed broad shoulders tapering towards longer wave-
lengths (Fig. 1b and c). This latter broad and continuous absorption
from the UV-visible to the NIR region has been attributed to the
large number of “interband” transitions and hence the high degree
of overlap of absorption bands.>® These absorptions have been
assigned to M—CO c* « =, as well as M-M G* « o transitions,*"
and correspond to the HOMO-LUMO gap. For clusters 4-8,

This journal is © The Royal Society of Chemistry 2016

Table 1 Optical absorption and PA properties of clusters 4-9 and
indocyanine green (ICG)

Entry Compounds Ama?/mm &M 'em™'  PA quantum yield
1 4 719 4.52 x 10° 329 (+20)

2b 5 680° 4.81 x 10° 644 (+19)

3° 6 680° 1.87 x 10° 431 (+24)

4? 7 680° 1.46 x 10° 342 (+12)

5 8 768 7.75 x 10> 308 (£15)

6” 9 770 9.08 x 10> 315 (435)

7° 9 727 9.69 x 10° 0 (£3)

8? 9 760 8.41 x 10> 7 (45)

94 ICG 789 1.14 x 10° 5097 (+157)

¢ Within the NIR region of 680-900 nm. b In DMSO. ¢ In 10% DMSO in PBS
(vAv7). ¢ In 10% DMSO in DMEM contalnlng 10% FBS, 1% vr-glutamine and
1% penicillin/streptomycin (v/v). ¢ Absorption spectra showed only a broad
shoulder tapering towards longer wavelengths in the 680-900 nm region, so
680 nm was chosen as it gave the highest absorption in the region.

absorption is negligible at >900 nm, which suggests a HOMO-
LUMO gap on the order of 1.0 ev.*'*

J. Mater. Chem. B, 2016, 4, 3886-3891 | 3887
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Scheme 1 Microwave-assisted synthesis of cluster 9. CO ligands have
been omitted for clarity.

The PA activity of the five HNCCs was measured in a phantom,
which mimics tissue optical properties. Strong PA signals were
observed for all the clusters, with the PA intensity at their corres-
ponding Amax varying linearly with concentration (Fig. S2, ESIT).
The quantum yields (slope of the graph), a useful indicator of
PA strength, were comparable, with the highest being that for 5
(Fig. 1d and Table 1). With the exception of 6, the PA spectral
intensity followed a similar trend to their optical spectra,
indicating little or no decomposition.

Synthesis of biocompatible cluster 9 and its photoacoustic
properties in biological media

The osmium cluster 8 was much more stable than the ruthenium
clusters. Unfortunately, the [(PhsP),N]" counterion exhibited very
high cytotoxicity; we found an ICs, value of 1.1 + 0.4 uM in an MTS
assay against an oral squamous cell carcinoma (OSCC) cell line
(Fig. S5, ESIT). To increase the biocompatibility, the synthesis of
[0516(1g-C)(CO)a]*~ was modified to afford the sodium salt 9
(Scheme 1).>* This had a significantly lower toxicity, with an ICs,
value of 83 & 2 uM (Fig. S6, ESIT). The molar extinction coefficients
(at the Amay) of 9 in three different solvent compositions were found
to be similar: (1) DMSO, (2) 10% DMSO in phosphate buffer saline
(PBS) (v/v), and (3) 10% DMSO in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS), 1%
L-glutamine and 1% penicillin/streptomycin (v/v). This was, how-
ever, not reflected in the PA response as the signal amplitude
was higher in DMSO than in the aqueous biological media

View Article Online

Paper

(Fig. 2c and Table 1). That a stronger PA signal is found in
organic solvents than in aqueous media has been reported for a
number of contrast agents, and attributed to differences in the
Griineisen parameters that describe the solvent environment.>*?¢
Nevertheless, the PA signal of 9 in modified DMEM was sufficiently
strong and remained detectable down to 12.5 uM.

Chemical and photoacoustic stability of 9, in comparison to
indocyanine green

Cluster 9 exhibits good chemical and PA stability in 10% DMSO
in modified DMEM; the absorbance at A,,,x = 760 nm remained
consistent, and the CO vibrations at 2034 and 1988 cm™*'
remained unchanged with consistent peak integrals, over a
7-day period (Fig. S7, ESIT). The cluster was also incubated in
modified DMEM for different lengths of time (10 min, 1, 3, 5
and 7 days) and then subjected to gel electrophoresis. The gel
showed a similar dark red band for all time-points, indicating
little or no decomposition (Fig. S8, ESIT). The solution was also
stable to irradiation at 760 nm over a period of 120 min (Fig. S9
and S10, ESI{). In a comparative study with indocyanine green
(ICG), we found that the latter has low PA stability although it
has better optical and PA properties (Fig. S11, ESIf and
Table 1); the PA signal decreased sharply upon irradiation at
790 nm, and a similar decline was observed in its optical
spectrum (Fig. S10, ESIt). ICG is an organic tricarbocyanine
NIR dye which has been approved by the U.S. Food and Drug
Administration for clinical use in angiography, oncology and
lymphatic vasculature imaging.>”*® Furthermore, there have
also been many reports on its use in PA imaging, including
through development into nano-sized constructs.**™*>

