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Abstract: Due to many adverse effects of conventional chemotherapy, novel methods of targeting 

drugs to cancer cells are being investigated. Nanosize carriers are a suitable platform for this 

specific delivery. Herein, we evaluated the long-term stability of the naturally found protein nano-

carrier apoferritin (Apo) with encapsulated doxorubicin (Dox). The encapsulation was performed 

using Apo’s ability to disassemble reversibly into its subunits at low pH (2.7) and reassemble in 

neutral pH (7.2), physically entrapping drug molecules in its cavity (creating ApoDox). In this 

study, ApoDox was prepared in water and phosphate-buffered saline and stored for 12 weeks 

in various conditions (-20°C, 4°C, 20°C, and 37°C in dark, and 4°C and 20°C under ambient 

light). During storage, a very low amount of prematurely released drug molecules were detected 

(maximum of 7.5% for ApoDox prepared in PBS and 4.4% for ApoDox prepared in water). 

Fourier-transform infrared spectra revealed no significant differences in any of the samples after 

storage. Most of the ApoDox prepared in phosphate-buffered saline and ApoDox prepared in water 

and stored at -20°C formed very large aggregates (up to 487% of original size). Only ApoDox 

prepared in water and stored at 4°C showed no significant increase in size or shape. Although this 

storage caused slower internalization to LNCaP prostate cancer cells, ApoDox (2.5 µM of Dox) 

still retained its ability to inhibit completely the growth of 1.5×104 LNCaP cells after 72 hours. 

ApoDox stored at 20°C and 37°C in water was not able to deliver Dox inside the nucleus, and 

thus did not inhibit the growth of the LNCaP cells. Overall, our study demonstrates that ApoDox 

has very good stability over the course of 12 weeks when stored properly (at 4°C), and is thus 

suitable for use as a nanocarrier in the specific delivery of anticancer drugs to patients.

Keywords: anticancer therapy, doxorubicin-loaded apoferritin, encapsulation, long-term 

stability, protein nanocarriers

Introduction
Doxorubicin (Dox), an anthracycline antibiotic discovered in 1969,1 is a potent chemo-

therapeutic drug used in the treatment of various solid and hematological malignancies. 

These include the most prevalent ones, such as breast,2 lung,3 or bladder4 cancer, but 

also less common ones, such as soft-tissue sarcoma5 or Hodgkin’s lymphoma.6 There 

are several mechanisms through which Dox achieves its high efficacy: intercalation 

into DNA,7 inhibition of topoisomerase II,8 and free-radical formation.9 These lead to 

apoptosis, necrosis, autophagy, or senescence. Which of these mechanisms will be the 

cause of cell death or cell-growth arrest is highly influenced by the individual patient, 

cell/cancer type, concentration of Dox, and the duration of treatment.10 Due to its high 

efficacy, Dox has been included in the biannual World Health Organization’s Model 

List of Essential Medicines since it was first published in 1977.11

The drawback of Dox usage, as well as any other conventional antitumor drugs, is its 

nonselectivity for cancer cells, resulting in high toxicity for nonmalignant cells. Dox in 
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clinical practice severely affects the heart (causing cumulative 

