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Abstract

Detection of the real-time growth rate of cancer and visualization of the effectiveness
of chemotherapy using the live cell imaging technique are yet to be invented though
these could be conducive to monitoring the cancer treatment more precisely. In the
present article, a new technique is proposed that will be able to accomplish the afore-
mentioned necessity. The recent development and success of the use of organometallic
carbonyl clusters as photoacoustic contrast agents and cancer drugs have fetched a
few freedom for the fate of new technologies towards the invention of time-dependent
photoacoustic tomography (TD-PAT) that could ease the detection and treatment of

cancer using advanced clinical chemotherapy.

Introduction

Instant detection of the growth rate of cancer in a living body is yet to be possible. The same

is true for the advancement of success or failure of therapeutic treatment of cancer. Though



the growth rate of cancer may be estimated from different live cell imaging techniques at
significant time intervals, live monitoring of chemotherapy could not be possible employing
any available technique. The invention of a new technique that could be effective for live
monitoring of cancer treatment will certainly increase the success ratio of cancer treatment.
Is it possible? Yes, it is possible. How could it be possible?

To make the impossible possible, let us dream of an instrument that is capturing every
successful action of a drug molecule. Thus, from the ratio of effective drug molecules and
the total drug molecules, the effectiveness or success rate of the drug could be measured.
To fulfill our dream, we have to apply only those drugs for the therapy which must act
as exogenic contrast agents before and after binding to the respective enzyme or ligand
to produce compounds having optical absorbance in two different regions such that both
give effective contrast behaviors required for live cell imaging. The quest for cancer drug
molecules having the aforementioned virtues is reported in the present communication.

Photoacoustic tomography (PAT)!? is a widely used effective imaging technique today
due to its deeper tissue penetration possibilities and high spatial resolution capability for live
cell imaging.®® The application of effective exogenous contrast agents® not only enhance the
signal to noise ratio but also open up other important possibilities. Thus, most of the cell
imaging techniques are implemented with bio-compatible contrast compounds. The same
contrast agents may be applicable for different imaging techniques like MRI,1® PAT ! CT
scan,'? USG,!3 etc. On the other hand, different classes of contrast media may also be
implemented for the same technique.
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For example, different classes of contrast agents like gold nanoparticles,, organic
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dyes, organometallic carbonyl clusters, nanodyes,? etc have been tested for PAT
so far. There are advantages as well as disadvantages one over another. However, the
organometallic carbonyl cluster compounds of group-8 elements have attracted major atten-
tion due to their excellent solubility in water as well as hydrophobic media and high stability

in blood circulation. These compounds have negligible cytotoxicity.?* 26 Interestingly, in a



number of recent studies it is reported that these compounds have remarkable anti-angiogenic
activity too.2” Thus, these compounds are chosen for our present study. If they exhibit opti-
cal absorbance properties at two different regions in the UV-Vis spectra before and after their
addition to the respective enzyme or ligand to produce a detectable PAT signal, these could
be our compound of the dream to design the time-dependent photoacoustic tomography
(TD-PAT) mentioned earlier.

Recent advances in the field of ruthenium-based anti-cancer drugs including ruthenium
carbonyl clusters give rise to the thinking of new medicinal technologies like time-dependent
photoacoustic tomography (TD-PAT) which may be effective for the visualization of chemother-
apeutic progress in a living body. The advantages and benefits of exploiting ruthenium as
anti-cancer drugs have been discussed in a number of excellent reviews.?3° Indeed, ruthe-
nium complexes are less cytotoxic than the worldwide approved platinum-based drugs due
to the ability of ruthenium to mimic iron in binding to biological molecules, such as human
serum albumin and transferrin.®® Two ruthenium compounds, imidazolium trans- [tetra-
chlorobis (1H- indazole) ruthenate(III)]), termed KP1019,%? and imidazolium trans- [tetra-
chloro(dimethyl sulfoxide) (1H-imidazole) ruthenate(III)|), termed NAMI-A,33 are presently
in phase II clinical trials, the latter compound showing both anti-metastatic and anti-
angiogenic activity in preclinical models.?” Organometallic ruthenium(IT) complexes, [Ru(n®
-arene)Cly (PTA)] (arene = toluene and p-cymene, PTA = 1,3,5-triaza-7-phosphaadamantane),
also exhibit anti-metastatic3 and anti-angiogenic®® properties.

