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The use of proteins as nanocarriers has many 
advantages in comparison with artificial nano-
carriers [33]. The immune response of patient’s 
body to protein nanocarriers is much lower, 
especially for the proteins naturally occurring 
in humans or after surface modification with 
polyethyleneglycol [34]. Moreover, they can 
usually self-assemble to form uniform cages 
with an extraordinary binding capacity for 
various drugs. They are also biodegradable, and 
have abundant renewable sources [35]. The high 
binding capacity of protein nanocarriers owns 
to multiple functional groups in their primary 
sequence allowing for different interactions 
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1. Introduction 
Naturally occurring or artificially prepared 

proteins can be employed in various fields 
including basic research [1-4], industry [5-8], 
immuno-based assays [9-12], detection of many 
different analytes [13-16], conventional medi-
cine [17-20] or nanomedicine [21-24]. The first 
nanomedicine formulation ever approved by 
the FDA was a PEGylated bovine serum albu-
min in 1990, named Adagen® [25]. Out of the 
44 FDA-approved nanomedicine formulations, 
10 are polymer-protein conjugates or albumin 
nanoparticles [26-28] and novel protein-based 
nanocarriers are still being developed [29-32]. 

In this work, the encapsulation of cytotoxic drug doxorubicin (DOX) in protein nanocarrier 
apoferritin was studied. Two encapsulation protocols, using the disassembly and reassembly of 
apoferritin molecules in different surrounding pH and infusion method of encapsulation, were 
compared. The changes in size distribution and zeta potential of apoferritin in dependence to 
the pH changes, doxorubicin encapsulation and apoferritin:doxorubicin number of molecules 
ratio (1:14; 1:28; 1:56) were observed. The encapsulation efficiency at 1:56 apoferritin:doxorubicin 
ratio was 70% via pH changing method and 88% via infusion method. The release of doxorubicin 
molecules from nanocarrier after 14 days of storage at -20; 4; 20 and 37 °C was studied using 
capillary electrophoresis with laser induced fluorescence detection. The most stable was the 
storage at -20 °C with the infusion encapsulation method (after 14 days 0.32% DOX release). 
Due to very low release of cytotoxic drug molecules from apoferritin, apoferritin seems to be 
a suitable nanocarrier. Based on the size distribution changes, encapsulation efficiency and 
doxorubicin release, the infusion encapsulation method seems more promising.
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with therapeutic molecules [36]. Drug molecu-
les can also be reversibly encapsulated in some 
proteins’ three-dimensional hollow cage [37]. 

The most frequently studied protein as a na-
nocarrier is a human serum albumin, the most 
abundant protein in blood plasma (about 60% of 
the total plasma protein count) [38]. Albumin is 
a globular protein containing 585 amino acids 
(with one tryptophan residue) and three homo-
logous domains stabilized by disulfide bridges 
[39]. The ligands, either organic or inorganic, 
usually bind to the many hydrophobic cavities 
in albumin subdomains, making this protein an 
important regulator of intercellular fluxes and, 
moreover, drug behavior in vivo [40]. Ligands 
can interact with both C=O and C-N albumin 
groups, resulting in changes in its secondary 
structure [41]. Albumin nanoparticles were 
used for delivery of cytostatic drugs, siRNAs, 
vaccines or radiodiagnostics [42-45].

Protein apoferritin is also studied as a possi-
ble nanocarrier [29,46-48]. Apoferritin is also 
naturally found in human body as a major iron-
-binding protein. Apoferritin forms a hollow 
rhombic dodecahedral shell with outer diameter 
of 12-13 nm and an inner diameter of 7-8 nm 
[49]. The ligands can thus not only interact with 
amino acid residues of apoferritin but also be 
encapsulated in its hollow cavity. Many amino 
acid side chains of apoferritin 24 subunits in-
teract to form hydrophobic cores, but there is 
also a large number of polar and hydrophilic 
residues, allowing for interaction with various 
molecules [50]. Some substances can bind to the 
apoferritin surface through hydrogen bonding 
(non-ionic molecules) or electrostatic interac-
tions (ionic molecules) [51]. The apoferritin shell 
contains both hydrophobic and hydrophilic 
channels, allowing small molecules to enter the 
cavity via diffusion [52]. Its subunits can also 
be reversibly disassociated via the change of 
surrounding environment to encapsulate bigger 
molecules after reassembling [53]. In this work, 
we studied the interactions of cytotoxic drug 
doxorubicin with the apoferritin protein. Two 
encapsulation methods were compared, the pH 
changing and infusion method.

