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Abstract 

Background: In recent years, the use of ferritins as nano-vehicles for drug delivery is taking center stage. Com-
pared to other similar nanocarriers, Archaeoglobus fulgidus ferritin is particularly interesting due to its unique ability 
to assemble-disassemble under very mild conditions. Recently this ferritin was engineered to get a chimeric protein 
targeted to human CD71 receptor, typically overexpressed in cancer cells.

Results: Archaeoglobus fulgidus chimeric ferritin was used to generate a self-assembling hybrid nanoparticle hosting 
an aminic dendrimer together with a small nucleic acid. The positively charged dendrimer can indeed establish elec-
trostatic interactions with the chimeric ferritin internal surface, allowing the formation of a protein-dendrimer binary 
system. The 4 large triangular openings on the ferritin shell represent a gate for negatively charged small RNAs, which 
access the internal cavity attracted by the dense positive charge of the dendrimer. This ternary protein-dendrimer-
RNA system is efficiently uptaken by acute myeloid leukemia cells, typically difficult to transfect. As a proof of concept, 
we used a microRNA whose cellular delivery and induced phenotypic effects can be easily detected. In this article we 
have demonstrated that this hybrid nanoparticle successfully delivers a pre-miRNA to leukemia cells. Once delivered, 
the nucleic acid is released into the cytosol and processed to mature miRNA, thus eliciting phenotypic effects and 
morphological changes similar to the initial stages of granulocyte differentiation.

Conclusion: The results here presented pave the way for the design of a new family of protein-based transfecting 
agents that can specifically target a wide range of diseased cells.
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Introduction
The development of nanosystems for drug delivery is a 
fast-expanding area in scientific research, especially in 
the field of tumor treatment [1–8]. Among all nanosys-
tems, protein nanoparticles occupy a privileged place 
due to their multiple properties, including biocompati-
bility, uniformity of size and shape, and the ease of pro-
duction in the recombinant form [9–11]. Accordingly, 
ferritins are among the most studied protein nano-
systems. They typically display a quaternary structure 
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characterized by a hollow spherical cage with an inter-
nal cavity large enough to host different cargoes includ-
ing drugs, imaging agents, small proteins, and nucleic 
acids [12–18]. Special attention is currently focused on 
human H ferritin for its ability to recognize the CD71 
receptor, typically overexpressed in cancer cells [19]. In 
general, cargoes are incorporated into human ferritin 
by disassembling the protein at acidic or basic pH val-
ues and reassembling the 24-subunit oligomer (24-mer) 
under neutral conditions [20]. However, the pH jump 
method suffers from low yields of reconstituted pro-
tein as well as instability of many bioactive molecules 
at extreme pH values [21]. Recently, our research team 
developed a recombinant chimeric ferritin capable of 
disassembling/reassembling under very mild condi-
tions, thus allowing safe and high yield incorporation of 
the selected cargo. This protein originates from Archae-
oglobus fulgidus ferritin (AfFt) endowed with a unique 
cation-dependent polymerization equilibrium in which 
a dissociated dimeric species can assemble to a 24-mer 
upon an increase in divalent cations concentration at 
neutral pH values [22–24]. In the current research, AfFt 
was engineered by grafting on it a surface loop of the 
human H ferritin containing the epitope for the rec-
ognition of the human CD71 receptor. The resulting 
chimeric ferritin (“humanized Archaeoglobus ferritin” 
or HumFt) not only retained its unique assembly prop-
erties but was also readily uptaken by different tumor 
cell lines [25]. In previous work from our research 
team, this nanoparticle was successfully used to deliver 
cytochrome c, a pro-apoptotic basic protein, to acute 
myeloid leukemia cells [26]. This self-assembling nano-
system is particularly suitable for incorporating posi-
tively charged molecules due to the anionic nature of 
the inner surface of the cage. So far, negatively charged 
molecules, such as nucleic acids, cannot be readily 
encapsulated within the protein cage. For this reason, 
we have developed a self-assembling molecular matry-
oshka in which ferritin traps a positively charged poly-
amine dendrimer (Poly(amidoamine) or PAMAM) that 
acts as an anion sponge for negatively charged mol-
ecules, nucleic acids in particular. As compared to the 
plethora of the available cationic vectors, dendrimers 
stand out because of their unique physical and chemi-
cal properties (narrow polydispersity index, nanoscopic 
size, control over molecular structure) as well as excel-
lent tunable surface characteristics. In addition to the 
typical electrostatic interactions that drive the binding 
of nucleic acids, the surface groups of the dendrimer 
can be directly conjugated with drugs, signal molecules 
or imaging agents [27–30]. The higher generation den-
drimers can also accommodate poorly soluble drugs/
bio-actives within their internal structure [31]. The 

combination of these characteristics made PAMAM 
dendrimers our cationic vector of choice for the pro-
duction of an array of hybrid dendrimer-protein nano-
systems, particularly for the development of a non-viral 
vector for the targeted delivery of nucleic acids. The 
use of PAMAM as a cationic vector for DNA or small 
RNAs is well documented in the literature [27–30]. 
PAMAM positive charge typically enables the forma-
tion of a strong, yet reversible, complex with negatively 
charged phosphate backbones of nucleic acids leading 
to the formation of dendriplexes. However, it is indeed 
the positive charge that makes PAMAM cytotoxic [32, 
33]. The presence of surface cationic charge may cause 
membrane disruption as well as membrane thinning 
and erosion, which limits the use of these dendrimers 
in biological systems. Also, PAMAM dendrimers lack 
cell specificity unless covalently modified with target-
ing ligands [34–37]. The hybrid dendrimer-protein 
nanoparticle we have developed has the purpose to 
overcome all the limits of non-functionalized PAMAM 
while preserving its enormous potential.

In the present work, HumFt-PAMAM nanoparticle 
was tested to deliver a nucleic acid (miRNA-145-5p) to 
acute promyelocytic leukemia (APL) cells, known to be 
very difficult to transfect and typically resistant to con-
ventional liposome-based transfection methods. We also 
evaluated whether this miRNA, upon delivery, could trig-
ger cellular responses.

Experimental section
Expression and purification of Humanized Ferritin
A. fulgidus humanized ferritin (Hum-Ft) was expressed 
in E. coli and purified (Additional file  1: Figure S1) as 
previously described [38]. Briefly, 100  g of fermented 
bacterial paste were resuspended and sonicated in 1 L of 
20 mM HEPES buffer pH 7.4 containing 50 mM  MgCl2 
and protease inhibitors. The soluble fraction was treated 
with 20%  (NH4)2SO4. The supernatant was extensively 
dialyzed versus 10 mM sodium phosphate buffer pH 7.2 
containing 20 mM  MgCl2 and then digested with 20 mg 
of deoxyribonuclease I (Sigma Aldrich) for 1 h at 37 °C. 
The sample was centrifuged and subjected to 2 sequen-
tial heat treatments at 62 °C and 72 °C. At each step, the 
denatured proteins were removed by centrifugation, and 
the soluble fraction was filtered under vacuum using 20 g 
of Sartoclear Dynamics® Lab Filter Aid (Sartorius) con-
taining highly pure diatomaceous earth (Celpure® C300 
– pharmaceutical grade). DNA removal was achieved by 
a crossflow ultrafiltration step using Vivaflow 200 module 
(Sartorius) with a cut-off of 100 kD. The same device was 
used in diafiltration mode to exchange the buffer with 
20 mM HEPES pH 7.4 containing 50 mM  MgCl2.
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PAMAM and HumFt labelling
G4 PAMAM dendrimer (Sigma Aldrich) was labelled 
with fluorescein-isothiocyanide (FITC) (Sigma 
Aldrich). 17 μL of PAMAM (57  mM) were added to 
2  mL of FITC 1  mg/mL (5.14  mM) in methanol [39]. 
The reaction was stirred in the dark overnight at room 
temperature. The PAMAM/FITC solution was dried 
with a nitrogen stream and resuspended in 2  mL of 
20  mM HEPES buffer pH 8.0. The unreacted dye was 
removed by dialysing the sample versus 20 mM HEPES 
buffer pH 7.4 for 24  h in the dark. FITC-labelled 
PAMAM was characterized by HPLC (Additional file 1: 
Figure S2) and NMR analyses (Additional file  1: Fig-
ures S3 and S4).

