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A series of ruthenium complexes containing a N-heterocyclic carbene (NHC) ligand with three types of
PEG substituents were synthesized, and their molecular modeling and electrochemical characterization
were performed. Their interaction with BSA was also investigated using fluorescence quenching, circular
dichroism, DLS, and zeta potential measurements. The PEG fragments strongly influenced reactivity,
modulating both biomolecular interactions and chemical kinetics. Although all complexes exhibited iden-
tical reduction potentials, larger PEG chains imposed steric hindrance around the metal center, leading to
slower mass transport, hindered heterogeneous electron transfer, and reduced hydride formation.
Interaction studies with BSA indicated predominantly static quenching, consistent with stable adduct for-
mation, while larger PEG units also introduced dynamic contributions. This behavior suggests that BSA
can act as a carrier, facilitating plasma transport, or support their application as artificial nanozymes.
Importantly, the Ru—-PEG systems were generally non-toxic and displayed catalytic activity in hydrogen
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transfer reactions, including ketone and NAD* reduction. This activity was further enhanced when cationic
micelles or BSA were employed as carriers. Overall, the non-toxic nature, catalytic potential, and ability to
interact with proteins highlight Ru—-PEG complexes as promising candidates for intracellular catalytic
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Introduction

Cancer has become one of the greatest threats to human life,
prompting extensive efforts to synthesize therapeutic agents
for precise and efficient treatment while minimizing off-target
toxicity." To achieve optimal therapeutic efficacy for in vivo
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experiments, different physiological barriers must be over-
come: (i) prolonged circulation in the bloodstream, (ii)
efficient accumulation in cancerous tissues, for example, via
the Enhanced Permeability and Retention (EPR) effect, (iii)
effective penetration into tumor tissue, (iv) cellular internaliz-
ation by tumor cells, and (v) intracellular drug release.’
Additionally, drugs can interact with serum proteins, particu-
larly albumin, the most abundant plasma protein, accounting
for approximately 60% of total plasma protein content, and
thereby altering their pharmacokinetics and pharmacody-
namics.® In this context, camouflage of the anticancer drugs
may be considered as an alternative route to enhance their bio-
logical properties. One approach involves the use of carriers
functionalized with hydrophilic biopolymers to improve drug
stability and biocompatibility. These polymers have demon-
strated significant potential in reducing non-specific protein
interactions and preventing rapid clearance from the circulat-
ing system. Among these, poly(ethylene glycol) (PEG) has been
widely employed for such purposes, with its conjugation to
therapeutic agents achieved through a chemical process
known as PEGylation."”> PEGylation offers several advantages,
including increased water solubility, reduced clearance by the
reticuloendothelial system, prolonged circulation time,
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enhanced tissue targeting, decreased enzymatic degradation,
and reduced immunogenicity, as the result of a “stealth” effect
by preventing adsorption or interaction with proteins.>’
Therefore, all these features have been shown to optimize the
pharmacokinetics and pharmacodynamics of drugs.® In
addition, PEG polymers can be liquid (below 1000 Da), waxy
solids (1000-2000 Da) or crystalline solids (above 2000 Da).
These molecular weight differences affect properties such as
solubility and viscosity, thereby influencing their behaviour in
catalytic and biomedical processes.

With this in mind, transition metal complexes have been
PEGylated for applications in aqueous-phase catalysis® "> and
biomedicine, benefiting from increased hydrophilicity, water
solubility, and cellular permeability.’**® In catalysis, PEG-func-
tionalized metal complexes offer several advantages. The PEG
chain improves solubility in diverse solvents, including water,
facilitating reactions in both aqueous and organic media or as
a stabilizing ligand, preventing the aggregation of catalytic
species and enabling recyclability. Additionally, PEG can act as
a steric and electronic modifier, tuning the activity and selecti-
vity of metal centers. PEG has been covalently linked to tran-
sition metal complexes originally directed towards catalytic
processes,” ! with very few examples containing the Ru-NHC
fragment.'*'® In biomedicine, the “stealth” behavior men-
tioned above can also mitigate the toxicity often associated
with metal complexes, broadening their clinical potential.
Applications range from PEGylated platinum complexes used
in cancer therapy to metal-based contrast agents for magnetic
resonance imaging (MRI).'*'” As far as we are concerned, only
one example has been recorded in the literature for NHC-
metal complexes for biomedical applicatons."®

Recently, a new concept for the design of anticancer agents
and therapeutic routes has emerged combining the catalytic
properties of metal complexes and their implication in
cancer.'®' This integrative approach offers a promising avenue
for the development of new cancer treatments. Many metal
complexes (e.g., ruthenium, gold, iridium) participate in redox
reactions, which can disrupt cancer metabolism or induce
apoptosis by generating reactive oxygen species (ROS) or just
simply creating an imbalance of the redox homeostasis. Cellular
redox homeostasis is controlled by several reducing agents
(mainly glutathione (GSH), thioredoxin reductase (TrxR), nicoti-
namide adenine dinucleotide (NADH)). Therefore, altering their
intracellular concentrations may have serious consequences in
the cell viability.'>' These complexes can act as catalysts
inside cancer cells, promoting redox reactions that generate
reactive oxygen species (ROS). The increase in ROS can induce
oxidative stress, leading to apoptosis in malignant cells. Some
metal complexes can inhibit key enzymes involved in maintain-
ing the cellular redox balance, such as TrxR which disrupts the
ability of cancer cells to neutralize oxidative stress, contributing
to their death. Conversely, the induction of reductive stress is
characterized by excess accumulation of reducing molecules
(e.g., NADH, thioredoxin or GSH), overpassing the activity of
endogenous oxidoreductases. Unlike oxidative stress, reductive
stress is not sufficiently described, and little attention has been
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paid in this direction. Reductive stress impairs cellular signal-
ing and function, leading to disruption of mitochondrial
homeostasis, decreased metabolism, resistance to anticancer
therapies, alteration of the formation of disulfide bonds in pro-
teins, and finally being harmful to cells. This reductive state can
be achieved using transition metal complexes as catalysts by
using transfer hydrogenation (TH)."**°

TH is a safer alternative to H,-based hydrogenation, using
easy handling donor molecules like alcohols or formic acid to
reduce unsaturated substrates. It avoids pressurized hydrogen
and allows the use of stable, easy-to-handle catalysts. Several
late transition metals*>** are used, with ruthenium, especially
NHC-based complexes, being the most widespread studied.>*

In this work, we present the synthesis and characterization
of Ru(u)-NHC complexes containing different PEG units and
their behavior in catalytic TH processes as well as their anti-
cancer behavior. The modulation of these properties as a func-
tion of the PEG fragment size will be studied as a preliminary
step for subsequent investigations within the cell.

Results and discussion
Synthesis and characterization

Imidazolium ligands containing a short PEG unit with a mole-
cular weight of 147 Da (PEG,,) were recently described by our
research group.'® Very briefly and focusing on commercially
available 4,5-dichloroimidazole, PEG containing imidazole
(L1), imidazolium (L2) and the corresponding Ru(u) complex
[Ru(u)(p-Cym)(NHC,47)Cl,] (1) were synthesized elsewhere.
Following the same procedure, from commercially available
4,5-dichloroimidazole, imidazolium ligands with PEGsy, and
PEG, Were prepared. PEGylation of 4,5-dichloroimidazole by
using mesylated PEG (MsOPEG,Me) (n = 500 (L3) and n = 2000
(L4)) afforded the imidazole ligands L5 and L6 via nucleophilic
substitution. Subsequent reactions with Mel gave rise to the
imidazolium systems L7 and L8 through N-quaternization in
good yields (see Scheme 1).

