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Abstract

One of the limitations in the use of cisplatin is its low penetration into cells. In addition,
some cells develop the so called resistance, a multifactorial event that decreases
significantly the intracellular cisplatin concentration. To circumvent these limitations,
recent studies are focused on the use of nanocarriers that permit, among others, to
achieve higher drug uptake. In this work, ferritin is evaluated as nanostructured
cisplatin-delivery system in cell models of ovarian cancer. One of the key aspects is the
characterization encapsulated product and for this aim a battery of analytical
techniques, including Size Exclusion Chromatography (SEC) coupled to UV-detection and
to inductively coupled plasma mass spectrometry (ICP-MS) together with transmission
electron microscopy (TEM) is conducted. Higher level of incorporation occurs when

using initial concentrations of the Fe-containing form of the protein at 10 mg/mL and 1
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mg/mL cisplatin solution. The incorporation of the free and encapsulated cisplatin is
addressed in A2780 and A2780CIS, sensitive and cisplatin resistant cell lines respectively,
showing a significantly higher uptake of the encapsulated form. These values ranged
from 5 to 9-fold in the sensitive line and 2-4 in the resistant model, being always more
pronounced at the lower doses. Functionality of the drug after encapsulation is
addressed by monitoring the presence of Pt in DNA and normalizing DNA concentration
through simultaneous P and Pt measurements by ICP-MS. Time elapsed between
exposure and Pt detection in DNA proved to be critical in the encapsulated model,
showing the slower drug-release mechanism from the ferritin nanocage that could be

advantageously used for a controlled therapy.
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Introduction

Chemotherapy conventionally involves the use of synthetic molecules and natural
products that in general are low molecular weight compounds. Such agents inherently
suffer from sub-optimal utilization due to rapid clearance and short blood circulation
half-lives [1, 2]. In addition, some of the administrated chemotherapeutic agents
undergo unspecific interactions with healthy tissues during the transmission and
distribution of the drugs in the body, which results in significantly high toxic effects [3] .
Therefore, controlled drug delivery systems offer a potential way to overcome the
challenges with the administration and release of anticancer drugs. In the particular case
of cisplatin (cis-diamminedichloroplatinum [II]), one of the intravenously administrable
Pt(ll) complexes approved for worldwide clinical practice, toxicity effects as well as
developed or acquired drug resistance limit the maximum dose that can be applied for
a positive outcome [4, 5]. Thus, several alternatives to reduce the general toxicity and
to improve therapeutic efficacy using drug nanocarriers have been proposed over the

years [6].

Among them, liposomes have been proposed as an efficient mean to reduce
systemic cisplatin toxicity by encapsulation of cisplatin within a lipidic vessel that
protects the drug from degradation in the biological environment [7]. The main
advantage of these systems is that while most clinically used anticancer drugs rapidly
pass through the membranes of both normal and cancerous tissues, the drugs coupled
to liposomes, lipid particles and micelles selectively accumulate in tumors [8]. In this
regard, Lipoplatin (Regulon, Inc.) is one of the most promising liposomal platinum drug

formulations under clinical investigation containing about 9% of cisplatin and 91% lipids



resulting in a 1:10 drug to lipid ratio [9]. Preclinical studies of Lipoplatin in mice, rats and
in severe combined immunodeficient mice reported that it has lower side effects, and
notably less toxicity compared to cisplatin [10]. Besides Lipoplatin, a particular high
potential is foreseen in nanoscale formulations that permit cellular targeting and
prolonged circulation times while maintaining improving drug efficacy and reducing

unwanted side effects [11].

An interesting alternative to liposomes is the encapsulation of cisplatin within
ferritin nanocages that has been explored in some recent studies [12, 13]. Human
ferritin, the primary iron storage protein, contains an internal nanocage of about 8 nm
of internal diameter partially loaded by Fe atoms. These nanocages can be used for
incorporation of other compounds like cisplatin providing important advantages with
respect to other systems, particularly for human applications in vivo [14]. The most
remarkable one is that human ferritin is present in both, cells and blood under
physiological conditions. Being a natural self-constituent of biological systems it is less
likely to induce strong cell immune responses [15]. It is a stable protein that is soluble in
the bloodstream and amenable to both, genetic and chemical functionalization [16].
Several groups have reported that ferritins are effective templates for loading, in their
internal cavity, imaging agents for magnetic resonance imaging (MRI), positron emission

tomography (PET), and metal based drugs such as cisplatin [17].