PA in vivo imaging of live mouse tumour models

The potential of 9 as an exogenous contrast agent was assessed
on three mice with OSCC xenografts; they were injected intra-
venously through the tail vein with a solution of 9 in 10%
DMSO in heparinized saline (200 pL, 500 pM), giving an
effective concentration of approximately 50 uM upon dilution
with blood in the animals. Abdominal scans were made before,
and up to 24 h after, the injection using real-time multispectral
optoacoustic tomography (MSOT).** The reconstructed images
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Fig. 2
760 nm. The right channel contains a solution of 9 (200 puM, 10% DMSO in

(a) Optical absorption (black) and PA spectra (red) of 9 (200 uM, 10% DMSO in modified DMEM). (b) Single wavelength PA image of the phantom at

modified DMEM), while the left channel contains only the medium. (c) PA

response of 9 as a function of concentration in three different solvent compositions.
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showed an increase in PA contrast in the liver, spleen and
kidneys up to the first hour by up to 4-, 3- and more than 2-fold,
respectively (Fig. 3a—c). This was reversed by the third hour,
however, and almost reached baseline at 6 h, suggesting fast
clearance or breakdown of 9 in the body. As expected, there was
no clear significant accumulation in the tumor in comparison
to other tissues as 9 does not bear any tumor targeting ligand,
although the tumor-to-muscle ratio of the PA signal intensity
showed an apparent 5-fold contrast at 3 h followed by a gradual
decrease at 6 h (Fig. S13, ESIT).

Biodistribution of 9 in live mice

The biodistribution of 9 inferred from the MSOT experiment
has been corroborated by an analysis of the osmium contents,
using inductively coupled plasma mass spectrometry (ICP-MS),
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after the mice were sacrificed at 24 h and 96 h. Comparison of
the values obtained at 24 h and 96 h reveals that the accumula-
tion of osmium exists even after 96 h, mostly in the liver and
spleen, while the other organs showed a significant drop in the
osmium content. The amount of osmium per tissue mass is
significantly higher in the liver, spleen, lungs and kidneys than
that in the control mice; it is highest in the liver, followed by
the spleen (Fig. 3d and Fig. S14, ESIY).

This is similar to what has been found with the more
extensively studied gold nanoparticles;** ™ while there have been
variations across the studies, in most of the cases, accumulation
has been observed to be highest in the liver, followed by tumor,
spleen or kidneys.

To further study the effect of the accumulation of osmium in
the various organs (liver, spleen, liver, lungs and heart), the
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In vivo PA imaging of the mouse OSCC xenograft model using 9 (200 puL, 500 puM) as a contrast agent. (a) PA signal from 9 across a single slice of

the mouse abdomen showing part of the liver, spleen (S), kidneys (K) and tumor (T) before and after injection up to 24 h. All PA images are overlaid on their
corresponding anatomy images at 800 nm. Images depicting a greater portion of the liver can be found in Fig. S12 (ESI¥). (b) Transverse sections of the
mouse abdomen, at 2 mm interval, before and at 1 h after the injection of 9. (c) Fold change in the PA intensity in the liver, spleen and kidneys over that at
t = 0. (d) ICP-MS analysis of the amount of Os per tissue mass in various major organs of mice, 24 h and 96 h after injection of 9, with that of control
samples. Error bars represent standard error of the mean, n = 3 for samples with 9 (24 h) and n = 2 for samples with 9 (96 h) and control samples.
*Represented as mass of Os per fluid volume/ng L%
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Fig. 4 Histopathology (H & E staining) of liver and spleen tissues of mice, 24 h and 96 h after intravenous injection of 9, with that of control samples.

Scale bar = 100 pm.

mice were sacrificed at 24 and 96 h after injection of 9, and the
tissue morphology of the organs analysed by histopathology.
Hematoxylin and eosin (H & E) staining of liver and spleen tissues
displayed no obvious damage between the treated samples and
control (Fig. 4), despite the accumulation of osmium. No visible
abnormalities were also observed in the tissues of the kidneys,
heart and lungs (Fig. S15, ESIt). The condition and weight of the
mice were also monitored over 24 and 96 h, and mice administered
with cluster 9 were well-conditioned and showed no sign of weight
loss even after 96 h (Fig. S16, ESIT). Nevertheless, the deposition of
the osmium metal in the liver and spleen is of concern and will
require a long-term study in the future.

Conclusion

We have shown in this work that the absorbance of metal carbonyl
clusters was shifted towards the NIR on going from low to high
nuclearity. This shift in the absorbance with nuclearity is a useful
parameter for fine-tuning in optical applications. The low toxicity

3890 | J Mater. Chem. B, 2016, 4, 3886-3891

and the chemical- and photo-stability of 9 allowed for prolonged
monitoring of its bio-distribution; both the time-lapsed PA images
and ICP-MS analyses were indicative of distribution of the cluster
via normal metabolism. These results suggest that HNCCs such as
9 are potentially useful PA contrast agents for deep tissue imaging.
The next stage of development will be towards even better bio-
compatibility and PA response, and targeted imaging by exploiting
the conjugation of targeting ligands to HNCCs via the reactivity of 9
to electrophiles or phosphine substitution.

Experimental section

Detailed description of the experimental procedures can be
found in the ESI.f
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