dose-limiting cardiotoxicity), liver, and hematopoiesis.12 The 

consequences of this toxicity can be apparent immediately 

after administration of the drug, but they can also take many 

years to manifest.13 Dox causes the formation of reactive 

oxygen species, and iron oxidation induces a release of 

cytochrome C from mitochondria, leading to apoptosis.14 

This is most prominent in the heart, where these mechanisms 

lead to cardiac hypertrophy, but they are also prominent in 

cells of brain and liver. Dox interference with mitochondrial 

complexes I and IV, which leads to superoxide increase and 

vitamin E and antioxidant decrease, has been shown to cause 

damage to glomeruli in rabbits and mice.15

Various approaches to mitigate these side effects have 

been taken. One approach is the coadministration of Dox with 

a cardioprotective agent.16 The most studied and clinically 

used cardioprotective agent is dexrazoxane. This reduces 

the reactive oxygen species formed by Dox activity, and 

serves as a chelator of iron. By combining these effects, it 

reduces the risk of heart failure by almost 80%.17 However, 

previous research has shown that dexrazoxane administration 

may increase the incidence of secondary malignancies.18

Another approach in mitigating the adverse effects is the 

encapsulation of Dox inside a suitable nanocarrier,19 allow-

ing for targeted delivery to diseased tissue while avoiding 

healthy cells. These nanosized carriers can target diseased 

tissue and cells via passive targeting (due to their size)20 or 

active targeting (due to specific moieties on their surface).21 

Various materials have been tested for targeted Dox delivery, 

including inorganic,22 polymeric,23 lipid-based,24 or proteins.25 

The first US Food and Drug Administration-approved 

nanoformulation was liposome-encapsulated Dox (Doxil®/

Caelyx® or Myocet®). This nanoformulation was proven to 

increase the therapeutic index of Dox by significant lowering 

its toxicity for normal cells.26

The major drawback of liposomal Dox is its short shelf 

life. While separated, Dox and liposomes can be stored for up 

to 18 months. The shelf life of liposome-encapsulated Dox, 

however, is only 5 days when stored at 2°C–8°C.27 Moreover, 

bare liposomes are often recognized by the mononuclear 

phagocyte system and removed from the organism, lowering 

their efficacy. Therefore, stealth coating with polyethylene 

glycol (PEGylation) is often used.28 However, PEGylated 

nanocarriers cause other adverse effects, such as swelling of 

palms and feet (palmar–plantar erythrodysesthesia).26

Due to these reasons, the potential use of alternative 

nanocarriers naturally present in the human body is being 

investigated. Nanocarriers prepared using ubiquitous pro-

teins or protein cages appear to be a suitable alternative.25 

We have previously employed an ubiquitous protein, 

apoferritin (Apo), to be a potential carrier for Dox, with a 

simple-to-use encapsulation protocol (creating ApoDox).29 

Also, heavy-chain ferritin,30 as well as other ferritins, have 

been used for delivery of anticancer drugs,31 small nutrients,32 

and imaging molecules.33 Subsequently, we modified the 

Apo surface with small molecules,34 as well as antibodies 

for active targeting to cells of a chosen cancer type. We 

proved that surface-modified ApoDox retained the high 

toxicity of Dox for targeted cancer cells while sparing 50% 

of nonmalignant cells.21

In this work, we evaluated the long-term stability of Apo-

Dox. For 12 weeks, we continuously monitored changes in 

undesirable premature Dox release during storage, its optical 

properties, and the size and ζ-potential of the Apo nanocar-

rier, as well as its toxicity for prostate cell lines.

Materials and methods
chemicals
All chemicals of American Chemical Society purity were 

obtained from Sigma-Aldrich (St Louis, MO, USA), unless 

otherwise stated. The pH was measured using an InoLab 

(Xylem, Rye Brook, NY, USA).

encapsulation of Dox into apo and its 
storage
9,600 µL of 1 mg⋅mL-1 DOX was added to 960 µL of 

50 mg⋅mL-1 horse-spleen Apo and 4,800 µL of water, and 

120 µL of 1 M hydrochloric acid was added to decrease the 

pH of the solution and disintegrate the Apo. The solution was 

mixed for 15 minutes, then 120 µL of 1 M sodium hydroxide 

was added to increase the pH and encapsulate the Dox inside 

Apo (creating ApoDox). The solution was mixed for 15 minutes 

and divided into two equal parts. The parts were diafiltered three 

times with water or phosphate-buffered saline (PBS; 137 mM 

NaCl, 2.7 mM KCl, 1.8 mM KH
2
PO

4
, and 4.3 mM Na

2
HPO

4
, 

pH 7.4), respectively, using an Amicon® Ultra (0.5 mL 3K; 

Merck Millipore, Billerica, MA, USA) at 6,000 g for 15 minutes 

and filled to 24,000 µL with the same solvent used for dia-

filtration. The samples were divided into 300 µL aliquots to 

avoid repeated freeze–thaw cycles and stored for 12 weeks 

at -20°C, 4°C, 20°C, and 37°C, and two of the samples stored 

at 4°C and 20°C were also stored under ambient light for evalu-

ation of light influence on the stability of the sample.

characterization of nanocarrier changes 
during storage
Every week of storage, aliquots from all storage conditions 

were collected, and prematurely released drug molecules 
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were removed by diafiltration with the respective solvent 

using the Amicon Ultra at 6,000 g for 15 minutes. The amount 

of released drug was determined by measurement of free 

Dox fluorescence compared with fluorescence of the whole 

sample. Fluorescence measurement was performed using 

an Infinite 200 Pro (Tecan, Männedorf, Switzerland) with 

excitation wavelength of 480 nm and emission wavelengths 

of 515–815 nm. The encapsulated drug was evaluated by 

absorbance-scan measurement using the Infinite 200 Pro 

with wavelengths in the range of 230–850 nm.

Visualization of nanocarriers prior to removal of released 

drug molecules was performed using transmission electron 

microscopy (TEM) with negative staining technique. 

For this purpose, an organotungsten compound, Nano-W 

(Nanoprobes, Yaphank, NY, USA) was utilized. Then, 4 µL 

of samples was deposited onto 400-mesh copper grids coated 

with a continuous carbon layer. Dried grids were imaged by 

TEM (Tecnai F20; FEI, Hillsboro, OR, USA) at 80,000× 

magnification.

The average size of nanocarriers was determined by 

quasielastic dynamic light scattering with a Zetasizer Nano 

ZS (Malvern Instruments, Malvern, UK). Prior to removal 

of released drug, nanocarriers were diluted 100× with dis-

tilled water, placed into polystyrene latex cells, and mea-

sured at a detector angle of 173°, wavelength of 633 nm, 

and temperature of 25°C, with refractive index of dispersive 

phase 1.45 and 1.333 for dispersive environment. For each 

measurement, Zen0040 disposable cuvettes (Brand GmbH, 

Wertheim, Germany) were used, containing 50 µL of sample. 

Equilibration time was 120 seconds. Measurements were 

performed in hexaplicate.

The surface ζ-potential of the nanocarrier diluted 20× 

was measured using the Zetasizer Nano ZS. For each mea-

surement, disposable cells (DTS1070) were employed. The 

number of runs varied between 20 and 40, and calculations 

considered the diminution of particle concentration based 

on the Smoluchowski model, with an F(ka) of 1.5 and an 

equilibration time of 120 seconds. Measurements were 

performed in triplicate.

Fourier-transform infrared (FT-IR) spectra were collected 

using a Nicolet iS10 with diamond attenuated total reflec-

tion (ATR) attachment (Thermo Fisher Scientific, Waltham, 

MA, USA). The sample solution was supplied dropwise 

(5 µL) on the diamond crystal of the ATR cell, and thin 

film was measured after spontaneous evaporation of the 

solvent. IR spectra were recorded from 650 to 4,000 cm-1 at 

a resolution of 2 cm-1. Each spectrum was acquired by adding 

together 64 interferograms. Spectra were acquired at 22°C 

for each sample. Omnic software was used for IR-spectra 

recording, and JDXView version 0.2 software was used for 

further spectra evaluation.