Regarding the chemical structure, ferritin can be present as apoferritin (hollow
form) or holoferritin (containing Fe atoms up to 2500 per molecule of ferritin). It is a
protein complex of approximately 450 kDa consisting of 24 polypeptide subunits, which

assemble into a hollow sphere, and containing small channels located at the subunit



junctions required for the release of iron and transport of other metal ions and small
molecules (e.g. cisplatin). In 2007, it was first shown that cisplatin could be encapsulated
in the cavity of apoferritin resulting in a drug-loaded protein that shows the potential to
exert appreciable cytotoxic effects on tumor cells [12]. It has been shown that Pt uptake
in the encapsulated form is higher than that of the free drug in some cell models

suggesting that the encapsulated drug is internalized more easily than the drug alone.

However, very little work has been conducted to evaluate the efficacy of the
encapsulation of cisplatin as well as drug functionality after cellular internalization (e.g.
DNA interaction capabilities, cytotoxicity, etc.). Since this is a complex metallomic
problem, a plethora of analytical strategies have to be optimized and complementarily
applied. Therefore, this work is aimed first, to study the encapsulation conditions by
means of chromatographic strategies (SEC) coupled on-line with UV and inductively
coupled plasma mass spectrometry (ICP-MS) as Pt selective detector. The
complementary information of the UV and ICP-MS data will allow to quantify the exact
concentration of the encapsulated drug as well as the detection of any existing traces of
the “free” form. The combination of ICP-MS and TEM (using also X-Ray elemental
analysis) will permit to address the shape and morphology of the synthetic product.
Second, the cellular uptake of the encapsulated cisplatin in two cell models (A2780 and
A2780cis), sensitive and resistant to cisplatin, respectively, is addressed in comparison
to the free drug. Furthermore, since cisplatin cytotoxic effects are based on cisplatin-
DNA adducts formation, the specificinteraction from the free and the encapsulated drug
with the DNA of the exposed cells will be also determined using ICP-MS as P and Pt

detector using a previously optimized strategy.



Materials and methods

Reagents and solutions

All working solutions were prepared using 18 MQ cm de-ionized water obtained from a
PURELAB flex 3 (ELGA VEOLIA, Lane End, United Kingdom). The platinum ICP-MS
standard was purchased form Merck (Darmstadt, Germany) and the ferritin standard
from equine spleen and cisplatin (cis-diamminedichloroplatinum(Il)) standard were
purchased from Sigma-Aldrich (St. Louis, MO, USA). For the encapsulation, hydrochloric
acid was obtained from Merck Millipore and sodium hydroxide from Fisher Scientific.
DNA from salmon sperm was purchased from Sigma-Aldrich. SEC separation was done
using a mobile phase containing 50 mmol L' ammonium acetate (Merck Millipore),
pH=7.4. Nitric acid (65%, suprapur quality) and hydrogen peroxide (30%) were

purchased from Merck.

Instrumentation

An iCAP TQ ICP-MS (Thermo Fisher Scientific, Bremen, Germany) was used for this study
using the single quadrupole (SQ) mode. For the chromatographic separation of the
encapsulated cisplatin, size exclusion chromatography (SEC) was used. The mobile phase
was pumped using an Agilent 1260 HPLC instrument (Agilent Technologies, Tokyo,
Japan) at a flow of 0.7 mL min? injecting 20 pL. The size exclusion chromatographic
column was a Superdex 200 10/300 GL (300 mm x 10 mm i.d., GE Healthcare Bio-
Sciences, Sweden) having a fractionation range from 10 to 600 kDa. Vis/UV absorbance

was registered at 280 nm using a Diode Array Detector (DAD) (Agilent Technologies).



