Note of Caution for the Aqueous Behaviour of
Metal-based Drug Candidates
Anna Notaro,a Gilles Gasser,a,* and Annie Castonguayb,*
a

Chimie ParisTech, PSL University, CNRS, Institute of Chemistry for Life and
Health Sciences, Laboratory for Inorganic Chemical Biology, F-75005 Paris,
France.

b

INRS - Centre Armand-Frappier Santé Biotechnologie, Organometallic Chemistry
Laboratory for the Design of Catalysts and Therapeutics, Université du Québec, 531
boul. des Prairies, Laval, Québec, H7V 1B7, Canada.

* Corresponding authors: E-mail: gilles.gasser@chimeparistech.psl.eu; WWW:
www.gassergroup.com; Phone: +33 1 44 27 56 02; Email: annie.castonguay@inrs.ca;
WWW: www.castonguay-group-inrs.com/ Phone: +1 450 687 5010

ORCID Number
Anna Notaro: 0000-0003-0148-1160
Gilles Gasser: 0000-0002-4244-5097
Annie Castonguay: 0000-0001-5705-6353

Keywords: Aqueous Behaviour, Bioinorganic Chemistry, Cancer, Medicinal Inorganic
Chemistry, Ruthenium.

1

Abstract
Poor aqueous solubility is one of the recurrent drawbacks of many compounds in
medicinal chemistry. To overcome this limitation, the dilution of drug candidates from
stock solutions is common practice. However, the precise characterisation of these
compounds in aqueous solutions is often neglected, leading to some uncertainties
regarding the nature of the actual active species. In this communication, we demonstrate
that two ruthenium complexes previously reported by our group for their
chemotherapeutic potential against cancer, namely [Ru(DIP)2(sq)](PF6) and
[Ru(DIP)2(3-methoxysq)](PF6), where DIP is 4,7-diphenyl-1,10-phenanthroline, sq =
semiquinonate and 3-methoxysq = 3-methoxysemiquinonate, form colloids in waterDMSO (1% v/v) mixtures that are invisible to the naked eyes. [Ru(DIP)2(3methoxysq)](PF6) was found to form a highly stable and monodispersed colloid with
nanoaggregates of ~25 nm. In contrast, [Ru(DIP)2(sq)](PF6) was found to form large
reticulates of mostly spherical aggregates which size was found to increase over time.
The difference in size and shape distribution of drug candidates is of tremendous
significance as the study of their biological activity might be severely affected. Overall,
we strongly believe that these observations should be taken into account by the
scientific community working on the development of metal-based drugs with poor
water solubility.
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Introduction
The choice of an appropriate solvent to accomplish a specific task is often guided by
the rule of thumbs as “like dissolves like”.[1] Many parameters have been defined over
the years to describe the concept of solubility, but it is commonly accepted that a
solution is an homogeneous mixture of two or more substances, which include a solvent
(i.e. the component present in the largest amount) and a solute (i.e. the component
present in the smallest amount).[1] Any further detailed explanation about this topic is
beyond the scope of this communication.[1]–[4] When the solute is not dissolved by the
solvent, an heterogeneous mixture is formed, which can either be identified as a
suspension or a colloid.[5],[6] A suspension is characterised by particles usually larger
than 1 μm, that might be visible to the naked eye and suitable for sedimentation,[6]
whereas a colloid corresponds to a dispersed phase of smaller particles (1-1000 nm)
that do not settle.[5] Herein, we describe the water-DMSO mixture (1% v/v) behaviour
of two ruthenium polypyridyl complexes previously reported by our group as potential
chemotherapeutic

agents

against

cancer,

namely

[Ru(DIP)2(sq)](PF6)

and

[Ru(DIP)2(3-methoxysq)](PF6), where DIP is 4,7-diphenyl-1,10-phenanthroline, sq =
semiquinonate and 3-methoxysq = 3-methoxysemiquinonate (Figure 1).[7],[8] The
formation of ruthenium polypyridyl nanoaggregates is a known phenomenon.[9]–[16] For
example, the formation of nanoaggregates of [Ru(DIP)3]2+ and [Ru(bpy)3]2+ in water
was previously reported in the literature. However, overall, data currently available in
the literature on this topic is relatively scarce.[9],[10] In this communication, we
demonstrate that [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) form
colloids in a water-DMSO mixture (1% v/v) and that the their slight structural
difference has a dramatic effect on their self-assembly, a process by which pre-existing
components autonomously organise into patterns or structures.[17],[18]
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Figure

1.