Influence of nanocarrier on prostate 
cancer cell line
The human prostate adenocarcinoma-derived cell line LNCaP, 

purchased from Public Health England (London, UK), was 

maintained in Roswell Park Memorial Institute 1640 medium 

supplemented with 10% fetal bovine serum. Cells were incu-

bated in 5% CO
2
 in air at 37°C. Cells (105) in 1 mL medium 

were seeded in each of six wells in 12-well culture plates and 

cultivated for 21 hours. After cultivation, the medium was 

discarded and replaced with 90 µL of fresh medium contain-

ing 34 µM Dox/ApoDox, followed by incubation for 2 hours. 

Live cells were washed with 200 µL of phosphate buffered 

saline (PBS) and stained with Hoechst 33342 and CellRox 

Green stains (Thermo Fisher Scientific) in dilutions of 1:2,000 

and 1:500, respectively, and the cells were incubated for 

30 minutes. Then cells were washed with 200 µL PBS and 

studied under inverted fluorescence microscopy (IX 71S8F-3; 

Olympus, Tokyo, Japan). Cell morphology was recorded under 

ambient light, the 4′,6-diamidin-2-fenylindol (DAPI) filter was 

used (excitation 360–370 nm, emission 420–460 nm, dichroic 

mirror 400 nm) for visualization of nuclei, redox stress was 

monitored using the fluorescein isothiocyanate filter (excitation 

460–495 nm, emission 510–550 nm, dichroic mirror 505 nm), 

and Dox fluorescence was monitored using the Texas Red filter 

(excitation 545–580 nm, emission 610 nm, dichroic mirror 

600 nm) at 200× magnification. Photographs were recorded, 

merged, and processed using Stream Basic software.

An xCelligence real-time cell analysis dual purpose 

instrument (Hoffman-La Roche Ltd, Basel, Switzerland) was 

used to evaluate the in vitro cytotoxicity of ApoDox after 

12 weeks of storage at various conditions through real-time 

label-free monitoring of cell impedance. The background 

impedance signal was measured using 100 µL cell-culture 

media with ApoDox. Then, 1.5×104 LNCaP cells were seeded 

in each well of 16-well plates (E-plates; Hoffman-La Roche), 

followed by incubation at 37°C in atmosphere with 5% CO
2
. 

Final concentrations of ApoDox were 2.5 µM in 200 µL 

total volume in each well. Proliferation, spreading, and cell-

attachment kinetics were monitored every 15 minutes for the 

first 26 hours, then every hour for 72 hours. Experiments 

were performed in two independent repetitions.

Descriptive statistics
Results are expressed as mean ± standard deviation, unless 

noted otherwise. Differences between groups were analyzed 

using Student’s paired t-test and analysis of variance. Unless 
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noted otherwise, the threshold for significance was P,0.05. 

Statistica 12 software (Statistica, Tulsa, OK, USA) was 

employed for analyses.

Results and discussion
experimental design
Ferritins are proteins that serve as one of the detoxifying 

factors, preventing the formation of reactive oxygen spe-

cies by transforming ferrous ions into their insoluble ferric 

form.35 Subsequently, they reversibly store these ferric ions 

and can transfer them to the site of action.36 Ferritins are 

found in most organisms and bacteria, including humans,37 

and there is very high (85%–90%) interspecies homology of 

ferritin sequences from the same tissue with low (40%–50%) 

intraspecies homology of ferritins from different tissues.38

Without the iron content, ferritins self-assemble into hol-

low rhombic dodecahedral cage Apo, with outer diameter of 

12–13 nm and inner diameter of 7–8 nm. The 450–475 kDa 

shell39 is composed of 24 heavy and light subunits. Horse-

spleen Apo (450 kDa), the best-studied Apo,38 can reversibly 

dissociate and associate based on the surrounding pH.40 It has 

been shown that while disassembled, Apo can be mixed with 

drug molecules, and these are encapsulated within the Apo 

cavity once reassembled.29,34,41

This easy-to-use encapsulation protocol was employed in 

this work. Figure 1 shows the design of the whole experiment. 

Horse-spleen Apo was mixed with Dox at a 1:155 molar 

ratio. The pH was lowered from 6.7 to 2.7 to disassemble the 

Apo structure, and the mixture was shaken for 15 minutes 

to create a homogeneous solution. After mixing, the pH was 

returned back to neutral (7.2), and the mixture was incubated 

for a further 15 minutes to enable the reassembly of the Apo 

structure and encapsulation of Dox molecules within (creat-

ing ApoDox).

The aim of this study was to evaluate the long-term 

stability of ApoDox in various conditions. For this pur-

pose, free Dox molecules were removed from ApoDox 

by diafiltration and filled to 1 mg⋅mL-1 of Apo with water 

(final pH 5.6) or PBS (final pH 7.0), which was used as a 

model of the physiological environment. Prepared samples 

were aliquoted to avoid repeated freeze–thaw cycles and 

excess protein loss caused by repeated diafiltration. These 

aliquots were stored for 12 weeks in the dark and at various 

temperatures: -20°C, 4°C, 20°C, and 37°C. Since free Dox 

Figure 1 Design of the experiment.
Note: Dox-encapsulation protocol into apo cavity by employing the responsiveness of the apo structure to surrounding ph, as well as depiction of various measurements 
performed to evaluate the long-term (12-week) stability of apoDox.
Abbreviations: Dox, doxorubicin; apo, apoferritin; PBs, phosphate-buffered saline.
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molecules are degradable by light,42 in addition to storage in 

dark, aliquots stored at 4°C and 20°C were also under direct 

ambient light to evaluate the influence of illumination during 

storage on the stability of ApoDox.

