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Herein, we report on the successful encapsulation into human H-ferritin of two highly charged Ru(i) poly-
pyridyl complexes, [Ru(phen),L'1>* (Rul, with L' = 4,4'-(2,5,8,11,14-pentaazall5])-2,2'-bipyridilophane)
and [Ru(phen),L"1?* (Ru2, with L” = 4,4'-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2'-bipyri-
dine). The resulting Ru(i)-ferritin nanocomposites are highly luminescent, display great stability in physio-
logical conditions and preserve the native shell-core structure of the protein. Moreover, the singlet
oxygen sensitizing properties of metal complexes, established by independent spectrophotometric and
spectrofluorimetric measurements, are largely maintained also in their encapsulated form. Ru(i)-ferritin
nanocomposites are exclusively internalized by cancer cells expressing the transferrin receptor 1 (TfR1)
(i,e. HeLa and A2780 with respect to non-cancerous C2C12 myoblasts). Immunofluorescence analysis
also reveals the co-localization of Rul and Ru2 with the TfR1 in the internal cellular compartments of
Hela and A2780 cells, highlighting the crucial role played by the receptor-mediated endocytosis of

Received 7th October 2021, H-type ferritins exerted by TfR1. Finally, an MTT assay probed that light-activation effectively leads to a
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marked dose-dependent cytotoxic effect uniquely against cancer cells. This study underlines the potential
of human H-ferritin as a valuable tool for the tumor-targeted delivery of sensitizing agents for photo-
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Introduction

Human ferritin is a heteropolymeric nanocage of 24 subunits
involved in iron storage and release, depending on cellular
demand." Tron accumulates into ferritin under the form of a
ferric-oxo biomineral that starts to grow from iron clusters on
the inner surface of the protein cage following iron(u) oxi-
dation by diffusing 0,.>”” While in vivo the heavy- and light-
chains (H- and L-respectively) self-assemble at variable ratios
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to form the characteristic hollow structure with an internal
cavity of 8 nm, recombinant ferritins are generally expressed as
homopolymeric pure-H and pure-L cages. The potential of
recombinant homopolymeric human H-ferritin (HuHf) as a
valuable nanocarrier relies mainly on its low immunogenicity
upon administration due to its human origin,® the possibility
to incorporate low-molecular weight compounds® and the well-
known interaction with transferrin receptor 1 (TfR1) for
endocytosis.”'® In addition, the overexpression of TfR1 in
cancer cells and the possibility of decorating the external
surface with different targeting moieties make HuHf a promis-
ing platform for targeted drug delivery in cancer therapy."'
Among the variety of possible biomedical applications,'*"”
ferritin may be a safe vehicle for small molecules designed for
photodynamic therapy (PDT)."82°

PDT is based on the use of a photosensitizer (PS) that can
be light-activated to produce reactive oxygen species (ROS),
such as the highly cytotoxic singlet oxygen ('0,), and takes
advantage of a complete spatial and temporal control over
drug activation.'® Thus, the use of ferritin-based nanocarriers
in PDT opens the way to novel PS candidates with enhanced

This journal is © the Partner Organisations 2022
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selectivity and efficiency as has been found for a series of por-
phyrin derivatives, phthalocyanines and phenothiazine
dyes.”’* In this scenario, Ru(u)-polypyridyl complexes are
attracting PSs due to their high thermodynamic/kinetic stabi-
lity, good singlet oxygen sensitizing capabilities and their vast
photophysical and electrochemical repertoire, which can be
tuned by a fine choice of ligands.”®>®

Notwithstanding the enormous PDT potential, the employ-
ment of ferritin of human origin to modulate the drug delivery
of Ru(u)-polypyridyl-based PSs remains an issue almost com-
pletely unexplored.”® To date, only a few cases have been
reported by Feng and coworkers,*® with the encapsulation of
the  hydrophobic  [Ru(bpy);]*", [Ru(bpy),dppz]** and
[Ru(phen),dppz]** (bpy = bipyridine, phen = phenanthroline,
dppz = dipyrido[3,2-a:2',3"-c]phenazine) into horse spleen
r-apoferritin. However, the 'O, sensitization by Ru(m)-ferritin
systems was not evaluated.

We have previously reported on the potential of highly
charged Ru(u)-polypyridyl complexes [Ru(phen),L'" (Ruil)
and [Ru(phen),L"]** (Ru2) as PS agents, featuring the peculiar
polyazamacrocyclic units L' and L” (L' = 4,4'-(2,5,8,11,14-pen-
taaza[15])-2,2-bipyridilophane, L' = 4,4-bis{methylen-
(1,4,7,10-tetraazacyclododecane)]-2,2 bipyridine).>'**> The pres-
ence of many easily protonatable nitrogen groups on the unique
polyazamacrocyclic moiety of Rul, or on the two distinct cyclen
(1,4,7,10-tetraazacyclododecane) units of Ru2, appended to the
4,4' position of a metal-coordinated bipyridyl ligand affords the
formation of highly charged species in aqueous media.*"** This
confers to the resulting Ru(un) complexes not only excellent water
solubility, a necessary prerequisite for their biological appli-
cations, but also strengthens their interaction with important
biological targets, such as DNA. On the other hand, the polya-
mino-modified bipyridyl frameworks do not affect the good 'O,
sensitizing capabilities of Rul and Ru2 (Pxgur) = 0.29 + 0.06
and @ ruz) = 0.38 + 0.08 in air-saturated CH;CN, 4 = 400 nm),
thus making them attractive PS agents for the light-promoted
'0, generation directly in aqueous media.

Herein, we report on the encapsulation of Rul and Ru2
within HuHf to obtain the respective nanocomposites,
Rul@HuHf and Ru2@HuHf. The two hybrid systems under-
went an extensive chemical-physical characterization, which
included the analysis of their structural, luminescence and
photosensitizing properties. The TfR1-mediated internaliz-
ation and the biological potential of Ru(u)-HuHf nano-
composites were comparatively tested on representative cancer
and non-cancer cell lines. The crucial role played by TfR1-
mediated recognition of Rul@HuHf and Ru2@HuHf in their
selective delivery, and the different cytotoxic activities found
against the tested cellular models, are also described.