Chemical

structures

of

[Ru(DIP)2(sq)](PF6)

and

[Ru(DIP)2(3-

methoxysq)](PF6) previously published by our group.[7],[8]
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Results and discussion
[Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) have been recently reported
by our group for their remarkable potential as chemotherapeutic agents against
cancer.[7],[8] During follow-up experiments, we observed an interesting behaviour of
these compounds upon aqueous dilution from DMSO stock solutions. As already
reported by our group and others, although widely used, DMSO can be found
problematic for the biological assessment of metal complexes due to its coordinative
properties.[19]–[21] However, in this case, the stability of [Ru(DIP)2(sq)](PF6) and
[Ru(DIP)2(3-methoxysq)](PF6) in DMSO was found to be very high, the nature of
both compounds remaining unaltered up to at least 4 days.[7],[8] In this communication,
we

describe

the

behaviour

of

[Ru(DIP)2(sq)](PF6)

and

[Ru(DIP)2(3-

methoxysq)](PF6) in water-DMSO (1% v/v) mixtures that we believe will be of interest
for the scientists working in the medicinal inorganic chemistry field of research. More
specifically, [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) were found to
form colloids that are completely transparent and consequently, unnoticeable to the
naked eye. Many techniques are known nowadays to characterise clusters or aggregates
of ruthenium complexes (e.g., NMR or mass spectrometry techniques).[22]–[24]
However, conventional methods for solubility screens (e.g., UV-vis absorbance) could
have easily led to the misidentification of these colloids as solutions, especially if a
non-instinctive fine filtration step would have been skipped. The first attempt to assess
the solubility of [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) in waterDMSO (1% v/v) was performed by comparing the UV absorbance of each compound
with a calibration curve (response vs concentration) prepared in the same media.[25] It
is expected that a calibration curve should be linear when the compound is completely
soluble at the lowest concentrations tested, and reach a plateau for saturated solutions
5

of higher concentrations, for which precipitation occurs.[25] Normally, solutions are
filtered to prevent any interference of the precipitate with the analysis. In the case of
the two above-mentioned compounds, a linear calibration curve was observed for the
non-filtered solutions (5, 2.5, 1 and 0.5 μM, Figure S1, S2). At all concentrations tested,
no precipitate was noticeable to the naked eye, whereas inconsistent results were
obtained when solutions were filtered using 0.2 µm cellulose acetate membrane filters
(VWR) prior to analysis. These findings brought us to doubt the composition of what
we identified so far as a ‘solution’. The next step towards the understanding of the
behaviour of [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) in waterDMSO (1% v/v) was undertaken using nanoparticle tracking analysis (NTA) performed
with a Nanosight NS300 instrument (Malvern Panalytical).[26],[27] NTA is a nanoparticle
visualisation technique that allows size, count and concentration measurements.2 One
of the major advantages of this technique, compared to classical dynamic light
scattering (DLS), is that it can successfully resolve and accurately measure different
particle sizes in its range of acquisition (10 nm to 2000 nm).[27] DLS measures changes
in light scattering from a bulk sample whereas NTA provides particle-by-particle
diffusion measurements and builds the distribution one particle at a time.2 However,
samples must be concentrated enough (106-109 particles per mL) to provide
measurements of statistical relevance.[28] NTA measurements of [Ru(DIP)2(sq)](PF6)
and [Ru(DIP)2(3-methoxysq)](PF6) (1 μM) in a water-DMSO (1% v/v) mixture were
attempted. Samples were prepared by diluting DMSO stock solutions (100 μL of 100
μM solutions) with milliQ water (9.90 mL) immediately prior to analysis. Samples were
analysed at t = 0 and after 24 h incubation at 28 °C. Analysis of complex
[Ru(DIP)2(sq)](PF6) was considered unreliable by NTA as not enough particles were
detected. This could be explained by the presence of large aggregates or by the partial
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solubility of the complex in this media. On the other hand, [Ru(DIP)2(3methoxysq)](PF6) was accurately analysed by NTA showing a surprisingly
monodispersed distribution with aggregates of ~ 42 nm (Figure S3). Those aggregates
were not found to be stable after being incubated at 28 °C for 24 h, as two main
population distributions of ~ 65 nm and ~ 95 nm were observed (Figure S4). It is
noteworthy that despite their extremely similar structure, as reflected by their very close
physical properties,[7],[8] the NTA analysis of [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3methoxysq)](PF6) gave significantly different results. This interesting finding
prompted us to investigate these systems more deeply using transmission electron
microscopy (TEM). Figure 2 shows TEM images of [Ru(DIP)2(sq)](PF6) and
[Ru(DIP)2(3-methoxysq)](PF6) at t = 0 and after 24 h incubation at 28 °C.

