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A voltammetric detection of doxorubicin and encapsulated doxorubicin in apoferritin structure at a
carbon paste electrode is the main aim of this study. The samples were measured by differential pulse
voltammetry in phosphate buffer (pH 5.5). Complex apoferritin-doxorubicin can be formed by
“opening”/’closing” due to changing of pH value. The pH value of electrolyte was decreased and
sample of encapsulated doxorubicin was done by adding of hydrochloric acid. We optimized the
experimental conditions as time of accumulation and deposition potential to obtain detection limit for
encapsulated doxorubicin of 1.0 pg/ml of doxorubicin.
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1. INTRODUCTION

Doxorubicin ((8S,10S)-10-(4-amino-5-hydroxy-6-methyl-tetrahydro-2H-pyran-2-yloxy)-
6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1-methoxy-7,8,9,10-tetrahydrotetracene-5,12-dione) called also
as adriamycin is an anthracycline antibiotic (inset in Fig. 1A). It is commonly used in the treatment of
a wide range of malignancies. The exact mechanism of action of doxorubicin is complex and still
somewhat unclear. The current accepted mechanisms are intercalation into DNA and topoisomerase 11
inhibition [1-6]. However, its toxicity and association with the development as substantial
cardiotoxicity decreases wider using of the drug in therapy [1,7-10]. Generating of reactive oxygen
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species causing lipoperoxidation that cause damaging of cell membranes, apoptotic changes via
interaction with iron ions and activation of NFkB belongs to the other important effect of doxorubicin
in vivo [1,3,11]. Thus, the main accent is to reduce the toxicity and find some transporter of this
cytostatic to the cancer cells [12-14]. Successful process how to reach both points is encapsulation of
anticancer drug into some transporter [15-17]. Numerous transporter systems like protein-based
carriers [18], liposomes [19] and antibodies [20] have been suggested. It seems that intracellular
protein apoferritin could be considered as a promising compound for transport [21-23], because
contains a cage with internal and external diameters of 8 and 12 nm, respectively [24]. Apoferritin-
binding sites [25] and endocytosis of apoferritin [26] have been identified in neoplastic cells and
apoferritin may improve the drug selectivity for cell surfaces that express ferritin receptors. Due to the
fact that it is possible to form complex apoferritin-doxorubicin by “opening” and “closing”, apoferritin
receptors could be suitable candidate for anticancer drug delivering [27]. Encapsulated doxorubicin
can be free by pH changing to the acidic and doxorubicin can attack cancer cells [28,29].

The electrochemical detection of doxorubicin (and other related drugs) is possible due to
electroactivity of these molecules [30-43]. Doxorubicin is a complex molecule, where quinone and
hydroquinone groups are electroactive and can be used to identify electrochemical reduction and/or
oxidation of the drug [44,45]. Studies have been carried with mercury, carbon and other types of
modified electrodes [46-49]. Polarographic behaviour of doxorubicin has been investigated by several
authors with good sensitivity [31,50-53]. Carbon paste electrodes are superior to other solid electrodes
in having a low residual current a noise [54] and due to the fact that their preparation is easy. These
electrodes can be used for both cathodic and anodic based assays [55]. Basic electrochemical
behaviour of doxorubicin at carbon paste electrode (CPE) has been investigated by several authors [56-
60]. Application of carbon nanotubes (CNT) modified electrode for electrochemical detection of
doxorubicin was also suggested [59,61]. The interaction between the CNT and the anthracycline could
enhance the electron transfer, which increased the detection sensitivity and lowered the detection limit
[62]. It can be predicted that many more analogues could be monitored on such a platform with high
sensitivity [63].

The main aim of this study was encapsulating of doxorubicin into apoferritin structure. It was
achieved by reassembly route. At low pH (addition of HCI) apoferritin structure opens and the
structure is reconstituted again after addition of base. In the presence of doxorubicin in solution some
amount of doxorubicin is caught inside the cavity. This encapsulating/opening was detected using
differential pulse voltammetry at expanded carbon paste electrode.