HPLC analysis was performed with an Agilent Infin-
ity 1260 HPLC apparatus equipped with UV and fluo-
rometric detectors. The separation was carried out 
using a Halo C18 AQ column (3 × 150  mm, 2.7  µm) 
connected to the C18 AQ guard column (3 × 5  mm, 
2.7  µm). The elution was performed at a flow rate of 
0.8 mL/min, with solvent A (0.1% trifluoroacetic acid in 
water) and solvent B (0.1% trifluoroacetic acid in ace-
tonitrile). The mobile phase was linearly increased from 
0 to 100% of solvent B in 15 min and then run isocrati-
cally for 5 min. Afterwards, buffer A was reintroduced 
in the mobile phase up to 100%, and the column was 
allowed to equilibrate for 10 min. The elution profile of 
G4 PAMAM was monitored by setting the UV detec-
tor at 215 nm. G4 PAMAM/FITC elution was followed 
by setting the fluorometric detector at λex 490 nm and 
λem 525 nm.

1H NMR spectra were recorded on a Bruker Avance 
400 spectrometer equipped with Prodigy cryoprobe, 
using D2O/H2O buffer pH 8.5 mixture as solvent at 
25  °C. Water signal was reduced by presaturation dur-
ing relaxation delay and mixing time using the noesyg-
prpr1D sequence (from Bruker suite of programs).

HumFt was labelled with Alexa Fluor 647 NHS ester 
(succinimidyl ester) (ThermoFisher Scientific) accord-
ing to the manufacturer’s standard protocol. 10  mg/
mL of purified protein were equilibrated in carbonate 
buffer 0.1 M pH 9.0 containing 100 mM  MgCl2. 0.1 mL 
of Alexa Fluor 647 1  mg/mL in DMSO were added 
to 1  mL of HumFt solution and the reaction mix was 
incubated for 1 h in the dark at room temperature. To 
remove the unreacted dye, the labelled protein was dia-
lyzed versus 20  mM HEPES buffer pH 7.4 containing 
50  mM  MgCl2. Protein labelling was checked by UV–
vis spectroscopy and High-Performance Size Exclusion 
Chromatography (HP-SEC) following Alexa Fluor 647 
emission signal (λex 650 nm, λem 665 nm) (Additional 
file 1: Figure S5).

PAMAM mediated HumFt assembly
G3, G4, G5 PAMAM dendrimers were screened for 
their ability to induce HumFt association at differ-
ent HumFt:PAMAM molar ratio (1:10, 1:20, 1:30) in 
the absence of  MgCl2. 1  mL of open HumFt 5  mg/mL 
(10  μM 24-mer) equilibrated in 20  mM HEPES buffer 
pH 7.4 was added dropwise to 1 mL of dendrimer (100, 
200, 300  μM in 20  mM HEPES buffer pH 7.4). Asso-
ciation equilibrium was evaluated by HP-SEC. HP-SEC 
was performed using an Agilent Infinity 1260 HPLC 
apparatus equipped with a UV detector. The separa-
tion was carried out using an Agilent AdvanceBio SEC 
300 Å LC column (7.8 × 150 mm, 2.7 µm). The isocratic 
analysis was carried out with 20 mM HEPES buffer pH 
7.4 as mobile phase. The flow rate was 0.7 mL/min over 
an elution window of 15  min. HumFt assembly was 
monitored following UV detection at 220 nm.

HumFt‑PAMAM‑miRNA nanoparticle preparation
1  mL open HumFt 5  mg/mL (10  μM 24-mer) equili-
brated in 20 mM HEPES buffer pH 7.4 was added drop-
wise to 1 mL of G4 PAMAM 4.3 mg/mL (300 μM) in the 
same buffer.  MgCl2 was added at a final concentration of 
50 mM and the sample was incubated overnight at room 
temperature under stirring. To completely remove free 
PAMAM, HumFt-PAMAM complex was loaded onto a 
PD-10 Desalting Column (GE Healthcare) equilibrated 
with 20  mM HEPES buffer pH 7.4 containing 50  mM 
 MgCl2. The protein sample was submitted to a second 
PD-10 purification step and then concentrated by using 
Amicon® Ultra-15 Centrifugal Filter Unit with a cut-off 
of 30 kD to a final protein concentration of 10 μM (Addi-
tional file 1: Figure S6).

HumFt-PAMAM nanoparticle stability was tested up 
to 24  h in (i) 20  mM HEPES buffer containing 50  mM 
 MgCl2, (ii) PBS and (iii) RPMI 1640 medium with the 
addition of penicillin/streptomycin and 10% FCS (Gibco, 
ThermoFisher Scientific, Waltham, MA, US) by HP-SEC 
as described above (Additional file 1: Figure S8).

Labelled nanoparticles were prepared in the same con-
dition described above by using Alexa Fluor 647 labelled 
HumFt and fluorescein labelled G4 PAMAM. Both 
unlabelled and labelled nanoparticles were analysed by 
HP-SEC as described above. The isocratic analysis was 
carried out with 20  mM HEPES buffer pH 7.4 contain-
ing 50  mM  MgCl2 as mobile phase. Nanoparticles con-
taining Alexa Fluor 647 labelled protein or FITC labelled 
PAMAM were also detected by a fluorometric detector 
(λex 650  nm and λem 665  nm for Alexa Fluor 647; λex 
490 nm and λem 525 nm for FITC).

Protein standard of highly purified HumFt was pre-
pared in the same solution as the mobile phase. HumFt 
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concentration was determined using the theoretical 
ε280 = 32,430  M−1  cm−1.

An estimate of the number of PAMAM molecules 
encapsulated into the ferritin shell was performed by 
HPLC using a Halo C18 AQ column, following the fluo-
rescence signal of PAMAM/FITC as described above. 
Highly purified HumFt-PAMAM/FITC complex was 
disassembled in the absence of magnesium ions and in 
the presence of 20% methanol. After centrifugation, the 
supernatant was directly analyzed by HPLC. Quantita-
tive results were obtained using standard curves for G4 
PAMAM and G4 PAMAM/FITC (considering 3.3 FITC 
molecules bound to each PAMAM according to 1HNMR 
experiments, Additional file 1: Figure S4).

HumFt-PAMAM-miRNA and HumFt/FITC-PAMAM-
miRNA nanoparticles were prepared adding pre-
miRNA-145 (miR-145-5p precursor #AM17100, assay ID 
PM11480, ThermoFisher Scientific, Waltham, MA USA) 
or pre-miRNA Precursor Negative Control (#AM17110, 
ThermoFisher Scientific, Waltham, MA, USA), at a final 
concentration of 133  nM, to the preassembled HumFt-
PAMAM nanoparticle (10 μM) and incubating at 4 °C for 
5 h. The formation of the ternary complex with miRNA 
was monitored by HP-SEC following the absorbance 
at 260  nm and agarose gel electrophoresis coupled to a 
GelDoc Imaging System (Biorad). All solutions were pre-
pared by using RNase-free water, tips, and tubes.

Negative staining electron microscopy
Formvar-carbon coated grids were floated onto 20 μL 
of protein solutions (0.02 mg/mL) for 5 min for adsorp-
tion and the excess of sample solution was blotted gently 
by filter paper. The air-dried grids were stained with an 
aqueous solution of 2% (w/v) uranyl acetate or 4% ammo-
nium molybdate for 30  s. The excess staining solution 
was removed carefully. The grids were observed with an 
EM208S transmission electron microscope (FEI—Ther-
moFisher Scientific; 208 Eindhoven—The Netherlands) at 
an acceleration voltage of 100 kV. Electron micrographs 
were taken with a slow-scan camera (MEGAVIEW III, 
OLYMPUS).