Results and discussion
Encapsulation of Ru-polypyridyl complexes into ferritin

The large dimension of the Rul and Ru2 metal complexes
(Fig. 1a) hampers their inclusion into HuHf by means of
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Fig. 1 (a) Ruthenium photosensitizers Rul and Ru2; the respective
macrocycle units L' and L” are indicated. (b) PSs encapsulation into
HuHf by exploiting the pH-assisted disassembly/reassembly method.

passive diffusion through the limited pore size (about 0.3 nm)
of the protein shell.® For this reason, loading of Rul and Ru2
into HuHf was accomplished by the pH assisted disassembly
and reassembly method harnessing the ability of ferritin to
partially dissociate at pH 12 followed by the reconstitution of
the 24-mer cage at neutral pH (Fig. 1b; see the ESI for more
details, Fig. S3 and $41).>*"* As Rul and Ru2 are highly
hydrophilic and stable even at pH 12,"** they were incubated
in the presence of HuHf during the disassembly process at
different molar ratios (20-200 fold with respect to the protein).
In order to remove the excess of Rul or Ru2, i.e. the com-
pounds not entrapped into the ferritin cavity, protein samples
were purified by ultrafiltration and then subjected to size
exclusion chromatography to recover the fraction corres-
ponding to the fully reconstituted 24-mer cage containing Rul
and Ru2 (Rul@HuHf and Ru2@HuHf, respectively) (Fig. 2d).

Characterization of nanocomposites

The successful encapsulation of Rul and Ru2 was assessed by
different means. A ligand to protein cage ratio of 5 and 4, for
Rul@HuHf and Ru2@HuHf respectively, was obtained as
determined by UV-visible and ICP-AES analysis (Table 1). In
this regard, only a few examples concerning the encapsulation
of Ru(u) compounds into ferritin nanocages, accomplished by
the pH assisted method, have been reported so far. Merlino
and coworkers®” encapsulated up to 36 molecules of [(h®p-
MeCgH,iPr),Ru,(m,-S-p-CsH,4tBu);]Cl per ferritin cage whereas
the hydrophobic [Ru(bpy);]*", [Ru(bpy).dppz]*" and [Ru
(phen),dppz]** compounds reported by Feng et al>° were
loaded in a ratio between 7-40 molecules per ferritin cage.
However, all these studies referred to horse-spleen ferritin.
ICP-AES measurements showed a negligible amount of ruthe-
nium bound to the protein for the products obtained via direct
incubation of Ru(u)-compounds in the presence of HuHf at pH
7 (without any disassembly process), thus confirming that the
disassembly process is fundamental for Rul/Ru2 encapsula-
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Fig. 2 Characterization of Ru(i)-HuHf nanocomposites. (a) Combined UV-visible and fluorescence spectra (lexc 411 nm) of free Ru2 and of
Ru2@HuHf (Ru(i) concentration of 50 uM and 6 pM for UV-visible and fluorescence measurements, respectively). UV-vis spectrum of apo HuHf is
shown as reference. (b) Intrinsic fluorescence emission of apo HuHf and of Ru2@HuHf (HuHf 0.32 UM, Aexc 280 nm) with increasing amounts of
encapsulated Ru2. (c) SAXS intensity distribution of apo HuHf, Rul@HuHf and Ru2@HuHf (markers represent experimental data while continuous
lines refer to the core—shell modelling according to eqgn (S1), ESIT). (d) Size exclusion chromatography analysis of ferritin nanocomposites upon
encapsulation of Rul and Ru2 in 50 mM sodium phosphate pH 7 buffer. Chromatograms of encapsulated products were superimposed with the
reference chromatogram of apo HuHf not subjected to the disassembly process. Eluted fractions related to peaks centered at about 13 mL of reten-
tion volume were taken for the subsequent experiments, thus corresponding to the reconstituted polymeric HuHf composed by 24 subunits. (e) and
(f) Cryo-EM representative micrographs of Rul@HuHf and Ru2@HuHf, respectively.

Table 1 Characterization of Ru(i)-loaded ferritin assemblies

Ru atoms/cage

SAXS modeling®

Sample name  UVvis-based  ICP AES-based  Apps/dem (NM)  kops @ (min™ N Core diameter (nm)  Shell thickness (nm)
[Ru(phen);?* — — 447/605¢ 0.0595 (+5) 0.38+0.08 — —

Rul — — 452/615 0.0434 (+3) 0.29+0.06 — —

Ru2 — — 452/615 0.0594 (i4) 0.36 + 0.08 — —

Apo HuHf — — — — — 8.32 £ 0.08 2.17 £ 0.06
Rul@HuHf 5.2 +0.8° 4.1 +0.5° 452/615 0.0061 (15) — 8.14 £ 0.08 2.34 £ 0.09
Ru2@HuHf 4.3 +0.5° 3.4 +0.4° 452/615 0.0067 (i4) —_ 8.02 + 0.08 2.48 £ 0.10

“Photo-oxidation rate constants (k.bs) spectrometrically determined by the photo-oxidation of DHN in aqueous media at neutral pH. b Quantum
yields (@) of singlet oxygen production determined by measurements of 'O, phosphorescence at 1270 nm in air saturated CH;CN solutions.
° Parameters obtained using a core-shell model (see eqn (S1) in the ESI).1 ?Values determined in water at 298 K.*®  Mean values with SEM of

three independent experiments.

tion. The slight differences in the overall positive charge on
compounds [H,Rul]*" and [H4Ru2]°" at physiological pH only
marginally affect the PS-loading content. The structural integ-
rity of the nanocomposites was evaluated by single particle
cryo-TEM  micrographs acquired on Rul@HuHf and
Ru2@HuHf (Fig. 2e and f) showing the maintenance of the
spherical nanocage structure characteristic of the apo HuHf,
with an external diameter of 12 nm (ESI, Fig. S2 and S9t). CD
spectra of apo HuHf, (Rul/Ru2)@HuHf were acquired in the
far UV region to control their stability looking at the signal

1072 | Inorg. Chem. Front,, 2022, 9, 1070-1081

intensities belonging to a-helix, which is the preeminent sec-
ondary structure element of ferritin. The results showed that
the extraordinary structural stability of ferritin is preserved
even after pH-guided encapsulation as observed in the temp-
erature range of 25-85 °C (ESI, Fig. S87).