2. EXPERIMENTAL PART

2.1 Chemicals and material

Doxorubicin drug solution (2 mg/ml) was obtained from Teva Pharmaceuticals CR (Czech
Republic). Other chemicals used in this study were purchased from Sigma-Aldrich (USA) in ACS
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purity unless stated otherwise. Pipetting was performed by certified pipettes (Eppendorf, Germany).
The deionised water was prepared using reverse osmosis equipment Aqual 25 (Czech Republic). The
deionised water was further purified by using apparatus MiliQ Direct QUV equipped with the UV
lamp. The resistance was 18 MQ. The pH was measured using pH meter WTW inoLab (Weilheim,
Germany).

2.2 Preparation of encapsulated doxorubicin in apoferritin

20 pl of apoferritin solution (50 mg/ml, equine spleen, Sigma-Aldrich) was diluted with 200 pl
of ACS water. Doxorubicin (100 pl, 2 mg/ml) was added and mixture was shaken. 1 M HCI (0.5 pl)
was added and turbidity was observed. 15 min later, 1 M NaOH (0.5 pl) was added and turbidity
disappeared. Solution was subsequently 2 h shaken on Vortex Genie2 (Scientific Industries, USA).
Dialyses for 24 h were realized on membrane filter (0.025 um VSWP, Millipore) against 2 | of water.
The obtained solution was diluted with ACS water to final volume of 1 ml [64].

2.3 Preparation of biotinylated apoferritin filled with doxorubicin

Biotinamidohexanoyl-6-aminohexanoic acid 100 pl (I mg/ml) was added to the solution of
apoferritin doxorubicin complex prepared according to protocol mentioned in Section 2.2. The mixture
was shaken for 2 h on Vortex Genie2 and dialysis was accomplished as previously.

2.4 Isolation of doxorubicin encapsulated in biotinylated apoferritin using streptavidin magnetic beads

Dynabeads M-270 Streptavidin (Life Technologies, cat. 65305, USA) were resuspended and
100 pul beads were pipetted to the tube. The tube was placed to magnetic holder a kept there for 2 min.
The supernatant was carefully sucked out. The tube was removed from holder and 100 ul phosphate
buffered saline (PBS, pH 7.4) was added to the solution for washing. The whole solution was
resuspended. Washing was repeated 3 times. In the end, supernatant was sucked out and 100 ul of
sample (biotinylated apoferritin) was added. Solution was incubated at room temperature on rotator
(60 rpm, 90 °C) for 30 min, vibration was turned off. Tube was put to magnetic holder for 3 min and
supernatant was poured out. Particles were 3 or 4 times rinsed with 100 pul PBS (pH 7.4), after that
they were resuspended in 100 ul PBS (pH 7.4).

2.5 Carbon paste electrode

The expanded carbon used in this study was obtained from Brno University of Technology,
Brno, Czech Republic. The expanded carbon was prepared from natural graphite in the range 1:1 with
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sulphuric acid. This mixture was oxidized by hydrogen peroxide (50%) for strong reaction in stainless
steel reactor. After this reaction graphite material was placed to the muffle/vacuum oven and left to
expand at 850 °C. Expanding took 30 s. Natural graphite increases its volume few times during this
reaction. Conductivity of this material is dependent on flakes size and is proportionally to flakes size
[65]. The paste was prepared by mixing 0.1 g of expanded powder and 200 pl mineral oil in a mortar
and then well homogenized. After homogenization the electrode body was manually filled and pressed.
The surface of electrode was renewed by polishing on the filter paper before each measurement. One
set of measurement (calibration) was done with one prepared expanded carbon paste.

2.6 Electrochemical analysis

Electrochemical measurements were performed using a CH Instruments Electrochemical
Workstation (CH Instruments, USA), using glass cell with three electrodes. Expanded carbon paste
was used as a working electrode. Ag/AgCI/3M KCI was reference electrode (Metrohm, Switzerland)
and counter electrode was platinum (Metrohm). The differential pulse voltammetry parameters were as
follows: initial potential -1.0 V, end potential 0 V, pulse width 0.2 s, pulse period 0.5 s, deposition
potential -1.0 V and time of accumulation 120 s (for doxorubicin) and 0 s (for encapsulated
doxorubicin). All experiments were carried out at room temperature. 0.1 M potassium phosphate
buffer (pH 5.5 and lower) was used as the electrolyte. Measuring solution consisted from 10 ul of
sample and 1990 pl of phosphate buffer for doxorubicin and from 100 pl of sample and 1900 pl of
phosphate buffer for encapsulated doxorubicin. CHI 440A software was applied for data treatment [4].

