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ABSTRACT: The biodistribution of chemotherapy compounds within tumor tissue is one of the main challenges in the de-
velopment of antineoplastic drugs, and novel techniques for simple, non-expensive, sensitive, and selective detection of vari-
ous analytes in tumors are of great importance. In this paper we propose the use of platinized carbon nanoelectrodes (PtNE)
for electrochemical detection of platinum-based drugs in various biological models, including single cells and tumor spheroids
in vitro, and inside solid tumors in vivo. We have demonstrated quantitative direct detection of Pt(II) in breast adenocarci-
noma MCF-7 cells treated with cisplatin and cisplatin-based DNP prodrug. To realize the potential of this technique in ad-
vanced tumor models, we measured Pt(II) in 3D tumor spheroids in vitro and tumor-bearing mice in vivo. The concentration
gradient of Pt (II) species correlated with the distance from the sample surface in MCF-7 tumor spheroids. We then performed
detection of Pt(Il) species in tumor-bearing mice treated intravenously with cisplatin and DNP. We found that there was
deeper penetration of DNP in comparison to cisplatin. This research demonstrates a novel minimally invasive, real-time elec-
trochemical technique for the study of platinum-based drugs.
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Platinum-based drugs remain among the most widely used an-
ticancer drugs, and various approaches to enhancing their target
delivery to tumors have been proposed.’® A simple and quick
guantitative assessment of the drug accumulation in tumors in
vivo could improve the predictive power of preclinical drug
screening. A variety of analytical techniques such as chroma-
tography,*® spectroscopy,® and voltammetry”® have been pro-
posed for the detection of platinum-based drugs and their me-
tabolites in biological fluids and tissues.®

Atom-based elemental imaging techniques, such as electron
microscopy ° and X-ray microanalysis,'* have been used for
mapping the intracellular and intratumoral distribution of cis-
platin, and passive drug diffusion through the cellular mem-
brane has been found as the main internalization mechanism.
This could be one of the problem in chemoresistant tumors. La-
ser ablation—inductively coupled plasma—mass spectrometry
(LA-ICP-MS) with pixel dimension of 2-10 um has been used
to demonstrate the concentration gradient of cisplatin in tumor
spheroids in vitro and the preferential accumulation of cisplatin
in necrotic regions of tumors in vivo.'*® Mass cytometry has
facilitated the evaluation of Pt levels as low as 10° to 10° atoms
per cell after a single intraperitoneal cisplatin administration us-
ing clinically relevant doses in mice xenograft model. ** How-
ever, despite the high accuracy, these techniques require a com-
plex sample preparation that often causes significant changes in
the drug distribution.1516

Electrochemical detection is a highly sensitive and simple
technique that has been successfully used to detect various me-
tabolites in buffers, cells, and tissues.}”'® However, the use of
electrochemical techniques for platinum-based drug detection
is currently limited to buffer solutions and biological fluids.”®°
Thus, electrodes based on metallothionein and glutathione-s-
transferase enzymes? and on thionine-modified graphene quan-
tum dots 2 have been used for the detection of cisplatin in phos-
phate buffered saline (PBS). A Pt-disk macroelectrode was used
to detect carboplatin in cell medium to quantify drug consump-
tion by cancer cells.?? However, these sensors are large (in mi-
crometric range), so hardly suitable for detection of cisplatin in
single cells or tissues. Therefore, the development of nano-sized
low-invasive, selective, and sensitive sensors for in vitro and in
vivo real-time experiments is an important challenge.

Nanopipettes have emerged as a promising platform in recent
years since they have found many applications in analytical
chemistry and can be easily fabricated. >%> Nanopipettes are
used for imaging of biological objects with scanning ion-con-
ductance microscopy,? quantitative nanomechanical mapping
of cells, 2" dynamic mapping of extracellular pH at the single-
cell level, % detection of protein?® and determination of ROS
generation under the influence of novel prospective antitumor
drugs.®>* Recently, disk-shaped carbon nanoelectrodes
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Figure 1. Nanoelectrode preparation and Pt detection. (A)Schematic for the nanoelectrode and the working principle of cisplatin
detection (B) CVs in 0.5 mM cisplatin in PBS solution obtained with CNE and PtNE. Scan rate 250 mV s-1. (C) Effect of different con-
centrations of cisplatin (from bottom to top: 1-700 uM) on the response of the electrode (D) Calibration curve in PBS at pH 7.4. Scan
rate 250 mV s-1. The inset shows an enlarged section of the calibration curve over the range (0-200 um) (E) CVs in PBS in different
concentrations of H202 (0-10 pM) (F) CVs in 10 uM cisplatin in different concentrations of H202 (0-10 uM) (G) Measured current at
a potential of +800 mV in different solutions of hydrogen peroxide (0-10 pM) and mixture of hydrogen peroxide and 2 or 10 uM
cisplatin (H) CVs in 10 uM H202 and 10 uM H202 + 50 pM cisplatin. Baseline was represented as spline line (method 2nd derivative,
polynomial order 2) The bottom of the graph shows the subtraction between 2 and 1 (green) and between 2 and baseline (grey). (I)
Dependence of height of anodic peak of cisplatin oxidation on H202 concentration.

