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ABSTRACT. A novel human ferritin-based nanocarrier, composed of 24 modified monomers able 

to auto-assemble into a modified protein cage, was produced and used as selective carrier of anti-

tumor payloads. Each modified monomer derives from the genetic fusion of two distinct modules, 

namely the heavy chain of human ferritin (HFt) and a stabilizing/protective PAS polypeptide  

sequence rich in proline (P), serine (S) and alanine (A) residues. Two genetically fused protein 

constructs containing PAS polymers with 40 and 75 residue length were compared. They were 

produced and purified as recombinant proteins in Escherichia coli at high yields. Both 

preparations were highly soluble and stable in vitro as well as in mouse plasma. Size-exclusion 

chromatography, dynamic light scattering and transmission electron microscopy results indicated 

that PASylated ferritins are fully assembled and highly monodispersed. In addition, yields and 

stability of encapsulated Doxorubicin were significantly better for both HFt-PAS proteins than 
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wild-type HFt. Importantly, PAS sequences considerably prolonged the half-life of HFt in the 

mouse bloodstream. Finally, our doxorubicin-loaded nanocages preserved the pharmacological 

activity of the drug. Taken together, these results indicate that both the developed HFt-PAS fusion 

proteins are promising nanocarriers for future applications in cancer therapy. 

 

INTRODUCTION 

 Protein-cage molecules based on ferritins (Fts) are attracting growing interest in the field of 

drug-delivery, due to their exceptional characteristics, namely biodegradability, solubility, 

functionalization versatility and remarkable capacity to bind different types of drugs.
1-11

 Ferritin is 

a highly symmetrical multimeric protein consisting of 24 subunits that self-assemble into a shell-

like sphere, with external and internal diameters of 12 and 8 nm, respectively, enclosing a hollow 

cavity used for iron storing.  

Nanoparticles (NPs) based on the heavy chain of the human protein ferritin (HFt) compare 

favourably with other systems, particularly for human applications in vivo. Indeed, Fts are present, 

under physiological conditions, both inside cells and, although at low levels (about 20 µg/L), in 

the bloodstream, where they are stable and soluble. Additionally, Fts are able to pass body barriers 

and, being natural self constituents, they are likely not to elicit strong non-self antibody and/or T 

cell immune responses.
12

 Several groups, included ourselves, have reported that Fts are effective 

templates for loading, in their internal cavity, imaging agents for magnetic resonance imaging 

(MRI), positron emission tomography (PET), organic molecules and drugs.
1-3, 13-18

 Further, Fts can 

be easily functionalized by genetic engineering and/or chemical conjugation involving one of the 

many chemical groups present on the protein external surface and exposed to solvent (i.e., primary 

amines, carboxylates, thiols). Of particular relevance, especially in view of potential applications 
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in cancer therapy, is the ability of HFt to be easily internalized by many types of protein- and 

"iron-hungry" cancer cells.
19

  

In spite of its many advantageous features, two main HFt weaknesses should be tackled to harness 

its full potential as drug-delivery system.
6
 First, HFt plasma half-life after systemic injection (i.e., 

about 2 hours) may be too short to attain sufficient accumulation at the tumor level, a problem 

shared by most other first-generation protein therapeutics. Second, although HFt was reported to 

bind and encapsulate some types of drugs, both the yields and stability of the resulting HFt-drug 

complexes were not satisfactory. As an example, during the last three years ferritin-doxorubicin 

complexes have been obtained by several groups, mostly by performing reversible, pH-dependent 

HFt dissociation (pH 2.0) and reassociation (pH 7.5) in the presence of the drug.
2, 6-7, 20-22

 

Typically, this process resulted in the loss of more than 50% of the starting protein material and an 

average of 25-30 doxorubicin molecules encapsulated within each protein cavity. Moreover, more 

than 30% of the drug leaked by the first week of storage, indicating that the stability of the ferritin-

doxorubicin complexes is quite far away from the requirements of the pharmaceutical industry. 

Therefore, both these issues may hamper the development of HFt-drugs complexes for clinical 

applications. 