2.7 Spectrophotometry

Absorbance spectrum of doxorubicin was measured at spectrophotometer SPECORD 210
(Analytik Jena, Germany) within the range from 200 to 800 nm. The quartz cuvettes with optical path
1 cm (Hellma Essex, UK) were used for measurement. Cell area was tempered to 20 °C by thermostat
Julabo (Labortechnik, Wasserburg, Germany). Water was used as the baseline reference.

2.8 Capillary electrophoresis

Electrophoretic measurement was done using capillary electrophoresis system (Agilent
Technology, Capillary electrophoresis 7100) with absorbance detection at wavelength 200 nm.
Uncoated fused silica capillary (lio; = 48.5 cm, letr= 40 cm and ID = 75 um) was used. 20 mM borate
(pH 9.2) was used as background electrolyte. Separation was carried out at 20 kV with hydrodynamic
injection for 10 sec by 3.4 kPa. Sample of doxorubicin was diluted 1:1 or (1:100) with buffer with final
concentration of 1 mg/ml (0.02 mg/ml).
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2.9 Gel electrophoresis

The verification of doxorubicin and apoferritin was done by gel electrophoresis on 6% non-
denaturing native PAGE (60 mM glycine, 7 mM acetic acid pH 4) loading buffer (50% glycerol),
10 mA, 90 min. Bands were visualized by Coomassie-blue.

2.10 Mathematical treatment of data and estimation of detection limits

Data were processed using MICROSOFT EXCEL® (USA) and STATISTICA.CZ Version 8.0
(Czech Republic). Results are expressed as mean =+ standard deviation (S.D.) unless noted otherwise
(EXCEL®). The detection limits (3 signal/noise, S/N) were calculated, whereas N was expressed as
standard deviation of noise determined in the signal domain unless stated otherwise [66].

3. RESULTS AND DISCUSSION

Doxorubicin as a widely used anticancer drug has great side effects including cardiotoxicity.
Elimination of these ones is possible due to encapsulation of doxorubicin to the apoferritin structure.
This model was achieved simply by changing the proton concentration of the external solution. It is the
easier way than by the modification of drug or carrier molecules. Application of electrochemical
analysis using carbon paste electrodes, as popular electrodes in the field of electroanalytical methods
[67-73], for description of this model is the main aim of this study.

3.1 Doxorubicin detection on the carbon paste electrode

For the electrochemical detection of doxorubicin expanded carbon was applied. This electrode
material was chosen with regard to our previous works [64,74], in which we investigated various
carbon powders used for carbon paste electrode preparation. Doxorubicin was measured at CPE by
differential pulse voltammetry. The obtained DP voltammograms showed two characteristic peaks (D1
peak at -0.55 V and D2 peak at -0.68 V, Fig. 1A). The first optimized parameter was time of
accumulation of sample on the electrode surface within the interval from 0 to 240 s (Fig. 1A). To study
the effect of this parameter, heights of both peaks were determined. It clearly follows from the
obtained results that no changes occurred. Therefore time of accumulation 0 s was selected as the
optimum for the following experiments.

Measurements of doxorubicin were carried out in the presence of potassium phosphate buffer.
Thus, the influence of buffer pH was another parameter, which was optimized. pH of the electrolyte
was changed within the range from 1 to 5.5. In the pH range from 1.0 to 3.5, no changes of peak height
were detected (Fig. 1B, the main y axis). From pH 4.0 to 5.5 the increase height of both doxorubicin
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signals was observed. The height of peak D1 increased more steeply compared to D2 peak and at pH
5.5 this peak became higher than D2. For the following experiments, pH of phosphate buffer 5.5 was
selected. Dependences of potential changes of peaks D1 and D2 increased with the increasing pH (Fig.
1B, secondary y axis). The changes in peak heights are shown in insets in Fig. 1B.
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Figure 1. Characterisation of electrochemical signal for doxorubicin. (A) Dependence of relative peak