The absorbance and fluorescence profiles of Rul@HuHf
and Ru2@HuHf were then analyzed. As shown in Fig. 2a and
Fig. S5a (ESI),f the absorbance spectra of Rul@HuHf and
Ru2@HuHf are almost identical to the reference spectra of the
free ligands; the typical MLCT band of ruthenium complexes

This journal is © the Partner Organisations 2022
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within the 400-500 nm range, well separated from the apoferri-
tin background, indicates that no ligand-exchange occurred
during the encapsulation process. (Rul/Ru2)@HuHf nano-
composites feature marked fluorescence properties. In fact,
Rul and Ru2 retain their native emission upon internalization
into the protein (lexe 411 nM, Ay, 615 nm; Fig. 2a and ESI,
Fig. S5at). In addition, the intrinsic fluorescence emission of
ferritin, generated from its tryptophan and tyrosine moieties
(Aexc 280 nm, Aer, 325 nmy; ESI, Fig. S67), was registered. A pro-
gressive quenching of the intrinsic fluorescence of the protein
with increasing amounts of internalized ruthenium species
evidenced the interaction between metal complexes and the
protein, as shown for Ru2@HuHf and Rul@HuHf in Fig. 2b
and the ESI, Fig. S5b,} respectively and as reported for similar
systems.*®?° The interaction of the compounds with ferritin
was further explored by "H NMR spectroscopy. CPMG experi-
ments, which are designed to selectively observe the signals
from low molecular weight compounds in mixtures containing
large biomolecules by removing the broad unwanted reso-
nances of the latter,***! were performed. The 'H NMR signals
corresponding to Rul and Ru2 in the encapsulated formu-
lations are broad beyond detection, most likely due to the
interaction with the protein (ESI, Fig. S7a and bf). In contrast,
if the same amount of Ru-compound is added to a solution of
HuHf at neutral pH, the resonances belonging to the ligand
are visible in the spectrum with line widths comparable to
those of the individual metal compounds. These observations
suggest that (Rul/Ru2)@HuHf nanocomposites contain Ru
complexes encapsulated inside the cage and that these com-
plexes do not freely rotate inside the cavity but rather interact
with the inner cage surface (ESI, Fig. S7a and bf). The SAXS
patterns for the apo HuHf before and after Ru(n) complex
internalization further show that the hollow shell structure of
the protein is retained (Fig. 2¢). In all cases, extracted density
profiles are in agreement with a core-shell form factor charac-
terized by the electron density of the core (cavity) being equal
to that of the buffer solution (i.e. hollow shell system). The
overall size of the cavity slightly decreases with the insertion of
the Ru(u) complexes from 8.32 nm in the case of the apo form
to 8.13 nm and 8.02 nm for Rul@HuHf and Ru2@HuHf,
respectively (Table 1). This shrinkage is directly associated
with the increase of the thickness of the protein shell from
about 2.2 nm to 2.5 nm and a good fit of these data could only
be achieved considering the hollow shell topology. The incre-
ment in shell thickness and the simultaneous reduction in the
diameter of the cavity confirmed that Rul and Ru2 are likely
localized in proximity to the internal protein surface. Taken
together, SAXS and NMR data lead us to hypothesize that the
interaction of Rul and Ru2 with HuHf would be driven by
electrostatic contributions between the metal compounds
((HoRu1]* and [H,Ru2]®"), namely through the positively
charged polyammonium groups on their L’ and L” units, and
the negatively charged residues facing the inner cavity of the
protein.*?> On the other hand, an additional evidence that the
interaction of the Ru compounds with the protein does not
occur on the external surface arose by the comparison of zeta
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potential measurements of Ru-nanocomposites with respect to
apo HuHf. The zeta potentials resulted to be similar under the
experimental error, that are, - 5.0 + 1.1 mV and - 3.1 + 0.4 mV
for Rul@HuHf and Ru2@HuHf, respectively and - 4.2 =+
0.6 mV for apo ferritin, ruling out any external interaction of
Rul and Ru2 with the protein.

Singlet oxygen production from ruthenium-ferritin assemblies

The capacity of Ru(u)-ferritin nanocomposites to generate
singlet oxygen upon light-activation was assessed by employing
two indirect chemical trapping methods (vide infra) and using
water-soluble substrates as scavengers for 'O, (Fig. 3a and b).
The results were then compared with those obtained for the
‘non encapsulated’-PSs and for [Ru(phen);]*", the latter taken
as reference for 'O, generation (@, = 0.21 in air equilibrated
D,0).** Firstly, 1,5-dihydroxynaphthalene (DHN) was used as
an indirect singlet oxygen reporter exploiting its prompt and
quantitative oxidation in the presence of 'O, to give 5-hydroxy-
1,4-naphthalenedione (Juglone), according to eqn (S2) and
Scheme S1 (ESI).t This process can be easily followed via UV-
vis spectroscopy by monitoring the decrease of the DHN
absorption band at Amax 297 nm and the simultaneous
increase of the broad Juglone band centered at ca. 427 nm.***

*[Ru(phen)]Cl,
*Ru1

*Ru2
*Ru1@HuHf
+Ru2@HuHf

Absorbance

0 10 20 30 40 50|
time (min)

054
0.0 - ‘ "
300 400 500 600 700
A(nm)
(b) 18

© SOSGR + [Ru(phen):|Cl,
# SOSGR +Ru

© SOSGR + Ru2

SOSGR + Rul@HuHf
#SOSGR + Ru2@HuHf

> SOSGR 0.1 pM

¥ SOSGR 0.1 pM + std 10 uM
(without irradiation)

Fluorescence (relative units)
o
:

Time (min)