The 'H and "*C NMR spectra of ligands L7 and L8 are con-
sistent with the structures proposed and analogous to the imi-
dazolium ligand containing PEGy,; (L2) synthesized else-
where."® A low field resonance around 11 ppm was observed
for the imidazolinium proton, along with a signal at ca.
139 ppm in the **C NMR for the corresponding C atom (see
Fig. S1-S6). Although these signals are not expected to be
affected by the length of the PEG chain, a slight shift to higher
ppm may be observed in both types of signals as the weight of
the PEG fragment increases compared to the ligand L2 (see
Table 1), suggesting subtle electronic differences.

Respecting to the presence of the PEG unit bound to the
NHC fragment, this can be described by a set of signals, being
the more illustrative the methylene groups in the fragment
-NCH,CH,0- located as triplets at ca. 4.58 (-NCH,-) and 3.99
(-OCH,-) ppm. The Me group, also bound to the NHC ligand,
appeared at 4.06 ppm. In both cases, negligible differences
were observed.

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthetic route in the formation of PEGylated imidazole (L5 and L6) and imidazolium (L7 and L8) precursors.

Table 1 Selected *H and **C NMR signals of ligands L2, L7 and L8

Group L2 (PEGy47) L7 (PEGs0) L8 (PEGa000)
CH (Imid-2") 11.03 11.13 11.18

CH; (Me-Imid) 4.05 4.06 4.06
N-CH,-PEG,, 4.58 4.58 4.59
O-CH,~PEG, 3.96 3.99 3.99

CH (Imid-2") 137.6 139.1 139.1

The [Ru(u)(p-Cym)(NHCpgg)Cl,] complexes were obtained
easily in a one-pot reaction by activating imidazolium ligands
L7 and L8 with Ag,O followed by transmetallation with [Ru(p-
Cym)Cl,],. This procedure leads to the complexes [Ru(p-Cym)
(NHCpgg)Cl,), where PEG = 500 (2); 2000 (3), as red brown oils
in good yields (see Scheme 2), in a similar way to that per-
formed by L2 to produce [Ru(p-Cym)(NHC,4,)Cly] (1)
elsewhere.™

Several features were observed in the NMR spectra that
confirm the complexes formation (see Fig. S7 and S8) in
analogy with the data obtained for complex 1."* Briefly, the
CH, groups of the N-CH,CH,O- fragments gave rise to diaster-
eotopic protons appearing as separate broadened multiplets,
being more evident for the CH, of the PEG chain bonded to
the N atom and due to the lack of rotation in the Ru-C bond

©| (i) Ag;0

(i) [RuCly(n6-p-cymene)],

of the NHC ligand.>>® The two H of the methylene group
attached to N appeared at ca. 5.2 and 4.3 ppm as diasterotopic
atoms. For the cymene ligand, four broad resonances were
also registered in the range 5.8-5.00 ppm. For complex 1, this
set of signals narrowed and became well-defined below 0 °C.
The NMR data were supported by ESI-MS for complex 2, which
did not show molecular peaks but instead revealed a peak
corresponding to the easy loss of a chlorine atom [M — CI]"
(see Fig. S7). The systematic loss of a Cl atom aligns with the
tendency to form charged species in solution in the presence
of certain ligands.'> A certain degree of polydispersity is
observed in the mass spectra, which is attributed to the
inherent polydispersity of the commercial PEGs, and retained
in the starting materials L3 and L7. For complex 3, the large
molecular weight and higher polydispersity of the commercial
PEG,00 prevented obtaining accurate results even in the
corresponding ligands L4 and L8.

Molecular modeling

To obtain detailed structural information about the confor-
mations of Ru-PEG complexes in water, these systems were
first simulated in vacuum and subsequently in explicit water
using molecular dynamics. The primary goal was to determine
how the polymeric PEG segment behaves in water and how

Cl

CI\%\N/
el

®/
C|\<_\J/N
To ™" .o

L7 n=11, PEG =500 Da
L8 n=45, PEG =2000Da

DCM, 24 h, RT

N—{
\(\O/\a;] Cl\“Ru i

2 n=11, PEG =500 Da
3 n=45,PEG =2000Da

Scheme 2 Synthetic route for the formation of [Ru(i)(p-Cym)(NHCpgg)Clo] metal complexes (2 and 3).

This journal is © The Royal Society of Chemistry 2026
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this behavior changes with the polymer length. The simu-
lations revealed that at lengths of 3 (147 Da) and 11 (500 Da)
monomer units, the PEG chain adopts a rather extended con-
formation, whereas in the case of 45 monomer units (2000
Da), the polymer exhibits a strong tendency to wrap around
the rigid part of the molecule containing the central Ru atom
(see Fig. 1 and S9). This wrapping may reduce the accessibility
of the Ru atom for interactions with other molecules or to slow
down the reaction rates.

The structure of the solvated Ru-PEG molecules was ana-
lyzed using radial distribution functions (see Fig. 2 and 3).
Furthermore, the radii of gyration of these solvated molecules
were calculated (see Table 2). The radius of gyration (R) of the
molecule is defined as the square root of the mass-weighted
mean of the squared distances of all atoms from the center of
mass of the molecule. It provides a measure of how mass is
spatially distributed around the center of mass. The maximum
dimension of the solvated molecules observed in the analyzed

(e

v

N
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conformations is evident from Fig. 3, i.e. about 20 A for Ru-
PEG,47 (1), about 27 A for Ru-PEGsy, (2), and around 26 A for
Ru-PEG,0q (3). These values provide insight into how solvent-
accessible size and steric effects influence its reactivity. A
larger value may indicate slower diffusion and reduced accessi-
bility, while a smaller value may favor faster interactions.

Electrochemical characterization

The electrochemical performance of the synthesized ruthe-
nium-based complexes (1-3), which include PEG chains of
three different length within their structure, was investigated
using cyclic voltammetry (CV). CV is usually employed to study
the ability of a molecule to perform electron transfer and pro-
perties such as its prooxidant activity or transfer hydrogen-
ation (TH) reactions can be estimated from this study. The
cyclic voltammograms of complexes 1-3 were carried out in 0.1
M NacCl/water solutions at Ag/AgCl working electrode and at a
scan rate of 0.25 mV s~ . A prooxidant generally acts as an elec-

Fig. 1 Visualisation of simulated molecular structures. PEG4; (left), PEGsoo (middle), PEG,gq0 (right). Colors: C — grey; O — red; H — white; N —

blue; Cl — green; Ru — dark cyan (sphere).

PEG atoms with respect to Ru atom ALL atoms y) Water atoms with respect to Ru atom
100 d
200
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o o o U
50 100
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Fig. 2 Radial distribution functions (relative density profiles (RDF)) of selected atoms. RDF of PEG atoms with respect to Ru atom (first column),
RDF of all molecule atoms (second column), RDF of water atoms with respect to Ru atom (third column). PEGi47 (top), PEGsgo (middle), PEG,p00

(bottom).
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Fig. 3 Detail of radial distribution functions of all atoms of Ru—PEG complexes, to obtain information about the maximum distance of atoms in

these molecules. PEGy4; (left), PEGsqq (center), PEG,000 (right).