To overcome these problems, we have developed a novel HFt-based genetic construct obtained by 

fusing HFt to a PAS polypeptide sequence, i.e., a sequence rich in proline (P), alanine (A) and 

serine (S) residues (Scheme 1). In fact, the use of natively disordered PAS polypeptides had been 

reported to eliminate the disadvantages associated with protein-PEGylation for the development 

and production of a number of biopharmaceuticals.
23-24

 As an example, after synthetic conjugation 

of PEG molecules with recombinant proteins additional in vitro processing and purification steps 

have to be performed to obtain PEG derivatives with suitably high purity (GMP-grade), and this 

lowers the yields and raises the manufacturing costs. Conversely, genetic constructs containing 
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PAS polypeptides are uniquely homogeneous, stable in blood plasma and degradable by kidney 

enzymes, thus evading organ accumulation, while lacking toxicity or immunogenicity in animal.
23

 

In this work we investigated two HFt-PAS constructs, whose PAS polymers comprise 40 (HFt-

PAS40) and 75 (HFt-PAS75) residues, respectively. In both types of constructs, 24 PAS sequences 

are exposed on the external surface of the HFt cage, since they are fused to solvent-accessible N-

terminal region of HFt. The HFt-PAS constructs were obtained and purified as recombinant 

proteins in Escherichia coli at high yields (100 mg per E. coli liter). They resulted to be highly 

soluble and stable in both buffer and plasma. Size-exclusion chromatography, dynamic light 

scattering and transmission electron microscopy experiments indicated that HFt-PAS40 and HFt-

PAS75 are fully assembled and highly monodispersed with an average diameter of 17 and 20 nm, 

respectively.  Both HFt-PAS proteins resulted to be endowed with higher stability than HFt during 

the pH jump (2.0-7.5) step performed to encapsulate doxorubicin; moreover they showed a 

significant increment in drug loading and as well as stability with respect to wild-type HFt. 

Finally, it is noteworthy that  PAS-containing constructs showed considerably longer in vivo 

circulation than HFt in healthy mice. Take together these results indicate that HFt-PAS constructs 

are more suitable nanocarriers for potential in vivo applications than wild-type HFt or PEGylated 

HFt-derivatives. 

 

EXPERIMENTAL SECTION 

Protein structure analysis and modelling. The three-dimensional (3D) structure of HFt, 

determined by X-ray crystallography, was downloaded from the Protein Data Bank (PDB; 

www.pdb.org; PDB ID: 3AJO). Protein structure visualization and modelling of PAS chains and 

glycine-rich linkers were performed using the software InsightII (Accelrys Inc). 
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Cloning, overexpression and purification of HFt-PAS constructs. The HFt-PAS40 and HFt-

PAS75 genes were obtained by genetically linking 40- and 75-residues long PAS polypeptides, 

respectively, with the HFt sequence. PAS and HFt sequences were separated by a linker made of 

three glycine residues. The expression vectors pET-11a containing the HFt-PAS40 and HFt-PAS75 

genes were assembled by GENEART AG (Germany). Gene synthesis was performed taking into 

consideration the codon-optimization for high level expression in Escherichia coli. PAS sequences 

used in this study were the following: 

ASPAAPAPASPAAPAPSAPAASPAAPAPASPAAPAPSAPAASPAAPAPASPAAPAPSAPAAS

PAAPAPASPAAPA (the first 40 residues, underlined, were used for Hft-PAS40). Recombinant 

HFt and HFt-PAS constructs were expressed and purified from E. coli, as previously described for 

HFt, with the addition of ion exchange chromatography run and one ultracentrifugation step.
1
 

Samples dialyzed overnight against phosphate buffered saline (PBS) pH 7.5 were loaded on a 

strong anion exchange column HiTrap Q HP (Q Sepharose High Performance GE Healthcare, 

Boston, USA) previously equilibrated with the same buffer. In these conditions, HFt samples 

eluted from the column whereas other E. coli proteins and DNA contaminants did not. The 

recovered HFt samples were ultracentrifugated at 35000 rpm for 55 min at 6 °C using a Beckman 

L8-70M ultracentrifuge (Beckman Coultier). The recovered supernatant was then precipitated 

using ammonium sulphate at 65% saturation (w/v). The pellet was resuspended and dialyzed 

overnight against PBS pH 7.5, pooled and concentrated, by means of 30 KDa Amicon Ultra-15 

centrifugal filter devices (Millipore, Billerica, MA, USA). Finally the nanocages were sterile 

filtered and stored at 4 °C. Typical yields were 100 mg of pure proteins per 1 L of bacteria culture.  