(CNEs) have been used to determine reactive oxygen/nitrogen
species (ROS / RNS), %41 oxygen, 2 ATP,*? and catechola-
mines® inside single cells. Due to their nanometer size, these
electrodes can penetrate the cell membrane without destruction
of cell integrity * as shown by our previous research on ROS
detection. 224°At the same time, they have the required mechan-
ical properties for penetration into the tumor tissue and subse-
quent in vivo measurements. %

In this work, we have expanded the application of the plati-
nized carbon nanoelectrode (PtNE), providing direct intracellu-
lar and intratumoral quantitative electrochemical detection of
Pt(Il) species. We have used a cisplatin modified with two
naproxen axial ligands (DNP), as a model compound with better
intracellular accumulation properties. * This is the first applica-
tion of a platinized nanoelectrode to assess the accumulation of
platinum-based drugs in living systems, including tumor sphe-
roids in vitro and solid tumors in vivo in a real-time manner.

To fabricate the PtNE a glass nanopipette was filled with car-
bon (Figure S1A, B). Before Pt deposition we controlled the
size of CNEs by steady-state voltammetry of 1 mM FcMeOH
solution in PBS (Figure S2). To enhance the adhesion of the
platinum a nanocavity etched into the carbon electrode was
used. Electrochemical etching was performed by means of cy-
clic voltammetry (CV) from 0 to 2.2 V in 0.1 M KOH and 10
mM KCI for typically 15-40 cycles until the formation of
nanocavities. (Figure S3A, B) Then platinum was deposited to
increase the electrochemical activity of the surface (Figure

S3C). Electrochemical deposition of platinum was achieved by
cycling from 0 to —0.8 V with a scan rate of 200 mV s™' in 2
mM HPtCle solution in 0.1 M hydrochloric acid. To assess the
deposition of platinum on the nanoelectrode, SEM microphoto-
graphs were obtained (back-scatter detector) (Figure S4). The
diameter of the PtNE was about 50—150 nm, and this showed
excellent electrochemical performance. We performed a study
to investigate the reproducibility of the nanoelectrode fabrica-
tion, by preparing several nanopipettes (N=5) with identical
pulling parameters, deposited carbon, and averaged their steady
state. This demonstrated that this method of producing PtNEs
has a high reproducibility (Figure S3D).

To study the redox behavior of cisplatin at various electrode
materials, cyclic voltammograms (CVs) of 0.5 mM cisplatin in
PBS were recorded at CNE and PtNE (Figure 1A, B). No clear
oxidation peak Epa(Pt"/Pt"V) was observed at CNE. Cisplatin ex-
hibits a pronounced oxidation peak at potential of 0.65-0.7 V vs
Ag/AgCI at PtNE, as shown in Figure 1B. No clear cathodic
peak current was observed during the reverse sweep, indicating
a chemically irreversible oxidation process Epa(Pt''/Pt"V). Both
anodic currents were stable and retained > 90% of their constant
values after 2 weeks.

To ensure the reliability of the proposed method for detecting
cisplatin in a living system, calibration of PtNE with cisplatin
solutions was performed. CVs were obtained in solutions of cis-
platin and yielded a linear calibration curve (1-700 uM) (Fig-
ure 1C, D). The platinum deposited on the CNE in the process
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Figure 2. Electrochemical detection cisplatin in MCF-7 cells. (A) Schematic the working principle of cisplatin detection in single cells
(B) CVs measuring in and out cells. Scan rate 250 mV s-1. (C) Comparison of height of anodic peak obtained from linear sweep

voltammetry proportional to the concentration of Pt(II) inside cells
< 0.05 (ANOVA).

of fabrication can increase the sensitivity of the nanoelectrode
several fold but the size of PtNE increases when a large amount
of platinum is deposited. A large PtNE can damage the cell,
which is undesirable. The resulting minimal detection range
was 1-10 uM which suffices for tracking drug metabolism both
in individual cells and spheroids.