Each week of storage, aliquots were collected from the 

various storage conditions and subjected to multiple analyses. 

Prematurely released Dox was removed by diafiltration, 

and the amount of both encapsulated and released Dox was 

measured using its unique optical properties. Changes in size 

and surface ζ-potential of nanocarriers were also evaluated 

each week, as well as their ability to enter cells and release 

the Dox cargo within them for therapeutic activity.

Optical properties of encapsulated and 
prematurely released Dox
Dox structure is mainly formed by anisole, quinone, and 

hydroquinone, along with several residues, such as the amine 

group, ketone groups, and hydroxyl groups.43 The result-

ing conjugated system of bonds in Dox tetracene structure 

with partially disrupted aromaticity causes typical Dox 

absorbance, with a maximum at approximately 480 nm, as 

well as its fluorescence, with emission maximum at approxi-

mately 600 nm.44

Changes in optical properties of an encapsulated drug, 

both absorbance and fluorescence, can be caused by different 

amounts of prematurely released drug, changes in the 

molecular structure of the drug, or even the structure of the 

nanocarrier. Absorbance (Figure 2A and C) and fluorescence 

(Figure 2B and D) of the encapsulated drug in nanocarriers 

prepared in water (Figure 2A and B) and PBS (Figure 2C 

and D) were collected every week. The observed changes 

were rapid, and did not significantly change on a week-to-

week basis. The results are thus presented as average change 

throughout the 12-week period.

Significant (P,0.05) increases in encapsulated drug 

absorbance were observed in samples stored at most storage 

temperatures and solutions. No significant changes were 

observed between samples stored in dark and under ambient 

Figure 2 Observed changes in optical properties of Dox encapsulated in apo prepared in water (A, B) and PBs (C, D).
Notes: (A, C) absorbance of encapsulated Dox (480 nm). (B, D) Fluorescence of encapsulated Dox (excitation at 480 nm, emission at 600 nm). Values expressed as means 
of 12 measurements over 12 weeks (n=12). *P,0.05 compared with start of experiment or between storage in dark and under direct ambient light.
Abbreviations: Dox, doxorubicin; apo, apoferritin; PBs, phosphate-buffered saline.

°°
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light. At the start of the experiment, absorbance of the encap-

sulated drug was 0.14 AU for ApoDox prepared in water and  

0.11 AU for ApoDox prepared in PBS. The highest absorbance 

change for nanocarriers prepared in water compared with the 

state at the start of the experiment was observed for ApoDox 

stored at 20°C (55% increase, both in dark and under ambi-

ent light) and 37°C (42% increase). ApoDox stored at 4°C 

showed a 33% increase in encapsulated drug absorbance when 

stored in dark and a nonsignificant 19% increase when stored 

under ambient light. ApoDox stored at -20°C showed 15% 

(insignificant) increase in encapsulated drug absorbance.

Absorbance changes for ApoDox prepared in PBS fol-

lowed the same trend as those prepared in water when com-

pared with freshly prepared ApoDox. The highest absorbance 

change was again observed for ApoDox stored at 20°C (58% 

increase for storage in dark and 75% increase for storage 

under light) and 37°C (62% increase). ApoDox stored at 4°C 

also showed high change with 42% increase when stored in 

dark and 54% increase when stored under direct ambient 

light. ApoDox stored at -20°C showed an insignificant 22% 

increase in encapsulated drug absorbance. These changes 

in drug absorbance could account for decreased amounts of 

prematurely released drug or some structural changes.

Almost no significant (P,0.05) changes were observed 

in encapsulated drug fluorescence. At the start of the experi-

ment, the fluorescence of the encapsulated drug was 13,936 

AU for ApoDox prepared in water and 22,333 AU for 

ApoDox prepared in PBS. The only significant increases 

(compared with freshly prepared samples) for ApoDox 

prepared in water were observed for ApoDox stored at 4°C 

(34% for storage in dark and nonsignificant 11% for stor-

age under light) and -20°C (25%). ApoDox stored at 37°C 

showed a nonsignificant 11% increase in encapsulated drug 

fluorescence, and ApoDox stored at 20°C showed nonsig-

nificant changes, with 9% increase for storage in dark and 

16% increase for storage under ambient light. The increased 

fluorescence could also account for decreased amounts of 

prematurely released drug or could indicate some structural 

changes in the nanocarrier.

Encapsulated drug fluorescence for nanocarriers prepared 

in PBS did not significantly increase in any of the tested 

temperatures, contrary to the results from ApoDox prepared 

in water. The highest fluorescence increase for nanocarriers 

prepared in PBS was observed for ApoDox stored at -20°C 

(12%). ApoDox stored at 20°C and 37°C showed a slight 

decrease in fluorescence (18% for storage in dark and at 20°C 

and 15% for storage at 37°C). These results did not corre-

spond to the results from encapsulated drug absorbance.

