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Abstract

Supramolecular strategies as well as combinatorial approaches have been proposed to improve cancer therapeutics. In
this work, we investigated the encapsulation of the photosensitizer acridine orange (AO) and the chemotherapeutic drug
oxaliplatin (OxPt) in cucurbit[8]uril (CB[8]), and tested their effect both separate and combined on tumoral cells cultivated
in vitro. Binding constants and enthalpies of reaction for the AO@CB[8], (AO),@CB[8] and OxPt@CB[8] complexes were
determined by isothermal titration calorimetry. In the case of AO, a negative cooperativity for the binding of the second AO
molecule was found, in agreement with previous fluorescence titration data. We show herein that the AO@CB[8] complex
was effectively incorporated within the cells and showed important phototoxicity, while the OxPt@CB[8] complex was cyto-
toxic only at long incubation times (24 h). Pre-treatment of the cells with the OxPt@CB[8] complex for 24 h inhibited any
photodynamic action by the later treatment with the AO @CB[8] complex. However, when both complexes were co-incubated
for 90 min, the combined cytotoxicity/phototoxicity was superior to any of the treatments individually. A cooperative effect
was identified that added up to an extra 30% cytotoxicity/phototoxicity. The results point to an interesting system where a
photosensitizer and chemotherapeutic drug are co-encapsulated in a macrocycle to develop chemophototherapy applications.
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Scheme 1 Structures of photosensitizer AO, chemotherapeutic drug OxPt and CB[8], and their supramolecular encapsulation

1 Introduction

Supramolecular chemotherapy has emerged in the last few
years as a promising strategy to improve cancer treatment
[1, 2]. The focus of supramolecular encapsulation is to
modify the solubility, stability, biodistribution, selectivity
and overall performance of chemotherapeutic drugs, while
reducing their side-effects [1-5]. Since these supramo-
lecular complexes are governed by non-covalent interac-
tions, this is a broad approach to develop systems that are
stimuli-responsive and targeted [6]. Several macrocycles
have been used for this purpose including cyclodextrins,
calixarenes, metallo-hosts and cucurbit[n]urils [7]. The
cucurbit[n]uril family (CB[n]s, n=5-8,10) has shown
great potential for biomedical applications, due to their
high binding affinities, low toxicity, stabilization proper-
ties and wide range of guests that can be encapsulated
[8, 9]. On the other hand, supramolecular photosensitiz-
ers (light-activated drugs) are the counterpart of chemo-
therapeutic drugs in phototherapies [10—-12]. This type of
cancer therapy is more selective, since light can be focused
on cancerous tissue sparing healthy tissue [13]. As with
chemotherapy, supramolecular encapsulation of photoac-
tive drugs using CB[n]s has benefits on their solubility and
biodistribution, with the extra advantage of controlling
their photoactivity and photostability [14—16].

More recently, a combination of both types of thera-
pies termed “chemophototherapy” has been termed as an
emerging treatment option for solid tumors [17]. The syn-
ergism between these therapies is proposed to enhance
tumor regression and prevent drug resistance, leading to a
more effective tumor inhibition [13, 17-22]. This concept
has been tested both in vitro and in vivo in a preclinical
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setup with great success [23—-25]. However, a combined
therapy has the same drawbacks as the individual thera-
pies. Therefore, several drug delivery systems have been
studied for that purpose such as liposomes [26, 27], hydro-
gels [28], micelles [29], and nanoparticles [30-32]. To
the best of our knowledge, there are no studies of how
macrocyclic supramolecular encapsulation of both the
chemotherapeutic agent and photosensitizer would influ-
ence their cytotoxicity/phototoxicity toward cancer cells.
For that reason, we hypothesized that using a supramo-
lecular approach where the photosensitizer and drug are
co-encapsulated in CB[n]s would potentially improve PDT
outcome in a cooperative manner (Scheme 1).