To clarify the oxidation process of the cisplatin, the effect of
scan rate (v) ranging from 150 to 1500 mV s* on the electrode
response was investigated. Increasing the scan rate enhances the
peak intensities and shifts the peak potential positively, which
reveals the irreversibility of the electrode process. The linear
relationship between peak current and the square root of the
scan rate indicates that the cisplatin oxidation follows a diffu-
sional process. (Figure S3 A,B)

It is well known that pH values vary in both cells and tumors
4, so we assessed the electrochemical behavior of cisplatin un-
der pH 2.9 — 10 because the oxidation peak Eg(Pt"/Pt'V) is
shifted in different pH conditions.*” The voltammograms of 0.1
M PBS containing 0.1 M KCI and 0.5 mM cisplatin are pre-
sented in Figure S5C, D. We found that by decreasing the pH
the maximum peak current of the oxidation peak Pt(11)/Pt(1V)
was shifted positively, revealing that the oxidation of cisplatin
is pH-dependent process. In the range pH 6.5-7.5 peak
Epa(Pt"/Pt") was shifted, but height of the anodic oxidative peak
was not changed.

We recorded CVs of cisplatin in the presence of hydrogen
peroxide in in vitro/in vivo experiments because cisplatin
induces ROS generation on cells. CVs were recorded in
cisplatin solutions in the presence of hydrogen peroxide at
physiological concentration (0-10 uM). PtNE enabled the
detection of hydrogen peroxide, as shown by the current being
increased when this was added (Figure 1E,S6). In 10 uM
cisplatin current at the range 200-800 mV vs Ag/AgCl was
increased after increasing hydrogen peroxide concentrations
(Figure 1F). The slope of the dependence of the current at +800
mV on the concentration of added hydrogen peroxide was the
same in solutions of cisplatin at different concentrations (Figure
1G). However, we observed an anodic peak of cisplatin. To
determine the height of the anodic peak, the baseline was
calculated.'® We used the 2nd derivative method with curve of
polynomial order 2 (Figure 1H). Baseline matched with CV of

incubated with cisplatin and DNP after 6 h or 24 h.( N=5).* - p

10 uM hydrogen peroxide. It was shown that with an increase
in hydrogen peroxide concentration, the background current
over the range 200-800 mV vs. Ag/AgCI increased, but the
height of anodic oxidative peak Pt(I1)/Pt(IV) did not change
(Figure 11). Therefore, the content of hydrogen peroxide does
not affect the detection of Pt(ll) in the samples.

To characterize and compare intracellular cisplatin concentra-
tions in human breast cancer MCF-7 cells, we incubated them
with 100 uM cisplatin for 6 and 24 h (Figure 2A). A few single
cells were then penetrated by the PtNE, and CVs were recorded
both in cytoplasm and outer medium (Figure 2B). The height
of the oxidative peak Pt(I1)/Pt(1\VV) was measured, which was
then normalized to the electrode size measured using 1 mM
FcMeOH. After 6 h of incubation a reproducible oxidation peak
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Figure 3. Electrochemical detection cisplatin in MCF-7 sphe-
roids. (A) Linear sweep voltammetry of the DNP and cisplatin
after incubation of MCF-7 spheroids. (B) Comparison of height
of anodic peak obtained from linear sweep voltammetry pro-
portional to the concentration of Pt(II) inside spheroids incu-
bated with cisplatin and DNP after 2 h. * - p < 0.05 (ANOVA).