2. Results and Discussion

2.1 The encapsulation protocol
In this work, we studied the interactions of 

cytotoxic drug doxorubicin with protein nano-
carrier apoferritin. To this end, two methods of 
doxorubicin encapsulation in apoferritin were 
evaluated. Fig. 1 shows the protocols of the two 
presented encapsulation methods. One of the 
methods employs the ability of apoferritin to 
reversibly disassociate its subunits in highly 
acidic pH and reassemble in the neutral pH, 
thus encapsulating any molecules mixed with 
disassembled apoferritin (Fig. 1A). The infusion 
method (Fig. 1B) allows the doxorubicin to en-
ter the apoferritin cavity by diffusion through 
the channels in the apoferritin shell. The exce-
ss molecules of doxorubicin were removed in 
both methods by filtration through Amicon 3K 
centrifugal units. 

2.2 The characterization of 
nanocarrier size and zeta potential

The influence of pH changes and doxorubi-
cin encapsulation on the size distribution of 
created nanocarrier was evaluated (Fig. 2). In 
this experiment, the apoferritin:doxorubicin 
molecule ratio was 1:14. The native size of pro-
tein complex apoferritin in water (pH 6.9) was 
16 nm with a small portion of 250 nm particles 
(Fig. 2A) and a zeta potential of -13.7 mV. Due 
to the pH changes, the structure of apoferritin 
was disassembled and reassembled, however, 
the reassembly process is not completely co-
rrect and part of the subunits can aggregated, 
creating nanoparticles of 160 nm or 5 000 nm  
in addition to the correctly reassembled 16 nm 
particles (Fig. 2B). The apoferritin was diluted in 
water after the disassembly/reassembly process 
and its zeta potential was -9.93 mV at pH 7.0.

After the encapsulation of doxorubicin via the 
pH changing method, particles of 16 nm and 
300 nm were observed, with zeta potential of 
-19.5 mV at pH 7.2 (Fig. 2C). The size distribution 
of apoferritin with doxorubicin encapsulated 
via the infusion method was highly similar to 
the native apoferritin, with 16 nm particles and 
portion of 200 nm particles (Fig. 2D). However, 
the zeta potential of apoferritin with encapsu-
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lated doxorubicin via the infusion method was 
decreased compared to native apoferritin, -19.5 
mV at pH 7.3

Dostalova et al.

Figure 1: The encapsulation protocols compared in this work with subsequent removal of ex-
cess doxorubicin molecules by filtration through Amicon 3K centrifugal units at for 15 min at 
25 °C and 6000×g and rinsing 3 times with water. (a) The encapsulation of doxorubicin mole-
cules in apoferritin using the pH changing method. The apoferritin subunits were disassociated 
by acidification to pH 2.8 and mixed with doxorubicin for 15 min at 25 °C and 60 rpm. After 
that the pH was increased to 7.2 and the sample was mixed for 15 min at 25°C and 60 rpm to 
reassemble the apoferritin structure and allow the doxorubicin molecules to be encapsulated 
in apoferritin cavity. (b) The encapsulation of doxorubicin molecules in apoferritin using the 
infusion method. The apoferritin was mixed with doxorubicin for 30 min at 25 °C and 60 rpm.