Nazarov et. al.?” showed that triruthenium-carbonyl clusters derivatized with glucose-
modified bicyclophosphite ligands [Rus (CO), P,, where P is one glucose-modified bicy-
clophosphite ligand| have very good anti-cancer activities with excellent cell uptake proper-
ties. They have shown that this compound shows angiogenic activities in vivo conditions by
arresting the cell cycle in the G1/GO phase which leads to cell apoptosis. Later, Kong et.
al.?! reported that triruthenium-carbonyl clusters derivatized with sodium thio-propanoate

are quite good photoacoustic contrast agents. From these two successful studies, it could



be concluded that if triruthenium-carbonyl clusters are derivatized with a suitable organic
ligand, they could act as the cancer drug and their drug activity could be followed using
photoacoustic imaging. In the present research work, these possibilities are tested with

a triruthenium-carbonyl cluster derivatized with glucose-modified bicyclophosphite ligands

[Ruz (CO)q; Pl.

Methods and Design

Design of TD-PAT

In photoacoustic tomography, a short pulse of electromagnetic radiation is used which is
absorbed by some entities that exist in the living cell. Due to the absorption of the radiation
heat is generated which creates acoustic waves. These waves travel to the tissue surface
where a respective detector is situated. From the time delay to reach the detector, the spatial
distribution of the absorbing entity could be imaged. The application of exogenous contrast
agents enhances the absorption capacity and increases the photoacoustic signal. In the
cancer-affected organs, the density of blood vessels is higher and hence the blood circulation.
Thus, the use of exogenous contrast agents is very effective to differentiate normal cells from
cancer cells. If the contrast agent itself is a cancer drug, then its implementation as a contrast
agent not only enhances the signal resolution but also gives information about the status of
the disease. The interaction of contrast agents with the cell may lead to cell apoptosis. Here
two different situations may arise.

After the drug action, the drug molecule ( in this case - the contrast agents) may lose
its identity. The contrasting behavior of the compounds may be lost. In that situation, fast
decay of the signal strength will be observed. However, there are other factors that may
cause the decrease in signal strength. Thus, from the decay pattern, no conclusion may be
drawn with great precision. On the other hand, if the contrast agent changes its optical

absorbance property after its action as a cancer drug, a different photoacoustic signal may



be produced by illuminating the target with another laser pulse. Comparing these signals
with the previous signals, the drug activity of the contrast agents may be determined. The
ratio of two signals will give the fraction of drug molecules (here the contrast agent) reacted.
From the time difference between two laser pulses, the rate of the reaction of drug molecules
could be determined. If a short series of laser pulses are implemented systematically, the
progress rate of the drug action will be mapped quantitatively. A schematic diagram is

presented below to illustrate this proposal.
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Figure 1: A schematic diagram of proposed TD-PAT

Description and method of calculation

In Figure 2, the target is under the focus of two different laser pulses. Laser pulse-1 corre-
sponds to the frequency of the used contrast agent before its drug action and laser pulse-2
corresponds to the frequency of the contrast agent after its drug action. There are two in-
dependent detectors. Here it should be mentioned that when pulse-1 is on, detector-1 will
be on and detector-2 will be off. For pulse-2, the reverse will be true. These conditions
are required to avoid the mixing of two different signals as both the detectors are capturing
signals from the same tissue surface. There should be a significant time gap between the

application of two laser pulses. Signals that are recorded at two different detectors are passed



to two independent processors to get independent images produced from two different laser
pulses. Both these signals will also be sent to an analyzer where a comparative study will be
processed. The analyzer will also collect two images and compare them to give the calculated
result.