Fig. 3 (a) Absorption spectra of an aqueous solution at pH 7 containing
DHN and Ru2@HuHf at different irradiation times (up to 7 minutes). As
blank reference we used a solution containing the PS at the same con-
centration and pH of that of the measuring cuvette. In the inset the
semilogarithmic plots of In(A/Ao) as a function of the irradiation time
obtained for all the investigated systems ([DHN] = 3.3 x 10™* M, [Ru] =
10 pyM, 50 mM NaPi buffer) are compared. (b) Singlet oxygen production
from free and HuHf-loaded Ru(i) PSs as monitored by the Singlet
Oxygen Sensor Green reagent (SOSGR) in 50 mM NaPi buffer, (pH 7),
(I[SOSGR] = 0.5 uM, [Ru] = 5 pM, Aexc/2em 488/525 nm).
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Experiments were carried out by irradiating (LED light, 4 >
430 nm, 30 W) aqueous solutions, pre-saturated with O,, and
containing sensitizers (Rul, Ru2, Rul@HuHf, Ru2@HuHf or
[Ru(phen);]*") in the presence of DHN. Negligible Juglone for-
mation was observed upon DHN irradiation in the absence of
sensitizers under these experimental conditions (ESI,
Fig. S11at). As shown in Fig. S11le (ESI)} and Fig. 3a, which
respectively report the UV-vis titrations obtained for
Rul@HuHf and for Ru2@HuHf (those obtained for the non-
encapsulated PSs are shown in the ESI, Fig. S11b-d¥), light-
activation of Ru-ferritin nanocomposites determines the pro-
gressive decrease of the DHN absorption band, along with the
simultaneous increase of the Juglone band, clearly demon-
strating the capacity of Ru(u)-ferritin nanocomposites to
efficiently sensitize 'O, production. Moreover, the appearance
in these spectra of two clear isosbestic points around 280 and
330 nm ruled out the formation of long-lived intermediates or
byproducts. In particular, as better shown by the inset in
Fig. 3a, which reports the semilogarithmic plots of In(4,/A,)
obtained for all the Ru(u)-based formulations over the investi-
gated irradiation time frame, Ru(u)-ferritin nanocomposites
produce a similar amount of 10, in about 45 minutes as ‘free’
molecules (Rul, Ru2 and Ru(phen);Cl,) did in 6-7 min. A
semi-quantitative estimation of the relative rate constants for
the DHN photooxidation processes (kops) was accomplished by
applying the steady-state approximation to the 'O, intermedi-
ate species, as described in detail in the ESIt; the obtained
results are listed in Table 1. The slightly lower efficiency in the
'0, production found for protein-embedded ruthenium com-
plexes if compared to ones of non-encapsulated molecules is a
common feature that has been also observed for other PS
agents confined into apoferritin®* or linked to polymeric
structures.**

We can rationalize this behavior by considering the fact
that quenching of excited triplet states of sensitizers by *0,
requires the interaction of the PS and molecular oxygen. In
this view, while 30, can easily diffuse inside ferritin, the mobi-
lity of the PS molecules embedded into HuHf would be signifi-
cantly reduced relative to non-encapsulated metal complexes,
due to their interaction with the protein surface (Fig. 2b, ¢ and
ESI, Fig. S5bt).

The effectiveness of metal-protein composites in the 'O,
production has been then confirmed from an independent
experiment, by monitoring the green fluorescence emission (at
525 nm) of the commercially available Singlet Oxygen Sensor
Green® reagent (SOSGR), a highly selective probe for '0,.***
As shown in Fig. 3b, the irradiation over a period of time of
solutions containing the probe in the presence of Rul@HuHf
or Ru2@HuHf determined a progressive increase of the
SOSGR fluorescence emission, revealing a similar ability of Ru
(n)-HuHf systems to sensitize 'O, generation, even though
inferior to that of free molecules in agreement with the UV-
visible analysis. Of note, the linear increase of the SOSGR
luminescence observed for the first irradiation intervals
suggests a prompt reaction between the encapsulated PSs and
molecular oxygen, thus highlighting the facile diffusion of O,
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into ferritin, a key factor in the iron(u) oxidation reaction
occurring in ferritin nanocages. During the same time frame,
modest signal changes were observed upon irradiation of a
control containing only the probe, or for a solution containing
the probe and [Ru(phen);]*" held in dark conditions.

TfR1 targeting ability of ruthenium-ferritin assemblies

The targeting ability of cell models expressing TfR1 and the
delivery of Rul@HuHf and Ru2@HuHf into the cytosol were
tested by different biological approaches.

Due to the binding of H-ferritin to TfR1,” we evaluated the
cellular drug delivery of ruthenium-HuHf nanocomposites in
cell lines featuring different expression levels of TfR1. The
expression of TfR1 was first analyzed in cervical carcinoma
(HeLa) and ovarian carcinoma (A2780) cells, both human
cancer cell lines, and in C2C12 myoblasts, a non-tumoral cell
line, by western blot analysis in different culture conditions.
As shown in Fig. 4, the TfR1 protein level was appreciable in
HeLa and A2780 cells, its expression being higher under
growth compared to serum-deprivation conditions, whereas it
was undetectable in non-cancer C2C12 myoblasts. The
expression and localization of TfR1 in these cellular models
were further confirmed by confocal immunofluorescence ana-
lysis (ESI, Fig. S127). Subsequently, the uptake of Ru-ferritin
nanocomposites in different cellular models was assessed by
measuring the content of ruthenium in cell lysates by ICP ana-
lysis (Fig. 5a). As shown in Fig. 5a, HeLa and A2780 cells were
found to be both able to internalize Rul@HuHf and
Ru2@HuHf, with no significant differences among the two PS-
ferritin formulations. Conversely, lysates of C2C12 myoblasts
did not contain detectable amounts of ruthenium, as expected
due to the lack of TfR1 expression emerged from western blot