The purity of all the preparations was assessed by SDS-PAGE running the nanocages on 15% gels 

and staining the protein with Coomassie brilliant blue. Protein concentrations were determined 
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spectrophotometrically at 280 nm, using a molar extinction coefficient (on a 24-mer basis) of 

4.56x10
5
 M

-1
 cm

-1
 (ProtParam sofware, http//www.expasy.org). 

Preparation of PEGylated HFt. HFt solution (2 mg/mL) was incubated with 1.0 mM of 5 KDa 

methoxypolyethylene glycol maleimide (Sigma-Aldrich) in PBS pH 7.2, at room temperature, for 

about 1 hour under stirring. Subsequently, sample was filtered and exchanged 5 times with H2Odd 

by using 30 kDa Amicon Ultra-15 centrifugal filter devices to remove excess reagents. The 

PEGylated sample was sterile filtered and stored at 4 °C.  

Size exclusion chromatography (SEC) and dynamic light scattering (DLS) analyses. SEC 

experiments were performed using a Superose 6 gel-filtration column equilibrated with phosphate 

buffered saline (PBS) at pH 7.4. 

DLS experiments were carried out with a Zetasizer Nano S (Malvern Instruments, Malvern, U.K.) 

equipped with a 4 mW He–Ne laser (633 nm). Measurements were performed at 25 °C, at an angle 

of 173° with respect to the incident beam. Peak intensity analyses were used to determine the 

average hydrodynamic diameters (Z-average diameter) of the scattering particles. Results are the 

average of at least five measurements. All samples were prepared at 1 mg/mL in filtered H2Odd. 

All the traces for both SEC and DLS experiments were analysed with Origin 8.0 (Originlab 

Corporation, Northampton, MA). 

Transmission Electron Microscopy (TEM) analysis. 3.5 µl of HFt-nanocarriers samples (0.1 

mg/mL) were applied to carbon coated, glow discharged, EM grids and negatively stained with 2% 

uranyl acetate.
 
Micrographs were recorded on a TVIPS F224HD 2k x 2k CCD camera (Gauting, 

Germany) using a Tecnai T12 (FEI, Eindhoven), operating at 120 kV.  

Circular Dicroism (CD) spectroscopy. CD measurements were carried out using Jasco J-715 CD 

apparatus. The far-UV CD spectra were recorded at 25°C in a 0.1 cm quartz cuvette on 1 mg/mL 

protein concentration in 15 mM phosphate buffer. 
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Doxorubicin encapsulation in the HFt-based nanocarriers. The chemotherapeutic agent 

doxorubicin (DOXO) was encapsulated using the previously reported HFt disassembly/reassembly 

method with minor modifications.
7
 Briefly, solutions of HFt, HFt-PAS40 or HFt-PAS75 in 0.1 M 

NaCl, were incubated at pH 2.0 by adding HCl for 10 minutes. Then, doxorubicin hydrochloride 

was added to the solution at 300:1 molar ratio and the pH was maintained at a value of 2.5 for 

further 5 min. The pH was then increased up to a value of 8.0 using NaOH. The resulting solution 

was stirred at room temperature for 30 min and dialyzed o.n. vs PBS at pH 7.4 to remove unbound 

DOXO. After dialysis, solutions were centrifuged at 15.000 rpm for 30 min at 4°C. Supernatant 

was collected, concentrated through 30 kDa Amicon Ultra-15 centrifugal devices, sterile filtered 

and stored at 4°C in the dark. The HFt and DOXO content of the samples were then determined 

using the Lowry method and UV-vis spectroscopy after performing a DOXO extraction step in 

acidified (0.75 M HCl) isopropanol. A calculated DOXO molar extinction coefficient ε = 12250 

M
−1

cm
−1

 at 485 nm was used. 