Table 2 Radius of gyration Ry The standard deviation is given in
parentheses

Molecule Ry [A]

PEG14, 4.74 (0.08)
PEGs0 7.72 (0.32)
PEG000 9.00 (0.25)

tron-accepting agent (oxidizing agent) or promotes conditions
that lead to the generation of electron-accepting species. In
CV, the prooxidant behavior of the Ru(u) complex is reflected
in its redox properties (Fig. 4). The complex can be readily
reduced to Ru(i) (around —0.8 V) and subsequently oxidized to
Ru(m), as evidenced by the consistent peak intensity and separ-
ation. The analysis of the anodic peak potential (Ep,) position,

intensity (ipa), and peak-to-peak separation with respect to the
cathodic peak (E,.) position (AE,, reversibility) may provide
insights for the prooxidant capacity or their involvement in TH
processes. From these parameters, the diffusion coefficient
(Do) and the heterogeneous electron transfer (HET) rate con-
stant (ko) can be determined.

Prior to the evaluation of the above-mentioned parameters,
complete cyclic voltammograms were recorded (Fig. 4). For 1
and 2, a clear redox couple was found around E;;, = —0.8 V (vs.
Ag/AgCl) (see Fig. 4A). At such negative potentials, oxygen
reduction is usually observed, therefore solutions were deoxy-
genated before the experiments (see Fig. 4B). Complex 3 does
not present signals that could be attributed to a quasi-revers-
ible redox process. This may be related to the considerably
longer PEG chain wrapping the metal complex, which hinders
access to the ruthenium center embedded within the structure,

30
A 60 B
0-
E <
-60- — ~301
—2
—_—3
-120 T v v -60 - r T
-1.0 0.8 0.6 04 -1.0 -0.8 -0.6 -0.4
E/V (vs Ag/AgCl) E /V (vs Ag/AgCl)

Fig. 4

(A) Cyclic voltammograms recorded for the reduction process of 1 (red), 2 (blue), and 3 (green) (from —0.4 to —1.1). (B) Signals recorded for 2

in the presence of oxygen (black) and once the solution has been deoxygenated (blue). All measurements were recorded in NaCl 0.1 M.

This journal is © The Royal Society of Chemistry 2026
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as suggested by molecular modelling, thereby restricting the
electron-transfer redox process.

Thus, electrochemical parameters could only be deter-
mined for two of the three molecules studied, as summarized
in Table 3. The reduction potentials found for 1 and 2 are very
similar, as expected. Kubiak and coworkers demonstrated that
the hydride donor strength (thermodynamic hydricity)
increases linearly as the reduction potentials of a series of
related complexes become more negative.”” Considering that
the reduction potentials of complexes 1 and 2 are essentially
the same within experimental error, no significant differences
are expected in their ease of reduction or hydride donor behav-
ior. Although the reduction peak potentials of complexes 1
and 2 remain essentially unchanged, their oxidation peaks
display significant displacement, consistent with distinct
ligand effects on the oxidised Ru(m) state. Further discussion
and relevant references can be found in the SI (see section S6).
Therefore, both complexes can be regarded as essentially equi-
valent in terms of hydricity and the ease of forming the M-H
bond. However, quite different behaviour is exhibited by the
complexes 1 and 2, which is evidenced by the determination of
the Dy, and k°. These values can be obtained from the study of
electroactive species in solution as a function of the scan rate
in cyclic voltammetry (Fig. 5).

If the recorded intensities for the two complexes under the
same conditions are compared, the intensities of 1 fall to less
than half compared to those of 2, again highlighting the effect
of PEG size. The diffusion coefficient is one of the most impor-
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tant characteristics of electroactive moieties in a molecule.
Environmental variables greatly affect such parameters, includ-
ing the electrolyte composition, temperature, and pressure.
However, knowing its exact value seems to be essential for the
understanding of electroactive species. The following eqn (1),
known as Randles-Sevcik equation, describes the effect of
scan rate on the peak current i, for a CV measurement at
25 °C,

i =2.69 x10° - n*?.4.C-DY* v/ (1)
where 7, is the peak current of the redox reaction, n is the
number of electrons involved, F is the Faraday’s constant in (C
mol ™), D, is the diffusion coefficient (cm” s™"), A is the area of
the electrode (cm®) and C is the concentration of the redox
molecule (mol em™). The Randles-Sevick plot, that is, peak
intensity vs. square root of the scan rate, confirms that a
diffusion control process is being produced (Fig. 6). In general
terms, higher diffusion coefficients are related to easier move-
ments of the reagents through the solution. Thus, it is
expected that 1 exhibits the highest value of D,. This could
indicate that the presence of the pegylated chain hinders the
electronic transfer of the Ru(u)/Ru(i) centers of the molecular
chain.

The improved electron transfer in 1 was also confirmed by
heterogeneous electron transfer (HET) using the Nicholson
method (eqn (2)). The Nicholson’s treatment is employed for
the evaluation of the heterogeneous standard rate constant k°

Table 3 Electrochemical parameters obtained from the analysis of the complexes 1 and 2

Complex E.* (V) iy ? (nA) E-” (V) i (uA) AE° (mV) Do (em? s7) K¢ (ems™)
1 —0.71 £ 0.01 632 -0.79 £ 0.02 68 2 78 1.2+ 0.1) x107* 0.11 + 0.02
2 —0.75 £ 0.02 23 +0.18 —0.81 £ 0.02 27 +£0.18 76 (0.8 +£0.1) x 107* 0.071 + 0.008

“Anodic peak potential. ? Anodic intensity.  Peak-to-peak separation.

extracted from CV at 25 mV s~ .

160
80 -
&
-80 4 )
scan rate/mV-s
10
-160 4 —25
— 50
—75
240 —100
10  -08 06  -04
E /V (vs Ag/AgCl)

Fig. 5
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4 Diffusion coefficient. ¢Electron transfer rate constant. a, b, ¢ were

160

1/ A

scan rate /mV's’

10
-160- ——
—_—T5
— 100
-240
1.0 08 06 04
E /V (vs Ag/AgCl)

Cyclic voltammograms for complexes 1 (left) and 2 (right) recorded at different scan rates. Measurements recorded in NaCl 0.1 M.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Determination of the diffusion coefficient (left) and HET (right) for 1 complex in aqueous 0.1 M NaCl solution. [1] = 10 mM.

of electron transfer from cyclic voltammetry measurements. It
relates the peak-to-peak separation with k° and the dimension-
less parameter ¥

RT (2)

oo (nﬂDon> 2
where: k° is the heterogeneous rate constant (cm s™*), D is the
diffusion coefficient (cm” s™"), v is the scan rate (V s7'), R is
the ideal gas constant (J mol™" K™*), n is the number of elec-
trons, F is the Faraday’s constant in (C mol™), T is the temp-
erature (K), and ¥ is the Nicolson dimensionless number. The
kinetic parameter ¥ is tabulated as a function of AEp at a set
temperature (298 K) for a one-step, one electron process with a
transfer coefficient a, equal to 0.5. Similar to the D, value, the
complex 1 exhibits faster electron transport than complex 2
(0.11 vs. 0.07 cm s~ ' respectively in Table 3). The higher
diffusion coefficient (D,) and standard heterogeneous electron
transfer rate constant (ko) observed for complex 1 relative to
complex 2 indicate not only a faster mass transport but also a
more facile interfacial electron transfer. Provided that hydride

100
25 mV/s
50
< o
-504
NacCl 0.1M
-100 ——KNO, 0.1M
10 08 .06 04
E/V (vs Ag/AgCl)

transfer follows electron transfer in the overall mechanism,
these features could suggest a lower activation barrier and
higher kinetic hydricity for complex 1, thereby rationalizing its
faster hydride transfer kinetics. These results can be tentatively
extended to complex 3, for which a lower electron transfer rate
is expected and, consequently, the slowest overall transfer
kinetics among all the complexes.