High magnification protein images were analysed 
by the freeware software ImageJ (version 1.29, NIH, 
Bethesda, MD). To calculate the diameter size of the pro-
teins, manual measures of more than 150 particles were 
taken for each sample and the diameter size distributions 
were conducted by Excel 2016.

Cell culture, cell death, and differentiation
The NB4 cell line was obtained by DSMZ (Branusch-
weig, Germany). Cell cultures were routinely tested for 
mycoplasma contamination and the cells were cultured 
and treated in RPMI 1640 medium with the addition 

of penicillin/streptomycin and 10% FCS (Gibco, Ther-
moFisher Scientific, Waltham, MA, US). NB4 cells were 
treated with 0.3  μM HumFt, HumFt-PAMAM, HumFt/
FITC-PAMAM-pre-miRNA, and HumFt-PAMAM-pre-
miRNA nanoparticles prepared as described above.

Cell density was measured by trypan blue exclusion 
assay using a Burker chamber. Cell death was analyzed 
by flow cytometry (CytoFLEX, Beckman Coulter, Brea, 
CA, US) after staining the cells with 2.5  μg/mL pro-
pidium iodide (Sigma Aldrich). Cell differentiation was 
assessed by morphological analysis of cytospin prepa-
rations, obtained by spinning about 300,000 cells/slide, 
stained with Wright-Giemsa (Sigma Aldrich). Slides 
were examined with a Zeiss Axioskop 2 microscope and 
images were acquired with the AxioCam HRc and the 
Axiovision 4.8 software (Zeiss, Oberkochen, Germany). 
The nucleus/cytosol ratio was calculated after measuring 
the area of nucleus and cytosol of at least 60 cells in two 
different fields for each sample, by the Image J/Fiji soft-
ware (https:// imagej. nih. gov). Statistical analysis was per-
formed by one-way ANOVA with Prism software.

RNA extraction and Real‑Time PCR
48  h after addition of HumFt-PAMAM nanoparticle 
or HumFt-PAMAM-pre-miRNA nanoparticles, cells 
were counted and  106 cells for each sample were used 
to extract total RNA. Total RNA was isolated by TRIzol 
(Ambion, ThermoFisher Scientific, Waltham, MA, USA) 
following the manufacturer’s instructions and the quality 
of purified RNA was checked by OD 260–280 readings. 
250  ng of total RNA was reverse-transcribed with the 
High-Capacity RNA to cDNA kit (Applied Biosystems, 
ThermoFisher Scientific, Waltham, MA, US) in a final 
volume of 8 μL. cDNA was diluted in RNase-free water 
and 1 μL of this was used for Real-Time PCR to assess the 
expression of RARα gene by TaqMan MicroRNA assay 
(Applied Biosystems, Foster City, CA, US) following the 
manufacturer’s instructions. The fold increase of RARα 
was calculated by the ΔΔCt method using the GAPDH 
gene as the endogenous control for standardization. 
Reverse transcription of total RNA for detection of miR-
145-5p was performed using miScript II RT kit (Qiagen, 
Chatsworth, CA). Quantification of mature miR-145-5p 
expression was carried out by miScript SYBR Green PCR 
kit (Qiagen, Chatsworth, CA, US), using miScript Primer 
Assay Hs_miR-145_1 (MS00003528 Qiagen, Chatsworth, 
CA). The fold increase of miRNA-145-5p was calculated 
by the ΔΔCt method using Hs_SNORD68 RNA (miScript 
Primer Assay MS00033740 Qiagen, Chatsworth, CA) as 
the endogenous control for standardization. All reac-
tions were performed in the Quant Studio 7 Real-Time 
PCR system (Applied Biosystems, ThermoFisher Scien-
tific, Waltham, MA, US). The experiment was performed 

https://imagej.nih.gov
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in biological duplicates and one-way ANOVA statisti-
cal analysis was performed using the GraphPad-Prism 6 
software (GraphPad Software, La Jolla, CA, US).

Confocal microscopy and FACS analysis
NB4 cells were incubated for 24  h or 48  h with 0.3  μM 
G4 PAMAM/FITC, or with 0.3  μM HumFt-Alexa 
Fluor 647, or with 0.3  μM of the double dye-labelled 
HumFt-PAMAM nanoparticle, or with 0.3  μM HumFt/
FITC-PAMAM-pre-miRNA nanoparticle prepared as 
described above. The uptake of the labelled molecules 
was assessed by flow cytometry (CytoFLEX, Beckman 
Coulter, Brea, CA, US) and the data were analyzed by the 
CytExpert Software (Beckman Coulter, Brea, CA, US).

The same cells were examined by confocal microscopy 
to assess the intracellular localization of the compounds. 
Cytospin preparations obtained as described above were 
fixed in 4% PFA for 7 min. DNA was counterstained with 
Hoechst 33,342. Confocal laser scanning microscopy 
(CLSM) was performed using a Zeiss LSM 980 with Air-
yscan2, using the 63 × oil objective and excitation spec-
tral laser lines at 405, 488, and 633 nm. Signals from the 
different fluorescent probes (Hoechst, FITC, and Alexa 
Fluor 647) were taken in sequential scanning mode to 
avoid spectral overlap (false-positive signal). CLSM anal-
ysis was performed both at the central optical section of 
each field of observation and as a 3d reconstruction of 
z-stacks. Co-localization areas were detected in orange. 
Bright-field images were taken to identify cell morphol-
ogy. Scale bars are 5 µm.

Results and discussion
PAMAM mediated HumFt assembly
HumFt is endowed with unique assembly-disassembly 
properties that promote divalent cation-dependent 
polymerization into a 24-meric associated state. So far, 
HumFt is potentially able to accommodate relatively large 
molecules with a diameter up to 6–7 nm, provided that 
they display an overall positive charge. The PAMAM 
dendrimers tested in the present work fulfil such require-
ments, in terms of charge and size, and are shown to be 
readily embedded into the protein shell. In the first step 
we tested 3 different PAMAM generations (G3, G4, G5) 
and we evaluated whether they were able, thanks to their 
highly positive charge, to mediate protein assembly even 
in the absence of magnesium ions. These PAMAM gen-
erations were selected in such a way that their diameters 
(34, 45, 54 Å) could fit the internal cavity of the ferritin 
cage (90 Å). As shown in Fig. 1, all tested PAMAMs were 
able to mediate ferritin reassembly in a dose-dependent 
manner.

At least 30 molar excesses of G3 and G4 PAMAMs 
were required to obtain full closure of the protein cage 

(comparable to that obtained with magnesium ions). On 
the other hand, G5 PAMAM was less efficient in mediat-
ing protein closure. Given the reported optimal nucleic 
acid binding properties of G4 PAMAM, it has been 
selected as the candidate of choice for the development 
of this hybrid nanoparticle. The size-to-charge ratio is 
crucial to obtain stable and uniform RNA-dendrimer 
complexes and G4 PAMAM is the lowest threshold den-
drimer generation for effective small RNA complexation 
[30, 40, 41].

To confirm the correct ferritin assembly in the pres-
ence of G4 PAMAM, TEM analyses were carried out. The 
acquisitions were performed using 2% uranyl acetate (pH 
4.5) or 4% ammonium molybdate as the contrast agent. 
In all samples, the electron dye interacts with the protein 
24-mer resulting in a characteristic ring shape typical of 
correctly assembled ferritins. As expected, the absence 
of  Mg2+ shifts the equilibrium towards the open dimeric 
form (Fig. 2A), while the addition of divalent cations and/
or G4 PAMAM shifts the equilibrium towards the closed 
form (Fig. 2B–D). The measurements confirm a homoge-
neous protein population in the expected shape and size 
(about 13 nm).