Figure 2: The changes of apoferritin size distribution by intensity due to the pH changes and 
doxorubicin encapsulation. (a) The size distribution by intensity of apoferritin in water, pH 6.9. 
(b) The size distribution by intensity of apoferritin in water after the pH changes, pH 7.0. (c) The 
size distribution by intensity of apoferritin with encapsulated doxorubicin via the pH changing 
method, pH 7.2. (d) The size distribution by intensity of apoferritin with encapsulated doxorubi-
cin via the infusion method, pH 7.3.
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The influence of apoferritin:doxorubicin ratio 
on the size distribution of created nanocarrier 
was further evaluated (Fig. 3). The size distribu-
tion of apoferritin with encapsulated doxorubi-
cin via the pH changing encapsulation method 
changed with the increasing concentration 
of doxorubicin by increasing the portion of 
particles with 300 nm or more (Fig. 3A, C, E). 
However, no such changes in the size distribu-
tion were observed in the infusion encapsula-
tion method with the increasing doxorubicin 
concentration (Fig. 3 B, D and F).

2.3 The efficiency of doxorubicin 
encapsulation in apoferritin nanocarrier 
using different methods

To evaluate the encapsulation efficiency the 
optical properties of doxorubicin were used 
– its absorption maximum at 480 nm and 
emission maximum at 600 nm. Absorbance 
and fluorescence spectra of created nanoca-
rriers were measured after the encapsulation 
of doxorubicin molecules in apoferritin via the 

pH changing and infusion method and subse-
quent removal of excess doxorubicin molecules 
(Fig. 4). The apoferritin:doxorubicin molecule 
ratio was 1:56. 

Following encapsulation, both the absorbance 
and fluorescence of doxorubicin is significantly 
decreased. Fig. 4A shows the decrease of doxo-
rubicin absorbance after the encapsulation very 
similarly in both encapsulation methods, 1.95× 
using the infusion encapsulation method and 
2× using the pH changing method. The decrease 
of doxorubicin fluorescence was also observed 

(Fig. 4B) and it differed significantly between 
the individual encapsulation methods – 6.61× 
decrease of fluorescence using the infusion me-
thod and 7.4× using the pH changing method. 

After the subsequent removal of excess doxo-
rubicin molecules by filtration and adjusting 
the sample volume to original, the absorbance 
(Fig. 4C) and fluorescence (Fig. 4D) spectra 
were measured again. After comparison with 
absorbance and fluorescence spectra before 
filtration, it was observed that 88% of doxorubi-
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Figure 3: The changes of apoferritin size distribution by intensity due to the different apoferri-
tin:doxorubicin ratio during encapsulation. (a, c, e) The size distribution by intensity of apofe-
rritin with encapsulated doxorubicin via the pH changing method (b, d, f) The size distribution 
by intensity of apoferritin with encapsulated doxorubicin via the infusion method. (a, b) The 
apoferritin:doxorubicin ratio 1:14. (c, d) The apoferritin:doxorubicin ratio 1:28. (e, f) The apofe-
rritin:doxorubicin ratio 1:56.
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cin molecules were encapsulated in apoferritin 
using the infusion method, while only 70% were 
encapsulated using the pH changing method. 

2.4 The release of doxorubicin molecules 
from apoferritin during a long-term storage

To evaluate the apoferritin stability the release 
of doxorubicin molecules from apoferritin du-
ring a storage for 14 days at different tempera-
tures (-20; 4; 20 and 37 °C) was observed using 
capillary electrophoresis with laser induced 
fluorescence detection. In contrast to known 
literature [29,48] it was observed that, following 
encapsulation, part of doxorubicin molecules 
is located inside the apoferritin cavity and part 
on its surface. This is concluded based on the 
change in zeta potential of apoferritin after en-
capsulation of doxorubicin and by the behavior 
of apoferritin with encapsulated doxorubicin 
in electric field (Fig. 5). Doxorubicin showed 
two distinct peaks after separation in capillary 
electrophoresis (Fig. 5A). Apoferritin with en-
capsulated doxorubicin via both encapsulation 
methods showed a third peak with electropho-
retic mobility corresponding to apoferritin in 
addition to the two peaks corresponding to 
doxorubicin (Fig. 5B). During the separation 

by capillary electrophoresis the doxorubicin 
molecules from the apoferritin surface are pro-
bably released by the surrounding electric field 

[54]. This behavior was observed in apoferritin 
with encapsulated doxorubicin via both pH 
changing and infusion method.