Finally, the potential effect of the supporting electrolyte was
evaluated, as the coordination sphere of the complex might be
altered. Fig. 7 shows cyclic voltammograms for complex 1 in
0.1 M NaCl or 0.1 M KNO;. With the second electrolyte, the
intensity is halved, and the irreversibility of the process is
intensified, as is evidenced by the almost complete dis-
appearance of the oxidation peak at 100 mV s~'. The same
trend is observed for complex 2 (see Fig. S10). Electrolytes con-
taining large ions may hinder the interaction between the
redox species and the electrode, affecting its electrochemical
behavior. At the same time, CI™ is a more nucleophilic and
coordinating ion than NO;~, meaning it can form more stable
complexes affecting their availability for electron transfer. On
those bases, the evaluated complexes are more stable and

200
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Fig. 7 Cyclic voltammograms of complex 1 (potential range —1.1 to —0.4 V) in 0.1 M NaCl (black) and 0.1 M KNOs (blue) at (left) 25 mV s~ and

(right) 100 mV s™%.
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exhibit better electrochemical properties dissolved in 0.1 M
NaCl.

Interaction of Ru complexes with BSA

The study of the interaction of ruthenium complexes 1-3 with
bovine serum albumin (BSA) has been carried out through
fluorescence, circular dichroism (CD), dynamic light scattering
(DLS) and zeta potential experiments.

Fluorescence quenching. The analysis of changes in BSA
intrinsic fluorescence upon interaction with 1-3 provided
insights into the extent of complex-protein interactions. BSA is
a highly soluble and stable protein that has a high affinity for
a variety of ligands and is widely used in studies of protein-
compound interactions.”® BSA has three helical domains (I-
I1I), each divided on two sub-domains (A-B), with two trypto-
phan (Trp) residues (Trp134 and Trp213).>°

The intrinsic fluorescence of tryptophan can be measured
using fluorescence spectroscopy, and the quenching of its
intensity upon addition of a test complex can provide infor-
mation about the nature of the protein-ligand interaction.
Affinity of the compound to a protein can be described by two
main binding parameters: static and dynamic. Static quench-
ing occurs when fluorophore and quencher form a complex in
the ground state, while dynamic is related to collision of these
two molecules, resulting in the fluorophore fluorescence recov-
ery.’® Since the bimolecular quenching constant &, of approxi-
mately 1 x 10"° M™' s™' represents the upper limit for
diffusion-controlled quenching in aqueous media and the
average lifetime of biomolecules in the absence of a quencher
is around 107% s, the corresponding Stern-Volmer constant Ky,
for dynamic quenching is roughly 100 M '.*“*? Binding
mechanism can be assessed by calculating Stern-Volmer con-
stant, using the equation:

= Kal)+1 = kgnol0) +1
where: F, is fluorescence of fluorophore in the absence of the
quencher, F is fluorophore fluorescence with the quencher, K,
is the Stern-Volmer constant, Q is concentration of the
quencher, kq is biomolecular quenching constant and 7, is an
average lifetime of the fluorophore (6 x 107 s for BSA). BSA
fluorescence emission was measured at 345 nm, and changes
in intensity upon complex addition were analyzed to deter-
mine the binding mechanism (Fig. 8). Based on k4 values, it
was stated that all tested complexes bond to BSA via static
mechanism and complex 2 presented the highest affinity
toward the protein (K, > 10%) (see Table S1 and Fig. S11).
Binding constant (Kj,) describes the force of binding between
the protein and the ligand and can be determined by the spec-
troscopic analysis. Binding with BSA was the strongest in the
case of complex 2 with log K}, value 4.7 + 1.6 (see Table S1).
Complex 1 required substantially higher concentrations to
produce measurable fluorescence changes, whereas complexes
2 and 3 quenched BSA fluorescence already at lower concen-
trations. This observation indicates that complex 1 has a lower
effective affinity for BSA. The result is consistent with a model
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in which a shorter PEG environment limits efficient approach
of the metal core to protein fluorophores, reducing quenching
efficiency. Moreover, no visible aggregation of compound 1
was detected under the experimental conditions (see DLS data
below). Therefore, the need for higher concentrations likely
reflects genuinely weaker binding rather than an artefact.

However, downward curvatures obtained in Stern-Volmer
calculations (see Fig. S11) suggested that accessibility of the
tryptophan residues in BSA may differ, and this is why a modi-
fied equation was applied:

Fp 1
Fo—F  fuKa[Q]

+1/fa

where: F, is fluorescence of fluorophore in the absence of the
quencher, F is fluorophore fluorescence with the quencher, Q
is concentration of the quencher, f, is accessible fraction and
K, is the Stern-Volmer constant of the accessible fraction.
These parameters were obtained in least-squares method
using nonlinear fit. Results presented in Table 4 indicate that
mechanism of binding for all tested complexes is static.
Although complex 1 exhibits the weakest binding to BSA com-
pared to complexes 2 and 3, its f, value of 1.099 suggests the
presence of a single, specific binding site. On contrary,
binding between BSA and complexes 2 and 3 was relatively
strong, proving their high affinity to BSA, despite their lower f,
values (0.65 and 0.59, respectively) indicating a few, non-
specific binding sites on protein. Obtained results are well
aligned with other ruthenium complexes described in litera-
ture, where static binding mechanism was also confirmed.**>*

Circular dichroism. Measuring spectra in far-UV wavelengths
(195-260 nm) is a standard practice of visualizing secondary
structure of the protein. Analyzing spectra alteration upon
addition of complexes 1-3 can provide information about
changes in o-helix and p-sheets structures and subsequently,
functionality of the protein and toxicity. Alpha-helical structure
of proteins is observed by two characteristic negative bands at
208 nm and 220 nm.*’ Considering specific binding kinetics
for each complex, as proved by quenching analysis, different
BSA : ruthenium complexes molar ratios were used to perform
CD experiment (Fig. 9). Although the highest affinity to BSA
was stated for complex 2, change in o-helix structure was
observed at the same level for complexes 2 and 3 and not far
from complex 1. Although these alterations were still minor
and not statistically significant, the CD spectra indicate subtle
yet distinct differences in the interaction of BSA with each Ru-
PEG complex. For complex 1, the spectra almost completely
overlap with native BSA, suggesting negligible conformational
changes. In contrast, complex 2 shows slight alterations in
ellipticity near 230 nm, consistent with minor perturbations in
the a-helical domains. Complex 3 produces the most pro-
nounced effect, with decreased signal intensity at ~210 nm
and ~230 nm, indicating partial unfolding or loosening of the
secondary structure. These findings suggest that, although the
differences are very subtle, each complex interacts with BSA
through distinct binding modes or affinities, leading to
different degrees of structural rearrangements. Consequently,

This journal is © The Royal Society of Chemistry 2026
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(Left) Changes in tryptophan fluorescence intensity spectra after addition of complexes 1-3 respectively. (Right) Plots of modified Stern—

Volmer. All measurements were conducted in phosphate buffer, 10 mmol L™, concentration of BSA, 5 umol L™%. Graphs represent mean, n = 3.