We chose to encapsulate the chemotherapeutic drug oxali-
platin (OxPt) and the photosensitizer acridine orange (AO)
within CB[8], and test their cooperative behaviour in the pho-
todynamic killing of tumoral cells cultured in vitro. CB[8]
has been less explored for this purpose compared to CB[7],
probably because of its lower solubility in water. However,
CB([8] has certain advantages: (1) it can encapsulate up to two
molecules of photosensitizers, doubling the payload; and (2)
the binding affinities for some photosensitizers are higher com-
pared to CB[7] [14, 33].

The thermodynamics of the binding processes of both
molecules were explored and related to the co-existence of
the complexes, while the use of different incubation regimes
showed the best conditions to achieve enhanced cell cytotoxic-
ity in vitro.
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2 Methodology
2.1 Chemicals

Oxaliplatin (OxPt), cucurbit[8]uril (CB[8]), acridine
orange (AO), and phosphate-buffered saline (PBS) were
obtained from Sigma. All other reagents were from the
highest purity available. Cell culture media (DMEM) were
obtained from Gibco and fetal bovine serum (FBS) from
Hyclone. Ultrapure water was used to prepare all aqueous
solutions (resistivity of 18.2 mQ cm).

Stock solutions of AO (2 mM) were prepared in water
(€4913m=06.2%x 10* M~" cm™). CB[8] was prepared saturated
in water and filtered through a 0.22 um filter. The concentra-
tions of both CB[n]s were standardized using cobaltocenium
with the method described by Kaifer and Yi [34]. OxPt stock
solutions were 2.5 mM in water. Stock solutions for cell
cytotoxicity experiments were sterile-filtered under a lami-
nar flow hood and later diluted in DMEM.

2.2 Spectroscopic measurements

Absorption spectra were measured using a UV—Vis spec-
trometer from Hewllet Packard 8453. Fluorescence emission
spectra were measured on an LS55 PerkinElmer fluorimeter.

2.3 Isothermal titration calorimetry (ITC)

Solutions of CB[8] (25-125 pM) were titrated with OxPt
(1 mM) in water at 25°C using a PEAQ-ITC from Malvern.
The first injection was of 0.4 pL followed by 17 injections
of 2 pL. The reference power was set to 5 pcal/s, 750 rpm
stirring speed, initial delay of 60 s and injection spacing of
100 s. Titration curves were done in triplicate and the ther-
modynamic parameters were fitted with the microcal soft-
ware to the one site-binding model. At 125 pM of CB[8],
the complex precipitated upon reaching a 1:1 ratio with
OxPt, which shifted the baseline. However, the binding
constant was the same as that obtained at lower concentra-
tions of CB[8]. For the case of the (AO), @CB[8] complex,
100 pM of CB[8] were titrated with AO (2 mM) in 10 mM
phosphate buffer pH 7 for comparison with previous fluo-
rescence data [35]. A control of the aggregation of the
dye was performed and taken into account in the analysis
of the titration curve according to the procedure reported
by Buurma and Haq [36]. Data were fitted using [2C-ITC
software [37]. For aggregation of AO, an isodesmic step-
wise self-aggregation model was used to obtain K,,, and
AH,‘lgg [38, 39]. For the binding of AO to CB[8], two inde-
pendent sites were considered to fit the data [36].

2.4 Cell culture studies

HeLa cells were grown in high-glucose DMEM, with phe-
nol red and supplemented with 10% FBS and 1% antibiotic/
antimycotic. Cells were incubated at 37 °C and a 5% de CO,
atmosphere with 100% humidity. Cells were subcultured
when needed using the standard trypsin protocol. For pho-
totoxicity experiments, the compounds were incorporated
in DMEM without phenol red or/FBS to avoid interference.
Cells were counted before seeding using a standard hemo-
cytometer. Cytotoxicity and phototoxicity experiments were
performed in 96-well plates. Duplicate plates were used for
the dark control and irradiation experiments. In each plate,
cells were seeded at 15,000 cell per well and incubated over-
night (n=4-12). Culture media was removed by aspiration
and rinsed with sterile PBS. The samples containing 0.3 pM
AO, 5 uM OxPt, 10 uM CB([8] or mixtures of them were
added to the cells. One experiment was performed with
CBJ[7] instead of CB[8] for comparison. Two incubation
regimes were tried for OxPt, 90 min and 24 h. In the case of
AQ, the incubation was done for 90 min and 15 min irradia-
tion time at 520 nm (LED-L16 from Luzchem). After the
incubation period, the media were removed and replaced
with fresh DMEM. The cells were allowed to develop for
another 24 h and the viability was measured using the
MTT assay [40]. Statistical significance was assayed using
the GraphPad 9 software with the one-way ANOVA test
(p<0.01).