The HP-SEC measurements were performed to con-
firm that PAMAM actually forms a complex with ferritin 
(Fig.  3). In particular, FITC labelled PAMAM encapsu-
lation was monitored by following the fluorescence sig-
nal at the retention time of the closed ferritin (4.5 min). 
Acquisitions were carried out by following the UV 
(220  nm) and fluorescence (λex 490  nm, λem 525  nm) 
signals simultaneously. Since HumFt does not exhibit an 
intrinsic fluorescence under these analytical conditions, 
the peak at 4.5  min in the fluorescence chromatogram 
(upper panel) could only be explained by the presence 
of PAMAM/FITC in its internal cavity. In addition, the 
UV absorption chromatogram (lower panel) indicates 

Fig. 1 PAMAM-induced HumFt assembly. Ferritin assembly (24-mer 
%) was evaluated in the absence of magnesium ions adding 10, 20 
and 30 molar excess of different generations of PAMAM (G3, G4 and 
G5) (mean ± SD, n = 3)



Page 6 of 12Palombarini et al. J Nanobiotechnol          (2021) 19:172 

that HumFt was almost completely in its closed form (the 
dimeric form eluting at 6 min is less than 2%). These data 
suggest a synergistic action of PAMAM and magnesium 
because, in the presence of divalent cations only, dimeric 
ferritin is about 10–15% (Additional file 1: Figure S7).

An estimate of the number of G4 PAMAM molecules 
encapsulated into the ferritin shell was performed by 
HPLC, after disassembling the highly purified HumFt-
PAMAM/FITC complex. The results obtained show that 
an average of 1.1 G4 PAMAM molecules per HumFt 
24-mer. This result is in agreement with the dimensions 
of both the PAMAM G4 (4.5 nm) and the protein cavity 
(9  nm). It is very unlikely that 2 molecules of PAMAM 

could coexist in the reduced space of the protein cavity, 
considering their electrostatic repulsions.

HumFt-PAMAM nanoparticle stability was tested up 
to 24  h at 37  °C in i) 20  mM HEPES buffer containing 
50 mM  MgCl2, ii) PBS buffer, and iii) RPMI 1640 medium 
containing 10% FCS. In all the tested condition the hybrid 
nanoparticle is stable, being the HumFt 24-mer always 
higher than 95% (Additional file 1: Figure S8).

Uptake of HumFt‑PAMAM nanoparticles by NB4 cells
Once the ability of HumFt to encapsulate G4 PAMAM 
was established, the internalization of this new hybrid 
nanoparticle into cells was tested. For the uptake 

Fig. 2 TEM analysis of HumFt. A HumFt in HEPES buffer without magnesium ions; B 50 mM  Mg2+ and/or C and D G4 PAMAM mediate protein 
nanoparticle assembly. Scale bar: 0.1 μm
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experiments, we selected an acute promyelocytic leu-
kemia cell line (NB4), which is typically hard to trans-
fect and is resistant to conventional liposome-based 
transfection methods. This cell line has already been 
successfully tested in a previous study in which HumFt 
delivered a therapeutic protein [26].

A differential labelling was used to evaluate the 
uptake of the HumFt-PAMAM nanoparticle by cells: 
G4 PAMAM was FITC labelled (green) (Additional 
file  1: Figures  S2–S4), whereas HumFt was marked 
with Alexa Fluor 647 (red) (Additional file  1: Figure 
S5). The correct protein labelling was verified both by 
UV–vis spectroscopy and by HP-SEC analysis by fol-
lowing the signal of the Alexa Fluor 647 (λex 650, λem 
665). Attempts to label the protein as a dimer appeared 
to impair the nanoparticle’s ability to assemble prop-
erly (Additional file 1: Figure S5). This is probably due 
to the modification of lysine residues involved in the 
self-assembly process of the 24-meric polymer. Dou-
ble dye-labelled HumFt-PAMAM nanoparticle was 
then used to evaluate the uptake by NB4 cells by FACS 
(Additional file  1: Figure S9) and confocal microscopy 
(Fig. 4). Confocal analysis showed that the hybrid nano-
particle is uptaken by cells. As shown in Fig. 4, HumFt 
(red) and PAMAM (green) co-localize (orange) con-
firming that the dendrimer is indeed conveyed by the 
protein shell. The 3-D reconstruction, as well as the 

central optical section, showed that the hybrid nano-
particles were located exclusively in the cytoplasm.

HumFt‑PAMAM mediated miRNA delivery to NB4 cells
HumFt-PAMAM hybrid nanoparticle was designed to 
deliver small RNAs to target cells. The advantage of this 
system over previously published ones [29] consists of 
the simplicity and speed of assembly, which does not 
require covalent modifications of any kind. This system 
is self-assembling as it is sufficient to add PAMAM and 
magnesium ions to the dimeric ferritin to favour the clo-
sure of the protein cage which, as expected, draws inside 
the small nucleic acid. Under the current experimental 
set-up, a pre-miRNA was used, that enters the protein 
cavity through the 4 large triangular openings, attracted 
by the positive charge of PAMAM. The formation of 
the ternary complex HumFt-PAMAM-pre-miRNA was 
monitored by HP-SEC and electrophoretic mobility 
shift assay (EMSA). As shown in Fig. 5A, when miRNA 
is incubated with HumFt-PAMAM nanoparticle, free 
miRNA signal decreases over time and after 8 h its con-
centration in less than 10% (< 10 nM) (orange line). In the 
absence of HumFt-PAMAM nanoparticle miRNA con-
centration is almost constant over time (blue line). The 
same results were obtained by EMSA analysis. As shown 
in Fig.  5B, neither ferritin, nor free PAMAM deter-
mine an electrophoretic shift compared to the reference 
miRNA (lanes 1–3, blue box). When miRNA is incubated 
with the hybrid nanoparticle, the unbound miRNA signal 
disappears (lane 4), indicating the formation of the ter-
nary complex. The lack of the signal could be explained 
by a shielding effect of the nanoparticle. After heat treat-
ment (99  °C), the ferritin nanocage loses its quaternary 
structure releasing the oligonucleotide (lane 5). Staining 
of the same gel with Coomassie blue (Fig. 5C) shows the 
position of the protein nanoparticle. Together these data 
demonstrate the presence of the nucleic acid within the 
HumFt-PAMAM nanoparticle.

The ternary nanoparticle was used to deliver pre-
miRNA to NB4 cells. At present, the only successful 
transfection methods for these cells were electroporation 
or, alternatively, the use of lentiviral vectors. Electropora-
tion is an efficient method for transient or stable nucleic 
acid delivery in immune cells, but the main drawback 
is a high rate of cell death [42]. This can be particularly 
troublesome for NB4 cells, which grow in suspension. 
On the other hand, lentiviral transduction is an efficient 
method for stable DNA delivery in hard to transfect cells 
[43], but it requires proper equipment and biosafety level 
2 cell culture rooms. Furthermore, since the exogenous 
DNA is integrated into the host cell genome, this method 
also displays risks related to mutagenesis/tumorigen-
esis potential [44, 45]. The development of the present 

Fig. 3 HP-SEC analysis of HumFt-PAMAM nanoparticle. G4 PAMAM 
was labelled with FITC and encapsulated into HumFt protein shell. 
The hybrid nanoparticle formation was monitored following the 
fluorescence signal (green line) of G4 PAMAM/FITC (ex 490 nm, 
em 525 m) at the retention time (4.5 min) of ferritin 24-mer (UV 
chromatogram, blue line). Empty ferritin does not show intrinsic 
fluorescence upon excitation at 490 nm (red line)
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hybrid nanoparticle fits into this frame and has the pur-
pose to overcome the drawbacks of classical transfection 
methods by providing an efficient and non-toxic system 
for cell cultures. To set up this delivery system, we have 
chosen as a proof of concept a microRNA, as it can be 
easily detected by Real-Time PCR once delivered to and 
released into NB4 cells. In particular, we have chosen 
miRNA-145-5p because, being involved in granulocytic 
differentiation of APL cells, it allows the detection of 
possible effects on cell phenotype upon its delivery [46]. 
In fact, NB4 cells are arrested by the oncogenic driver 
fusion protein PML-RARα at the promyelocytic stage 
of the differentiation process that leads hematopoietic 
progenitor cells to mature granulocytes. This oncogenic 
differentiation block can be totally or partially removed 
by appropriate stimuli like pharmacological amounts of 
retinoic acid, forced down-regulation, or over-expres-
sion of genes and non-coding RNA involved in the dif-
ferentiation process [47, 48]. Upon incubation with the 

