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Ruthenium-based assemblies containing tetrapyridylporphyrins (TPyP) in their structure have been evalu-

ated as photosensitizers (PS) to treat rheumatoid arthritis (RA) by photodynamic therapy (PDT). TPyP is

useless by itself as a PS due to its low solubility in biological media, however, incorporated in metallacages

it can be internalized in cells. The study shows a cellular antiproliferative activity in fibroblast-like synovio-

cyte (FLS) in the lower nanomolar range in the presence of light, and no dark toxicity at 1 μM concen-

tration, thus having an excellent photoactivity index. The presence of diamagnetic (Zn2+) and paramag-

netic (Co2+) metals in the center of TPyP impairs the effectiveness of PDT, showing no (Co) or reduced

(Zn) photoactivity. A total of five metallacages with different structural characteristics have been evaluated,

and our results suggest that the incorporation of PS in metalla-assemblies is not only an elegant method

to increase solubility in biological media for TPyP but also appears to be an efficient hybrid system to treat

RA by PDT.

Introduction

Achieving a high concentration of photosensitizer (PS) in
target tissues remains a challenge in photodynamic therapy
(PDT). When the concentration of PS in the cells is high, the
absorption of energy is increased and consequently the possi-
bility of transferring this energy to O2 to generate radical
oxygen species (ROS) is enhanced.1–3 However, most synthetic
photoactive compounds are poorly soluble in biological media,
and to circumvent this drawback, they are often coupled to car-
riers. Among stratagems to transport PS, the most common is
to encapsulate or bind the PS to nanoparticles.4–6 The use of
nanoparticles not only increases the physiological solubility of

the PS but also, in the case of tumors, favours its accumulation
through the enhanced permeability and retention (EPR)
effect.6,7 Alternative systems reported to deliver PSs use dendri-
tic micelles.8 Micelles not only help to transport PSs, but also
largely prevent degradation before reaching their target.9 Low-
density lipoproteins (LDLs) associated to PSs is another of the
many promising delivery systems.10 LDLs have a high propen-
sity to accumulate preferably within tumors whereby the con-
centration of PS in these cells can be amplified, thus enhan-
cing the PDT effect.

In recent years, our group has demonstrated the great
potential of ruthenium-based assemblies to transport PSs and
other drugs to cells.11,12 These physiologically soluble struc-
tures have an internal cavity in which a compound of the
appropriate size and lipophilicity can be hosted. In addition,
the toxicity is generally low (μM range) and the stability in bio-
logical media high. Once inside cells, the PS guest can be
released from the cage and activated, thus giving rise to ROS.
The effectiveness in vitro has already been demonstrated in
cancer cells.12,13 Herein, a different approach is used, which
instead of transporting the PS inside the metallacage as a
guest, the PS itself is part of the metallacage structure
(Fig. 1).14 Therefore, we eliminate the need of releasing the PS
from the cage once inside the cells,15 as the PS is available for
irradiation at all times.
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Compounds derived from porphyrins have already been
tested in PDT to treat rheumatoid arthritis (RA) with different
outcomes.16–21 The structure of porphyrins is based on a tetra-
pyrrole ring. It is a rigid structure with conjugated double
bonds that allows efficient delocalization of electrons. This
favours the excitation of the system by irradiation and energy
transmission to another molecule, explaining its extensive use
in PDT. We have used TPyP as a PS because it can be co-
ordinated directly to dinuclear arene ruthenium(II) complexes,
such as [Ru2(η6-p-iPrC6H4Me)2Cl2(μ-C6H2O4-κO)] and [Ru2(η6-
p-iPrC6H4Me)2Cl2(μ-C2O4-κO)], via Ru–NPy bond, to give rise to
cubic cages (C). We also believe that the presence of two TPyP
panels per metallacages can reduce the dose necessary for
PDT activity.22–24 Therefore, to verify the effectiveness of our
arene ruthenium tetrapyridylporphyrin-based assemblies, we
have tested five compounds with different structural features
including three TPyP derivatives and two dinuclear arene
ruthenium clips (Fig. 2). The benzoquinonato and oxalato
dinuclear arene ruthenium clips modulate the distance
between the two panels of the cube, thus modifying the struc-
ture and potentially the electronic property of the assembly.
The influence of metals in the center of the tetrapyrrole ring,
diamagnetic (Zn2+) and paramagnetic (Co2+), was also studied.
In addition, we have carried out photocytotoxicity and inflam-
matory activity evaluations in fibroblast-like synoviocytes (FLS)
from patients with RA. The purpose of PDT in RA is to reduce

persistent synovitis, despite targeted biological and synthetic
disease modifying anti-rheumatic drugs, and to avoid
surgery.25,26