To help explain observed changes, the amount of prema-

turely released drug from nanocarriers stored under different 

conditions was evaluated each week. For this evaluation, 

only Dox fluorescence was employed, since the concentra-

tion of the released drug was too low for absorbance detec-

tion. The observed changes did not significantly change on 

a week-to-week basis. The results are thus presented as an 

average percentage of released drug molecules throughout the 

12 week period. Figure 3 shows the percentage of released 

drug from nanocarriers prepared in water (Figure 3A) and 

PBS (Figure 3B). Premature release of cargo molecules, 

whether in patient organism or during storage, is one of the 

most undesirable properties of a nanocarrier, since it can lead 

to increased toxicity for healthy cells. Lower premature drug 

release decreases the nonspecific interactions of the drug 

molecules with these healthy cells.45

Figure 3 Changes in premature release of encapsulated Dox from Apo cavity as revealed by Dox fluorescence (excitation at 480 nm, emission at 600 nm).
Notes: release was calculated as percentage of total drug molecules in sample. (A) apoDox prepared in water. (B) apoDox prepared in PBs. Values expressed as means of 
12 measurements over the course of 12 weeks (n=12). *P,0.05 compared with start of experiment or between storage in dark and under direct ambient light.
Abbreviations: Dox, doxorubicin; apo, apoferritin; PBs, phosphate-buffered saline.
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All samples prepared in water and stored at all storage 

temperatures showed significant (P,0.05) decreases in 

the amount of prematurely released drug compared to 

the freshly prepared sample, which is highly favorable. 

No significant influence of light was detected at the start of 

the experiment, the percentage of unencapsulated drug was 

6.4% for ApoDox prepared in water. The lowest undesired 

drug release after storage was observed for ApoDox stored 

at 37°C (2.4%) and 20°C (2.8% for samples stored in dark 

and 3% for samples stored under ambient light). ApoDox 

stored at -20°C showed 4.2% release, and ApoDox stored 

at 4°C showed 4.4% release. The decrease in the prematurely 

released drug correlated with the observed higher absorbance 

and fluorescence values of encapsulated drug for samples 

stored in water (Figure 2).

On the contrary, none of the samples prepared in PBS 

showed any significant (P,0.05) changes in the amount 

of prematurely released drug, which is in contrast to the 

results from encapsulated drug absorbance and correlates 

with encapsulated drug fluorescence for samples stored 

in PBS (Figure 2B and D). At the start of the experiment, 

the percentage of unencapsulated drug was 6.1% for Apo-

Dox prepared in water. The only samples that showed slight 

decrease in the amount of prematurely released drug were 

ApoDox stored at 4°C and 20°C, both in dark (5.7%). The 

highest increase in the amount of prematurely released drug 

was observed for ApoDox stored at 37°C (7.5%). ApoDox 

stored at -20°C showed 7.2% release, ApoDox stored under 

ambient light at 20°C showed 7.1% release, and ApoDox 

stored under ambient light at 4°C showed 6.6% release. 

Overall, our premature-release results indicate that the encap-

sulation of Dox in Apo is stable, with very low premature 

release over the course of 12 weeks.

structural changes in apoDox
Size, shape, and surface charge are among the most 

important parameters influencing the in vivo biodistribu-

tion of nanoparticles.46 With nanocarriers of suitable size 

(20–100 nm), it is possible to utilize fully the enhanced 

permeability and retention (EPR) effect47 while avoiding 

extravasation from normal blood vessels (for particles below 

10 nm)48 and removal from body through renal clearance (for 

particles below 5 nm) or elimination by the reticuloendothelial 

system (RES, for particles larger than 100 nm).49 The EPR 

effect is caused by 1) tumor angiogenesis, where the newly 

formed blood vessels are underdeveloped and contain large 

pores, making them leaky, thus increasing accumulation of 

nanoparticles in tumor tissue; and 2) lack of lymphatic vessels 

in tumors, thus increasing retention of nanoparticles in the 

tissue.50 Moreover, there are various modes of entry to cells 

with which nanoparticles can engage, ie, clathrin-or caveolae-

mediated endocytosis, phagocytosis, or macropinocytosis. The 

size of these nanoparticles has a great impact on the mode of 

utilized cellular internalization, and thus which microenviron-

ment the nanoparticles will face upon internalization.46

Nanoparticle shape can also greatly influence both inter-

nalization in cells and removal by the RES. Macrophages 

rapidly internalize exogenous spherical nanoparticles, short-

ening their circulation time, and preventing their accumula-

tion in the site of action. In the case of elliptical nanoparticles, 

the same internalization is observed only if the contact with 

nanoparticles was along their major axis, whereas contact 

along the minor axis meant prolonged circulation time and 

thus higher chance of accumulation in tumors.46 Cubic shape 

favorably influences internalization to target cells, where 

HeLa cells have been shown to be able to internalize 3 µm 

cubic nanoparticles, even though they are technically unable 

to perform phagocytosis.51

Surface charge influences the internalization of nano-

particles in cells, but its neutralization (as well as increased 

hydrophilicity) can also slow the opsonization process and 

removal by the RES.46 The higher the charge of nanocarriers 

is (both cationic and anionic), the easier they are opsonized 

and removed from the circulation.52 Also, positively charged 

nanocarriers induce opsonization more than negatively 

charged nanocarriers. In contrast, negatively charged nano-

carriers are unable to enter cells via micropinocytosis, and 

have to be internalized using other forms of endocytosis.53

One of the reasons Apo was chosen in this experiment 

was its ubiquitous presence in nature and natural property 

to self-assemble into uniform icosahedral nanocages that 

are highly stable and do not form aggregates in the physi-

ological environment.38 However, Dox was found to form 

aggregates containing up to 40 molecules at 0.5 mg⋅mL-1. 