HumFt-PAMAM-pre-miR145-5p nanoparticle, NB4 
cells maintained the same proliferation and viability 
rates (Additional file  1: Figure S11) and displayed very 
high levels of miR145-5p. Specific detection of mature 
miRNA-145-5p by qRT-PCR indicates that the miRNA 
precursor loaded in the HumFt-PAMAM nanoparti-
cle was released in the cytosol and properly processed 
by Dicer RNase. The presence of miR-145-5p correlated 
with significantly increased expression of the Retinoic 
Acid Receptor α (RARα), an early hallmark of granulo-
cytic differentiation (Fig. 6A). Accordingly, cell morphol-
ogy analysis showed signs of differentiation in the cells 
incubated with the ternary nanoparticle as suggested by 
reduced nucleus/cytosol ratio, decreased basophilia, and 
enlarged Golgi (Fig. 6B and Additional file 1: Figure S10). 
qRT-PCR analysis of late differentiation markers showed 
that miRNA-145p overexpression was not sufficient to 
achieve full differentiation (data not shown). Nonetheless 
this is not surprising in the absence of the differentiation 

Fig. 4 Confocal microscopy of APL NB4 cells treated with double dye-labelled HumFt-PAMAM nanoparticles. HumFt (red) and G4 PAMAM (green) 
colocalized in the cell cytosol. Co-localization areas were detected in orange. The nuclei were stained with Hoechst 33,342 (blue). Scale bar: 5 μm
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stimulus of retinoic acid. Hence, such a result indicated 
that the nanoparticle was able to efficiently transport 
the nucleic acid inside the cell, which escapes the endo-
some leading to pre-miRNA processing and inducing 
the observed phenotypic effects. Nevertheless, the pre-
cise molecular mechanisms underlying ferritin cellular 
trafficking are not yet fully understood [49]. HumFt was 
engineered to recognize the CD71 receptor, which is 
physiologically used by both transferrin and serum ferri-
tin. Typically, transferrin, once endocytosed, is recycled 
by exocytosis, while ferritin is released into the cytosol, 
where it functions as an iron-storage protein. Cytosolic 
release most likely occurs through an endosomal escape 
process, not yet fully described and characterized. To 
the best of our knowledge, ferritin typically localizes in 
the early endosomes and is not sent to the Golgi appa-
ratus or lysosomes by late endosomes [50]. As endocy-
tosed ferritin is not recognized by the cell as something 
to degrade, it can be considered an ideal nanosystem 
for drug delivery. Our ferritin carries the PAMAM mol-
ecule, which may still contribute to the endosomal escape 
of the hybrid nanoparticle. When PAMAM is used as a 
non-viral vector, it is internalized into the endosomes 
and the unprotonated ternary amines within its branched 
structure buffer the acidic pH of these vesicles [51, 52]. 

Fig. 5 Formation of the ternary complex HumFt-PAMAM-miRNA. A 
HP-SEC analysis of miRNA with (orange line) and without (blue line) 
HumFt-PAMAM, followed at 260 nm. B Agarose gel electrophoresis 
stained with SYBR Safe and C agarose gel electrophoresis stained 
with Coomassie Blue. Lane 1: miRNA; lane2: PAMAM-miRNA; 
lane 3: HumFt-miRNA; lane 4: HumFt-PAMAM-miRNA; lane 5: 
HumFt-PAMAM-miRNA at 99 °C

Fig. 6 miRNA-145-5p delivery by the HumFt-PAMAM nanoparticle promotes differentiation of the NB4 cell line. A NB4 cells were incubated with 
the HumFt-PAMAM-pre-miRNA-145-5p nanoparticle for 48 h. qRT-PCR revealed high levels of miRNA-145-5p (p < 0.01) and increased expression 
of RARα mRNA. (mean ± SEM, n = 2, p < 0.05, one-way ANOVA statistical analysis relatively to control). B Morphological analysis of NB4 cells treated 
as in (A) evidenced that miRNA-145-5p promotes differentiation, as indicated by cytosol enlargement, Golgi expansion, and decreased basophilia 
compared to control cells or to cells treated with the HumFt-PAMAM nanoparticle without pre-miRNA-145-5p (left panel). The right panel reports 
the ratio between the area of nucleus and cytosol (n ≥ 60 ± SEM cells from at least two different fields; statistical analysis one way ANOVA)
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This results in more protons being pumped in, with a 
concomitant chloride accumulation, which enhances the 
nucleic acid transfer by dendriplexes [53]. The osmotic 
swelling enhances the local membrane tension and the 
direct interaction with the positively charged PAMAM 
causes the rupture of the endosomal membrane, even-
tually leading to the release of its contents into the cyto-
plasm [54, 55]. However, in the hybrid nanosystem we 
have developed, the PAMAM is protected within the fer-
ritin cavity, and this prevents the direct interaction of the 
dendrimer with the membrane, which is typically crucial 
for its rupture. Nevertheless, our data show that endoso-
mal escape occurs also in the case of our hybrid nanopar-
ticle (regardless of the buffering effect of the dendrimer 
[26]), which localizes into the cytosol, as clearly demon-
strated by confocal microscopy (Fig. 4). In addition, the 
nucleic acid release is confirmed by the pre-miRNA pro-
cessing to mature miRNA by Dicer nuclease, which typi-
cally occurs in the cytoplasm. At present we are not able 
to establish whether the endosomal escape of the hybrid 
nanoparticle follows the intracellular ferritin pathway 
and to what extent it could also be mediated by the pro-
ton-sponge effect of PAMAM.

Escape from endosomes is always a key rate-limiting 
step in small RNA efficiency [56], which can be improved 
only by using a highly efficient delivery system. From 
this point of view HumFt is the ideal candidate because, 
as demonstrated by the FACS data, 100% of the cells are 
loaded with HumFt (Additional file 1: Figure S9 and Fig-
ure S11), thus increasing the possibility that the payload 
is uptaken as well.

Conclusions
In the present work, we have shown that the HumFt-
PAMAM hybrid nanoparticle is a transfection system 
capable of delivering miRNAs into cells expressing CD71 
receptors. Once internalized, pre-miRNA is released into 
the cytosol and processed by Dicer nuclease to mature 
miRNA, thus eliciting phenotypic effects in NB4 leuke-
mia cells similar to early-stage differentiation. In particu-
lar, NB4 cells showed enhanced expression of RARα, as 
well as morphological changes typical of the granulo-
cyte differentiation process, upon miRNA-containing 
nanoparticle uptake. The great potential of this system 
is exploited by the unique features of its constituents: (i) 
PAMAM dendrimers are typically very versatile as they 
naturally interact with small nucleic acids regardless of 
their sequence; (ii) HumFt confers selectivity towards 
CD71 overexpressing cells, thus limiting the potential 
cytotoxicity and uncontrolled uptake of free PAMAM 
and protecting the nucleic acid from degradation. The 
self-assembly strategy here presented not only yields 
homogeneous hybrid nanoparticles in the expected shape 

and size but also provides an efficient tool for non-cova-
lent functionalization of nanoparticles with an extraor-
dinary high range of affinity molecules. This approach 
provides a future blueprint for the design of a new family 
of transfecting agents that can specifically target a wide 
range of diseased cells.