Materials and methods
Synthesis of compounds

Porphyrin 2H–TPyP was purchased from Sigma-Aldrich, while
Zn–TPyP and Co–TPyP were obtained from Porphychem
(Dijon, France), and all compounds were used as received. The
metallacages [Ru8(η6-p-iPrC6H4Me)8(μ4-2H-TPyP-κN)2(μ-C6H2O4-
κO)4][CF3SO3]8 (C1), [Ru8(η6-p-iPrC6H4Me)8(μ4-Zn-TPyP-κN)2(μ-
C6H2O4-κO)4][CF3SO3]8 (Zn-C1), [Ru8(η6-p-iPrC6H4Me)8(μ4-2H-
TPyP-κN)2(μ-C2O4-κO)4][CF3SO3]8 (C2), [Ru8(η6-p-iPrC6H4Me)8
(μ4-Zn-TPyP-κN)2(μ-C2O4-κO)4][CF3SO3]8 (Zn-C2) and [Ru8(η6-
p-iPrC6H4Me)8(μ4-Co-TPyP-κN)2(μ-C2O4-κO)4][CF3 SO3]8 (Co-C2),
were synthesized as reported in the literature.27,28

The fluorescence quantum yields of the metallacages were
determined using standard instruments. Fluorescence spectra
(Fig. S6–S10†) were performed in dimethyl sulfoxide (DMSO)
on a FLS980 spectrometer from Edinburgh Instruments
(550–800 nm), using 5,10,15,20-tetraphenylporphin dissolved
in toluene as an internal reference. UV-vis spectra were carried
out on a SI Analytics model UvLine 9400 (Xenon lamp) spectro-
photometer (Fig. S1–S5†), in 1.5 mL polystyrene cuvettes (wave-
length range 280–800 nm). Both, fluorescence and UV-vis
spectra were carried out by dilution of compounds (10 nM) in
DMSO, which was bought from Acros Organics and used as
received.

Preparation of human synovial cells

RA synoviocytes were isolated from fresh synovial biopsies
obtained from four RA patients undergoing finger arthroplasty.
All patients fulfilled the 1987 American Rheumatism
Association criteria for RA.29 The mean age of the patients was
67.4 ± 3.2 years (range 53–81 years). The mean disease dur-
ation was 8.7 ± 2.3 years. At the time of surgery, the disease
activity score (DAS 28) was greater than 3.2. These activities
were approved by local institutional review boards, and all sub-
jects gave written informed consent. Synovia were minced and
digested with 1.5 mg mL−1 collagenase–dispase for 3–4 h at
37 °C as previously described.30 After centrifugation, cells were
resuspended in DMEM supplemented with 10% FCS, 4.5 g L−1

D-glucose, 25 mM Hepes, 100 U mL−1 penicillin, and 100 μg
mL−1 streptomycin (Gibco BRL) in a humidified atmosphere
containing 5% (v/v) CO2 at 37 °C. After 48 h, nonadherent cells
were removed. Adherent cells (macrophage-like and FLS) were
cultured in complete medium, and at confluence, cells were
trypsinized and only the FLS were passed. These cells were
used between passages 4 and 8, when they morphologically
resembled FLS after an indirect immunofluorescence study
(see Culture of human RA FLS). RA FLS were cultured 45–60
days before experimentation. This delay allowed the elimin-
ation of all possible interactions resulting from any preopera-
tive treatment (with nonsteroidal anti-inflammatory drugs,

Fig. 1 Cellular uptake of physiologically soluble ruthenium metalla-
cages containing TPyP (blue) in its structure, and subsequent PDT and
production of ROS after internalization.