Table 4 Stern—Volmer of accessible fraction (K,)? and fraction accessi-
ble to the quencher (f,)? describing BSA-complexes interactions at 21 °C
in phosphate buffer (10 mM L%, pH = 7.4)

Complex KJM™) fa R?

1 4.55 x 10° 1.099 0.999
2 1.91 x 10* 0.65 0.986
3 1.71 x 10* 0.59 0.989

“The association constants (K,) and accessible fractions (f,) were cal-
culated using averaged fluorescence data obtained from three indepen-
dent measurements. Since the modified Stern-Volmer model is non-
linear and the fitting was performed on averaged values rather than on
individual replicates, the standard deviations of K, and f, could not be
reliably determined.

the percentage content of f-sheets and random coils in the
protein structure did not change considerably after the
addition of the tested complexes. Fears et al. proved that
protein (BSA) denaturation caused helical level decline to
30%.>® Comparing these results to those obtained for ruthe-
nium dendrimers, it was observed that ruthenium complexes

This journal is © The Royal Society of Chemistry 2026

(1-3) alter secondary structure of albumin to a lesser degree
and thus they could be excluded as a possible cause of protein
degradation.?”

DLS and zeta potential. Interactions between proteins and
complexes 1-3 can be also described by changes in a protein
surface charge and hydrodynamic diameter. In physiological
pPH (~7.4) albumin size oscillates around 10 nm and has nega-
tive charge.”® However proteins are large and complex mole-
cules, prone to clump and aggregate, and this is visible
through high polydispersity index (PDI) by DLS measurements
(see Fig. S12-S14). This aggregation may be caused by high
charge distribution, and the effect is difficult to diminish.*®
Nevertheless, some changes after addition of the ruthenium
complexes were observed. As expected, the hydrodynamic dia-
meter of BSA when interacting with 2 or 3 slightly increased,
however these changes were insignificant. Due to high polydis-
persity of tested samples observed as PDI values above 0.5, it
was impossible to analyze higher concentration of the com-
plexes. In the case of complex 1, size of BSA-complex aggregate
decreased with rising concentration of the complex and simul-
taneously PDI sustained at low level, suggesting that samples

Dalton Trans., 2026, 55, 1473-1489 | 1481


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02391b

Open Access Article. Published on 05 January 2026. Downloaded on 6/9/2026 12:03:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
A Complex (1) Complex (2) Complex (3)
60 60
BSA BSA BSA
= ‘0} — 140 40 — 11 = — 14
£ 5 H
£ 2 i 1:80 E 2 14 g 1:10
et \ : = — 1120 ol ! ; — 18 B — 114
§ 20 220 40 — 1:160 5 2 \ 220 40 — 1:10 5 — 118
g 1:200 C i 1:20 g 1:20
2 40 g S 40 g 2
80 Weavelength [nm] =0 Weavelength [nm] 0 Weavelength [nm]
B Complex (1) Complex (2) Complex (3)
0 1] 0
5 5 g
§ 20 é 20 g
“E NE ':‘ ki F'] d
§ 5 3 g § ¢ & &
= af 7 1 T ] ! I % 40 % % + § ¢ x 40 {
£ IS B SR H i 2
— ———————— — T
BSA 1:40 1:80 1:120 1:160 1:200 BSA 11 14 16 110 1:20 BSA 14 110 1:14 1:18 1:20
BSA:Compound 1 BSA:Compound 2 BSA:Compound 3
C Complex (1) Complex (2) Complex (3)
BSA 1:40 1:80 1:120 1:160 1:200 BSA 11 14 16 1:10 120 BSA 14 110 114 118 120
BSA:Compound 1 BSA:Compound 2 BSA:Compound 3
. helix B3 p-strand =3 random colils
Fig. 9 (A) CD spectra of BSA upon addition of tested complexes 1-3. (B) Ellipticity of BSA in the presence of the complexes at 1 = 208 nm. (C)

Contribution of a-helix, f-strand, and random coils conformation to the overall structure of the albumin calculated with CDNN Software. Graphs

show mean + SD, n = 3.

were monodispersed. Alhazmi et al. observed similar effect
explaining smaller size of BSA after addition of Cu(u) ions by
the fact that binding sites of the BSA were saturated by cations
which kept exterior surface of protein hydrophilic, hindering
formation of protein aggregates.’’ At the same time, zeta
potential measurements indicated that BSA with complex 1
had more negative charge than BSA alone. This effect was not
observed for other tested complexes and increasing concen-
trations of complexes 2 and 3 did not change the negative
surface charge of albumin. The different behavior observed
may be due to the chemical and biophysical properties that
these complexes induce. Beside the capacity of complex 1 to
reduce the aggregation and therefore to increase the exposition
of negative charged group to the exterior, the Ru-Cl bond
within the complexes is weak and can be easily broken, releas-
ing CI” ions that may have an affinity for specific binding sites
on BSA, thereby increasing the C-potential, as observed for
complex 1. However, these effects could be attenuated when
large PEG chains are present, as in complexes 2 and 3. A high
C-potential (>+30 mV or <—30 mV) is indicative of low aggrega-
tion potential, whereas values closer to zero correspond to
higher aggregation possibilities.** This could explain the poly-
dispersity observed in the tested protein-complex association.

Cancer cell cytotoxicity

Based on MTT technique, cytotoxicity studies were conducted
in human liver (HepG2 and HuH7) and prostate (PC3 and
LNCaP) derived cancer cell lines. The cytotoxicity of complexes

1482 | Dalton Trans., 2026, 55, 1473-1489

2 and 3, as well as the ligand precursors L7 and L8, was evalu-
ated and compared with the data previously reported for
complex 1 and its precursor L2."> None of them were toxic up
to 100 uM in any of the cell lines used, except for complex 3
that exceptionally showed hepatocellular specific toxicity over
50 uM dose (see Fig. 10 and Fig. S15).