(Fig. 4).
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Fig. 4 Expression of TfR1 in cancer (HeLa and A2780) and non-cancer
(C2C12) cell lines under different culture conditions. Western blot ana-
lysis was performed starting from 20 pg total protein lysates of cells
incubated in 10% FBS supplemented growth medium (growth con-
ditions), or serum-deprived medium supplemented with 0.1% BSA for
1 h and 24 h (serum-starved 1 h or 24 h) using specific mouse, mono-
clonal anti-TfR1 antibody CD71, OKT-9 (Thermo Fisher Scientific). Beta-
actin (B-Actin) expression was evaluated as a loading control in each
sample using specific antibodies. A blot representative of three indepen-
dent experiments is shown.
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Fig. 5 Cell internalization of Rul@HuHf and Ru2@HuHf. (a) The amount of internalized ruthenium after 24 h of incubation of Ru-ferritin nano-
composites (10 uM of encapsulated ruthenium) for each cell line is reported. The ruthenium content in C2C12 cells was not detectable indicating
that ferritin is not endocytosed by this cell line. ICP data were normalized on the pg of total protein of each specimen. Statistical analysis was per-
formed by 1-way and 2-way ANOVA followed by Bonferroni post-hoc test. (b) Laser scanning confocal microscopy on Hela cells incubated with
Rul@HuHf and Ru2@HuHf. The concentration of encapsulated ruthenium and the time of incubation are the same as for the ICP analysis.
Immunofluorescence analysis was performed using specific anti-TfR1 primary antibody and secondary anti-mouse antibody conjugated with fluor-
escein (green). Ru(i) nanocages display fluorescence properties, lexc 440—480 nm and A, 600—640 nm (red). Representative confocal microscope
images show the colocalization of TfR1 with Ru(i) nanocomposites on the right (merge) and the corresponding optical microscope images on the
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Then, the uptake of Ru(u)-ferritin systems and the possible
colocalization with TfR1 in HeLa cells were investigated by
exploiting the luminescence properties of Ru(u)-polypyridyl
complexes and by immunofluorescence analysis, using specific
anti-TfR1 antibodies. Fig. 5b shows the distribution of
Rul@HuHf and Ru2@HuHf in the intracellular compartment
together with TfR1 (merge). The same results were also
obtained in A2780 cells (ESI, Fig. S137).

In vitro cytotoxicity of ruthenium-loaded ferritin systems after
photoactivation

To evaluate the light-induced dose-dependent effect of Ru(u)-
ferritin assemblies on cancer cell viability, the MTT reduction
assay was carried out in HeLa, A2780 and C2C12 cells incu-
bated for 24 h with different concentrations of Ru(u)-HuHf for-
mulations. Photoactivation was applied as described in
Experimental section, 24 h before the cell viability was ana-
lyzed, while apo HuHf (i.e. not loaded with PSs) was used as
negative control to subtract any toxicity due to the protein
itself. In this regard, apo HuHf did not show significant cellu-
lar toxicity in the range of concentrations of 0-10 pM (corres-
ponding to ca. 0-40 uM of Ru-PS loaded into ferritin). The
obtained results are reported in Fig. 6. As shown in this figure,
photosensitization of ferritin-ruthenium nanocomposites
markedly affected cell survival of cancer cells, starting from
10 pM Ru(u) for both Rui@HuHf and Ru2@HuHf, leading, as
an example, to decreased cell viability of approximately 50% at
a drug dose of 40 pM of Rul@HuHf. Conversely, a different be-
havior was exhibited by C2C12 myoblasts, whose cell viability
was negligibly influenced by light-activation, as expected due
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to the lack of Rul@HuHf and Ru2@HuHf internalization in
the absence of TfR1 expression in these cells. Thus, these
results demonstrated the fundamental role played by TfR1 in
the cellular uptake, as well as in the phototoxicity, of Ru(u)-
HuHf formulations observed in the different cell lines. An ana-
logous dose-dependent MTT analysis was repeated for free Rul
and Ru2, meaning not encapsulated into ferritin, (ESI,
Fig. S14t). Ru-complexes are able to penetrate into the studied
cancer cell lines, including the non-cancer C2C12 myoblasts
and as expected, they are not completely inert molecules but
rather, they are intrinsically toxic. For example, at the
maximum dose investigated, Rul and Ru2 are found to
decrease HeLa cell viability by 30 and 15%, respectively. In
A2780 and C2C12 cell lines, the cytotoxic effects are even stron-
ger. These data reinforced the importance of two aspects: (i)
the targeted delivery to selectively accumulate the photosensiti-
zers at the site of interest and at the same time (ii) the encap-
sulation into ferritin-based carrier prevents the toxicity exerted
by free molecules before photoactivation.

Experimental
Synthesis and materials

All materials were of reagent grade and used without further
purification unless otherwise specified.

The synthesis of the polyamino macrocycles L' and L” are
3348 wwhile the corresponding ruthe-
nium(u) complexes were prepared according to our previous
papers.®'??

reported in previous works
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Fig. 6 Dose dependent cytotoxic effect of Rul@HuHf and Ru2@HuHf
after photoactivation. Cellular viability of different cancer (HeLa and
A2780) and non-cancer (C2C12) cell lines was assessed by MTT
reduction analysis. Cells were incubated for 24 h in the presence of
Ru()-HuHf nanocomposites with Rul and Ru?2 at the following concen-
trations, O ym, 1 pM, 10 pM and 40 pM in serum-deprived culture media
(supplemented with BSA 0.1%). Photoactivation was carried out using a
30 W three-arm LED lamp with 470-430 nm blue emission for
20 minutes, at a distance of 5 cm from the cell plate. Twenty-four hours
after photoactivation, MTT analysis was performed to assess the anti-
tumor effect of Ru(i) nanocages. Experiments were performed in tripli-
cate, representative of three independent ones with similar results. Data
reported are mean + SEM of fold change absorbance at 570 nm in
photoactivated compared to dark conditions normalized to apoferritin
treatment. The effect of photoactivation of Ru(i) nanocages on the inhi-
bition of cell survival was statistically established by 1-way ANOVA fol-
lowed by Bonferroni post-hoc test. **P < 0.01, ***P < 0.001, ****P <
0.0001.

Ferritin expression and purification

Homopolymeric human heavy chain ferritin (HuHf) was pro-
duced in E. coli as previously reported.’>***° The pET-9a
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plasmid carrying human heavy chain ferritin gene was trans-
formed in BL21(DE3)-pLysS competent cells. Massive cultures
were grown in rich Luria-Bertani medium at 37 °C adding
kanamycin (50 pg mL™") and chloramphenicol (34 pug mL™)
antibiotics. The overexpression of the protein was induced at
ODg0o nm 0.6-0.8 with 1 mM of isopropyl p-b-1-thiogalactopyra-
noside (IPTG) for 4 h at 37 °C. At the end, the cells were har-
vested by centrifugation at 7500 rpm for 15 min and disrupted
by sonication. Afterwards, the crude lysate was clarified with
ultracentrifugation at 40 000 rpm for 40 min and the super-
natant recovered and heated at 65 °C for 15 min to precipitate
undesired proteins. The soluble fraction was subjected to
anionic exchange chromatography with a linear sodium chlor-
ide gradient 0-1 M (Q-Sepharose Fast Flow resin, GE
Healthcare) in 20 mM Tris pH 7.5 buffer. Ferritin-containing
fractions were identified by SDS-PAGE and then pooled and
loaded into a Superdex 200 HiLoad 16/600 column (GE
Healthcare) for size exclusion chromatography in 20 mM Tris
pH 7.5 buffer. To remove the metal ions taken up from the
culture medium, four 5 L dialysis in the presence of chelating
and reducing agents (20 mM Tris, 2.5 mM EDTA, 15 mL
ammonium thioglycolate pH 7.5 buffer) followed by four dialy-
sis against 5 L of 20 mM Tris pH 7.5 buffer were performed.