Fig. 2 The benzoquinonato and oxalato dinuclear arene ruthenium
clips with the distances between the metallic atoms, as well as the struc-
tures of the TPyP porphyrin derivatives: 5,10,15,20-tetra(pyridyl-4-yl)-
21H,23H-porphine (2H–TPyP), Zn(II)-5,10,15,20-tetra(pyridyl-4-yl)por-
phine (Zn–TPyP) and Co(II)-5,10,15,20-tetra(pyridyl-4-yl)porphine (Co–
TPyP).
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analgesics, disease-modifying antirheumatic drugs, or
steroids).

Culture of human RA FLS and treatment

Between passages 4 and 8, RA FLS were trypsinized. Cell count
and survival rate were determined, and cells were plated in
culture plates or flasks (Falcon, Oxnard, CA, USA). Survival
rate, measured by trypan blue dye exclusion31 at the start and
the end of culture, was always greater than 95%. FLS (105)
from RA patients were used for an indirect immunofluores-
cence study.32 The following monoclonal antibodies were
used: 5B5 (anti-prolyl hydroxylase) for fibroblasts at a 1/50
dilution (Dako, Burlingame, CA, USA), JC/70A (anti-CD31), for
endothelial cells at 1/50 (Dako), and RMO52 (anti-CD14) for
macrophages at 1/50 (Immunotech). The negative control was
a mouse antibody of the same isotype (Immunotech).
Incubations were performed at room temperature for 30 min.
Binding of monoclonal antibodies was visualized using fluor-
escein (DTAF)-conjugated goat anti-mouse antibody
(Immunotech) at a 1/50 dilution.

Antiproliferative assays

The in vitro evaluation was carried out under aseptic con-
ditions. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and L-glutamine were purchased from Sigma-
Aldrich. RA FLS cells were collected in fresh DMEM culture
medium by trypsinization. Approximately 700 000 cells were
poured in 10 ml of medium and softly homogenized. 100 µl of
this solution were added per well in a 96-well plate (7000 cells
per well) and the cells were incubated for 24 h at 37 °C in the
presence of 5% CO2. Then, 100 µL of the PS solution in
increasing concentration were dispensed per row in the plate
and incubated 24 h in the same conditions. The compounds
were dissolved in DMSO (1 mM) just before use and then
added in the culture medium in the desired concentrations.
The concentration of DMSO in the cell medium was never
exceeding 0.025%. After incubation, the medium was changed
carefully with 100 µL of complete medium (without red
phenol). Subsequently, irradiation was performed using a red-
light source, CureLight®, PhotoCure ASA at 630 nm for 30 min
(dose 72 J cm−2). After the irradiation, the 96-well plate was
incubated 18 h. After that, 10 µl of a MTT solution (5 g l−1) was
added and the 96-well plate was put again inside the incubator
for 4 h. Then, the media was removed and 200 µl of DMSO
added in each well, followed by stirring the plate softly for
3 min. Absorbance after the MTT assay was carried out at
540 nm by a Dynex Triad Multi Mode Microplate Reader
(Dynex Technologies). The assays were executed in triplicate.
Cytotoxicity evaluation in the dark was carried out by repeating
the same protocol without irradiation.

Protein extraction and western-blot analysis

For total protein extraction, RA FLS were washed in PBS, and
the total cell pool was centrifuged at 200g for 5 min at 4 °C
and homogenized in RIPA lysis buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS,

and 20 mg mL−1 of aprotinin) containing protease inhibitors
(Complete™ Mini, Roche Di-agnostics) according to the manu-
facturer’s instructions. Proteins (60 µg) were separated by elec-
trophoresis on 10% SDS–PAGE gels and transferred to polyvi-
nylidene fluoride (PVDF) membranes (Amersham Pharmacia
Biotech, Saclay, France), which were then probed with a
cyclooxygenase-2 (COX-2) human primary antibody (Cayman
Chemical, Bertin Pharma, Montigny le Bretonneux, France).
After incubation with a secondary antibody (Dako France S.A.
S., Trappes, France), blots were developed using the ECL Plus
Western Blotting Detection System (Amersham Pharmacia
Biotech) and G: BOX system (Syngene, Ozyme, Saint Quentin
en Yvelines, France). Membranes were then reblotted with
human anti-β-actin (Sigma-Aldrich, Saint Quentin Fallavier,
France) used as a loading control.