2.5 Cell uptake

HeLa cells were seeded 24 h prior to the experiment at a
concentration of 2.5x 10° HeLa cells/well in 6-well plates
(70-80% confluency). After removal of the media, cells were
incubated for 90 min with AO, AO@CB|[8] or AO@CB|8]
plus OxPt@CB[8] at the same concentrations mentioned
above (Sect. 2.5). After washing with HBSS, trypsinization
and centrifugation, the pellet was resuspended in 2% SDS
and incubated overnight at 37 °C. The concentration of AO
taken up by 10° cells was determined using a standard fluo-
rescence calibration curve.

2.6 Fluorescence microscopy

Cells were prepared in the same conditions as described
above for phototoxicity experiments. After 90 min incuba-
tion of the different compounds, images were captured in
each well using a Cytation 5 cell imaging multimode reader
from Biotek. Images were captured using the 10 X objective
for bright field and GFP fluorescence (ex 469/35 nm and em
525/39 nm) under the same setup conditions. Images from
different channels were merged and colored green using
Image J.
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3 Results and discussion

We chose AO as a photosensitizer building on previous
work by us and others where the photophysics/photo-
chemistry of the AO@CBI[8] and (AO),@CB[8] com-
plexes were studied [33, 35, 41-43]. Additionally, these
complexes have been proposed to be stable inside living
cells based on fluorescence measurements [43]. First, we
determined the stepwise association of AO to CB[8] by
ITC, which is not trivial due to the aggregation of the
dye in aqueous media. The aggregation constant for the
dye (K,,,) by this method was determined to be 9000 M-!
with a AH,,, of — 8 keal mol~! (see Fig. S1 in the sup-
plementary information), and these values are consistent
with the literature [44]. Following the procedure reported
by Buurma and Haq [36], we determined stepwise bind-
ing constants for the first and second AO molecules bound
to CB[8] using the model depicted in Fig. 1A. The val-
ues’ parameters obtained were (1.6 +0.6)x 10’ M~! with
a AH,=— (12.8+0.1) kcal mol™!, and 3+ 1)x 10> M~!
witha AH,=— (3+1) kcal mol~!, for the first and second
AO molecules bound to CB[8], respectively (see Fig. S2 in
the supplementary information). These binding constants

are one order of magnitude lower than previously reported
using fluorescence measurements [35]. It must be pointed
out that these techniques measure fundamentally differ-
ent phenomena. While ITC measures are heat absorbed
or evolved upon binding in the ground state, fluorescence
measures the emission of the different species in the equi-
librium in the excited state [45]. A similar behaviour was
reported for a peptide bound to CB[8] when comparing
both techniques [35]. These data confirm the negative
cooperativity found previously for this system by fluo-
rescence measurements [35]. It must be pointed out that
depending on the concentrations of the photosensitizer and
macrocycle, both 1:1 and 2:1 complexes can be present
in solution. Nonetheless, at high concentrations of CB[8]
with respect to AO, the 1:1 complex will be favored [35].

On the other hand, for the chemotherapeutic drug, we
chose OxPt, which is approved for the treatment of colorec-
tal cancer [46]. This drug has been previously encapsulated
inside CB[7], which enhances its stability and selectivity
for tumoral cells, while reducing its toxicity to non-neoplas-
tic cells [2, 3, 47-49]. Recently, similar results have been
reported for the drug heptaplatin with CB[7] [50]. However,
no experimental studies have been reported for OxPt and
CB[8] in spite of the fact that this complex was predicted to
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Fig. 1 ITC analysis for A stepwise binding of AO to CB[8] in 10 mM phosphate buffer pH 7 at 25 °C. Data fitted using the I2C-ITC software to
the model depicted. B binding of OxPt to CB[8] in water at 25 °C. Data fitted using the Microcal software with the “one set of sites” model
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be formed by theoretical calculations [51, 52]. Therefore, we
investigated the formation of this complex by ITC. We found
that OxPt does bind quite strongly to CB[8] with a 1:1 stoi-
chiometry and a binding constant of (2.5+0.1)x 10° M~!
and AH of — (8.2+0.5) kcal mol™! (Fig. 1B). This value is
comparable to the binding constants reported for the OxPt@
CB[7] complex, which are 2.3 X 10°> M~ in Tris buffer [47]
and 2.89x 10° M~ in PBS [3], 1.25x 10’ M~" in water [53],
and 5.29x 10> M~ in cell culture media [53].