From the signal ratio, the fraction of drug molecules that have reacted could be calculated
in the following way.

Let, = be the fraction of drug molecules that have reacted. So, the amount of unreacted
drug molecules is 1 — x. As the strength of the signal is proportional to the concentration of

the contrast agents, we get

signal —2 x

(1)

signal —1  1—=z

signal—2
signal—1

is a number that is available from the designed TD-PAT instrumentation described

above. Let the measured value is K. Now, from Eqgs. 1 we get

S0,

TTITEK ®)

x is the drug activity index. Employing pulse-2 more than once, we will get different

values of x. The plot of z vs time will show the progress of the drug activity.

Computational details

To test the efficiency of triruthenium-carbonyl cluster derivatized with glucose-modified bicy-
clophosphite ligands as an effective TD-PAT contrast agent (PAT contrast agent and cancer
drug), the optical absorbance property of this compound and its derivatives with DNA base

is studied. For this purpose, geometry optimization of these compounds is carried out with



the help of the Gaussian 09 package.3® The structure optimizations were carried out without
any symmetry restrictions following standard methodology. Becke’s three-parameter hybrid
exchange functional combined with Lee-Yang-Parr non-local correlation functional, abbrevi-
ated as BSLYP, with LanL.2DZ basis, is employed for the present computation. It is reported
that for the transition metal clusters BSLYP /Lanl.2DZ produces excellent results compared
to the experimental results.'®?? Time-dependent density functional theory (TD-DFT) cal-
culations were performed to study the optical absorbance of the compounds under test for

their electronic excitations.

Results and Discussion

The optical absorbance of different triruthenium carbonyl cluster derivatives due to their
electronic excitation is computed and presented in Figure 2. Mono substituted derivative is
chosen for this study. It is reported that this compound acts as a cancer drug by stopping cell
division through a mechanism where the compound binds to two DNA bases of the opposite
strands of DNA when it starts to unfold at the G1/GO0 stage of the cell division.?” Thus, the
optical absorbance of the mono substituted metal cluster and its derivatives with DNA base
Guanine is computed and reported.

In Figure 2, it is observed that the absorption maximum of the monosubstituted derivative
and its mono-substituted guanine derivative are 505 nm and 556 nm respectively. The di-
substituted guanine derivative shows two distinct absorption peaks. The first peak, the
low energy peak, is at 1085 nm and the second one is at 484 nm. Thus, this compound,
triruthenium carbonyl cluster derivatized with glucose-modified bicyclophosphite ligands, is
a promising candidate for the TD-PAT contrast agent. For this compound, the frequency
of the laser pulse-1 must be around 500 nm and that of pulse-2 should be around 1100 nm.
Since the required frequency of two pulses is widely separated, this could be easily used as a

contrast agent for TD-PAT. The signal corresponding to an 1100 nm laser pulse is directly



related to the activity of the ruthenium complex as well as the rate of cell division which
is related to the spread of cancer cells. It is also observed that there is another significant
absorption of the di-substituted guanine derivative at 480 nm. So, the calculation of x
should be modified accordingly. From the image obtained from laser pulse-2, the arrested

cell division area would be visible.
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Figure 2: Optical absorbance properties of different cluster derivatives.

Conclusion

From the present study, it could be concluded that it is possible to construct a TD-PAT
instrument. The required contrast agent for this technique is obtainable for cancer. The
triruthenium-carbonyl cluster derivatized with glucose-modified bicyclophosphite ligand (mono-
substituted) is an effective contrast agent to detect the progress of cancer in a living organism.
It may also be a good drug for this disease. It is observed that when the cluster binds with a
DNA base of a single strand, there is no significant change in its optical absorption property.
But, this property changes drastically only when it binds to two DNA bases of two different
strands of an unfolding DNA which stop the cell division and the spread of cancer. Thus, the

success of the chemotherapy could be noticed spectroscopically if this compound is used for



the treatment. Monitoring of the therapy could also be possible in this case. This technique

(TD-PAT) will give more flexibility in the future to resolve clinical and medical complexities.
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