Assay of COX-2 activity and IL-1β production

RA FLS were maintained in DMEM supplemented with 10%
(v/v) FCS, 4.5 g l−1 D-glucose, 100 U mL−1 penicillin and 100 μg
mL−1 streptomycin. The cells were grown in a humidified incu-
bator at 37 °C in the presence of 5% CO2. The 2 × 106 RA FLS
cells were seeded in a 25 cm2 flask and incubated during 24 h.
Then, the volume of the PS solution to reach the IC50 values
was added, and the cells incubated for 24 h. The medium was
removed and replaced by medium without red phenol, like pre-
viously. Then, cells were irradiated at 630 nm for 30 min (dose
72 J cm−2) and incubated 18 h. The non-irradiated cells were
kept in the incubator the same time. After this, LPS (1 µg
ml−1) was added to the medium of irradiated and non-irra-
diated cells, and the cells were incubated for an additional 4 h.
Cells were trypsinized and culture medium supernatant iso-
lated. The prostaglandin E2 (PGE2)

33 and interleukin-1β
(IL-1β)34 levels were quantified in culture media supernatants
from treated and control cells by enzyme immunoassay using
an ELISA Kit (Cayman Chemical and Thermo Fisher Scientific,
respectively). The results were expressed by the average of
three independent experiments.

Statistical analysis

All quantitative results were expressed as the mean ± 3 stan-
dard deviations (SEM) of separate experiments using Excel
(Microsoft Office, Version 2019). Statistical significance was
evaluated by the two-tailed unpaired Student’s t-test, P-value
<0.001 (***).

Results and discussion
Structural features of ruthenium-based assemblies

The metallacages (C), which are soluble in physiological
media, are synthesized by reacting dinuclear arene ruthenium
complexes with tetrapyridylporphyrins (TPyP). Introduction of
different building blocks (clips and panels) in the metallacages
(Fig. 3) allows an evaluation of the influence of these modifi-
cations on the PDT effect. First, these cubic cages present
three different PS (2H–TPyP, Zn–TPyP and Co–TPyP) separated
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by a distance that is determined by the size of the dinuclear
arene ruthenium clip (Fig. 2). Therefore, by changing the size of
the ruthenium clip, we can modulate the PS separation, and
determine how the distance between the two PS influences their
PDT efficiency. It is known that other tetrapyrroles can give rise
to aggregation phenomena, which reduces the production of
singlet oxygen and then limits the production of ROS.35,36 This
is because tetrapyrroles like porphyrin show strong π–π coup-
ling, thanks to their planar structure. However, it was demon-
strated how similar cubic metalla-assemblies with TPyP efficien-
tly inhibit the intramolecular stacking of porphyrin blocks.37

Furthermore, these compounds are positively charged (8+), and
electronic repulsion between these cationic assemblies should
prevent the formation of large aggregates. These two character-
istics might have a positive impact on the PDT effect.

In addition, we have used a zinc (Zn–TPyP) and a cobalt-
based tetrapyridylporphyrin panel (Co–TPyP) to prepare analo-
gous assemblies (Zn-C1, Zn-C2 and Co-C2). The influence of
the diamagnetic and paramagnetic metals on the PS can there-
fore be evaluated. It has been reported that diamagnetic
metals such as Zn2+ can favour fluorescence and consequently
reduce ROS production, worsening the efficacy of PDT.38

Furthermore, paramagnetic metals such as Co2+ quench fluo-
rescence due to electron transfer between the excited com-
pound and the metal cation,39 and therefore, no PDT effect
should be observed for the Co-C2 derivative. Therefore, intro-
duction of metals within the TPyP panels can indicate if the
photoactivity of the PS is modified or not when being part of a
metalla-assembly.