Since the binding constant for the first molecule of AO to
CB[8] is six times higher than for OxPt, and due to the pres-
ence of excess CB[8], we expect that the AO@CB[8] com-
plex would remain stable in the presence of OxPt. Indeed, at
a low concentration of OxPt (5 pM), the absorption spectra
of the AO@CB[8] complex showed only minor changes
at 492 nm (4,,, for AO), indicating a negligible degree
of displacement of AO from the cavity of the macrocycle
(Fig. 2A). This result shows that it is possible to have both
complexes in solution at these low concentrations.

Nevertheless, when the concentration of OxPt was
increased up to 80 pM a marked increase in the fluorescence
intensity and a characteristic blue shift of the emission spec-
tra were observed, which are consistent with the competi-
tive displacement of AO from the cavity of CB[8] (Fig. 2B)
[35]. The changes in fluorescence emission observed upon
increasing the OxPt concentration (inset in Fig. 3) are attrib-
uted to the difference in the fluorescence quantum yields of
the free and complexed AO species, being higher for the
former [35, 43]. It must be noted that the displacement is
only significant at high concentrations of the OxPt ([OxPt]/
[AO] ~200 to achieve ~50% displacement).

To test the possible cooperative cytotoxic effect of both
CB[8] complexes in tumoral cells, first, we determined the
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Fig.2 A Absorption spectra for 0.3 pM AO in the absence (green)
and presence (blue) of 10 pM CB[8], and after addition of 5 pM OxPt
(red). B Fluorescence emission spectra for 0.3 pM AO in the presence
of CB[8] before (red line) and after (blue line) the addition of 80 pM
OxPt. All samples in PBS pH 7.4. The arrow indicates the increase

effect of AO (Fig. 3) and OxPt (Fig. 4) on cell viability of
HelLa cells cultivated in vitro. For AO, the dark and illu-
minated conditions were tested using an incubation time
of 90 min. In the case of OxPt, two incubation times of
90 min and 24 h were tested to assess cytotoxicity. From
these experiments, we chose the concentrations of 0.3 pM
for AO and 5 pM for OxPt, which achieve close to 50%
cytotoxicity, for the following experiments where both com-
pounds were used in combination. Using numerical analysis,
we calculated the mole fraction of each species present in
the mixture considering all the equilibria involved and the
values of the binding constants (see Table S1 and Fig. S3
in the supporting information) [35, 54]. According to these
calculations, in a mixture containing 0.3 pM AO, 5 pM OxPt
and 10 pM CB([8], 93% of OxPt and 99% of AO are com-
plexed with CB[8] (1:1 stoichiometry in both cases). For the
latter, the presence of the 2:1 complex is negligible at these
concentrations.

The cytotoxicity (dark) and phototoxicity (light) of
the different complexes were evaluated at different incu-
bation regimes. First, the cells were pre-incubated with
the OxPt@CB[8] complex for 24 h, and afterwards, the
cells were incubated with AO in the presence of CB[8]
for 90 min and later irradiated for 15 min at 520 nm. The
results showed that the pre-treatment with the OxPt@
CB[8] complex alone decreased about 50-60% of the cell
viability, while the incubation/irradiation of AO in the
presence of CB[8] by itself decreased about 40% of the
cell viability (Fig. 5). However, in the combined treat-
ment, there was no increment in cytotoxicity/phototoxic-
ity compared to OxPt@CB[8]. Fluorescence microscopy
experiments showed evident cell damage after the OxPt@
CB[8] treatment, thus not allowing AO incorporation (see
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in fluorescence emission after the addition of OxPt. The emission
spectra for 0.3 pM AO (purple dashed line) are shown as a reference.
Inset: fluorescence intensity at 525 nm upon addition of increasing
concentrations of OxPt
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Fig.4 OxPt cytotoxicity on Hela cells. Incubation with the drug for A 90 min and B 24 h. Significance of p <0.05