Figure

2.

(a)

TEM

images

of

[Ru(DIP)2(3-methoxysq)](PF6)

and

[Ru(DIP)2(sq)](PF6) at t = 0 and after 24 h incubation at 28 °C. (b) Zoom-in of the Rusq image at t = 0. (c) Size distribution of [Ru(DIP)2(3-methoxysq)](PF6) at t = 0 and
after 24 h incubation at 28 °C.
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TEM analysis of [Ru(DIP)2(sq)](PF6) revealed immediate formation of fine reticulates
of mostly spherical nanoaggregates, which increased in size over time (>1 μm). The
size of the nanoaggregates was difficult to establish, especially after 24 h, when the
level of aggregation was more considerable. However, image J analysis of the image at
t = 0 demonstrates that the size of the nanoaggregates did not exceed 50 nm. On the
other hand, the TEM analysis of [Ru(DIP)2(3-methoxysq)](PF6) showed isolated
spherical nanoaggregates. A remarkably low size polydispersity at t = 0 (25.3 ± 6.3 nm)
and at t = 24 h (24.6 ± 4.3 nm) was also observed, showing a stability of the system
over time, under the conditions tested. Table 1 summarises the data obtained for
[Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) by NTA and TEM. As
expected, NTA showed particles of a relatively larger size as this analysis includes a
measurement of the aggregates’ hydrodynamic radius.
Table 1. NTA and TEM data obtained for [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3methoxysq)](PF6) at t = 0 and after 24 h incubation at 28 °C.
NTA most frequent size(s)

TEM mean size ± s.d.

t=0

t = 24 h

t=0

t = 24 h

[Ru(DIP)2(sq)](PF6)

n.a.

n.a.

>1 μm

>1 μm

[Ru(DIP)2(3-

41.9 nm

65 nm, 95 nm

25.3 ± 6.3 nm

24.6 ± 4.3 nm

methoxysq)](PF6)

These results demonstrate that compounds that appear completely soluble to the naked
eye and display a linear relationship when their UV absorbance is measured versus their
concentration might actually be in the form of colloids. Moreover, this study shows that
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minor changes in the chemical structure of some compounds might lead to a dramatic
change in their self-assembly.

Conclusion
Overall, this study demonstrates how “clear solutions” that result in linear UV
absorption calibration curves can actually be dispersions of colloidal nature. One of the
most widely used techniques to assess the solubility of a compound is to verify the
linearity of its UV absorbance in solution versus concentration, as expressed by the
Beer-Lambert law. In the course of this study, we demonstrated that two structurallyrelated Ru(II)polypyridyl complexes form nanoparticles or nanoaggregates in waterDMSO media that were completely unnoticeable to the naked eye. Therefore, their
solubility assessment by a conventional technique such as UV could have easily led to
a misassumption, if solutions remained unfiltered prior to analysis. In the case of both
compounds investigated in this study, inconsistent results were obtained after filtrating
the solutions. These findings emphasise the crucial importance of this “sometimes not
instinctive” filtration step for solubility assessment, as well as the use supplementary
characterisation tools. A deeper investigation using NTA and TEM analyses was
undertaken and showed that the small difference between the structure of both
complexes caused dramatic effect on their self-assembly, going from well-defined
reticulate to isolated nanoaggregates. We believe these findings might prompt the
medicinal inorganic chemistry community to invest more efforts towards the
characterisation of metallic compounds prior to their biological activity assessment.
Indeed, a full characterisation of metal-based drug candidates of interest under relevant
conditions would contribute to prevent any uncertainty regarding the actual biologically
active species. For example, the observations reported herein could rationalize
9

differences in in vivo results between two very similar compounds due to the enhanced
permeability and retention effect (EPR effect), although this concept is currently
controversial.[29],[30]