Encapsulation of Rul and Ru2

Encapsulation of Rul and Ru2 was promoted by the dis-
sociation of ferritin cage (HuHf in 50 mM sodium phosphate
pH 7 buffer) into its monomers at pH 12, diluting the protein
solution (final concentration of 1.25 uM HuHf in a final
volume of 5 mL) with Universal buffer at pH 12 (Britton
Robinson buffer) and adjusting pH adding NaOH
1 M. Different concentrations of Rul or Ru2 (25, 125 and
250 uM) were incubated with ferritin for 15 min. Then, the pH
was brought at 7 with HCl 1 M to let the protein reassemble in
a 24-mer cage, trapping Rul and Ru2 inside the cavity in 2 h.
The entire process was run under stirring at 30 °C. At this
point, the protein samples were centrifuged at 7000 rpm for
10 min to discard precipitates and extensively filtered in cen-
trifugal devices (Amicon® Ultra 15 mL with cutoff 50 kDa,
Merck LifeScience) to remove excess photosensitizers. To
recoup the portion of protein with the correct folding, size
exclusion chromatography (Superdex 200 10/300 GL column,
GE Healthcare) was applied. The encapsulated products were
eluted in 50 mM sodium phosphate pH 7 buffer and the frac-
tions with a retention volume corresponding to 24-mer HuHf
were recovered. In order to exclude unspecific binding of Ru-
based molecules on the external surface of the protein, control
experiments with native HuHf were performed incubating Rul
and Ru2 with HuHf in 50 mM sodium phosphate pH 7 buffer
avoiding the opening of the protein cage. Protein concen-
tration was determined by Bradford assay. The estimation of
ruthenium content was performed by UV-visible and ICP-AES.
For the following analysis in cell cultures, the encapsulates
were further subjected to buffer exchange in PBS (phosphate
buffer solution) at pH 7.4 and 0.2 pm filtered to obtain the
sterility required for mammalian cells.
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ICP-AES measurements

Samples were treated with 100 pL of suprapure HNO;
(obtained by sub-boiling distillation) and 100 pL of suprapure
HCI (30%) and, after dissolution, were diluted to a final
volume of 5.0 mL with ultrapure water (UHQ - resistivity >18
MQ cm - Milli-Q system by Millipore, Billerica, MA). The deter-
mination of Ru concentrations in the samples was performed
in triplicate by a Varian 720-ES axial inductively coupled
plasma atomic emission spectrometer (ICP-AES). Each sample
was spiked with 1.0 ppm of Ge used as an internal standard
prior to the analysis. The introduction system consisted of a
concentric pneumatic nebulizer and a cyclonic spray chamber.
Calibration standards were prepared by gravimetric serial
dilution from commercial stock standard solutions of Ru at
1000 mg L™' (Honeywell Fluka). Wavelengths used for Ru
determination were 267.876 and 245.657 nm, whereas for Ge
the line at 209.426 nm was used. The operating conditions
were optimized to obtain maximum signal intensity, and
between each sample, a rinsing solution constituted by 2% v/v
of HNO; was used.

UV-visible, fluorescence and circular dichroism analysis

Absorption spectra were registered on a PerkinElmer Lambda
6 spectrophotometer. The electronic absorption profiles of
Rul@HuHf and Ru2@HuHf were compared with the spectra
of the reference compounds Rul and Ru2. All the spectra were
registered in 50 mM sodium phosphate pH 7 buffer. The quan-
tity of the compounds internalized into HuHf was initially cal-
culated with the absorbance at 450 nm of Ru(u)-centers given
the extinction molar coefficients of Rul and Ru2. In order to
evaluate the luminescence of Rul and Ru2 upon encapsula-
tion, the fluorescence of 6 pM free and encapsulated Rul and
Ru2 was read using excitation and emission wavelengths of
411 nm and 615 nm respectively. In addition, the intrinsic
fluorescence of HuHf (0.3 pM in protein cage) was registered
at 325 nm upon excitation of tryptophan and tyrosine aromatic
residues at 280 nm for apo HuHf and for HuHf loaded with
increasing amounts of Rul (0.7 puM, 2.01 uM and 2.60 uM) and
Ru2 (0.58 uM, 1.77 pM and 1.85 pM). Fluorescence measure-
ments were collected on a PerkinElmer LS55 spectrofluorom-
eter. The slit width set for excitation and emission was 10 nm.
All measurements were performed at 298.0 + 0.1 K in 50 mM
sodium phosphate buffer solution pH 7, while spectra at
different pH values were collected by adding small amounts of
concentrated HC] or NaOH to aqueous solutions of ligands.
Circular dichroism (CD) analysis was conducted with a
Jasco spectropolarimeter J-810 in the far-UV region between
190-250 nm with a 0.1 cm path length quartz cuvette.
Temperature-dependent CD spectra of 10 pM protein in sub-
units (50 mM sodium phosphate pH 7) were performed in the
range 25-85 °C. The samples were incubated in the thermo-
static cell (Jasco Peltier equipment) at the desired temperatures
for 5 min before acquiring spectra at a scanning speed of
100 nm min~". The mean of 5 scans was calculated by sub-
tracting the corresponding buffer spectrum and the molar
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ellipticity optical units were converted in mean residue weight
ellipticity (Oprw)-

SAXS measurements

All small-angle scattering measurements were performed
using a HECUS S3-Micro apparatus. This Kratky-type camera is
equipped with a position sensitive, 50 M OED detector com-
prising of 1024 channels (width = 54 pm). Cu Ka radiation
with a wavelength, 2, of 1.542 A at a power of 50 W is provided
by an ultra-brilliant point microfocus X-ray generator
(GENIX-Fox 3D, Xenocs, Grenoble). A sample-to-detector dis-
tance of 281 mm (calibrated using the well-known silver behe-
nate lamellar lattice, d = 58.34 A'® provided a measurable
g-range between 0.009 and 0.54 A" (where g, the scattering
vector, is given by g = 4n/4sin 6, and 26 is the scattering angle).
Protein samples were placed into borosilicate glass capillaries
with a diameter of 1 mm. Measurements were performed
under vacuum to reduce scattering from air and at a tempera-
ture of 25 °C. Raw scattering data were corrected for the empty
capillary/buffer contribution. The acquisition time was from
30 min to 1 h depending on the sample. Short measurements
(1 min) were performed on each sample to confirm that the
radiation damage was negligible under these experimental
conditions.