Photocytotoxicity of metallacages

The results of the photocytotoxicity are presented in Table 1.
The influence of the different structural parameters is evident
and they alter the PDT effect. First of all, it is worth highlight-
ing the excellent result obtained with C1, achieving the lowest
IC50 (8 nM) (Fig. 4). To the best of our knowledge, no com-
pound reported in the literature has showed such a low IC50 in
PDT for RA in vitro. In addition, the phototoxic index (PI), the
IC50 ratio between non-irradiated and irradiated cells, is
greater than 125 (Table 1), which makes C1 a PDT agent with
high potential. In addition, the IC50 of Zn-C1, C2 and Zn-C2

are also excellent, although they are outshined by the great per-
formance shown by C1. On the other hand, Co-C2 did not
show any photocytotoxic activity, as expected for Co(II) por-
phyrin derivative.39 Regarding the Zn(II) derivatives, higher
fluorescence is observed (see ESI†), which translates into a
lower production of ROS.38 Both C1 and C2 have a higher
phototoxicity than their Zn analogues (Zn-C1 and Zn-C2), the
IC50 concentrations being more than eleven times lower for C1
and more than eight times lower for C2 when compared to Zn-
C1 and Zn-C2, respectively. It is worth noting that C1 shows a
lower fluorescence quantum yield (ϕF) than C2 and the Zn-
derivatives (Table 1), confirming that high ϕF does not necess-
arily translate into high phototoxicity.

The main difference between C1 and C2 is the distance that
separate the two porphyrin units in the metallacages. The
results suggest that when the distance is shorter, the PDT
efficiency is reduced. The IC50 of C1 and Zn-C1, which are
built from 2,5-dioxydo-1,4-benzoquinonato spacers, are less
than half the IC50 values of the smaller oxalato analogues, C2
and Zn-C2 respectively. This can be rationalized by an intra-
molecular energy transfer phenomena between the two por-
phyrin panels, thus resulting in quenching. As reported in the
literature, quenching and energy transfer phenomena between
photo-active molecules can appear without collision or direct
contact, this phenomenon is known as Resonance Energy

Fig. 3 Arene ruthenium metallacages used in this work. All octa-cat-
ionic assemblies were isolated as their triflate salts.

Table 1 Results of the MTT assays. Irradiation after 24 h of incubation
with PS, λ = 630 nm, 72 J cm−2 for 30 min. IC50 values were calculated
fitting the curve to a second-degree polynomial ± 3 sigma deviations.
The maximum concentration tested was 1 µM. Quantum yields (ϕF) were
calculated using TPP as an internal standard at 25 °C. Phototoxic index
(PI) is the ratio between living cells in the dark and after irradiation

PS IC50 (nM) light IC50 (nM) dark ϕF (%) PI

C1 8 ± 3 >1000 0.9 >125
Zn-C1 91 ± 7 >1000 2.7 >11
C2 22 ± 7 >1000 1.7 >46
Zn-C2 185 ± 8 >1000 2.8 >5
Co-C2 >1000 >1000 0 n.d.a

aNot determined (n.d.).

Fig. 4 MTT assays of C1 in the dark (grey line) and after irradiation
(630 nm, 72 J cm−2, 30 min) (red line) in RA FLS. Statistical significance
determined by the two-tailed unpaired Student’s t-test, p-value <0.001
(***).
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Transfer (RET).40 This energy transfer is expressed by an
equation formulated by Förster, which is directly related to the
distance between the photo-active molecules, and it is suscep-
tible to small changes.41 It is established that when two PS are
at short distance from each other the possibility of quenching
increases significantly. The distance between the two TPyP
panels is not static, since the structure can be distorted in
solution.27,28,42 However, an approximate distance can be
determined from the dinuclear arene ruthenium metallaclips
(Fig. 2). In C2 and Zn-C2, the distance between the ruthenium
atoms is linked to the oxalato ligand, and it is ≈5.5 Å.42 On the
other hand, in C1 and Zn-C1 the distance is dictated by the
benzoquinonato ligand, and it is ≈7.8 Å.43 Therefore, a greater
distance suggests minimal quenching, which leads to better
PDT efficiency, in agreement with the results obtained. Finally,
it should be noted that none of the tested compounds showed
cytotoxicity in the dark at 1 μM concentration (Table 1), which
is an essential characteristic for a good PS. Fig. 5 shows the
comparison in RA FLS treated with C2 (22 nM), showing cellu-
lar damage in the irradiated RA FLS and no apparent changes
in the non-irradiated cells.