Also, cytotoxicity was conducted for complexes 1-3 on PNT2
cell line, derived from normal human prostate epithelium
which is widely used as a non-tumorigenic control model. The
study showed no toxicity up to 100 pM (see section S11,
Fig. S16). These results highlight the importance of tailoring
PEG chain length not only to improve solubility and stability
but also to ensure efficient cellular uptake in target tissues,
particularly when designing metal-based chemotherapeutic
agents. The presence of PEG,gqo in the metal complex appears
to influence cytotoxicity in a cell line-dependent manner. The
complex exhibited significant activity in HepG2 and HuH7
cells at higher concentrations but was totally inactive in PC3
and LNCaP cells, suggesting that the PEG chain length may
selectively affect cellular uptake and/or intracellular proces-
sing. Cells derived from hepatic tissue, are characterized by
high metabolic and endocytic activity, as well as the expression
of various membrane transporters, which may facilitate the
uptake of moderately PEGylated complexes, leading to greater
intracellular accumulation and cytotoxicity. Short and medium
PEG chains may not significantly alter pharmacokinetics or
uptake pathways, limiting their activity even at high doses.
Long PEG (PEG,), despite being a barrier at low concen-

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Cell viability data measured by the MTT assay for complexes 2 and 3 and their respective precursor ligands L7 and L8 in HepG2 and PC3
cell lines. For HUH7 and LNCaP see Fig. S15. Standards anticancer drugs in these cell lines cisplatin (3.9-93 mM) or docetaxel (0.2 mM-3.0 mM) ICsq
values recorded from literature (see section S12 in the Sl). Measurements were performed by three independent experiments, each performed in

duplicate and using separately synthesized vials.

trations, enables alternative uptake and trafficking mecha-
nisms only when present in high enough concentrations, by
enhancing stability and prolonging extracellular presence
along with triggering of alternative uptake pathways at high
dose. Polyethylene glycol (PEG) is primarily metabolized in the
liver, where its biotransformation involves sequential oxidative
steps catalyzed by alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase, both of which are abundantly expressed in
hepatocytes.*>** Additional enzymatic pathways, including
cytochrome P450 isoforms and sulfur transferases, also con-
tribute to PEG metabolism in hepatic tissue. By contrast, pros-
tate cancer cells exhibit reduced expression of metabolic
enzymes, together with a more rigid plasma membrane archi-
tecture and diminished endocytic capacity, which collectively
limit the internalization of sterically bulky PEG2000-conju-
gated complexes. These findings highlight the critical impor-
tance of optimizing PEG chain length to balance metabolic
stability, hepatocellular safety, and efficient cellular uptake in
a tumor-specific context.

Transfer hydrogenation reactions

Ruthenium-NHC complexes are known to be efficient catalysts
for transfer hydrogenation (TH) reactions.>® The catalytic
activities of complexes 1-3 were tested for TH of ketones using
cyclohexanone as model substrate. The standard experiment
was carried out in different conditions of hydride sources and
solvents with a Ru loading of 1 mol% and the results are sum-
marized in Table 5. The reaction profiles obtained for the
three complexes show that cyclohexanone is reduced to cyclo-
hexanol at 80 °C in 100% yield within 0.5 h using KOH/'"PrOH
as hydride source (TOF: 20 h™" under these conditions). These
activities are similar to those measured for analogous Ru-NHC
complexes.”*** When cyclohexanone was reduced using
sodium formate in water at 80 °C, 100% conversions were
obtained after 24 h for the three complexes, according to a
lower strength of the base used. However, differences in the
reaction profiles were observed at 6 h, although a systematic
relationship with the size of the PEG cannot be observed. No

Table 5 Transfer hydrogenation reactions of cyclohexanone or NAD* with complexes 1-3°

Complex Hydride source Substrate Solvent T (°C) Conversion®(%) Time (h) TON (time, h) TOF (h™1)
1 KOH/'PrOH Cyclohexanone 'ProH 80 100 0.5 10 20

1 Formate Cyclohexanone D,O 80 96 24

1 Formate Cyclohexanone D,O 80 63 6 6.3 1.05
1 Formate NAD" D,0 25 61 24 6.1 0.25
2 KOH/'PrOH Cyclohexanone 'PrOH 80 100 0.5 10 20

2 Formate Cyclohexanone D,O 80 100 24

2 Formate Cyclohexanone D,O 80 75 6 7.5 1.25
2 Formate NAD' D,O 25 43 24 4.3 0.17
3 KOH/'PrOH Cyclohexanone 'PrOH 80 100 0.5 10 20

3 Formate Cyclohexanone D,O 80 100 24

3 Formate Cyclohexanone D,O 80 56 6 5.6 0.94
3 Formate NAD" D,O 25 23 24 2.3 0.10

“ Catalyst/base/substrate: 1/50/10. ? Conversions were determined by "H-NMR.

This journal is © The Royal Society of Chemistry 2026
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conversions were found when the chemical processes were
conducted at room temperature.

After demonstrating efficient catalytic activity both in the
classical isopropanol/KOH system and formate in water as
hydride sources, a natural next step is to transfer this reactivity
to the co-enzyme nicotinamide adenine dinucleotide (NAD")
as substrate (see Table 5). The Ru-NHC complexes 1-3 bearing
PEG chains of increasing length display a clear decrease in
catalytic activity for the hydrogen transfer reaction from NAD"
to NADH, with conversion (TOF) values of 61% (0.25 h™"), 43%
(0.17 h™), and 23% (0.10 h™"), respectively. This trend can be
primarily attributed to steric effects: as the PEG chain length
increases, the steric bulk around the metal center becomes
more pronounced, hindering the approach of the NAD" sub-
strate to the active site and thereby reducing the efficiency of
hydrogen transfer, further limiting the overall catalytic per-
formance, in agreement with the CV data. The observed TOF
values are relatively modest compared to related Ru-NHC com-
plexes reported in the literature for transfer hydrogenation
reactions involving NAD® or similar substrates.*>*
Interestingly, when the Me group on the NHC ligand in
complex 1 was replaced by a more lipophilic substituent, -
(CH,)4SiEt;, the resulting complex [RuCl,(n°®-p-cymene)(tri-
ethylsilylbutyl-NHC-PEG147)] (4), previously reported else-
where,'” displayed lower conversion values (TOF ~ 35%,
0.15 h™") (see Fig. S16). This complex also exhibited cytotoxic
activity, with ICs, values of 4.75 pM in a hepatic cancer cell
line and 8.50 pM in a prostate cancer cell line. This would
mean that the increase in lipophilicity would generate more
cytotoxic systems but with lower catalytic capacity.

To overcome the observed moderate intrinsic activity of the
PEGylated systems, different delivery platforms were employed
using complex 2 as proof of concept: dendritic micelles (one
cationic and one anionic) previously developed by our research
group,”” as well as BSA. In this regard, confined spaces have
been exploited in catalysis to perform reactions that are other-
wise not feasible in bulk solution or to significantly improve
catalytic activity.*®*° The addition of micelles or protein car-
riers such as BSA can provide significant benefits in pure water
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by offering (i) a confined microenvironment that pre-organizes
the NAD' substrate around the metal center, acting as a nanor-
eactor, increasing the frequency of effective collisions and
overall catalytic efficiency and (ii) protection of the metal
complex from deactivation pathways (e.g., hydrolysis or
unwanted side reactions) and facilitate better dispersion and
stability under purely aqueous conditions. These approaches
could help overcome the observed moderate intrinsic activity
of the PEGylated systems (Fig. 11).