Stability of the Doxorubicin-bearing HFt-based nanocarriers (HFt-DOXO). The release of 

DOXO by HFt-based nanocarriers was evaluated every 7 days for 3 months, in different conditions 

such as PBS pH 7.4 at 4°C and 37 °C. The amount (%) of drug released was evaluated by SEC 

experiments at two different wavelengths, i.e., 280 nm and 485 nm, simultaneously. 

ntiproliferative effects of the HFt-DOXO constructs in vitro. PaCa44 human pancreatic tumor 

cells were kindly provided by prof. A. Scarpa, Department of Diagnostics and Public Health 

University of Verona, Italy; cells were grown in RPMI 1640 medium added with 2 mM glutamine, 

10% of FBS and antibiotics.  

PaCa44 cells (5*10
3
) were seeded, one day before the assay, in 90 µL of complete medium in 96 

well culture microplates. The day after, the cells were incubated in triplicate with 10 µL of serial 
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dilution of the free drug (i.e. DOXO) or the nanosystems under investigation. After 24 hours the 

supernatant was removed, the cells were washed and finally resuspended in complete RPMI 

medium. 93 hours after the start of the cell incubation with our formulations the medium was 

replaced with a new medium supplemented with XTT reagent (Sigma-Aldrich, St Louis, MO, 

USA), according to the supplier instructions. Finally, after 3 hours of incubation at 37°C cell 

viability was measured at 450 nm by a microplate reader (VERSAmax, Molecular Devices, 

Sunnyvale, CA, USA). The percent of cell viability was estimated analyzing the values obtained 

from treated cells with respect to mock treated cells. To compare the toxicity of the different 

nanoformulations we evaluated the IC50, the concentration  of drug needed to decrease the cell 

viability by 50%. 

Plasma pharmacokinetics (PK) of the HFt-DOXO constructs in vivo. HFt-DOXO, HFt-

PAS40-DOXO and HFt-PAS75-DOXO) were i.v., injected into BALB/c healthy mice (n = 3 for 

each group). In parallel, the naked drugs DOXO and INNO-206 were subjected to the same 

analysis. INNO-206 (aldoxorubicin (6-maleimidocaproyl)hydrazone) is a novel, albumin-binding 

formulation of DOXO, which was reported to determine significantly reduced adverse events and 

increased efficacy with respect to DOXO, as well as having better PK properties due to albumin 

binding.
25

 

DOXO doses of 5 mg/Kg were used for all the samples. At various times after injection blood was 

collected from the tail vein and the plasma was separated and analyzed for DOXO concentration 

by a previously reported procedure.
6
 Briefly, plasma samples (20 µL) were incubated with 200 µL 

of acidified (0.75 M HCl) isopropanol overnight at −20 °C in the dark to extract DOXO. The 

mixture was then centrifuged at 13,000 × g for 20 min and the supernatant was loaded onto a 96-

well plate (Corning). DOXO concentration was determined by measuring the fluorescence at 485 

nm excitation and 590 nm emission, using a multilabel counter model 1420 VICTOR
3
™ 
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(PerkinElmer, USA). To correct for non specific background, the fluorescence of blood samples 

from untreated mice was determined. Standard DOXO concentration from 1 to 4,000 nM was used 

as linear standard curve. 

Animal studies were performed according to a protocol approved by the Institutional Animal Care 

and Use Committee of the Regina Elena Cancer Institute (Italy). 

 

SCHEME 1. Summary of the structure and the synthesis of HFt-PAS-DOXO constructs. Only 

five of the 24 PAS-fused HFt N-termini are shown, for clarity. 