Experimental Section
Materials
All chemicals (reagent or analytical grade) were used as received from commercial
sources. [Ru(DIP)2(sq)](PF6) and [Ru(DIP)2(3-methoxysq)](PF6) were synthesised
in our laboratories.[7],[8] All solvents were purchased (analytical or HPLC grade) and
when necessary, degassed by purging with dry, oxygen-free nitrogen for at least 30 min
before use.
Instrumentation and methods
UV Absorption
Samples were prepared starting from 1 mM stock solutions of [Ru(DIP)2(sq)](PF6)
and [Ru(DIP)2(3-methoxysq)](PF6) in DMSO. Further dilutions were made in order
to allow the preparation of 10 mL mq water solutions containing 1% DMSO in volume
at 5 μM, 2.5 μM,1 μM and 0.5 μM. The solutions were then measured in a 96-well plate
(200 μL), using a SpectraMax M5 microplate reader. Data were analysed by Microsoft
excel.
Nanoparticle tracking analysis (NTA)
NTA was performed using Nanosight NS300 (Malvern). Samples were prepared
starting from 1 mM stock solutions of [Ru(DIP)2(sq)](PF6)

and [Ru(DIP)2(3-

methoxysq)](PF6) in DMSO. A 1 mM stock solution was further diluted to 0.1 mM in
DMSO and 0.1 mL was diluted with 9.9 mL of milliQ water immediately prior to
analysis. Each solution was injected automatically with the Nanosight syringe pump
10

add-on (0.2 mL) at a rate of 50 µL/s. Compounds were then incubated at 28 °C in a 6well plate and the analysis repeated after 24 h.

Transmission electron microscopy (TEM)
Solutions were prepared as explained above, then a 50 μL drop of the sample was
placed on parafilm. Grids (200mesh copper with FORMVAR plastic (as a support film),
carbon coated and glow discharged) were then placed on the drop for 5 min and dried
with a bibulous paper. Samples were treated with Phosphotungstic acid (PTA) 3% for
1 min, then dried with bibulous paper. Finally, grids loaded with the samples were
analysed using TEM Hitachi H-7100 at 75K with a camera AMT X111 (Service de
microscopie électronique, INRS).

Associated Content
Supporting Information
The Supporting Information is at DOI: XXXXX.
Calibration curve of [Ru(DIP)2(sq)](PF6)

(Figure S1), calibration curve of

Ru(DIP)2(3-methoxysq)](PF6) (Figure S2), NTA size distribution at t = 0 of and
[Ru(DIP)2(3-methoxysq)](PF6) (Figure S3), NTA size distribution after 24 h
incubation at 28 °C of and [Ru(DIP)2(3-methoxysq)](PF6) (Figure S4).
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Figure 1. Calibration curve obtained by UV-vis absorbance measurements of non-filtered solutions of
[Ru(DIP)2(sq)](PF6) (5,2.5,1 and 0.5 µM). Each value is reported with 5% experimental error over the
absorbance measurement.
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Figure 2. Calibration curve obtained by UV-vis absorbance measurements of non-filtered solutions of
[Ru(DIP)2(3-methoxysq)](PF6) (5,2.5,1 and 0.5 µM). Each value is reported with 5% experimental error over
the absorbance measurement.
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3)

Figure 3. NTA size distribution at t = 0 of [Ru(DIP)2(3-methoxysq)](PF6) 1µM in water-DMSO (1% v/v)
mixture.
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4)

Figure 4. NTA size distribution after 24 h incubation at 28 °C of [Ru(DIP)2(3-methoxysq)](PF6) 1µM in
water-DMSO (1% v/v) mixture.
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