height on accumulation time for 100 pg/ml doxorubicin; in the left inset: scheme of
doxorubicin with two outline position (quinone redox and hydroquinone redox centre). Inserted
voltammogram of doxorubicin (100 pg/ml) has two characteristic peaks D1 at the potential
-0.55 V and at the potential D2 -0.68 V, electrolyte has pH 5.5. (B) Dependence of relative
peak height (green axis) on electrolyte pH, peak at -0.55 V ( ¢ ) and at -0.68 V ( m ), change of
peak position (orange axis) on electrolyte pH, peak at -0.55 V ( + ) and at -0.68 V ( = ),
doxorubicin concentration 100 pg/ml. Inserted voltammogram shows changing of height or
disappearance of some peak due to pH of electrolyte. This effect is demonstrated for pH 3.0,
3.5, 4.5 and 5.5. All experiments were measured by DPV with the following parameters: initial
potential -1.0 V, end potential 0 V, amplitude 0.05 V, pulse width 0.2 s, pulse period 0.5 s,
deposition potential -1.0 V and time of accumulation 120 s. Phosphate buffer with different pH
(0.1 M) was used as a supporting electrolyte.

Table 1. Analytical parameters of electrochemical determination of doxorubicin based on D1 peak

doxorubicin

detected at - -0.55 V.

1.44 - 184 0.78—-100 0.988 10 6 40 20

y =
5.407x+29.21

19

AW~

...regression coefficients

...limit of detection (3 S/N)

... limit of quantification (10 S/N)
...relative standard deviation
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Table 2. Analytical parameters of electrochemical determination of doxorubicin based on D2 peak
detected at -0.68V.

doxorubicin y = 2.999x+135.66 2.87-184 1.56 — 100 0.961 60 30 200 100 20

1...regression coefficients
2...limit of detection (3 S/N)
3...limit of quantification (10 S/N)
4...relative standard deviation

The last step of optimization process was determination of calibration under the optimal
conditions (Fig. 2A). It is shown that the both concentration dependences had linear characteristic and
D1 peak was found linear within doxorubicin concentration from 0.78 to 100 pug/ml and D2 peak
within doxorubicin concentration from 1.56 to 100 pg/ml. For D1 peak, the equation was y = 5.407 x +
29.214, R = 0.988, n = 4, R.S.D. = 19 (Table 1) and for D2 peak y = 2.999 x + 135.66, R? = 0.961,
n=4,R.S.D. =20 (Table 2).

3.2 UV - VIS spectroscopy and capillary electrophoresis of doxorubicin
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Figure 2. Characterisation of doxorubicin. (A) Calibration curves of doxorubicin in phosphate buffer,
pH 5.5. Dependences were measured for two peaks (blue dots — peak around -0.55 V, red dots
—around -0.68 V). The final value was done from 4 replicates. Inset: Voltammogram shows
real data for the three highest concentrations (blue line — 100 pug/ml, red line - 50 ug/ml). DPV
parameters were as it follows: Initial potential -1.0 V, end potential 0 V, amplitude 0.05 V,
pulse width 0.2 s, pulse period 0.5 s, deposition potential -1.0 V and time of accumulation 120
s. Phosphate buffer (0.1 M, pH 5.5) was used as a supporting electrolyte. (B) The spectrum of
doxurubicin (blue line — 100 pg/ml, red — 50 pug/ml and green line — mg25 pg/ml). (C, D) The
pictures show electropherograms of doxorubicin in 20 mM borate buffer (pH 9.2); Separation
conditions: capillary: leg/lioc = = 40/48.5 cm, id = 75 mm; injection: 10 s, 3.4 kPa; voltage:
20 kV; absorbance 200 nm.
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For description of doxorubicin absorbance spectrum of doxorubicin 25 and 50, 100 pg/ml was
measured in ACS water (Fig. 2B). It was found that spectrum had maximum at 474 nm and two
shoulders at 498 and 540 nm, which is in accordance with Yousefpour et al. [75]. The migration time
of doxorubicin of 5 and 500 pg/ml was measured by capillary electrophoresis. The migration time was
~2.8 min (Figs. 2C and D). The biophysical characteristics of the doxorubicin enabled us to direct
other experiments.