For the flow injection set-up used for the analysis of total Pt, the carrier (HNOs
0.1%) was pumped using a peristaltic pump (0.5 mL min!) and the sample was injected
using a dual mode injection valve from Rheodyne, model 9725 (Cotati, California, USA),
fitted with a 20uL injection loop. HR-TEM images were obtained in a JEOL-JEM 2100F
(Tokyo, Japan) transmission electron microscope with an operation voltage of 200 kV to
image encapsulated solutions on Cu grids. The instrument also allows to obtain

elemental information of the sample by energy-dispersive X-ray spectroscopy (EDX).

Cell culture and lysis

The human ovarian carcinoma cell line A2780 was a kind gift from Dr. J.M. Pérez Freije
(Department of Biochemistry and Molecular Biology, University of Oviedo, Spain). The
Biotechnological and Biomedical Assay Unit from the Scientific and Technical Services
(SCTs) of the University of Oviedo, authenticated this cell line using the
AmpFLSTR®Identifier®Plus-PCR Amplification Kit (Thermo Scientific). The A2780cis cell
line was purchased form the European Collection of cell cultures through Sigma-Aldrich.
Cells were cultured at 37°C in a 5% CO; atmosphere, using RPMI 1640 medium
(Invitrogen, Fisher Scientific, Madrid, Spain) containing 5 mg L' of Plasmocin (InvivoGen,
San Diego, USA). The medium was supplemented with 10% fetal bovine serum

(Invitrogen, Carlsbad, USA).

Cells were cultured in six well plates (2x108 cells approximately where collected).
In the uptake experiments, cells were exposed to free and ferritin encapsulated
cisplatin, respectively, at 0, 1 and 3 pmol L concentrations for 24 hours at 37°C,
afterwards they were washed with PBS, collected by trypsinization and pelleted by

centrifugation. To evaluate the Pt in the DNA, cells were exposed to free and



encapsulated cisplatin, respectively, at 2 umol L%, for 24 hours. In addition, in a parallel
experiment, other cells were left to rest for 24 h after cisplatin (free or encapsulated)
exposition in clean media before collection. For evaluation of the Pt uptake in cells, the
cells pellet were first lyophilized (by freeze-drying) and then weighed in a high precision
balance (New ClassicMS105DU, Mettler Toledo, Spain) to obtain cells dry weight.
Afterwards, 500 pL of 65% HNOs were added to the freeze dried pellet and then heated
at 70°C for 1 h. After this time, 500 pL of 30% H20, were added to the mixture and the
mixture was heated at 70°C for 4 h more. The final solution was diluted to determine
total Pt concentration by ICP-MS according to previously stablished methodologies [18].

All the measurements were taken by triplicate.

DNA extraction

Genomic DNA from cells was extracted and purified with a silica-based column DNA
purification kit PureLink™Genomic DNA Mini Kit (Invitrogen). Manufacturer’s
instructions were followed including the incorporation of RNAse to have a RNA-free
genomic DNA. The extracted DNA was eluted in 100 plL of ultrapure water. The DNA
from the cells exposed to free and encapsulated cisplatin for 24 h was directly extracted
after exposure. Same procedure was used for cells exposed to the drug for 24 h followed

by 24 h of rest in clean media.

The concentration of DNA was determined by referring the 3!P signal obtained in
the sample by ICP-MS to the P signal obtained after acid digestion of different DNA
standards from salmon sperm DNA (Sigma) containing 2, 8, 15 and 20 mg L™ DNA. Then,
sample was adequately diluted for analysis by ICP-MS. This procedure has been

optimized in a previous publication [18].



Cytotoxicity assay

The toxicity of the different drugs (free and encapsulated cisplatin) was evaluated using
a cell counting Kit-8 (CCK-8) assay kit from Sigma-Aldrich. For this aim, cells were seeded
in 96-well plates for 24 h prior to being exposed to the free and encapsulated cisplatin,
respectively, at concentrations ranging from 0.01 to 3 pmol L. After the time of the
treatment (24 h), the CCK-8 compound was added to each well and incubated for 2 h at
37°C. The absorbance was measured at 450 nm using a microplate reader. Additionally,
in a parallel experiment, cells treated with the encapsulated and free cisplatin for 24 h
were allowed to rest for another 24 h in clean media. The cytotoxicity assay was then
conducted. Every treatment at each concentration was done in triplicate. Cell viability
was expressed as a percentage of that of the control (untreated) cells. For each
concentration of drug, cell viability differences between cells treated with free cisplatin
and cells treated with encapsulated cisplatin were evaluated using two-tailed Student’s

t test, and P values of less than 0.05 were considered to be statistically significant.