 

 

 

RESULTS AND DISCUSSION 

 

Design and production of HFt-PAS40 and Hft-PAS75 fusion proteins. The goal of this study 

was to develop a HFt-based delivery system with improved drug encapsulation and 

pharmacokinetic properties with respect to HFt-based systems developed until now, and suitable 

for in vivo applications. To achieve this purpose, we have developed a novel construct, HFt-PAS, 

formed by 2 distinct modules genetically linked to each other: a PAS (i.e., rich in proline (P), 

alanine (A) and serine (S) residues) polypeptide sequence at the N-terminus, and the HFt gene at 
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the C-terminus (Scheme 1). PASylation technology has been recently described to extend plasma 

half-life of biopharmaceuticals. In this work, we used PAS sequences both because of their 

bloodstream stabilizing/protective properties and to increase doxorubicin (DOXO) encapsulation 

by the HFt nanocarrier. 

As a first step to design the HFt-PAS constructs, we built a molecular model of the HFt-PEG 

variant reported in Vannucci et al.,
4
 which was endowed with a suitable hydrodynamic volume for 

in vivo applications. The HFt-PEG variant contains 110 PEG units chemically linked to the -SH 

groups exposed on the HFt surface. HFt-bonded PEG polymers were modelled in a conformation 

tightly packed on the protein surface, to reflect the hydrodynamic volume that had been 

experimentally measured for long circulating PEGylated (PEG 5 kDa) HFt molecules.
4
 Then we 

built several alternative models of HFt-PAS variants, differing in the length of the PAS polymers 

linked to the exposed N-terminal end of each HFt subunit via three glycine residues. Each of the 

PAS polymers was modelled in two different conformations, namely fully folded and fully 

extended, to calculate the minimum and maximum value of hydrodynamic volume potentially 

assumed by each HFt-PAS construct. The two PASylated constructs having hydrodynamic 

volumes most similar to the modelled HFt-PEG were HFt-PAS40 and HFt-PAS75, comprising 40-

residue PAS polymers in the fully extended conformation and 75-residue PAS polymers in the 

fully folded conformation, respectively. The shorter length of the fully folded PAS polymer with 

respect to the fully folded PEG is due to the fact that, because of the presence of peptide bonds and 

proline residues, PAS polymers have reduced degrees of freedom with respect to the highly 

flexible PEG. 

The fusion proteins HFt-PAS40 and HFt-PAS75 obtained via recombinant protein technology 

were successfully purified at high yields (100 mg per E. coli liter) as soluble fractions of the E. 

coli growth, since they are both highly soluble and stable in aqueous solutions. Noteworthy, in 
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SDS gel chromatography experiments the PASylated proteins migrated at higher molecular weight 

masses than expected (Figure 1). In particular, HFt-PAS75 migrated at about 45 kDa compared 

with a calculated mass of 28 kDa, whereas HFt-PAS40 migrated at about 36 kDa compared with a 

calculated mass of 25 kDa. This behaviour is in agreement with previous reports on PASylated 

proteins and has been ascribed to their reduced binding of SDS, whose negatively charged sulfate 

head group normally provides the electrophoretic driving force.
  23-24

 

Finally, for comparison purposes, the HFt-PEG variant was synthesized via site-specific 

maleimide coupling of PEG 5 kDa, as reported by ourselves in Vannucci et al.
4
 

 

Figure 1. SDS-PAGE band migration profiles of the HFt-PAS proteins. Lane 1 marker; Lane 2 

wild-type HFt (1 mg/mL); Lane 3, HFt-PAS40 (1 mg/mL); Lane 4, HFt-PAS75 (1 mg/mL). 

 

Biophysical characterization of HFt-PAS proteins. The hydrodynamic volume of the HFt-

PAS40 and HFt-PAS75 fusion proteins was analysed by size-exclusion chromatography (SEC) 

and dynamic light scattering (DLS) experiments. All samples were found to be highly 

monodispersed in solution (Figure 2). Both experiments indicated that the PASylated samples 

actually have similar size to that of HFt-PEG, as well as significantly different elution volumes 

and sizes with respect to the wild-type HFt, the mean diameters of HFt, HFt-PEG, HFt-PAS40 and 

HFt-PAS75 being 13.0, 19.0, 17.0 and 20.0 nm, respectively.  
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Figure 2. Gel-filtration elution profiles and particle size distribution of HFt-based constructs. (A) 

Size-exclusion chromatography and (B) dynamic light scattering profiles of HFt-PAS75 (solid 

line), HFt-PAS40 (dash-dotted lines), HFt-PEG5kDa (dashed line) and HFt (dotted lines). 