3.3 Encapsulating of doxorubicin into apoferritin structure
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Figure 3. (A) Gel electrophoresis of apoferritin (2 mg/ml), doxorubicin (20 ug/ml) and doxorubicin in
apoferritin (2 mg/ml). Scheme of opening apoferritin and "flowing out” of doxorubicin. (B)
Calibration curve of encapsulated doxorubicin (applied concentration) in apoferritin measured
in phosphate buffer (pH 5.5), pH of sample 4.0 (1900 + 100 ml). Dependences were measured
for two peaks (blue dots — peak around -0.55 V, red dots — around -0.68 V. (C) Dependence of
change signal in complex apoferritin-doxorubicin on pH. Dependences were measured for two
peaks (blue columns— peak around -0.55 V, red columns — around -0.68 V. Results are obtained
for for 25 pg/ml of doxorubicin in apoferritin, (1900 + 100 ml). Inset represents changes of
potential on pH. DPV parameters were as follow: Initial potential -1.0 V, end potential 0 V,
amplitude 0.05 V, pulse width 0.2 s, pulse period 0.5 s.

An electrochemical approach for detection of individual single nucleotide polymorphisms
(SNPs) based on nucleobase-conjugated apoferritin probe loaded with metal phosphate nanoparticles is
reported in the following paper [76]. Encapsulating of doxorubicin into apoferritin structure can be
done by changing of solution pH (Fig. 3A). Validation of doxorubicin in apoferritin was done by gel
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electrophoresis of apoferritin (2 mg/ml), doxorubicin (20 pg/ml) and doxorubicin in apoferritin
(2 mg/ml). The gel 6% non-denaturing native PAGE (60 mM glycine, 7 mM acetic acid pH 4) and
50% glycerol like loading buffer were used. Gel runs 90 min at 10 mA. After electrophoresis formed
bands were visualized with Coomassie-blue. Band for apoferritin (protein) and apoferritin with
doxorubicin are visible compare to single doxorubicin. Value of pH can affect the apoferritin structure
and thus form of encapsulated doxorubicin [77].

Formation of complex doxorubicin and apoferritin was made by pH 7 and then the pH was
decreased. Decreasing pH (lower than pH 4) caused breakage of apoferritin structure and releasing
doxorubicin molecules [78]. The dependence of measured electrochemical signal on applied
doxorubicin concentrations, which was used for complex preparation, is shown in Fig. 3B. Each
sample was acidified to pH 4.0 (doxorubicin flows to the buffer) and 100 pl of this solution were
measured in phosphate buffer pH 5.5 (apoferritin is closed, some doxorubicin molecules remains in the
buffer). In doxo and apoferritin mixture, the detected signals of doxorubicin were for about 40% lower
compared to corresponding applied concentrations. For D1 peak, the equation was y = 3.589 x + 5.23,
R?=0.989, n = 4, R.S.D. = 44 and for D2 peak y = 1.199 x + 4.86, R> = 0.938, n = 4, R.S.D. = 21.

In addition, change of electrochemical signals from both characteristic peaks (D1 and D2) due
to pH change of sample for 25 pug/ml applied doxorubicin concentration was monitored (Fig. 3C).
100 pl of sample was acidified to pH 3.6 and 1.8 and added to 1900 pl of phosphate sample (pH 5.5).
In the acid step apoferritin structure is opened, doxorubicin follows out, after transfer to buffer,
apoferritin is closed and some molecules of doxorubicin are encapsulated. The residual doxorubicin in
solution was detected. In the case of pH 5.9 sample, structure was not opened, thus we detected only
doxorubicin after preparation of encapsulated doxorubicin. In inset in Fig. 3C there is showed the shift
of potential for D1 and D2 due to pH. The potential range for D1 is between -0.549 to -0.556 and for
D2 between -0.695 to -0.676. Thus the potential is not dependent on pH of sample.

3.4 Isolation of enclosed doxorubicin in biotinylated apoferritin with magnetic beads

Fig. 4A describes the preparation of isolation procedure of biotinylated apoferritin with
encapsulated doxorubicin by magnetic beads. The first step is washing (PBS) of Dynabeads M-270
Streptavidin according to the following protocol. The beads were resuspended and placed to magnetic
holder. The supernatant was carefully sucked out and beads were washed. The washing was repeated
3 times. The supernatant was sucked out and 100 pul of sample (biotinylated apoferritin) was added
(parts 1+2). Solution was incubated at room temperature on rotator (60 rpm, 90 °C) for 30 min,
vibration was turned off. Tube was put to magnetic holder for 2 — 3 min (part 3) and supernatant was
poured out. Particles were 3 or 4 times washed with 100 ul PBS (pH 7.4, part 4), after that they were
resuspended in 100 ul PBS (pH 7.4). After the sample was acidified and apoferritin structure broken,
doxorubicin was released. This effect was measured electrochemically. 100 pl of acid sample were put
to the 1900 ul phosphate buffer, pH 5.5.
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Figure