Inflammatory study

As previously reported, PDT with porphyrin derivatives as well
as other PS is susceptible to lead to overexpression of COX-2
and production of PGE2, which could translate into inflam-
mation in the treated tissue after therapy.33 RA FLS give rise to
cytokines such as tumor necrosis factors (TNF) and interleu-
kins (IL), which increase COX-2 production, an enzyme that
catalyzes the formation of PGE2 from arachidonic acid.44,45

PGE2 is a vasodilator that can lead to inflammation.46 To

combat this unwanted effect, it is possible to use COX-2 inhibi-
tors such as NS-398.33 With this in mind, we decided to evalu-
ate the inflammatory activity of our compounds after PDT, ana-
lyzing the expression of COX-2 in the treated cells and the pro-
duction of PGE2 and the presence of IL-1β in the culture
media. On the other hand, since the cobalt compound did not
show cytotoxic activity in the MTT assays, we decided not to
include this compound in the anti-inflammatory evaluation,
focusing on the four most promising ruthenium-based assem-
blies (C1, C2, Zn-C1 and Zn-C2).

COX-2 expression

As seen in Fig. 6, these porphyrin-based compounds induce
COX-2 overexpression after PDT. However, C1 shows surprising
results, since the expression of COX-2 is not very different from
the control experiments. Indeed, the overexpression of COX-2
was greater in the irradiated samples than in the non-irradiated
ones. It should be noted that the expression of COX-2 is directly
related to the results observed in the photocytotoxic evaluation.
When a lower concentration is used, that is, when the IC50 is
lower, the overexpression of COX-2 is also lower. This suggests
that by reducing the dose of the drug, one could reduce inflam-
matory adverse effects, while maintaining a good photoactivity.

PGE2 production and IL-1β level

Given the overexpression of COX-2, we can expect overproduction
of PGE2 (see Table 2). This overproduction can lead to inflam-
mation after PDT, although as discussed above, it can be reduced
or eliminated by the presence of COX-2 inhibitors. Again, it is
worth noting the result of C1, whose production of PGE2 is sig-
nificantly close to that observed in the control sample. In
addition, the same observation is made with the IC50, although it
is expected since PGE2 is directly related to COX-2, as already
mentioned.44,45 This again points to the fact that a lower dose of
the drug might generate fewer adverse effects in PDT.

IL-1β is a pro-inflammatory cytokine and it has been
reported as one of the cytokines responsible for COX-2
expression.47 Surprisingly, IL-1β does not appear to be directly
related to the overexpression of COX-2 and overproduction of

Fig. 5 Effect of PDT on RA FLS using C2 at 22 nM concentration (IC50)
after 24 h. Control cells 24 h after irradiation (top left), cells with C2 but
not irradiated (top right), and cells with C2 and irradiation (down) (red-
light 630 nm, 72 J cm−2 for 30 min).

Fig. 6 Evaluation of COX-2 expression after PDT. Cells (2 × 106) were
cultured in DMEM (FBS 10%, L-glutamine 1%, penicillin 100 U mL−1,
streptomycin 100 µg mL−1) during 24 h and treated with the corres-
ponding PS. After 24 h, the medium was replaced by DMEM without red
phenol and irradiated at 630 nm (72 J cm−2, 30 min). After 18 h, LPS
(1 µg mL−1) was added in the medium to stimulate the expression of
COX-2 during 4 h. Finally, trypsinization and isolation of cells was per-
formed. COX-2 expression was determined by western-blot using
β-actin as a protein loading control. All experiments were done in tripli-
cate. Non-irradiated cells were treated as irradiated. Control samples
were treated as treated cells (see Antiproliferative assays).
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PGE2 (Table 2). The results obtained are closed to those of the
control sample. This suggests that, in our case, other cytokines
are involved in this overexpression, which has also been
reported in other studies.48

Conclusions

Among the five metallacages, C1 shows the best potential as a
PDT agent to treat RA synovitis, having an excellent phototoxi-
city (IC50 = 8 nM) and a low general toxicity (IC50 > 1000 nM).
Moreover, as suggested by the results obtained in the inflam-
matory evaluation, the adverse effects associated with PDT
should be significantly reduced with our compounds. Indeed,
when using C1, COX-2 expression and PGE2 production are
lower and close to control samples, thus potentially limiting
post-therapy joint inflammation. We have also observed that
IL-1β does not appear to be involved in the inflammation
effects, indicating that other cytokines may be involved in the
expression of COX-2. Overall, these results invite us to con-
tinue investigating the use of such metallacages in PDT, not
only in RA, but also in other pathologies such as cancer.
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