The height of peak corresponding to apofe-
rritin with encapsulated doxorubicin after 1; 
2; 3; 6; 10 and 14 days of storage was used to 
compare the release from nanocarriers prepa-
red via different encapsulation methods and 
storage at different temperatures (Fig. 6). After 
6 days of storage in all temperatures, the peak 
height of apoferritin with encapsulated doxo-
rubicin was increased which can be caused by 
the transfer of more doxorubicin molecules 
from the apoferritin surface to its cavity.  After 
longer storage the release of doxorubicin mo-
lecules from apoferritin cavity is very limited. 
The encapsulation of doxorubicin via the pH 
changing method caused higher (2.7×) release 
of doxorubicin molecules from apoferritin (Fig. 
6A-D). This can probably be caused by the fact, 
that reassembly of apoferritin after pH chan-
ges is not complete but there appear two hole 
defects on opposite apoferritin poles [53] and 
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Figure 4: The absorbance (a, c) and emission (b, d) spectra of apoferritin with encapsulated doxorubi-
cin via the pH changing (ApoDox O/C) and infusion (ApoDox) method after encapsulation (a, b) and 
after subsequent removal of excess doxorubicin molecules (c, d). The apoferritin:doxorubicin ratio was 
1:56. Emission was measured at excitation wavelength 480 nm.
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doxorubicin can leave the apoferritin cavity 
through these defects.

The lowest release was observed after storage 
at -20 °C with 0.75% of released doxorubicin 
encapsulated via the pH changing method 
(Fig. 6A) and 0.32% via the infusion method 
(Fig. 6E) after 14 days of storage. Thus it can 
be concluded, that apoferritin with encap-
sulated doxorubicin is the most stable after 
storage at -20 °C. After 14 days of storage at
4 °C, the release was 1.67% with encapsulation 
via pH changing method (Fig. 6B) and 0.29% 
via the infusion method (Fig. 6F). The highest 
release and thus the lowest stability was ob-
served after storage at 20 °C, with 2.44% of 
released molecules with encapsulation via pH 
changing method (Fig. 6C) and 2.02% via infusi-
on method (Fig. 6G). After 14 days of storage at 
37 °C, 1.47% of doxorubicin was released with 
encapsulation via pH changing method (Fig. 
6D) and 1% via the infusion method (Fig. 6H). 

3. Experimental Section 
3.1 Chemicals

All chemicals of ACS purity were obtained 
from Sigma-Aldrich (St. Louis, MO, USA) un-
less stated otherwise. The deionized water was 
prepared using reverse osmosis equipment 
Aqual 25 (Aqual s.r.o., Brno, Czech Republic). 
The deionized water was further purified by 
using apparatus Milli-Q Direct QUV equipped 
with an UV lamp from Millipore (Billerica, MA, 
USA), exhibiting a resistance  of 18 MΩ. The pH 

was measured using pH meter WTW inoLab 
(Weilheim, Germany).
 

3.2 The encapsulation of doxorubicin in 
apoferritin via pH changing method

1 mg of apoferritin (20 μL of 50 mg/mL) was 
mixed with 67.2 μg of doxorubicin (200 μL of 
336 μg/mL) with a molar ratio of apoferritin:-
doxororubicin 1:56 and 100 μL of water. Using 
2.5 μL of 1 M HCl the pH was lowered to 2.8 to 
disassociate the apoferritin subunits. The sam-
ple was mixed for 15 min at 25 °C and 60 rpm. 
The pH was changed to 7.2 with 2.7 μL of 1M 
NaOH and the sample was shaken for 15 min 
at 25 °C and 60 rpm to reassemble the subunits 
and encapsulate the doxorubicin in apoferritin 
hollow. The excess doxorubicin molecules were 
removed by filtration using the centrifugation 
in Amicon 3K centrifugal units for 15 min at 
25 °C and 6000×g. The samples were rinsed 
with water 3 times. Water was added after the 
filtration to fill the sample to its original volume.