  

 In principle, N-terminal end modifications may affect the attainment of fully soluble and 

correctly folded and assembled protein products after overexpression in E. coli. Therefore, we 

decided to investigate the overall assembly of HFt-PAS constructs by transmission electron 

microscopy (TEM) experiments. TEM images revealed that the PASylated constructs retain the 

native HFt ability to adopt a spherical cage-like structure (Figure 3). 
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Figure 3. Representative TEM image of negatively stained HFt-PAS75 showing the spherical 

cage-like assembly typical of ferritin proteins.    

 

To gain further information on the conformational properties of HFt-PAS proteins, circular 

dichroism (CD) spectra were recorded in the far UV region (Figure 4). The CD spectrum of wild-

type HFt exhibited the typical features of an α-helical protein with two characteristic minima 

around 210 and 220 nm. The spectra of the HFt-PAS proteins revealed a deviation in the first peak 

at 210 nm, which became more negative (Figure 3). This phenomenon is more evident with HFt-

PAS75, and is clearly accountable to the increase of the percentage in random coil conformation 

due to the presence of unstructured PAS polymers.  
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Figure 4. CD spectra of HFt and its PASylated variants. Spectra were recorded at 1 mg/mL 

protein concentration in 15 mM phosphate buffer and 25°C in a 0.1 cm quartz cuvette, and 

normalized to the molar ellipticity for each protein. 

 

Doxorubicin encapsulation in HFt-PAS nanocarriers. DOXO was encapsulated inside the 

protein cavity using the previously reported disassembly/reassembly method (see experimental 

section). Using this method, about 20-30 molecules of DOXO have been reported to be 

encapsulated into the ferritin cavity.
2, 7, 20-21

 However, a considerable amount of both protein and 

DOXO precipitated during and at the end of the reaction.
2, 22

 We carried-out DOXO encapsulation 

experiments in our HFt-PAS derivatives using wild-type HFt as control, and DOXO loading by all 

these variants was demonstrated by UV-visible spectroscopy and size-exclusion chromatography. 

The amount of encapsulated DOXO was determined as described in the experimental section. 

Typical SEC elution profiles for HFt-PAS40-DOXO and HFt-PAS75-DOXO are shown in Figure 

5A and the relative HFt-DOXO complex recovery and drug loading capacities are presented in 
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Table I. These results clearly highlight that PASylation dramatically improves HFt ability to 

encapsulate DOXO, HFt-PAS75 and HFt-PAS40 being able to encapsulate up to 90 and 85 DOXO 

molecules per protein molecule, respectively. Further, wild-type HFt recovery was ~ 40 %, 

whereas recovery of PASylated proteins increased to above 95 %. 

 

TABLE I. Yields of doxorubicin encapsulation by HFt-based nanocarriers.  

Means of 3 independent repeats ± standard deviations are presented.  

 

Protein  Protein recovery (%)  Number of encapsulated 

DOXO molecules 

HFt-PAS75 (this study) 96±4  90±4  

HFt-PAS40 (this study) 95±3 85±5  

HFt  (this study) 40±4 29±3 

HFt (Ref.
2
) 53.33 11 

HFt (Ref. 
6
, a different 

encapsulation method was used)  

n.a.  33 

HFt (Ref. 
7
) n.a. 28.3 

horse spleen ferritin (Ref. 
22

 ) 48±9 23±3 

n.a., not available. 
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Figure 5. Doxorubicin-encapsulating HFt-based nanocarriers. (A) SEC of HFt-PAS-DOXO 

constructs. Elution profiles were obtained following simultaneously protein and DOXO 

contributions at 280 and 485 nm, respectively. (B) CD spectra of HFt-PAS-DOXO constructs 

showing no secondary structure changes of the HFt protein cage after DOXO loading. 