The same experiment was performed using only ferritin to address the possible
effect of increasing protein concentrations. Results are shown in the Supplementary

material (Figure S1).

Encapsulation procedure

For the general encapsulation procedure, 1 mg of cisplatin was dissolved in 500 pL of
ultrapure water and added to a 20 mg mL? solution of ferritin prepared in 0.9% NaCl to

achieve a final concentration of 1 mg mL? cisplatin and 10 mg-mL™ ferritin.



Cisplatin encapsulation followed the previously published protocol [12]. Briefly,
once mixed the ferritin and the cisplatin solutions, the pH was adjusted to 2.2 using HCI
0.5 M and then incubated at room temperature for 15 min. After this time, pH was
turned back to pH 7.5 adding NaOH 0.5 M. The resulting solution was stirred 1 h at room
temperature, ultrafiltrated using a 100 kDa Amicon Ultra-0.5mL filter (Millipore,
Bedford, MA, USA) and washed 3 times with NaCl 0.9% to remove unbound cisplatin.

Cisplatin encapsulated inside the ferritin was stored at -20°C.

Encapsulation results were checked using size exclusion chromatography (SEC)

coupled with ICP-MS and UV-VIS detection.

Results and discussion

Analytical strategies to study the encapsulation conditions

The encapsulation of cisplatin into ferritin nanocages is based on the unfolding of the
protein subunits followed by the refolding in the presence of the drug. The first step of
dissembling ferritin in the corresponding subunits was attempted by increasing the pH
to pH=13 (using NaOH) or lowering it to pH=2 (using HCIl). In both cases, the pH values
were maintained for about 15 min and afterwards, adjusted stepwise back to 7.4.
Evaluation of the entrapment of cisplatin within the ferritin nanocage was conducted by
size exclusion chromatography coupled on-line to ICP-MS that allowed Pt monitoring
and permitted to discriminate the free from the encapsulated cisplatin. Figure 1
corresponds to the SEC-ICP-MS chromatogram of %Pt using basic (Fig. 1A) and acid (Fig.
1B) conditions for ferritin unfolding. As can be observed, the treatment using basic

media shows most Pt peaks in the low molecular weight region of the separation range,
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probably ascribed to free cisplatin and its different hydrolysis products but no signal
seems to be detected at the time of the encapsulated products (15 min). Meanwhile,
the acid treatment revealed a prevalent peak at about 15 min which corresponds to the
retention time of the ferritin standard when monitoring Fe (see supplementary
material). In addition, the inset of Fig. 1B shows the SEC-UV (280 nm) profile which
reveals a single peak also at 15 min which corresponds to the folded ferritin. Out of these
experiments it can be concluded that although drastic pH values can be used for ferritin
dissembling, the acid media is preferable for protein unfolding and further entrapment

of the drug inside.

For further characterization of the encapsulated product, HR-TEM was used. The
pictures obtained are shown in Figure 2A where a homogeneous dispersion of
nanostructures can be observed. The form of the particle is spherical with a mean sizes
of 7-8 nm and relatively low dispersion in terms of particle size. If this picture is
compared to previously obtained pictures of holoferritin [19], they are almost
undistinguishable confirming the correct reassembling of the protein after the
encapsulation procedure. Recent X-ray studies reveal His132 as the main binding site for
the drug and the absence of cisplatin on the ferritin surface [20] when using a similar
incorporation protocol. Therefore, the encapsulated product seems to be
undistinguishable from the original ferritin except for the presence of cisplatin inside.
This seems to be critical to obtain an adequate recognition by the ferritin receptors

known to be present in most tumor cells [21].