3.3 The encapsulation of doxorubicin 
in apoferritin via infusion method

1 mg of apoferritin (20 μL of 50 mg/mL) was 
mixed with 67.2 μg of doxorubicin (200 μL of 
336 μg/mL) with a molar ratio of apoferritin:-
doxororubicin 1:56 and 100 μL of water. 

The sample was shaken for 30 min at 25 °C and 
60 rpm. The excess doxorubicin molecules were 
removed by filtration using the centrifugation 
in Amicon 3K centrifugal units for 15 min at 
25 °C and 6000×g. The samples were rinsed 
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Figure 5: The behavior of doxorubicin (a) and apoferritin with encapsulated doxorubicin via both 
the pH changing and infusion method (b) during capillary electrophoresis with laser induced fluo-
rescence detection using fused silica capillary with internal diameter of 75 µm and total length of 
64.5 cm (54 cm to detector window); the separation voltage of 20 kV and hydrodynamic injection 
by 3 psi for 10 s. 
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with water 3 times. Water was added after the 
filtration to fill the sample to its original volume.

3.4 Characterization of nanocarrier size
The average particle size and size distribution 

were determined by quasi elastic laser light 
scattering with a Malvern Zetasizer (NANO-ZS, 
Malvern Instruments Ltd., Worcestershire, Uni-
ted Kingdom). The zeta potential was determi-
ned by laser Doppler micro-electrophoresis with 
a Malvern Zetasizer. Nanoparticles in distilled 
water solution of 1.5 mL were put into a polysty-
rene latex cell and measured at a detector angle 
of 173°, a wavelength of 633 nm, temperature 
25 °C and a refractive index of 1.33.

3.5 The encapsulation efficiency
The efficiency of doxorubicin encapsulation 

in apoferritin was evaluated using the opti-
cal properties of doxorubicin. The absorbance 
(wavelength 230-850 nm) and fluorescence 

(excitation wavelength 480 nm, emission 515-
815 nm) spectra of the resulting nanocarriers 
were measured using the TECAN Infinite 200 
PRO microtitration plate reader (Männedorf, 
Switzerland).

3.6 The release of doxorubicin molecules 
from apoferritin nanocarrier during 14 
days

The created apoferritin nanocarrier with enca-
psulated doxorubicin using both pH changing 
and infusion encapsulation method was stored 
for 14 days at -20; 4; 20 and 37 °C. After 1; 2; 
3; 6; 10 and 14 days of storage the nanocarrier 
fluorescence was measured using the capillary 
electrophoresis with laser induced fluorescence 

Figure 6: The release of doxorubicin from apoferritin nanocarrier during 14 
days of  storage at -20 °C (a, e), 4 °C (b, f); 20 °C (c, g) and 37 °C (d, h). The 
encapsulation was performed via both the pH changing (a-d) and infusion me-
thod (e-h). The release was measured using fused silica capillary with internal 
diameter of 75 µm and total length of 64.5 cm (54 cm to detector window); the 
separation voltage of 20 kV and hydrodynamic injection by 3 psi for 10 s. 

Dostalova et al.
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detection CE 7100, Agilent Technologies (Santa 
Clara, CA, USA). Fused silica capillary with 
internal diameter of 75 µm and with the total 
length of 64.5 cm (54 cm to detector window) 
was used. The separation voltage of 20 kV and 
hydrodynamic injection by 3 psi for 10 s was 
employed.
 

4. Conclusions 
Two methods for doxorubicin encapsulation in 

apoferritin nanocarrier were compared in this 
study. Standard, pH changing method showed 
70% encapsulation efficiency, while the infusion 
method showed 88% encapsulation efficiency. A 
very low release of doxorubicin molecules from 
apoferritin nanocarrier after storage for 14 days 
at different temperatures was observed with the 
most stable using the infusion encapsulation 
method and storage at -20 °C. 
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