Regarding the use of dendritic micelles, the catalytic
activity is significantly higher in cationic micelles (70-80%
conversion) compared to anionic ones (15% conversion) after
24 h of reaction. Therefore, the cationic micellar system loaded
with complex 2 nearly doubles its efficacy compared to
complex 2 alone (40% conversion). The fact that these Ru com-
plexes generate cationic species in water'® could explain this
difference in behavior. In the case of cationic micelles, the
complex is partially embedded within the micellar structure,
whereas with anionic micelles, the electrostatic interaction is
mainly superficial. When using BSA as a carrier, two ratios
(4:1 and 1:1) for the system complex 2:BSA were tested,
while keeping the final Ru concentration constant. A higher
catalytic activity was observed after 24 hours at the higher 4: 1
ratio. This suggests that at lower metal-to-protein ratios, the
metal center may preferentially occupy deeper, less accessible
binding sites within BSA, limiting its availability for reaction.
In contrast, when excess metal is present (4:1), the internal
sites become saturated and additional metal centers can bind
to more accessible, superficial regions of the protein, thus
enhancing the overall reactivity. Although this hypothesis
remains tentative, it highlights the potential importance of
site accessibility and binding dynamics in modulating the
catalytic behavior of BSA-metal complexes. In addition, the
1:1 ratio showed a distinct induction period of approximately
6 hours, during which virtually no product formation was
detected. This suggests that BSA may initially sequester the
metal center within less accessible internal sites, effectively
protecting it from premature side reactions or degradation.
Notably, once this induction phase ends, the reaction proceeds

2 + BSA (4:1)
= 2+BSA (1)

—& 2+ anionic micelle

v- 2+ cationic micelle

2

45 6 723 24

Fig. 11 Transfer hydrogenation reaction profiles of complex 2 in the presence of dendritic micelles or BSA as carriers for the conversion of NAD* to
NADH in D,O at room temperature, using a catalyst : HCOONa : substrate ratio of 1: 50 : 10.
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with a slope comparable to that observed for the 4:1 system,
indicating that the intrinsic reactivity of the released active
center is similar under both conditions. This tentative finding
supports the hypothesis that BSA may act not only as a solubil-
izing and transport agent, but also as a temporal protective
host, delaying activation until cellular uptake occurs and thus
potentially enhancing selectivity and stability in biological
environments. Nevertheless, further studies will be necessary
to support this hypothesis and confirm its relevance under
biological conditions.

Conclusions

Ruthenium complexes containing PEG-type substituents with
different chain lengths were successfully synthesized and
characterized. The PEG fragment strongly influences their
reactivity by modulating the approach to biomolecules and
slowing down chemical processes. Although their reduction
potentials are identical, the kinetics are governed by PEG size:
larger PEG units impose greater steric hindrance around the
metal center, leading to slower mass transport to the electrode
and hampering  heterogeneous electron  transfer.
Consequently, reduction processes, hydride formation, and
substrate binding become progressively hindered with increas-
ing PEG length. Furthermore, the composition of the medium
affects the stability of the reduced species.

The interaction of these systems with BSA confirmed a pre-
dominantly static quenching mechanism, indicative of
complex formation between the protein and the Ru complex.
However, in the presence of sufficiently large PEG units, a
dynamic contribution is also observed. This mechanism
suggests that BSA can act as a potential carrier, facilitating
compound transport. Short PEG fragments tend to form more
discrete conjugates, whereas longer PEG units promote stron-
ger interactions. Importantly, all systems proved to be gener-
ally non-toxic.

Finally, the Ru-NHC-PEG complexes were able to function
as catalytic agents in hydrogen transfer processes, including
the reduction of ketones or NAD'. Their activity is enhanced
when using carriers such as cationic micelles or BSA. Taken
together, these results demonstrate that non-toxic Ru-PEG
systems may serve as promising candidates for catalytic appli-
cations within biological environments. Increasing PEG length
enhances solubility, stability, and biocompatibility, but exces-
sive PEG can sterically shield the metal center and reduce cata-
lytic accessibility. In our series, the intermediate PEG length
(complex 2), provides the best balance between hydrophilicity
and catalytic efficiency.

The Ru-NHC-PEG complexes are reasonably non-toxic,
stable, and soluble, and exhibit hydrogen transfer activity. In
this sense, they could be explored as intracellular catalysts,
particularly for bioorthogonal or therapeutic applications (e.g.,
cofactor regeneration, prodrug activation). In addition, the for-
mation of stable adducts with BSA, together with their
enhanced catalytic activity in TH, opens new avenues for their

This journal is © The Royal Society of Chemistry 2026
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application as artificial metalloenzymes within cells. Future
works are in progress in this direction.

Experimental sections

For general procedures and data characterization of PEG-sub-
stituted imidazole and imidazolium ligands and standard pro-
tocols for transfer hydrogenation reactions and cancer cell tox-
icity essays, see SI.

General procedure for the formation of ruthenium NHCs
complexes

Ruthenium complexes synthesis was initiated by dissolving
the corresponding imidazolium salts in dichloromethane
(DCM) into a volumetric flask in imperial topaz-colored glass
so that to impede possible silver deposition. Afterwards, silver
(1) oxide (0.6 equiv.) was introduced into the flask and the
mixture was stirred overnight at room temperature. The follow-
ing day, completion of the reaction was checked by '"H-NMR
since the disappearance of the acidic proton confirms the
carbene formation. Next, the mixture was filtered with a
syringe filter for silver salts withdrawal to a volumetric flask in
imperial topaz-colored glass. Dichloro(p-cymene)ruthenium(u)
dimer (0.45 equiv.) was then introduced into the flask, and the
resulting mixture was stirred at room temperature overnight.
Completion of the reaction was checked by "H-NMR. Finally,
the corresponding ruthenium complex was purified by silica
column chromatography with DCM/MeOH (27/1).

Synthesis of [RuCly(n%p-cymene)(Me-NHC-PEGsy,)] (2).
Complex 2 was synthesized following the general procedure
aforementioned. Compound L7 (223.8 mg, 0.3 mmol, 1
equiv.); Ag,O (42.6, 0.2 mmol, 0.6 equiv.); [RuCly(n°p-
cymene)], (75.1 mg, 0.1 mmol, 0.4 equiv.); complex 2 afforded
(88.3 mg, 28.8% yield). "H NMR (400 MHz, CDCl;) & 5.52 (m,
5H, 4(CH)peym * (CH)peGsoo diast.)s 4-27 (Sbroads 1H, (CH)prgsoo
diast.), 4.01 (s, 3H, CH;3 me-mia)y 3.97-3.49 (m, (CHL)7 prasoo),
3.38 (s, 3H, CH; ome), 2.9 (p, J = 6.9 Hz, 1H, CHisoprop.-peym)s
2.10 (s, 3H, CHs mepeym)s 1.30 (d, J = 6.9 Hz, 6H, (CHs),
isoprop-peym) Ppm. °C NMR (101 MHz, CDCly): & 178.7
(Cimia2)s 119.0 (Cimig-a), 117.1 (Crmias)s 109.4 (Cipso peym.)s
99.0 (Cipso peym.)s 86.9 (CHpeym.)s 85.6 (CHpeym.)s 83.7 (CHpeym.),
82.3 (CHpeym.), 72.0 ((CHa)y prG500)s 706 ((CHa), pEGS00)s 70-6
((CHy)» pEGs00)y 70-5 ((CH2)n pEGS00); 70-4 ((CHZ)s pEGS00), 691
((CHz)n pEGs500); 59-1 (CH3 ome); 51.4 (CHz pegsoo diast.), 38.7
(CHS Me-Imid); 30.9 (CHisoprop.-pcym); 23.6 ([CHS)Z isoprop.—pcym)y
21.7 ((CHs), isoprop-peym)s 18.9 (CHs we-peym)- MS-ESI-TOF MS:
the peaks corresponding to [M — CIJ', {[(cymene)CIRul-
(CH,CH,0),Me}": n = 11, MW = 920 Da; n = 12, MW = 963 Da.
The more intense peak corresponds to n = 10 and 11.