Founding
This research was funded by Sapienza University of 
Rome, “Progetto Ateneo 2019” to Alberto Boffi and by 
AIRC IG 2018—ID. 21406 project, Istituto Pasteur Ita-
lia—Fondazione Cenci Bolognetti to Francesco Fazi.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951- 021- 00921-5.

Additional file 1: Figure S1. HumFt purification. Figure S2. HPLC analysis 
of purified G4 PAMAM-FITC. Figure S3. 1HNMR analysis of G4 PAMAM-
FITC. Figure S4. Estimation of the FITC/G4 PAMAM ratio. Figure S5. UV-vis 
and HP-SEC analysis of Alexa Fuor 647 labelled HumFt. Figure S6. HumFt-
PAMAM nanoparticle synthesis: free G4 PAMAM removal by PD10 column. 
Figure S7. G4 PAMAM shifts the equilibrium towards closed HumFt (24-
mer). Figure S8. HumFt-G4 PAMAM nanoparticle stability. Figure S9. FACS 
analysis of NB4 cells treated with HumFt-PAMAM hybrid nanoparticles. 
Figure S10. Proliferation and viability of NB4 cells treated with HumFt-
PAMAM-miR145 hybrid nanoparticle. Figure S11. Morphological analysis 
of NB4 cells treated with HumFt-PAMAM-miR145 nanoparticle.

Acknowledgements
We would like to thank Dr. Lucia Bertuccini and Dr. Serena Cecchetti, Core 
Facility—Istituto Superiore di Sanità, for TEM and confocal laser scanning 
microscopy analyses.

Authors’ contributions
AM and AB conceived and designed the project. FP carried out the experi-
ments related to protein purification and hybrid nanoparticle preparation 
and characterization. FP and EF carried out the synthesis and purification 
of the labelled compounds. AI performed HPLC analyses. FF, SM and FL 
carried out cell delivery experiments. GF and AI performed 1H NMR PAMAM 
characterization. AM, AB and SM wrote and edited the manuscript. All authors 
contributed to the manuscript revision. All authors read and approved the 
final manuscript.

Availability of data and materials
All data related to the manuscript are available in the manuscript and in the 
Supplementary Information in the form graphs and figures.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biochemical Sciences “Alessandro Rossi Fanelli”, Sapienza Uni-
versity of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy. 2 Department of Ana-
tomical, Histological, Forensic & Orthopaedic Sciences, Section of Histology 

https://doi.org/10.1186/s12951-021-00921-5
https://doi.org/10.1186/s12951-021-00921-5


Page 11 of 12Palombarini et al. J Nanobiotechnol          (2021) 19:172  

and Medical Embryology, Sapienza University of Rome, Laboratory Affiliated 
To Istituto Pasteur Italia-Fondazione Cenci Bolognetti, Via A. Scarpa, 14-16, 
00161 Rome, Italy. 3 Department of Chemistry and Technology of Drugs, 
Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy. 4 Histol-
ogy and Embryology Section, Department of Life Science and Public Health, 
Fondazione Policlinico Universitario A. Gemelli IRCCS, Largo Agostino Gemelli 
8, 00168 Roma, Italy. 5 Center for Life Nano Science@Sapienza, Istituto Italiano 
Di Tecnologia, V.le Regina Elena 291, 00161 Rome, Italy. 

Received: 14 April 2021   Accepted: 31 May 2021

References
 1. Zhang Y, Li M, Gao X, Chen Y, Liu T. Nanotechnology in cancer diagnosis: 

progress, challenges and opportunities. J Hematol Oncol. 2019;12:137. 
https:// doi. org/ 10. 1186/ s13045- 019- 0833-3.

 2. Schwartz-Duval AS, Konopka CJ, Moitra P, Daza EA, Srivastava I, Johnson 
EV, Kampert TL, Fayn S, Haran A, Dobrucki LW, Pan D. Intratumoral 
generation of photothermal gold nanoparticles through a vectorized 
biomineralization of ionic gold. Nat Commun. 2020;11:4530. https:// doi. 
org/ 10. 1038/ s41467- 020- 17595-6.

 3. Borkowska M, Siek M, Kolygina DV, Sobolev YI, Lach S, Kumar S, Cho 
Y, Kandere-Grzybowska K, Grzybowsk BA. Targeted crystallization of 
mixed-charge nanoparticles in lysosomes induces selective death of 
cancer cells. Nat Nanotechnol. 2020;15:331. https:// doi. org/ 10. 1038/ 
s41565- 020- 0643-3.

 4. Sindhwani S, Syed AM, Ngaiet J, Kingston BR, Maiorino L, Rothschild J, 
MacMillan P, Zhang Y, Rajesh NU, Hoang T, Wu JLY, Wilhelm S, Zilman A, 
Gadde S, Sulaiman A, Ouyang B, Lin Z, Wang L, Egeblad M, Chan WCW. 
The entry of nanoparticles into solid tumours. Nat Mater. 2020;19:566. 
https:// doi. org/ 10. 1038/ s41563- 019- 0566-2.

 5. Wang D, Wu H, Phua SZF, Yang G, Lim WQ, Gu L, Qian C, Wang H, Guo Z, 
et al. Self-assembled single-atom nanozyme for enhanced photodynamic 
therapy treatment of tumor. Nat Commun. 2020;11:357. https:// doi. org/ 
10. 1038/ s41467- 019- 14199-7.

 6. Saeed M, Gao J, Shi Y, Lammers T, Yu H. Engineering nanoparticles to 
reprogram the tumor immune microenvironment for improved cancer 
immunotherapy. Theranostics. 2019;9:7981. https:// doi. org/ 10. 7150/ thno. 
37568.

 7. Yu M, Zheng J. Clearance pathways and tumor targeting of imaging 
nanoparticles. ACS Nano. 2015;9:6655. https:// doi. org/ 10. 1021/ acsna no. 
5b013 20.

 8. Magro M, Venerando A, Macone A, Canettieri G, Agostinelli E, Vianello F. 
Nanotechnology-based strategies to develop new anticancer therapies. 
Biomolecules. 2020;10:735. https:// doi. org/ 10. 3390/ biom1 00507 35.

 9. Ding S, Zhang N, Lyu Z, Zhu W, Chang Y, Hu X, Du D, Lin Y. Protein-based 
nanomaterials and nanosystems for biomedical applications: a review. 
Mater. Today. 2021;43:166. https:// doi. org/ 10. 1016/j. mattod. 2020. 11. 015.

 10. Zhang N, Mei K, Guan P, Hu X, Zhao Y. Protein-based artificial nanosys-
tems in cancer therapy. Small. 2020;16:1907256. https:// doi. org/ 10. 1002/ 
smll. 20190 7256.

 11. Lee J, Kang JA, Ryu Y, Han S, Nam YR, Rho JK, Choi DS, Kang S, Lee D, Kim 
H. Genetically engineered and self-assembled oncolytic protein nanopar-
ticles for targeted cancer therapy. Biomaterials. 2017;120:22. https:// doi. 
org/ 10. 1016/j. bioma teria ls. 2016. 12. 014.

 12. Lawson DM, Artymiuk PJ, Yewdall SJ, Smith JMA, Craig Livingstone J, 
Treffry A, Luzzago A, Levi S, Arosio P, Cesareni G, Thomas CD, Shaw WV, 
Harrison PM. Solving the structure of human H ferritin by genetically 
engineering intermolecular crystal contacts. Nature. 1991;349:541. 
https:// doi. org/ 10. 1038/ 34954 1a0.

 13. Li L, Muñoz-Culla M, Carmona U, Lopez MP, Yang F, Trigueros C, Otaegui 
D, Zhang L, Knez M. Ferritin-mediated siRNA delivery and gene silencing 
in human tumor and primary cells. Biomaterials. 2016;98:143. https:// doi. 
org/ 10. 1016/j. bioma teria ls. 2016. 05. 006.