This aggregation is highly dependent on Dox concentration 

(aggregates of more Dox molecules with higher concentra-

tion) and its charge (protonated Dox creates fewer aggregates 

than neutral Dox).54 The isoelectric point of Dox has been 

found to be 8.8.55

Changes in shape and size of ApoDox nanocarriers were 

observed using TEM, and weekly changes in surface ζ-potential 

were investigated using dynamic light scattering. Figure 4 

shows the average changes in shape and ζ-potential for nano-

carriers stored in water (Figure 4A) and PBS (Figure 4B).

At the start of the experiment, ApoDox stored in water 

(Figure 4A, pH 5.6) showed individual Apo nanocarriers with 
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the cavity filled with Dox. Samples stored for 12 weeks at 4°C 

and in dark (pH 5.7) still showed individual nanocarriers with 

no change in shape or size, while samples stored at 4°C under 

light (pH 5.4) showed aggregation of multiple nanocarriers, 

changing both the size and shape of the nanocarrier, while 

other nanocarriers remained individual. Most of the ApoDox 

nanocarriers stored at -20°C (pH 6) formed large multinano-

carrier aggregates, changing shape from regular, icosahedral 

particles to irregular particles. This was probably caused by 

the higher amount of neutral Dox molecules. ApoDox stored at 

20°C (both in dark [pH 5.5] and under light [pH 5.4]), as well  

as ApoDox stored at 37°C (pH 5.6), also showed formation 

of aggregates, while some nanocarriers remained individual. 

These aggregates were probably caused by Dox instability at 

increased temperatures.56 The ζ-potential of samples stored 

at most storage conditions remained similar to that measured 

in freshly prepared samples, with the exception of samples 

stored at 20°C, where negative ζ-potential was lowered 

from -27.9 mV to -20.6 mV (for storage in dark) and -22.1 mV 

(for storage under light), showing lower stability.

ApoDox stored in PBS (Figure 4B, pH 7.0) formed 

aggregates even at the start of the experiment, which could 

again have been caused by a presence of neutral Dox on the 

surface of nanocarriers, connecting multiple nanocarriers 

together. These aggregates remained similar to those found 

at the start of the experiment in the case of storage at -20°C 

(pH 6.9). It can be seen that storage at other temperatures 

(pH 7) caused formation of even larger aggregates of many 

nanocarriers with a very low number of individual nanocarriers. 

Such formation of large aggregates explains the increased 

absorbance of encapsulated drug observed in the previous part 

of the experiment. The ζ-potential of samples stored under most 

storage conditions remained similar to that measured in freshly 

prepared samples, with the exception of samples stored at 20°C, 

where the negative ζ-potential was lowered from -29.5 mV 

to -21.5 mV (for storage in dark) and -21.4 mV (for storage 

under light), showing lower stability of the nanocarrier.

We further investigated changes in nanocarrier size. The 

observed changes were again rapid, and did not significantly 

change on a week-to-week basis. The results are thus 

Figure 4 TeM revealing the average changes in the shape for apoDox prepared in water (A) and PBs (B).
Notes: subparts present state at start of experiment (s) and average changes in ζ-potential during storage at -20°c (a), 4°c (storage in dark [b] and storage under direct 
ambient light [b/l]), 20°c (storage in dark [c] and storage under direct ambient light [c/l]), and 37°c (d). Values expressed as means of 12 measurements over the course of 
12 weeks (n=12). The length of scale bars is 20 nm.
Abbreviations: TeM, transmission electron microscopy; apoDox, apoferritin–doxorubicin.
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presented as average change throughout the 12-week period 

(Figure 5A and C). Also, ATR FT-IR spectra of the nanocar-

riers were collected (Figure 5B and D).

There was a significant (P,0.05) increase in size of 

ApoDox nanocarriers in samples stored at most storage 

temperatures and solutions, as well as between most samples 

stored in dark and under ambient light. The highest change in 

average size for ApoDox prepared in water (Figure 5A) was 

observed in ApoDox stored at -20°C (304% increase in size), 

corresponding to the changes observed using TEM. ApoDox 

stored at 4°C and in dark showed no significant increase 

in size, while samples stored under ambient light showed 

152% increase in size. ApoDox stored at 20°C showed 67% 

increase in size while stored in dark and 123% increase in 

size while stored under ambient light. ApoDox stored at 37°C 

showed 68% increase in size. ATR FT-IR spectra showed 

no changes in any of the ApoDox samples stored at various 

conditions (Figure 5B).

Significant (P,0.05) increase in size was observed in all 

samples prepared in PBS (Figure 5C). The highest increase 

was observed for ApoDox stored at 4°C (362% for storage 

in dark and 487% for storage under ambient light). Apo-

Dox stored at -20°C showed 126% increase in size, while 

ApoDox stored at 20°C showed 318% (stored in dark) and 

244% (stored under light) increase in size. ApoDox stored 

at 37°C showed 405% increase in size. ATR FT-IR spectra 

showed no changes in any of the ApoDox samples stored 

in various conditions (Figure 5D). The large differences 

observed between samples stored in dark and under ambient 

light could have been caused by photodegradation of Dox 

molecules.42 These molecules were shown to be encapsulated 

not only within the Apo cavity (up to 28 Dox molecules per 

Apo molecule)41 but also attached by Dox–Apo π–π inter-

actions on the external surface of Apo.43 The degraded Dox 

products could have been one of the reasons for the formation 

of the observed aggregates.