Synthesis of [RuCl,(n°®p-cymene)(Me-NHC-PEGyog0)] (3)-
Complex 3 was synthesized following the general procedure
aforementioned. Compound L8 (228.3 mg, 0.1 mmol, 1
equiv.); Ag,O (14.5 mg, 0.06 mmol, 0.6 equiv.); [RuCly(n°p-
cymene)], (25.6 mg, 0.04 mmol, 0.4 equiv.); complex 3
afforded (192.6 mg, 75.1% yield). "H NMR (400 MHz, CDCl;) &
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5.26 (m, 5H, (CH)4 peym. * (CH2 prg2000)diast.)s 4-22 (Sbroad, 1H,
(CHZ PEGZOO)diast.)i 3.94 (57 3H’ S, 3H7 CHS Me-Imid); 3.58 (m;
(CH3 pEG2000)n), 3-31 (S, 3H, CH3 ome), 2.92 (p, J = 6.9 Hz, 1H,
CHisopmp._pwm), 2.04 [S, 3H, CHj; Me_pwm), 1.24 [d, J = 6.9 Hz,
6H, (CH3), isoprop-peym)- - C NMR (101 MHz, CDCly): 5 178.8
(Clmidfz')y 118.9 (Clmid—4’)7 117.05 (Clmid—S’)7 109.4 (Cipso pcym.]’
99.0 (Cipso pcym,), 86.8 (CHpcym,), 85.4 (CHpcym.], 83.6 (CHprmb],
82.2 (CHpcym.)i 72.0 ((CHZ)n PEGSOO): 70.4 ((CHZ)n PEGSOO)! 69.11
((CHy),, PEGSOO), 59.1 (CHs ome); 51.4 (CHy peGsoo diast), 38-7
(CH3 Me-Imid)y 30.8 (CHisoprop.-pcym)v 18.8 ((CHS)Z fisoprop.-pcym);
18.5 (CHj3 me-peym). MS-ESI-TOF MS: not accurate data were
obtained due to large molecular weight and polydispersity of
the PEG fragment.

Molecular modelling

3D computer models of Ru-PEG complexes were constructed
using the Dendrimer Builder as implemented in the Materials
Studio software package from BIOVIA (formerly Accelrys, v.
8.0). The same software was employed for parameterization
and all subsequent simulation steps, i.e., the Forcite module
(parameterization, simulations, and analyses) and the
Amorphous Cell module for creation of the solvated systems.
The Universal forcefield®® was used for parameterization of all
Ru-PEG structures, partial charges were calculated using QEq
method.> SPC/E water model®* was used for simulations in
explicit solvent. To allow simultaneous simulations of Ru-PEG
complex and SPC/E water, the relevant water atom types (OW,
HW) were added to the UFF parameter file, along with all rele-
vant SPC/E parameters. The rigidity of the water model during
molecular dynamics was ensured by constraining the OW-HW
and HW-HW distances using measurement constraints (dis-
tance measurement objects that can be fixed). During the geo-
metry optimization of solvated systems (potential energy mini-
mization), water molecules rigidity was maintained by expli-
citly treating them as rigid motion groups (see the option
“keep motion groups rigid”). The neutrality of solvated systems
was ensured by adding one CI” anion into simulation box,
since the Ru atom coordinates one H,O molecule in water,
resulting in the Ru-PEG complex acquiring a +1 charge (1|e|).
3500 H,O molecules were used for simulation of each Ru-PEG
complex. The length of each Molecular Dynamics simulation
in explicit solvent was 1.5 ns (1500000 1 fs time steps).
Simulations were done at constant temperature and pressure
(T = 298 K, P = 10° Pa). Temperature was regulated using a
Nosé thermostat (Q ratio: 0.01), and pressure was controlled
with an Andersen barostat (cell time constant: 1 ps).>*”*
Electrostatic interactions were calculated using the classical
Ewald summation method with an accuracy of 1 x 107> keal
mol™" and a buffer width of 0.5 A. van der Waals interactions
were evaluated using an atom-based summation method with
a cubic spline truncation at 16 A, a spline width of 1 A, long-
range correction enabled, and a buffer width of 0.5 A. Before
simulations in solvent Ru-PEG complexes were simulated in
vacuum at temperature 298 K, for 2 ns (2000000 1 fs time
steps), to obtain suitable starting configurations for simu-
lations in water. In this case the electrostatic and van der
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Waals interactions were both calculated using an atom-based
summation method with a cubic spline truncation at a cutoff
distance of 60 A (spline width 1 A, buffer width 0.5 A). For
structural analyses (RDF, R,) the last 0.5 ns of the MD trajec-
tories from simulations in solvent were used. UCSF Chimera
software was used for all visualizations.>

Fluorescence quenching

Complex-induced quenching of intrinsic Trp fluorescence in
BSA provided information of character of the interaction
between studied ruthenium complexes and protein. BSA solu-
tion in a concentration 5 pmol L™ in 10 mmol L™! phosphate
buffer, pH-7.4 was titrated with tested complexes and
measured on PerkinElmer LS-50B spectrofluorometer (UK).
Fluorescence spectra were observed at wavelength emission
range 305-445 nm (excitation: 4 = 295 nm). Excitation and
emission slits were set for 2.5 nm and 10 nm, respectively.

Circular dichroism

Analysis of bovine serum albumin (BSA) secondary structure
alterations upon addition of tested complexes was performed
by circular dichroism technique. The protein solution at final
concentration 0.5 pmol L™" in 10 mmol L™" phosphate buffer,
pH-7.4 was titrated with increasing amount of each complex
and measured with Jasco ]-815 CD spectrometer (Jasco
International Co., Ltd, Tokyo, Japan) in 0.5 cm quartz cell. CD
spectra were observed at 195-260 nm wavelengths. The protein
secondary structure and distribution of a-structure and p-sheet
percentage under the influence of ruthenium complexes were
calculated using the CDNN software available at: https:/cdnn-
circular-dichroism-spectroscopy-deconvolution.updatestar.
com.

DLS and zeta potential

BSA hydrodynamic diameter and zeta potential changes after
addition of tested complexes were measured on Malvern
Zetasizer Nano ZS (UK). Pure protein solution at 0.25 pmol L™
in 10 mmol L™" phosphate buffer, pH-7.4 was treated with
increasing amounts of the complexes. Dynamic light scattering
(DLS) measurements were used to provide information about
alteration in protein size. Measurements were performed in
triplicate, with five runs per measurement. Zeta potential
showed changes in the surface charge of the protein. Zeta
potential was measured in triplicate, with seven runs per
measurement and calculated with the Helmholtz-
Smoluchowski’s equation.
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