of cisplatin was detected, and average cisplatin concentrations
in MCF-7 cells were determined using a calibration curve. It
should be noted that the peak was shifted to the left (50-75 mV),
when compared with the measurements carried out in the solu-
tion. This could be explained, firstly, that we were using a dif-
ferent measurement medium as compared to the buffer solution,
and secondly, there was a change in the environment of Pt(I1)
due to cellular metabolism of the drug. After 24 h incubation
the cisplatin concentration in the cells decreased. A highly



lipophilic DNP prodrug was used here as an alternative to the
normal cisplatin-based compound with improved accumulation
in cells. Previously, we have unambiguously proved by X-ray
near-edge adsorption spectroscopy (XANES) using drug-prein-
cubated tumor cells that DNP is a prodrug that enters the cell as
Pt(IV), and then slowly releases cisplatin.®® In the current re-
search, MCF-7 cells were incubated with 5 uM DNP for 6 and
24 h. After 24 h of incubation with DNP we observed an in-
crease of the anodic peak Epa(Pt"/Pt'V)height due to accumula-
tion of DNP and slow release of cisplatin from DNP. Despite
the fact that we used a concentration 20 times less than that of
cisplatin, the detected content of cisplatin was comparable in
the two cases. (Figure 2C).

The development of 3D biological models, including tumor
spheroids, has opened the possibility to reproduce some condi-
tions of in vivo tumors. Limited diffusion of drugs and gradients
of oxygen and nutrients are an important part of the spheroids,
which brings them closer to a tumor model in vivo. Here we
measured the cisplatin concentration at different depths of the
MCF-7-based tumor spheroid after 6 h incubation with 100 uM
cisplatin or DNP. For this, PtNE was inserted into a spheroid,
and CVs were recorded at each 5 um step. The resulting volt-
ammograms (Figure 3A) showed the presence of Pt(ll) in cis-
platin-preincubated MCF-7 spheroids, as well as in DNP-
preincubated spheroids. Statistically significant anodic peaks
were obtained using one nanoelectrode inside 3 spheroids (Fig-
ure S7, S8, S9). More of the lipophilic prodrug DNP accumu-
lated inside the spheroids in comparison with the less lipophilic
cisplatin. (Figure 3B). We found that the highest cisplatin and
DNP concentrations were detected in the outer layer of sphe-
roids, while the drug amount decreased when approaching the
spheroid core. This agrees with previously published data ob-
tained using elemental imaging analysis*® and LA-ICP-MS* for
cisplatin and cisplatin-based compounds in spheroids.

After validation of the technique using tumor spheroids, real-
time measurements in vivo were performed using an EMT6
mammary carcinoma mice model. All animal experiments were
performed in accordance with European and Russian national
guidelines for animal experimentation, and animal experiments
were approved by the local animal and ethics review committee
of the FSBSI “N.N. Blokhin Russian Cancer Research Center”
(protocol O4P-29.09.2021).
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Figure 4. Detection of cisplatin in tumor-bearing mice. (A) Ex-
perimental scheme for the detection of cisplatin (B) Normal-
ized current depending on the distance from the EMT6 tumor
surface over 6 hours. Current was directly proportional to
Pt(II) concentration. The standard error is indicated by a col-
ored background. * - p < 0.05 (ANOVA).

We treated mice intravenously with 2 mg kg™ of cisplatin or
DNP for 24 h. The administration of PBS was used as a control.
For intratumoral measurements, mice were treated as described
previously.® Briefly, a longitudinal incision along the spine

was made, and a flap of skin removed. The tumor was then
washed with PBS, and measurements performed with an elec-
trode carefully inserted into the tumor at an angle of 45 degrees.
CVs inside the tumor at different depths up to 800 um with a
step of 100 micrometers were registered. An anodic oxidation
peak Epa(Pt"/Pt'"Y) was observed inside the tumors of cisplatin-
treated mice (Figure 4A,B). It is important to point out that the
peak value varied at different depths, indicating that there was
a change in the Pt (1) concentrations inside the tumor. In the
control tumors no oxidation peak was observed. It is interesting
that in DNP-treated tumors the penetration depth was higher in
comparison with cisplatin. This correlates with better accumu-
lation of DNP in single cells and spheroids in comparison with
cisplatin as described above.

We have detailed a novel method for the intracellular detec-
tion of Pt(l1) species. This minimally invasive technique allows
the real-time electrochemical detection of Pt(Il) in various tu-
mor models, including single cells and tumor spheroids in vitro
and tumors in vivo. We performed intravital detection of Pt(Il)
species in tumor-bearing mice treated intravenously with cis-
platin or DNP; deeper penetration of DNP in comparison to cis-
platin was demonstrated. This research demonstrates a novel
low-invasive real-time electrochemical technique which could
be used to enhance our understanding of the biology of plati-
num-based drugs and could thus help in improving their effi-
cacy.
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