Figure 5 changes in size and FT-Ir spectra of nanocarrier.
Notes: changes in average size for apoDox prepared in water (A) and PBs (C) revealed by quasielastic dynamic light scattering. size was calculated as percentage increase 
compared with size at start of experiment. Values expressed as means of 12 measurements over the course of 12 weeks (n=12). *P,0.05 compared with start of experiment 
or between storage in dark and under direct ambient light. (B, D) Overlaid aTr Fourier-transform infrared spectra of freshly prepared apoDox and apoDox stored in 
various conditions.
Abbreviations: FT-IR, Fourier-transform infrared; ApoDox, apoferritin–doxorubicin; PBS, phosphate-buffered saline; ATR, attenuated total reflection.
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Figure 6 Living cell fluorescence imaging.
Notes: Nuclei (blue) localization (Hoechst 33258), Dox fluorescence (red) and formation of redox stress (green) in LNCaP cells exposed to 34 µM of free Dox, freshly prepared 
apoDox in water (s), and apoDox prepared in water and stored at 20°c (a), 4°c (storage in dark [b] and storage under direct ambient light [b/l]), 20°c (storage in dark [c] and 
storage under direct ambient light [c/l]), and 37°C (d). Merged figures show the colocalization of blue, red, and green fluorescence. The length of scale bars is 100 µm.
Abbreviations: Dox, doxorubicin; apo, apoferritin.

In vitro assessment of differently stored 
ApoDox influence on cancer cells
Probably the most important property of a nanocarrier is its 

ability to internalize into target cells and the ability of its 

cargo to reach the organelle where it can effectively inhibit 

cell growth.53 In our previous work, we proved that the encap-

sulation of Dox inside Apo has similar influence on cancer 

cells as free Dox, whereas normal, noncancer cells are signifi-

cantly protected from Dox influence.21 Therefore, in the pres-

ent experiment we tested the internalization of ApoDox stored 

at various conditions using only the androgen-dependent 

metastatic prostate cancer cell line LNCaP.

LNCaP cells were treated with Dox, either free or encap-

sulated in freshly prepared ApoDox, or ApoDox stored at 

various conditions. After 2 hours of treatment, nuclei were 

stained with Hoechst 33342 to help distinguish whether the 

encapsulated Dox was able to get to its site of action properly. 

Moreover, since one of the main mechanisms of Dox inhi-

bition is the formation of free oxygen radicals,14 cell redox 

stress was investigated by staining with CellRox Green stains. 

Figure 6 shows the morphology, stained nuclei, and redox 

stress of these cells for ApoDox prepared in water.

Ambient-light microscopy revealed that the treated cells 

were more round as they started to detach from the surface 

of the well and also at formation of first apoptotic bodies, 

both of which are the first sign of onset of apoptosis. The 

untreated cells (Figure 6 [Control]) showed blue nucleus 

fluorescence with no red (Dox) fluorescence and very low 

redox stress, almost always in the cytoplasm. Cells treated 

with free Dox (Figure 6 [Dox]) showed red Dox fluorescence 

and higher oxidative stress, both colocalized in nuclei. Cells 

treated with freshly prepared ApoDox (Figure 6 [S]) showed 

much higher intensity of Dox fluorescence than cells treated 

with free Dox, which indicated that ApoDox internalized in 

the cells more quickly than free Dox, probably through the 

overexpressed transferrin receptors on the surface of LNCaP 

cells.57 These cells also showed medium redox stress, mainly 

in the cytoplasm. ApoDox stored at -20°C (Figure 6 [a]) 

showed very similar results as those obtained with freshly pre-

pared ApoDox: high Dox fluorescence in nuclei and medium 

redox stress in cytoplasm. ApoDox stored at 4°C and in dark 

(Figure 6 [b]) showed some fluorescence in both nuclei 

and cytoplasm, indicating slower internalization, as well as 

medium redox stress in both nuclei and cytoplasm. ApoDox 

stored at 4°C under ambient light (Figure 6 [b/l]) showed 

higher Dox fluorescence and redox stress, but mostly in cyto-

plasm, although there was also observable Dox fluorescence 

in nuclei. ApoDox stored at 20°C and in dark (Figure 6 [c]) 
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showed higher Dox fluorescence than ApoDox stored at 4°C; 

however, this was localized exclusively in cytoplasm, proving 

that no or negligible Dox was able to get inside the nucleus. 

This could have been caused by different internalization 

mechanisms of large aggregates or slower release of drug 

molecules from these aggregates in endosomes; however, 

the precise mechanism needs to be further elucidated. These 

cells also showed high levels of cytoplasmic redox stress. 

ApoDox stored at 20°C under ambient light (Figure 6 [c/l]) 

showed similar results, with slightly higher Dox fluorescence 

and redox stress localized only in cytoplasm. ApoDox stored 

at 37°C (Figure 6 [d]) showed very high Dox fluorescence, 

but again almost always localized in the cytoplasm (only a 

very small percentage was observed in nuclei).

Figure 7 shows the morphology, stained nuclei, and redox 

stress of these cells for ApoDox prepared in PBS. Ambient-

light microscopy again revealed the starting apoptosis in 

treated cells, which became more rounded as they started 

to detach from the surface of the well and apoptotic bodies 

became visible. Untreated cells (Figure 7 [Control]) showed 

only blue nucleus fluorescence with negligible red (Dox) 

fluorescence and very low redox stress, almost always in 

the cytoplasm. Cells treated with free Dox (Figure 7 [Dox]) 

showed red Dox fluorescence only in nuclei. Also, higher 

oxidative stress was observed in the nucleus. Cells treated 

with freshly prepared ApoDox (Figure 7 [S]) showed much 

higher intensity of Dox fluorescence than cells treated with 

free Dox, which was probably again caused by faster inter-

nalization of ApoDox due to overexpressed transferrin recep-

tors. However, this Dox fluorescence was mostly localized 

in the cytoplasm with smaller percentages in nuclei. Also, 

redox stress was observed mainly in the cytoplasm. ApoDox 

stored at -20°C (Figure 7 [a]) showed Dox fluorescence in 

both cytoplasm and nuclei, where we also observed redox 

stress. ApoDox stored at 4°C and in dark (Figure 7 [b]) 

showed only very low Dox fluorescence, as well as redox 

stress in cytoplasm. ApoDox stored at 4°C under ambient 

light (Figure 7 [b/l]) showed very high Dox fluorescence in 

cytoplasm, as well as redox stress, with only low percentage 

of Dox and redox-stress fluorescence in nuclei. ApoDox 

stored at 20°C and in dark (Figure 7 [c]) showed medium 

Dox fluorescence, localized only in the cytoplasm. However, 

redox stress was observed in both nuclei and cytoplasm. 