 

Stability of HFt-PAS-DOXO nanocarriers. To investigate putative HFt-PAS conformational 

changes occurring after DOXO encapsulation, CD analysis in the far UV region was carried out. 

The CD spectra of HFt-PAS75-DOXO and HFt-PAS40-DOXO were almost identical to those of 

the proteins without DOXO (Figure 5B), indicating that DOXO loading does not affect the 

conformation of the HFt cage. 

Then, DOXO release by the HFt-DOXO complexes was evaluated at different time points (every 7 

days for 3 months) by incubating them in PBS pH 7.4 at either 4 °C or 37 °C, and monitored for 

DOXO content by SEC. A huge difference in drug release % between PASylated and non-

PASylated HFt variants was observed. HFt-DOXO released DOXO quite rapidly; after two weeks 

more than 50% of the drug had leaked out from the solution. In contrast, over the same time 

period, both HFt-PAS proteins showed significantly higher stability, their drug release being lower 
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than 10% (Figure 6). In addition, after two weeks of storage HFt-DOXO samples presented 

evident turbidity, which did not allow further measurements at longer times. Importantly, even 

after 3 months of storage at 4°C HFt-PAS-DOXO complexes displayed neither turbidity nor 

precipitation and a drug release of about 10%.  

These results clearly indicated that genetic fusion of HFt with PAS molecules of appropriate 

length produced constructs with superior doxorubicin-encapsulation capacity and stability, 

fostering us to perform in vivo pharmacokinetic experiments. 

 

Figure 6. Drug release from HFt-DOXO and HFt-PAS-DOXO complexes. DOXO-containing 

HFt, HFt-PAS40 and HFt-PAS75 were kept at 4 and 37 °C in PBS pH 7.4, and evaluated by SEC 

at given time intervals by following simultaneously the 280 and 485 nm wavelengths. The 

percentage of DOXO leakage was calculated by SEC elution profile comparisons. After 2 weeks, 

no further measurements could be carried-out for HFt-DOXO complexes due to significant 

material precipitation. 
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In vitro antiproliferative effects of HFt-PAS-DOXO nanocarriers. To assess in vitro the 

efficacy of our drug loaded nanosystem to intoxicate and to kill cancer cells we have performed 

XTT assay on a human pancreatic cancer cell line, PaCa44 cells; we have decided to work with 

these cell line because PaCa44 cells are less responsive to treatment with conventional 

chemotherapeutic drugs.
26

 The aim was to demonstrate that after encapsulation our drug, DOXO, 

preserved its pharmacological activity. As summarized in Figure 7 the IC50 of the drug alone was 

0.24 µM and the IC50 of our nanosystems were quite superimposable ( i.e. IC50 of 0.11 µM for 

both HFt-PAS40-DOXO and HFt-PAS75-DOXO). These results are of great value in view of 

potential therapeutic applications, and particularly striking considering that the IC50 reported for 

the novel and more active in vivo formulation of DOXO, the human serum albumin(HSA)-

doxorubicin conjugate INNO-206, was reported to be 6.3 µM, ∼ 20 fold lower with respect to the 

naked DOXO in vitro (IC50 of 0.3 µM).
27

 Nevertheless, INNO-206 showed increased efficacy 

with respect to DOXO when used in vivo due to better pharmacokinetic properties of the albumin 

carrier.
25

 

Although the cancer cell line used for those experiments was a human pancreatic cancer line 

(MIA-PaCa2) different from that used by ourselves (PaCa44), these two lines have a similar 

response and IC50 to the naked DOXO in the range of 0.2-0.3 µM.  

Moreover, it is important to point out that our nanocage in the form of drug-free compound (i.e. 