Fig. S4 in the supplementary information). This explains
why no phototoxic effect is evident after irradiation. It
is important to note that control experiments with CB[8]
alone showed some cytotoxicity for 24 h incubation, but
not for shorter periods (see Fig. S5 in the supplementary
information). Therefore, the cytotoxicity observed with
the OxPt@CB[8] complex arises mainly from the release
of the drug inside the cells. Moreover, the fact that the
OxPt@CB[8] complex shows similar cytotoxicity to free
OxPt at the same conditions suggests that the drug is being
released inside the cell.

@ Springer

On a different treatment regime, when both OxPt and AO
were co-incubated in the presence of CB[8] with the cells for
90 min, the results showed that the OxPt@CB[8] complex
alone was not cytotoxic within this short incubation time,
while AO irradiated in the presence of CB[8] killed about
40% of the cells. Surprisingly, the combined treatment killed
70% of the cells, adding up to an extra 30% effectiveness in
tumoral cell killing (Fig. 6). The combined treatment at short
incubation times significantly enhanced cytotoxicity/photo-
toxicity compared to both treatments separately, suggesting a
cooperative behaviour due to co-encapsulation. Interestingly,
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Fig.6 A Dark toxicity and B phototoxicity on HeLa cells when treated with AO + CB[8], OxPt+ CBI[8] or a mixture of AO + OxPt+ CB[8]. Co-
incubation for 90 min and irradiation for 15 min with 520 nm LEDs. Significance of p <0.05

in vivo studies for the use of a porphyrin-liposome loaded
with doxorubicin show better results at short drug-light
intervals [55, 56]. The enhancement effect observed herein
does not necessarily prove that there is synergy between
both treatments. This requires a detailed examination of
the outcomes at different concentrations of OxPt and AO@

CB[8], and different light doses. Also, in vivo experiments
are needed for future work.

Given that OxPt also binds strongly to CB[7] [3, 47-49,
53], and its biocompatibility [57, 58], we tested the effect
of the OxPt@CBJ[7] complex in cell cytotoxicity in combi-
nation with AO@CB[8]. In this case, no increment in cell
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killing was observed compared to the AO@CB[8] complex
alone (see Fig. S6 in the supporting information). These
results indicate that the potentiation effect observed with
the OxPt@CB[8] complex is dependent on the macrocycle.
One possibility is that the OxPt@CB[7] complex might be
more stable inside the cells compared to the OxPt@CBJ[8]
complex. The evidence in the literature is variable for dif-
ferent cell lines in vitro. Initial studies in A549, SKOV-3,
SKMEL-2, XF-498 and HCT-15 showed decrease cytotoxic-
ity [47], the same for L1210 cell line [48]. Meanwhile, more
recent studies have shown greater cytotoxicity in B16 and
K562 cell lines [49]. In our experiments, the cytotoxicity in
HeLa cells was significantly reduced for the OxPt@CBJ[7]
supporting a higher stability (see Fig. S7 in the supporting
information).

Since AO is fluorescent, we could detect the fluorescence
emission of the photosensitizer inside live cells, as shown
in Fig. 7. Control experiments in the absence of AO did not
show any background fluorescence (Fig. 7a). Meanwhile,
in the presence of free AO (Fig. 7b), AO in the presence of
CB[8] (Fig. 7¢) or a mixture of AO and OxPt with CB[8]
(Fig. 7d), Hela cells clearly showed the characteristic fluo-
rescence of the photosensitizer.