In addition, X-ray analysis of the elemental composition of the encapsulated

material is shown in Figure 2B. The elemental composition shows the presence of Pt and
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Fe atoms in the protein cage confirming the findings obtained by SEC-ICP-MS. The
presence of iron is due to the use of the Fe-containing ferritin (holoferritin) to conduct
the encapsulation studies. When the same procedure was repeated with apoferritin,
similar encapsulation results were obtained. Despite the positive results observed in
both cases, the use of the Fe-containing ferritin provides an additional hetero-element
to be monitored by ICP-MS during the encapsulation procedure together with Pt and

further experiments were conducted using the Fe-containing form.

One main issue while encapsulating cisplatin into ferritin that has been also
observed during protein manipulation (also observed in commercial ferritin standards)
refers to the formation of protein oligomers. This is probably ascribed to a redox process
that yields the formation of di-thiol bridges among protein monomers (see Figure S3 in
the supplementary material). In this case, this observation does not seem to affect the
cisplatin in the encapsulation process since the oligomers are also observed after
encapsulation. Working under the same conditions, the formation of the oligomers
seems to be random and it is observed with higher or lower intensity independently

from the concentration of protein and/or cisplatin.

Quantification of the encapsulated form of cisplatin

To address the quantitative aspects of the encapsulation process, different experiments
were conducted. First, the concentration of ferritin before and after encapsulation was
obtained by SEC-UV using commercial ferritin standards to address the protein recovery
after the whole procedure. The overall ferritin recovery was about 10 + 3% (mean £ SD,
n=3) (using 10 mg mL? initial protein concentration) revealing important losses

throughout the whole procedure. Furthermore, in order to address best encapsulating
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conditions, the concentration of ferritin was kept constant and the concentration of
cisplatin was varied from 0.5 to 2 mg mL. For the quantification of the encapsulated
cisplatin, a flow injection-ICP-MS calibration curve of Pt was obtained, while the protein
concentration was measured using SEC-UV. The obtained results revealed a more
favorable stoichiometry in the case of encapsulating 1 mg mL? cisplatin obtaining a
molar ratio of about 2:1 (cisplatin:ferritin), in complete agreement with previous

stoichiometries reported in the literature [12].

Release of the encapsulated cisplatin from ferritin

The release of cisplatin from the encapsulated form is expected to be pH dependent.
Therefore, an evaluation of the effect of pH on the release of cisplatin from the ferritin
cage was conducted by incubating the encapsulated product in different buffer solutions
with pH values between 5.5 (obtained in the cellular endosomes) to 7.5 (physiological
of blood serum). The incubations were carried out for 5, 24 and 48 hours, respectively,
and the reaction products were analyzed by SEC-ICP-MS in order to quantify the free
and encapsulated cisplatin. As an example of the different pH values assayed Figure 3
shows the release of cisplatin from the ferritin cage at pH 7.5 (grey trace) and at pH 5.5
(blue trace). It can be seen that the ratio free/encapsulated cisplatin increases by about
4-fold and remains constant after 5 hours of incubation at pH 5.5 (blue trace). On the
other hand, when the incubation is done at pH 7.5 (grey trace) the ratio
free/encapsulated cisplatin showed constant trend over 48 h of incubation. This finding
might be an important advantage in the case of the intravenous administration of the
encapsulated drug since at physiological pH (pH 7.5, Fig. 3) the drug is safely packed
within the protein structure. Therefore, it could be transported within the blood stream

with minimum interaction with other serum proteins, as reported for free cisplatin [22].
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Once reaching the tumor cells, the ferritin is expected to be endocyted by using specific
ferritin and also transferrin receptors (e.g. transferrin receptor 1) present on the cellular
surface [23]. The lowering of pH in the endosomes to approximately pH 5.5 might
generate changes on the protein folding. In this regard, the obtained results showed
that, at this pH, the protein releases the encapsulated cisplatin almost completely (35%
remaining inside) in 24 h. Thus, a controlled drug release within the cells is expected in

the encapsulated model.