ApoDox stored at 20°C under ambient light (Figure 7 [c/l]) 

again showed very high Dox fluorescence and redox stress in 

cytoplasm, with a small percentage in nuclei. ApoDox stored 

at 37°C (Figure 7 [d]) showed Dox fluorescence and redox 

stress mainly in cytoplasm (only a very small percentage 

was observed in nuclei).

Next, real-time label-free monitoring of cell impedance 

was used to evaluate the 72-hour in vitro toxicity of Apo-

Dox stored at various conditions for LNCaP cells. Since the 

Figure 7 Living cell fluorescence imaging.
Notes: Nuclei (blue) localization (Hoechst 33258), Dox fluorescence (red) and formation of redox stress (green) in LNCaP cells exposed to 34 µM of free Dox, freshly 
prepared apoDox in PBs (s), and apoDox prepared in PBs and stored at 20°c (a), 4°c (storage in dark [b] and storage under direct ambient light [b/l]), 20°c (storage in dark [c]  
and storage under direct ambient light [c/l]), and 37°C (d). Merged figures show the colocalization of blue, red, and green fluorescence. The length of scale bars is 100 µm.
Abbreviations: Dox, doxorubicin; apo, apoferritin; PBs, phosphate-buffered saline.
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Figure 8 Real-time cell-impedance analyses showing growth profiles over the course of 72 hours.
Notes: lNcaP cells untreated and treated with 2.5 µM Dox, freshly prepared in apoDox in water, and apoDox prepared in water after storage at various conditions. Inset 
shows percentage of viable cells after 55 hours’ treatment. *P,0.05 compared with start of experiment or between storage in dark and under direct ambient light.
Abbreviations: Dox, doxorubicin; apo, apoferritin.

experiment revealed that ApoDox prepared in PBS formed 

very large aggregates and was mostly unable to deliver the 

Dox cargo into nuclei, only ApoDox prepared in water was 

used for the cytotoxicity assay.

Control cells still proliferating can be seen in Figure 8 as a 

dark blue line. All cells treated with free Dox (Figure 8 [red]) 

were dead after 55 hours of treatment. After 72 hours of treat-

ment, freshly prepared ApoDox in water (Figure 8 [black]) 

showed inhibition of 95% of cells. ApoDox stored at 20°C 

(Figure 8 [orange]) and 37°C (Figure 8 [light green]) were 

mostly unable to retain their ability to kill cancer cells, showing 

only 23% and 9% of dead cells, respectively. Storage under 

light showed similar results between temperatures, with 76% 

of dead cells for storage at 4°C (Figure 8 [gray]) and 58% of 

dead cells for storage at 20°C (Figure 8 [pink]), respectively.

The highest cytotoxicity was obtained using ApoDox 

stored at -20°C (Figure 8 [purple]). It was able to kill all cells 

within 46 hours of treatment, even faster than in the case of 

free Dox, corresponding to its fast internalization and induc-

tion of redox stress. However, this storage temperature is not 

suitable for use in patients, since ApoDox stored at -20°C 

creates very large aggregates that would be removed rapidly 

from the body by the RES.49 All cells had died after 68 hours 

of treatment with ApoDox stored at 4°C and in dark (Figure 8 

[cyan]), which was slightly better than in the case of freshly 

prepared ApoDox. Moreover, storage at this temperature 

showed the highest stability with regard to size, shape, and 

surface charge. Storage at 4°C in water was thus evaluated 

as the most stable condition.

Conclusion
In conclusion, Apo is a natural nanocarrier that has a suitable 

cargo-release mechanism for delivery to cancer cells. In this 

study, we performed a comprehensive investigation of the 

long-term stability of the ApoDox nanocarrier stored at 

various conditions. We prepared the ApoDox nanocarrier 

in two different solvents (water and PBS), and stored it 

for 12 weeks in various conditions (-20°C, 4°C, 20°C, 

and 37°C in dark and 4°C and 20°C under ambient light). 

We tested the optical properties of the encapsulated cargo; 

the amount of prematurely released drug molecules; size, 

shape, ζ-potential, and the FT-IR spectra of the whole 

nanocarrier; and the ability to internalize into cancer cells 

and deliver the drug to nuclei. Many of the tested storage 

conditions caused formation of large aggregates of multiple 

nanocarriers, which would be unsuitable for use in patients. 

The optimal storage conditions seem to be 4°C in dark and 

in water, where the ApoDox showed very good stability 

over the course of 12 weeks. The obtained data are very 

helpful for future use of Apo as a nanocarrier for antican-

cer therapy. Long-term stability of a suitable nanocarrier 

can help overcome the higher cost of nanocarrier-based 

treatment compared with conventional anticancer drugs. 

The ApoDox nanocarrier will be tested further in in vivo 

experiments.
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