'H NMR analysis

'"H NMR spectra of free Rul and Ru2 (100 uM), apo HuHf
(25 puM in cage) and Rul@HuHf and Ru2@HuHf (100 pM of
encapsulated Rul/Ru2) in phosphate NMR buffer (pH 7.4)
were recorded and compared to further investigate the inter-
action of the encapsulated Ru-compounds with HuHf. NMR
spectra were acquired using a Bruker 900 MHz spectrometer
(Bruker BioSpin) at 298 K. One-dimensional "H-NMR spectra
with water peak suppression and a standard CPMG pulse
sequence were recorded (3k scans, 102 400 data points, a spec-
tral width of 19 167 Hz, acquisition time of 2.97 s, and a relax-
ation delay of 4 s).*”*! This type of sequence has been used to
selectively observe the sharp signals arising from the low mole-
cular weight Ru-compounds free in solution and to suppress
the broad resonances coming from ferritin. Before applying
Fourier transform, free induction decays were multiplied by an
exponential function equivalent to a 2.0 Hz line-broadening
factor. Transformed spectra were automatically corrected for
phase and baseline distortions using TopSpin 3.5 (Bruker
BioSpin). The spectra of free Rul and Ru2 were also recorded
in plasma to prove their long-term stability in biological fluids
(ESI, Fig. S17).

Zeta potential measurements

Zeta potential measurements were performed with a ZetaPALS
system coupled with a Brookhaven 90Plus particle sizer
(Brookhaven Instruments). Measurements were performed on
the very same dispersions and also after dilution up to 1:20 to
reduce the overall ionic strength. Zeta potentials of the scatter-
ing objects were extracted by phase analysis light scattering
according to standard procedures.
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Cryo-EM screening analysis

Cryo-EM micrographs of apo HuHf, Rul@HuHf and
Ru2@HuHf were acquired using a ThermoFisher Glacios at
200 kV instrument, equipped with a Falcon III direction elec-
tron detector. Holey-carbon R1.2/1.3 grids (Quantifoil Micro
Tools GmbH) covered by a 2 nm film of carbon were prepared.
Grid surfaces were treated with plasma cleaning using O2 for
45 s before applying 3 uL of the sample (1 mg mL™" of
Rul@HuHf and Ru2@HuHf in PBS buffer pH 7.4). Grids were
blotted in 100% humidity and 10 °C with filter paper and vitri-
fied by rapidly plunging into liquid ethane at —180 °C using a
Vitrobot Mark IV (FEI, Hillsboro).

Singlet oxygen determination using 1,5-dihydroxynaphthalene
(DHN) and the singlet oxygen sensor green reagent (SOSGR)

The ability of Ru-based formulations to effectively sensitize the
singlet oxygen production was firstly assessed by means of UV
visible titrations employing 1,5-dihydroxynaphthalene (DHN)
as an indirect 'O, reporter. Experiments were performed in
phosphate buffer (50 mM, pH 7, with 10% v/v MeOH and D,0O
each)* in the absence and in the presence of a selected Ru()-
based photosensitizer. In detail, following the preparation of a
3.3 x 10> M solution of DHN in methanol, this solution was
diluted 1:10 with aqueous solutions of the Ru(u)-based PS at
pH 7, obtaining a final water/MeOH (9:1) solution of DHN
3.3 x 10~* M with a Ru(u)-content of 1 x 10~° M. Samples were
then transferred in a quartz cuvette with 1 cm optical path and
irradiated (LED Lamp, 30 W, 1 > 430 nm) for a total time
varying between 6 and 50 minutes. All spectra were acquired
using as blank reference a solution containing the selected PS
at the same concentration and pH of those of the measuring
cuvette. In close analogy with the UV-vis measurements, the
'0, sensitizing properties of the studied formulations were
investigated by means of fluorescence measurements by
employing the Singlet Oxygen Sensor Green reagent
(SOSGR).*® To this aim, we prepared aqueous solutions
buffered at pH 7 (50 mM sodium phosphate) containing
SOSGR in the presence of a selected photosensitizer. The
probe concentration was fixed to 0.5 pM while the ruthenium
concentrations of Rul and Ru2 were ten times higher (5 uM).
Samples containing Rul@HuHf or Ru2@HuHf were prepared
in order to have a final Ru(u) equivalent concentration. The
solutions were then transferred in a quartz cuvette with 0.1 cm
optical path and irradiated. Fluorescence spectra were col-
lected using excitation/emission wavelengths of 488/525 nm.
Two additional controls were analyzed, one containing a
mixture of SOSGR and [Ru(phen);]** maintained under dark
conditions, and the other consisting of only the probe exposed
to different irradiation times.

Cell cultures

All culture media and reagents were purchased from Merck
KGaA (Darmstadt, Germany), including phosphate buffer
saline (PBS). Human ovarian cancer cell line A2780 and
human epithelioid cervix carcinoma cell line HeLa (ATCC, VA,
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USA) were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), 100 pug mL™"' streptomycin,
100 U mL™' penicillin and 2 mM l-glutamine.
C2C12 myoblasts (ATCC, VA, USA) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
FBS, 100 ug mL™' streptomycin, 100 U mL ™" penicillin and
2 mM l-glutamine. These cell lines were maintained in a
humidified atmosphere at 95% air/55% CO, and constant
temperature of 37 °C.

All cell treatments were performed in serum-deprived RPMI
or DMEM medium, supplemented with 1 mg mL™ bovine
serum albumin (0.1% BSA).