Comparative cell uptake in sensitive and resistant cell models

Once synthesized and characterized, the cellular uptake of encapsulated cisplatin was
compared with that of the free drug. This study was conducted in two cell models of
ovarian cancer: A2780 (sensitive to cisplatin) and A2780cis (resistant to cisplatin).
Previous studies in our research group with these two cell lines revealed that the
incorporation of cisplatin is about five times lower in the resistant model in comparison
to the sensitive one [24]. Therefore, in order to address the effect of the drug
encapsulation on the uptake, different drug concentrations (0, 1 and 3 umol L™ for 24 h)
in the free and encapsulated forms were incubated with the two cell models. To achieve
an accurate determination of Pt in cell cultures, a previously developed procedure was
conducted where the freeze-dried cell pellet was weighted and then digested under
acidic conditions. Total Pt determination was obtained by FIA-ICP-MS and the obtained

results can be seen in Figure 4 (A and B, for A2780 and A2780cis, respectively).

At same concentrations, the encapsulated drug showed significantly higher
cellular uptake than the non-encapsulated one. However, in the case of the sensitive

line, the encapsulated cisplatin yielded in a significant increase of the uptake (around 5
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to 10 times higher). Such increase occurs also in the resistant cell line although, in this
case, the improvement factor went from a 2- to 4-fold increase. The observed effect in
both cell models was more pronounced at lower exposure drug concentrations.
Considering the high occurrence of ferritin receptors in the surface of most tumor cells
it is likely that ferritin can act as a “Trojan horse” to incorporate cisplatin in a more
efficiently way [25]. This could be even more important in resistant cell models, where

the limited uptake of the drug is considered as one of the reasons for resistance [18].

Interactions with DNA and cellular toxicity

Once the drug uptake was addressed, the functionality of the encapsulated model
needed to be evaluated. Since the main target molecule for cisplatin interaction is DNA,
total Pt determination in extracted DNA from exposed cells to both, free and
encapsulated cisplatin at the same concentration (2 umol L) was conducted. Due to the
similar behavior regarding interaction with DNA observed for these two cell lines
(ranging 1-2% of the intracellular Pt) [18] and the significantly lower uptake in the
A2780cis, these experiments were only conducted with the sensitive model (A2780).
Two sets of experiments were prepared: in the first one, cells were treated for 24 h and
harvested right after exposure; in the second experiment, cells were also treated for 24
h but were left to rest in clean media for 24 h before harvesting. The obtained results
are plotted in Figure 5 and reported as ng Pt/mg DNA obtained by measuring P and Pt
in the DNA by ICP-MS and correlating P concentration to DNA concentration as
previously conducted [18]. As can be seen, highest Pt concentration in DNA is observed
when cells are exposed to the free drug and harvested immediately. However, after 24

h of cell rest, all the Pt-DNA adducts have been almost eliminated and the level of Pt in
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the DNA is close to the value of the control (untreated) cells. Such finding agrees with
previous experiments conducted in our group where DNA-cisplatin adducts have shown
to be totally repaired after 24 hours [26]. The encapsulated drug, on the other hand,
shows a different behavior. In this case, the amount of adducted Pt to DNA after 24 h is
significantly lower than that for the free drug but the situation reverses after 24 h of cell
rest. The encapsulated drug, on the other hand, requires some time for complete
release from the protein nanocage and activation to finally interact with DNA. In this
regard, highest levels of Pt interacted with DNA are found once cells are left to stand in
clean media for another 24 h. It cannot be discarded that these levels are also
maintained for longer times. Thus, the encapsulated cisplatin fulfills also the desired
property of achieving higher clearance time than the free compound, as desired

property of the nanoencapsulated structures.

Lastly, the effect in terms of cellular toxicity using the CCK-8 assay of the
encapsulated model versus the free drug is illustrated in Fig. 6 and can be correlated
with the measurement of Pt in DNA shown in Fig. 5. The cells viability was addressed
after 24 h exposure (Figure 6A) and after 24h exposure + 24h recovery in drug-free
media (Figure 6B). The toxic effect of adding ferritin (used as vehicle for the drug) was
also addressed with negligible results (supplementary material). As can be observed in
Fig. 6A, after 24h exposure and direct measurement, the cell viability decreases in the
same extend upon increasing drug concentration (both forms, free and encapsulated).
Final cell viability of about 50% was obtained at concentration of about 3 umol L of

both the free and the encapsulated cisplatin.
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However, the results are different when cells are left to rest for another 24 h in
clean media before measuring cell viability. In that case, there are differences in cell
viability on the treatments with either free or encapsulated cisplatin at 1.5 pmol-L?!
concentration being the encapsulated form more toxic to cells than the free form (75%
cell viability vs 95%) with statistically significant differences at the 10% confidence level
(P <0.1). This effect is more pronounced at 3 pumol-L'}, where the free compound
provides a descent to cell viability down to 75% while the encapsulated form goes down
to 35% viability. In this case, the observed decrease in cell viability is statistically

significant at the 5% confidence level (P < 0.05).