4. Biotinylated apoferritin with doxorubicin and streptavidin magnetic beads. (A) Scheme of
interaction biotinylated apoferritin with doxorubicin and streptavidin magnetic beads. 1 -
doxorubicin in the biotinylated apoferritin (red part is biotinyl), 2 - streptavidin magnetic beads
(blue part is streptavidin), 3 - solution consists of biotinylated apoferritin and magnetic beads, 4
- binding biotinylated apoferritin to magnetic parts (biotin — streptavidin binding), 5 — opening
of binding biotinylated apoferritin with streptavidin magnetic parts. (B) Relative peak height of
magnetic beads, electrolyte, apoferritin and biotinylated apoferritin with doxorubicin and
streptavidin magnetic beads, concentration of encapsulated doxorubicin (applied concentration)
is 100 pg/ml, pH of sample 6.3. Insert shows voltammograms for different components. DPV
parameters were as it follows: initial potential -1.0 V, end potential 0 V, amplitude 0.05 V,
pulse width 0.2 s, pulse period 0.5 s, deposition potential -1.0 V and time of accumulation 120
s. Phosphate buffer (0.1 M, pH 5.5) was used as a supporting electrolyte.
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Figure

5. Changes of electrochemical signals of encapsulated doxorubicin (applied concentration) in
apoferritin due to samples pH. Doxorubicin voltammogram with two characteristic peaks at
-0.55 V (blue/green) and -0.68 V (red/violet), doxo concentration 100 pg/ml. (A) Different
doxorubicin concentrations encapsulated in apoferritin (blue)/in biotinylated apoferritin (green)
and flowing out of doxorubicin due to pH changes. (B) Different doxorubicin concentrations
encapsulated in apoferritin (red)/in biotinylated apoferritin (violet) and flowing out of
doxorubicin due to pH changes. All experiments were measured by DPV at carbon paste.
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Measured data are indicated in Fig. 4B. It is clear that magnetic beads and electrolyte did not
give any peak in the position of the interest (at -0.55 V and -0.68 V). Single apoferritin had some
peaks, but signals were low (for D1 approximately 30% according to biotinylated apoferritin with
doxo, for D2 only 19% of signal according to tested sample) and the position of these peaks were
shifted (-0.46 V and -0.53 V). Inserted picture shows voltammogram for beads, apoferritin and
apoferritin with doxorubicin with typical two peaks.

The comparison of recovery ratios of doxorubicin encapsulated/opened in apoferritin to
doxorubicin encapsulated/opened in biotinylated apoferritin with magnetic beads is shown in Fig. 5A
(D1 peak) and in Fig. 5B (D2 peak). The amount of doxorubicin after isolation, i.e. biotinylated
doxorubicin with magnetic beads, is lower than before isolation. The highest value for pH 3.8
apoferritin in doxorubicin (100 ug/ml) was obtained for D1 peak. D1 peak under the same conditions
for biotinylated apoferritin with doxorubicin had only 73 % of this value. There is not big difference
for biotinylated apoferritin with doxorubicin for signal at different pH (D1-12 %, D2-15 %). Dramatic
decreasing is in the signal among apoferritin with doxo at pH 3.8 and pH 1.9 for both peaks. pH 6.2
has lowest value from all three pHs. Showed curve has similar progress such it was demonstrated in
Fig. 3C.

4. CONCLUSIONS

Cytostatics have great toxic effect on cells [79]. Due to this numerous groups are focused on
discovering nanovehicles for transporting of cytostatic to the right place with minimization of the side
effects. In this article it is shown functional nanovehicle - apoferritin, where doxorubicin can be
encapsulated and the influence of pH is studied. It was shown that pH decreasing lower than 4 was
sufficient for the opening of apoferritin structure and doxorubicin can flow out and affects the illness
species.
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