Western blot analysis

Cells were collected in a lysis buffer containing 50 mM Tris,
pH 7.5, 120 mM NaCl, 1 mM EDTA, 6 mM EGTA, 15 mM
Na,P,0,, 20 mM NaF, and 1% Nonidet supplemented with
protease inhibitor cocktail and incubated 30 min at 4 °C. Cell
lysates were centrifuged at 10%g, 15 min 4 °C and 20 pg total
protein amount was resuspended in sodium dodecyl sulphate
(SDS) sample buffer and separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and finally transferred to polyvinyl-
idene fluoride (PVDF) membranes by Trans-Blot® turbo trans-
fer system (Bio-Rad Laboratories, CA, USA). PVDF membranes
were incubated at 4 °C overnight with anti-CD71 (Transferrin
receptor-1) monoclonal antibody (OKT-9; 1:1000 dilution)
(eBioscience, Thermo Fisher Scientific Inc., MA, USA) and
anti-f-actin (Santa Cruz Biotechnology, CA, USA). Horseradish
peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology, CA, USA) were incubated for 1 h at room temp-
erature. Specific protein bands were detected by enhanced che-
miluminescence using Clarity Western ECL substrate (Bio-Rad
Laboratories, CA, USA), images were acquired with an
Amersham Imager 600 (GE Healthcare, UK) and quantification
performed by densitometric analysis using the Image] software
(freely available at https://imagej.nih.gov/ij/).

MTT reduction assay

Cell viability of HeLa, A2780 and C2C12 cells was evaluated by
the reduction of the yellow tetrazolium salt 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) to purple
formazan crystals performed by metabolically active cells. MTT
colorimetric analysis was performed after the treatment with
Rul@HuHf or Ru2@HuHf for 24 h, followed by photoactiva-
tion and then incubation for further 24 h. Briefly, for each cell
line two 96-well plates were seeded: one was employed for light
exposure (photoactivation conditions), and the other one was
maintained in the dark (dark conditions). Cells were incubated
with increasing concentrations of Ru(u) in Rul@HuHf or
Ru2@HuHf obtained by ICP measurement (0, 1, 10 and
40 uM), and in parallel with the same corresponding concen-
tration of HuHf (determined by Bradford assay) in serum-
deprived culture media. For the photoactivation conditions,
after a 24 h-challenge with Ru(u) nanocages, cells were irra-
diated with 30 W three-arm LED light lamp with 470 nm-
430 nm emission for 20 minutes at a distance of 5 cm from
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cell monolayers and then incubated for 24 h at 37 °C in 5%
CO, atmosphere. Cell viability was assayed in the presence of
0.5 mg mL ™" of MTT salt (Merck KGaA, Darmstadt, Germany)
for 1 h at 37 °C; DMSO (Dimethyl Sulfoxide, Merck KGaA,
Darmstadt, Germany) was used to dissolve insoluble formazan
crystals produced by viable cells. The absorbance was
measured at 595 nm using a microplate reader (iMark
Microplate Absorbance Reader, Bio-Rad, CA, USA).

Laser scanning confocal microscopy

Cell internalization of ferritin-Ru(u1) nanocages and colocaliza-
tion analysis with transferrin receptor-1 was performed using a
Leica SP8 laser scanning confocal microscope (Leica
Microsystems GmbH). Cells (HeLa, A2780 and C2C12) were
seeded on microscope slides and treated for 24 h with 10 pM
Ru(n) of Rul@HuHf or Ru2@HuHf, followed by washing with
PBS and fixed with 2% paraformaldehyde in PBS for
20 minutes at room temperature. Colocalization of Rui@HuHf
or Ru2@HuHf with anti-CD71 (transferrin receptor-1) was per-
formed by immunofluorescence analysis: after 24 h of incu-
bation with 10 pM Ru(u) of Rul@HuHf or Ru2@HuHf, micro-
scope slides were incubated with anti-CD71 (TfR1) monoclonal
antibody (OKT-9; 1:100 dilution) for 2 h at room temperature
followed by treatment with Texas Red-conjugate secondary
anti-rabbit antibody (1:200 dilution) purchased from Vector
Laboratories Inc. (Burlingame, CA, USA). Microscope slides
were incubated with DAPI solution (1 mg ml™", Thermo Fisher
Scientific Inc., MA, USA) to probe the cell nucleus and then
were mounted using Fluoromount aqueous mounting medium
(Merck KGaA, Darmstadt, Germany).

Statistical analysis

Data obtained in the cell experiments are presented as means
+ standard error of mean (SEM). Comparisons between the
different groups were performed by one- or two-way ANOVA
analysis of variances followed by Bonferroni’s post-hoc test in
the GraphPad Prism 9.0 software.

Conclusions

In summary, we herein report on the successful encapsulation
into human H-ferritin of the photosensitizers Rul and Ru2,
affording the corresponding Rul@HuHf and Ru2@HuHf
nanocomposites.

A chemical-physical characterization of these fluorescent
hybrid materials evidenced a retained protein quaternary
structure (i.e. core-shell assembly and protein fold), with Rul
and Ru2 giving rise to intermolecular contacts/interactions
with the inner surface of the protein shell. Importantly, Ru(u)-
ferritin assemblies featured high stability at physiological pH
and demonstrated to effectively sensitize 'O, production upon
light-activation.

The biological potential of Rui@HuHf and Ru2@HuHf was
tested against two human cancer cell lines, HeLa and A2780
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cells, both expressing TfR1, and on the non-tumoral
C2C12 myoblasts. ICP analysis indicated the selective internal-
ization of Ru(u)-HuHf assemblies into tumoral cells. Confocal
microscopy analysis also unveiled the co-localization of Rul
and Ru2 with the TfR1 in the internal cellular compartments
of HeLa and A2780 cells. Therefore, these results highlighted
the crucial role played by TfR1-mediated endocytosis of H-type
ferritin in the selective delivery of Ru-based PSs into tumoral
cells.

Finally, Rui@HuHf and Ru2@HuHf were found to be effec-
tively able to elicit a significant dose-dependent cytotoxicity
against HeLa and A2780 cells following irradiation.

In conclusion, this study underlines the suitability of
H-ferritin platforms to selectively deliver Ru(u)-polypyridyl-
based photosensitizers in cancer cells thus providing
promising tools to be further exploited in photodynamic
therapy.
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