Such result confirms that together with the longer residence time, the
encapsulated drug is still active against tumor cells even after 48 h of administration.
Therefore, lower drug concentrations could be given to obtain similar clinical outcome

due to the slower elimination of the compounds by adduct repairing

Conclusions

The encapsulation of cisplatin into ferritin nanocages can be accomplished using the
strategy here proposed. The characterization of the synthetic product by means of SEC-
ICP-MS and TEM reveal an effective incorporation of the drug within the protein
structure and the correct reassembling of the subunits after decreasing and further
increasing the pH. The encapsulated form seems to be stable under physiological pH
conditions and starts to release the drug at pH 5.5, corresponding to the pH encountered
in cellular endosomes. The encapsulated form has shown to be efficiently taken up by
cells, in particular A2780 (sensitive to cisplatin), in comparison to the free form. This
effect can be also observed but in a lower extent in cisplatin resistant cell models. Such

17



finding reveals the positive effect of ferritin as “Trojan horse” to increase the cellular
incorporation of cisplatin in cells. The accumulated cisplatin seems to be highly efficient
to undergo further interaction with DNA, the target molecule. The formation of
cisplatin-DNA adducts seems to be even more efficient after 48 h in the encapsulated
model, providing higher cellular toxicity. Thus, encapsulated cisplatin into ferritin
nanocages seems to provide a biocompatible mean of increasing cisplatin efficacy in cell
cultures by avoiding drug inactivation, increasing residence time and higher cellular

penetration.
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Legends of Figures

Figure 1. Chromatogram obtained by SEC-ICP-MS monitoring %°Pt of the product of the
encapsulation reaction of cisplatin in ferritin nanocages by disassembling the protein subunits
in: A) basic media (pH=13) and B) acid media (pH=2). The inset shows the profile for the same
sample by SEC-UV. Retention time of ferritin standard approximately 15.5 min (see
supplementary electronic material).

Figure 2. Transmission electron microscopy (TEM) results showing the spherical inner core of
ferritin after reassembling with a mean size of 8 nm (A) and the elemental composition (B)
including Fe and Pt.

Figure 3. Release of cisplatin from the ferritin nanocage with time upon incubation in different
buffered media by measuring the ratio free to encapsulated Pt by SEC-ICP-MS. Grey trace
(pH=7.5) and blue trace (pH=5.5).

Figure 4. Cellular uptake of free and encapsulated cisplatin in different cell models: A) A2780,
sensitive to cisplatin and B) A2780cis, resistant to cisplatin. Red bars correspond to control
samples, blue bars correspond to 1 umol L of free cisplatin (solid bars) and encapsulated
(dashed bars), and grey bars correspond to 3 umol L of free cisplatin (solid bars) and
encapsulated (dashed bars). Data are expressed as mean (columns) + SD (bars) (n=3)

Figure 5. Platinum in DNA of A2780 cell line measured after exposure to 2 pmol L? of free
(dashed bars) or encapsulated (solid bars) cisplatin. The blue results correspond to
measurements taken right after exposure and the grey ones to cells that rested 24 h after
exposure in clean media. Data are expressed as mean (columns) + SD (bars) (n= 3)

Figure 6. Cell viability experiments after 24 h (A) and 24 h +24 h of rest (B) in A2780 cells exposed
to different concentrations of free (grey bars) and encapsulated (blue bars) cisplatinData are
expressed as mean (columns) £ SD (bars) (n=3). *, ** indicates P <0.05 and P < 0.1, respectively,
with respect to cells treated with free cisplatin.
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