 14. Jiang B, Chen X, Sun G, Chen X, Yin Y, Jin Y, Mi Q, Ma L, Yang Y, Yan X, Fan 
K. A natural drug entry channel in the ferritin nanocage. Nano Today. 
2020;35:100948. https:// doi. org/ 10. 1016/j. nantod. 2020. 100948.

 15. Truffi M, Fiandra L, Sorrentino L, Monieri M, Corsi F, Mazzucchelli S. Fer-
ritin nanocages: a biological platform for drug delivery, imaging and 

theranostics in cancer. Pharmacol Res. 2016;107:57. https:// doi. org/ 10. 
1016/j. phrs. 2016. 03. 002.

 16. Palombarini F, Di Fabio E, Boffi A, Macone A, Bonamore A. Ferritin nanoc-
ages for protein delivery to tumor cells. Molecules. 2020;25:825. https:// 
doi. org/ 10. 3390/ molec ules2 50408 25.

 17. Fan K, Jia X, Zhou M, Wang K, Conde J, He J, Tian J, Yan X. Ferritin 
nanocarrier traverses the blood brain barrier and kills glioma. ACS Nano. 
2018;12:4105. https:// doi. org/ 10. 1021/ acsna no. 7b069 69.

 18. Zhang S, Zang J, Chen H, Li M, Xu C, Zhao G. The size flexibility of 
ferritin nanocage opens a new way to prepare nanomaterials. Small. 
2017;13:1701045. https:// doi. org/ 10. 1002/ smll. 20170 1045.

 19. Montemiglio LC, Testi C, Ceci P, Falvo E, Pitea M, Savino C, Arcovito 
A, et al. Cryo-EM structure of the human ferritin–transferrin recep-
tor 1 complex. Nat Commun. 2019;10:1121. https:// doi. org/ 10. 1038/ 
s41467- 019- 09098-w.

 20. Kim M, Rho Y, Jin KS, Ahn B, Jung S, Kim H, Ree M. pH-dependent struc-
tures of ferritin and apoferritin in solution: disassembly and reassembly. 
Biomacromol. 2011;12:1629. https:// doi. org/ 10. 1021/ bm200 026v.

 21. Kilic MA, Ozlu E, Calis S. A novel protein-based anticancer drug encapsu-
lating nanosphere: apoferritin-doxorubicin complex. J Biomed Nanotech-
nol. 2012;8:508. https:// doi. org/ 10. 1166/ jbn. 2012. 1406.

 22. Johnson E, Cascio D, Sawaya MR, Gingery M, Schröder I. Crystal structures 
of a tetrahedral open pore ferritin from the hyperthermophilic archaeon 
Archaeoglobus fulgidus. Structure. 2005;13:637. https:// doi. org/ 10. 1016/j. 
str. 2005. 01. 019.

 23. Sana B, Johnson E, Le Magueres P, Criswell A, Cascio D, Lim S. The role of 
nonconserved residues of Archaeoglobus fulgidus ferritin on its unique 
structure and biophysical properties. J Biol Chem. 2013;288:32663. 
https:// doi. org/ 10. 1074/ jbc. M113. 491191.

 24. Calisti L, Benni I, Cardoso Trabuco M, Baiocco P, Ruzicka B, Boffi A, Falvo 
E, Malatesta F, Bonamore A. Probing bulky ligand entry in engineered 
archaeal ferritins. Biochim Biophys Acta Gen Subj. 2017;1861:450. https:// 
doi. org/ 10. 1016/j. bbagen. 2016. 10. 007.

 25. de Turris V, Cardoso Trabuco M, Peruzzi G, Boffi A, Testi C, Vallone B, 
Montemiglio LC, Des Georges A, Calisti L, Benni I, Bonamore A, Baiocco P. 
Humanized archaeal ferritin as a tool for cell targeted delivery. Nanoscale. 
2017;9:647. https:// doi. org/ 10. 1039/ C6NR0 7129E.

 26. Macone A, Masciarelli S, Palombarini F, Quaglio D, Boffi A, Cardoso 
Trabuco M, Baiocco P, Fazi F, Bonamore A. Ferritin nanovehicle for 
targeted delivery of cytochrome C to cancer cells. Sci Rep. 2019;9:11749. 
https:// doi. org/ 10. 1038/ s41598- 019- 48037-z.

 27. Kim J, Lee J, Choi JS, Kim H. Electrostatically assembled dendrimer com-
plex with a high-affinity protein binder for targeted gene delivery. Int J 
Pharm. 2018;544:39. https:// doi. org/ 10. 1016/j. ijpha rm. 2018. 04. 015.

 28. Palmerston Mendes L, Pan J, Torchilin VP. Dendrimers as nanocarri-
ers for nucleic acid and drug delivery in cancer therapy. Molecules. 
2017;22:1401. https:// doi. org/ 10. 3390/ molec ules2 20914 01.

 29. Nussbaumer MG, Duskey JT, Rother M, Renggli K, Chami M, Bruns 
N. Chaperonin-dendrimer conjugates for siRNA delivery. Adv Sci. 
2016;3:1600046. https:// doi. org/ 10. 1002/ advs. 20160 0046.

 30. Kesharwani P, Banerjee S, Gupta U, Amin MCIM, Padhye S, Sarkar FH, Iyer 
AK. PAMAM dendrimers as promising nanocarriers for RNAi therapeutics. 
Mater Today. 2015;18:565. https:// doi. org/ 10. 1016/j. mattod. 2015. 06. 003.

 31. Choudhary S, Gupta L, Rani S, Dave K, Gupta U. Impact of dendrimers on 
solubility of hydrophobic drug molecules. Front Pharmacol. 2017;8:261. 
https:// doi. org/ 10. 3389/ fphar. 2017. 00261.

 32. Janaszewska A, Lazniewska J, Trzepiński P, Marcinkowska M, Klajnert-Mac-
ulewicz B. Cytotoxicity of dendrimers. Biomolecules. 2019;9:330. https:// 
doi. org/ 10. 3390/ biom9 080330.

 33. Fox LJ, Richardson RM, Briscoe WH. PAMAM dendrimer - cell membrane 
interactions. Adv Colloid Interface Sci. 2018;257:1. https:// doi. org/ 10. 
1016/j. cis. 2018. 06. 005.

 34. Li J, Liang H, Liu J, Wang Z. Poly (amidoamine) (PAMAM) dendrimer medi-
ated delivery of drug and pDNA/siRNA for cancer therapy. Int J Pharm. 
2018;546:215. https:// doi. org/ 10. 1016/j. ijpha rm. 2018. 05. 045.

 35. Hu H, Wang H, Liang S, Li X, Wang D. Synthesis and characterization of a 
PAMAM dendrimer nanocarrier functionalized by HA for targeted gene 
delivery systems and evaluation in vitro. J Biomater Sci Polym Ed. 2020. 
https:// doi. org/ 10. 1080/ 09205 063. 2020. 18279 21.