HFt-PAS40) did not show any sign of toxicity in our assay (i.e. viability ≥100%). 
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Figure 7. Cell viability of human pancreatic cancer cell line PaCa44 treated with DOXO and 

DOXO-containing compounds. Cells were incubated for 24 hours with serial dilution of the free 

drug or the nanosystems under investigation. After 24 hours the supernatant was removed, 

changed with new medium and the incubation prolonged for other 72 hrs. During the last 3 hours 

of incubation cell viability was analyzed by XTT assay (i.e. total assay 96 hours). The percent of 

cell viability was estimated analyzing the values obtained from treated cells with respect to mock 

treated cells. 

 

Plasma pharmacokinetics (PK) of the HFt-PAS-DOXO nanocarriers in vivo. The 

pharmacokinetic (PK) behaviour of HFt-PAS40-DOXO and HFt-PAS75-DOXO was investigated 

in an animal system and compared with HFt-DOXO and the free drugs DOXO and INNO-206 

(DOXO doses of 5 mg/Kg were used for all the samples). 

Results shown in Figure 8 indicate that HFt-PAS polypeptides had a strongly reduced in vivo 

clearance in comparison with wild-type HFt, in accordance with their larger hydrodynamic volume 
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(Figure 2). In fact, the half-life of DOXO carried by HFt-PAS40 and HFt-PAS75 (i.e., 12.3±0.42 h 

and 15.6±0.55 h, respectively) is significantly longer than that of DOXO alone (0.28±0.03 h), 

encapsulated by wild-type HFt (HFt-DOXO: 2.7±0.3 h) or conjugated to serum albumin (INNO-

206: 10.9±0.38 h).  

 

Figure 8. Plasma pharmacokinetics of HFt-PAS-DOXO nanocarriers. Plasma concentrations of 

DOXO at different time points (10, 60, 180, 360 and 1440 minutes) after i.v. injection into healthy 

nude mice of free drugs, DOXO or INNO-206, or HFt-DOXO, HFt-PAS40-DOXO or HFt-

PAS75-DOXO nanocarriers. DOXO concentration in plasma was quantified as described in the 

experimental section and plotted against the time of sampling (A). Plasma concentration values 

were also plotted in a semi-logarithmic fashion (B). 

 

Interestingly, PAS sequences previously reported to positively affect the PK properties of 

biopharmaceutical compounds usually comprise 200-600 residues, the best results being obtained 

using 600 residue long PAS segments.
23-24

 The high in vitro and in vivo stabilizing effects obtained 

with the short PAS sequences (i.e., 40 and 75 residue long, respectively) used in this work may be 

ascribed to the peculiar multivalency of HFt, which is formed by 24 subunits auto-assembled in a 
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spherical cage. The long plasma half-lives of our HFt-PAS-DOXO complexes are likely to 

facilitate time-dependent large drug accumulation in tumors, with a significant improvement also 

in the therapeutic efficacy. These last aspects are currently under investigation by our group. 

CONCLUSIONS 

We have generated the first, to our knowledge, ferritin protein nanocarrier genetically fused with 

PAS polypeptides (HFt-PAS). This system incorporates specific features that make the final 

product potentially useful as a nanocarrier for cancer drug-delivery. Additionally, HFt-PAS is a 

genetic construct that can be expressed as a single protein product with no additional coupling 

and/or separation steps required.  

Two different HFt-PAS constructs, comprising PAS segments of different length, were designed 

and expressed at high yields in E. coli. Both constructs resulted to be fully assembled and highly 

stable in both buffers and plasma, and able to encapsulate up to 90 molecules of doxorubicin in the 

internal cavity. The stability of HFt-PAS-DOXO complexes was dramatically increased and the in 

vivo circulation time considerably longer with respect to wild-type HFt, with PK profiles superior 

even to the albumin-conjugated DOXO formulation INNO-206. Moreover our DOXO-loaded 

nanocages preserved the pharmacological activity of the drug while the unloaded nanosystems 

showed no sign of toxicity as demonstrated by performing a viability  in vitro assay.  

All of the above provides solid evidence supporting the exploitation of long-circulating HFt-PAS 

nanocarrier described herein in cancer therapy. 
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