At the same experimental conditions, the fluorescence
intensity observed for free AO was higher than that for AO
in the presence of CB[8] (Fig. 7b, c), which could be attrib-
uted in principle to their different fluorescence quantum
yields [33, 35]. This was reported by Garcia, Scaiano and
collaborators, where they proposed that the photosensitizer
complex is maintained inside the cells [43]. However, when

Fig.7 HeLa cells fluorescence
microscopy images in the
absence (a) or presence of b
free AO, ¢ AO+CB[8] ord
AO + OxPt+ CB[8]. Incubation
during 90 min. Excitation at
469 nm and emission at 525 nm
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cell uptake was measured quantitatively, it is evident that
free AO is taken up by the cells more efficiently than the
AO@CBJ[8] complex (Fig. 8), contributing to a higher fluo-
rescence emission. In this context, the presence of OxPt does
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Fig.8 Cell uptake for free AO, AO+CB[8] or AO+OxPt+CBJ[8]
systems. Incubation during 90 min
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not modify the incorporation of the AO@CB[8] complex
to the cells.

It is interesting to note that in the case of the co-incu-
bation of AO and OxPt with CB[8], although cell uptake
is the same as in the absence of OxPt (Fig. 8), the fluores-
cence intensity appears higher when measured in live cells
(Fig. 7d). This points to a possible release of AO from the
cavity of CB[8] intracellularly. One possibility is that some
biomolecules inside the cell bind to the macrocycle inducing
the release of AO such as amino acids, peptides and proteins
[59]. The same behaviour was reported for a toluidine blue
derivative complexed with CB[8] [15]. It must be pointed
out that this phenomenon has not been measured directly
due to the complexity of understanding CB[n]s complexes
release kinetics in live cells. However, pharmacokinetics
analysis of some drug@CB[7] complexes in vivo strongly
suggests that the release of the drugs is modified by encap-
sulation in the macrocycle, leading to a change in biodistri-
bution [60-62].

A possible release of AO intracellularly can influence the
photoactivity of the photosensitizer. When the phototoxici-
ties of free AO and the AO@CB|[8] complex were compared
at the same concentrations, AO showed higher phototoxic-
ity (Fig. S8 in the supplementary information). This is in
agreement with the higher cell uptake of AO compared to
its complex. Nonetheless, this result contradicts the expected
trend based on singlet oxygen generation efficiencies for the
free photosensitizer and its CB[8] complexes. Singlet oxy-
gen generated through type II mechanism (energy transfer)
is thought to be one of the main species inducing cell death
during PDT [13, 21]. The quantum yield of singlet oxygen
formation for AO is 0.18, while that for the AO@CB[8]
complex is 0.31 [41]. Not only cell uptake is important, we
demonstrated previously that the photooxidative effect of
photosensitizer@CB[n] complexes can depend highly on
their interactions with proteins pointing to an important role
of the type I mechanism (electron transfer) [41]. In fact, AO
showed higher photooxidation of a model albumin protein
compared to the AO@CB[8] complex due to binding to
the protein [41]. Therefore, there could be more favorable
interactions between the free photosensitizer and cellular
components compared to the AO@CB[8] complex, giving
rise to mixed-type I-type II photoprocesses explaining its
higher photoactivity.

4 Conclusions

We have shown that by co-encapsulating AO and OxPt in
CB[8], cooperative cell death can be achieved at short incu-
bation times. Meanwhile, pre-incubation with the OxPt@
CB[8] complex led to no increase in phototoxicity by AO@
CB[8]. A stepwise binding process for AO with CB[8] was

corroborated by ITC analysis, showing negative coopera-
tivity for the binding of the second AO molecule. Further-
more, evidence for the formation of the OxPt@CB|[8] com-
plex is reported for the first time, with a binding constant
comparable to previously reported OxPt@CB[7] complex.
However, when OxPt@CBJ|8] is switched for OxPt@CB|[7],
no enhancement in cell death is observed. Evidence for
the release of AO in the presence of OxPt was presented,
which could enhance cell phototoxicity. In this case, AO
acts through mixed-type I-type II photoprocesses with pro-
teins. These results are interesting for the use of cucurbit[#]
uril-based supramolecular complexes in chemophototherapy
applications, although synergism must be proven by vary-
ing the drugs and light doses and corroborated in vivo in
the future.
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