 36. Hanurry EY, Mekonnen TW, Andrgie AT, Darge HF, Birhan YS, Hsu W, 
Chou H, Cheng C, Lai J, Tsai H. Biotin-Decorated PAMAM G4.5 dendrimer 

https://doi.org/10.1186/s13045-019-0833-3
https://doi.org/10.1038/s41467-020-17595-6
https://doi.org/10.1038/s41467-020-17595-6
https://doi.org/10.1038/s41565-020-0643-3
https://doi.org/10.1038/s41565-020-0643-3
https://doi.org/10.1038/s41563-019-0566-2
https://doi.org/10.1038/s41467-019-14199-7
https://doi.org/10.1038/s41467-019-14199-7
https://doi.org/10.7150/thno.37568
https://doi.org/10.7150/thno.37568
https://doi.org/10.1021/acsnano.5b01320
https://doi.org/10.1021/acsnano.5b01320
https://doi.org/10.3390/biom10050735
https://doi.org/10.1016/j.mattod.2020.11.015
https://doi.org/10.1002/smll.201907256
https://doi.org/10.1002/smll.201907256
https://doi.org/10.1016/j.biomaterials.2016.12.014
https://doi.org/10.1016/j.biomaterials.2016.12.014
https://doi.org/10.1038/349541a0
https://doi.org/10.1016/j.biomaterials.2016.05.006
https://doi.org/10.1016/j.biomaterials.2016.05.006
https://doi.org/10.1016/j.nantod.2020.100948
https://doi.org/10.1016/j.phrs.2016.03.002
https://doi.org/10.1016/j.phrs.2016.03.002
https://doi.org/10.3390/molecules25040825
https://doi.org/10.3390/molecules25040825
https://doi.org/10.1021/acsnano.7b06969
https://doi.org/10.1002/smll.201701045
https://doi.org/10.1038/s41467-019-09098-w
https://doi.org/10.1038/s41467-019-09098-w
https://doi.org/10.1021/bm200026v
https://doi.org/10.1166/jbn.2012.1406
https://doi.org/10.1016/j.str.2005.01.019
https://doi.org/10.1016/j.str.2005.01.019
https://doi.org/10.1074/jbc.M113.491191
https://doi.org/10.1016/j.bbagen.2016.10.007
https://doi.org/10.1016/j.bbagen.2016.10.007
https://doi.org/10.1039/C6NR07129E
https://doi.org/10.1038/s41598-019-48037-z
https://doi.org/10.1016/j.ijpharm.2018.04.015
https://doi.org/10.3390/molecules22091401
https://doi.org/10.1002/advs.201600046
https://doi.org/10.1016/j.mattod.2015.06.003
https://doi.org/10.3389/fphar.2017.00261
https://doi.org/10.3390/biom9080330
https://doi.org/10.3390/biom9080330
https://doi.org/10.1016/j.cis.2018.06.005
https://doi.org/10.1016/j.cis.2018.06.005
https://doi.org/10.1016/j.ijpharm.2018.05.045
https://doi.org/10.1080/09205063.2020.1827921


Page 12 of 12Palombarini et al. J Nanobiotechnol          (2021) 19:172 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

nanoparticles to enhance the delivery, anti-proliferative, and apop-
totic effects of chemotherapeutic drug in cancer cells. Pharmaceutics. 
2020;12:443. https:// doi. org/ 10. 3390/ pharm aceut ics12 050443.

 37. Vidal F, Guzman L. Dendrimer nanocarriers drug action: perspective for 
neuronal pharmacology. Neural Regen Res. 2015;10:1029. https:// doi. org/ 
10. 4103/ 1673- 5374. 160063.

 38. Palombarini F, Ghirga F, Boffi A, Macone A, Bonamore A. Application of 
crossflow ultrafiltration for scaling up the purification of a recombinant 
ferritin. Protein Expr Purif. 2019;163:105451. https:// doi. org/ 10. 1016/j. pep. 
2019. 105451.

 39. Oddone N, Zambrana AI, Tassano M, Porcal W, Cabral P, Benech JC. Cell 
uptake mechanisms of PAMAM G4-FITC dendrimer in human myo-
metrial cells. J Nanopart Res. 2013;15:1776. https:// doi. org/ 10. 1007/ 
s11051- 013- 1776-1.

 40. Shen XC, Zhou J, Liu X, Wu J, Qu F, Zhang ZL, Pang DW, Quéléver G, 
Zhang CC, Peng L. Importance of size-to-charge ratio in construction of 
stable and uniform nanoscale RNA/dendrimer complexes. Org Biomol 
Chem. 2007;5:3674. https:// doi. org/ 10. 1039/ b7112 42d.

 41. Marson D, Laurini E, Aulic S, Fermeglia M, Pricl S. Evolution from Covalent 
to Self-Assembled PAMAM-based dendrimers as nanovectors for siRNA 
delivery in cancer by coupled in silico-experimental studies. Part I: Cova-
lent siRNA nanocarriers. Pharmaceutics. 2019;18:351. https:// doi. org/ 10. 
3390/ pharm aceut ics11 070351.

 42. Sherba JJ, Hogquist S, Lin H, Shan JW, et al. The effects of electroporation 
buffer composition on cell viability and electro-transfection efficiency. Sci 
Rep. 2020. https:// doi. org/ 10. 1038/ s41598- 020- 59790-x.

 43. Milone MC, O’Doherty U. Clinical use of lentiviral vectors. Leukemia. 
2018;32:1529. https:// doi. org/ 10. 1038/ s41375- 018- 0106-0.

 44. Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, 
McIntyre E, Radford I, Villeval J, Fraser CC, Cavazzana-Calvo M, Fischer A. 
A serious adverse event after successful gene therapy for X-linked severe 
combined immunodeficiency. N Engl J Med. 2003;348:255. https:// doi. 
org/ 10. 1056/ NEJM2 00301 16348 0314.

 45. Huang H, Zhang C, Wang B, Wang F, Pei B, Cheng C, Yang W, Zhao Z. 
Transduction with lentiviral vectors altered the expression profile of host 
microRNAs. J Virol. 2005;92:e00503. https:// doi. org/ 10. 1128/ JVI. 00503- 18.

 46. Batliner J, Buehrer E, Fey MF, Tschan MP. Inhibition of the miR-143/145 
cluster attenuated neutrophil differentiation of APL cells. Leuk Res. 
2012;36:237. https:// doi. org/ 10. 1016/j. leukr es. 2011. 10. 006.

 47. Masciarelli S, Capuano E, Ottone T, Divona M, De Panfilis S, Banella C, 
Noguera NI, Picardi A, Fontemaggi G, Blandino G, Lo-Coco F, Fazi F. 
Retinoic acid and arsenic trioxide sensitize acute promyelocytic leukemia 
cells to ER stress. Leukemia. 2018;32:285. https:// doi. org/ 10. 1038/ leu. 
2017. 231.

 48. Masciarelli S, Quaranta R, Iosue I, Colotti G, Padula F, Varchi G, Fazi F, Del 
Rio A. A small-molecule targeting the microRNA binding domain of 
argonaute 2 improves the retinoic acid differentiation response of the 
acute promyelocytic leukemia cell line NB4. ACS Chem Biol. 2014;9:1674. 
https:// doi. org/ 10. 1021/ cb500 286b.

 49. Chiou B, Connor JR. Emerging and dynamic biomedical uses of ferritin. 
Pharmaceuticals. 2018;11:124. https:// doi. org/ 10. 3390/ ph110 40124.

 50. Bellini M, Mazzucchelli S, Galbiati E, Sommaruga S, Fiandra L, Truffi M, 
Rizzuto MA, Colombo M, Tortora P, Corsi F, Prosperi D. Protein nanocages 
for self-triggered nuclear delivery of DNA-targeted chemotherapeutics 
in Cancer Cells. J Control Release. 2014;96:184. https:// doi. org/ 10. 1016/j. 
jconr el. 2014. 10. 002.

 51. Li J, Liu J, Li S, Hao Y, Chen L, Zhang X. Antibody h-R3-dendrimer medi-
ated siRNA has excellent endosomal escape and tumor targeted delivery 
ability, and represents efficient siPLK1 silencing and inhibition of cell 
proliferation, migration and invasion. Oncotarget. 2016;7:13782. https:// 
doi. org/ 10. 18632/ oncot arget. 7368.

 52. Parodi A, Corbo C, Cevenini A, Molinaro R, Palomba R, Pandolfi L, Agostini 
M, Salvatore F, Tasciotti E. Enabling cytoplasmic delivery and organelle 
targeting by surface modification of nanocarriers. Nanomedicine. 
2015;10:1923. https:// doi. org/ 10. 2217/ nnm. 15. 39.

 53. Sonawane ND, Szoka FC Jr, Verkman AS. Chloride accumulation and 
swelling in endosomes enhances DNA transfer by polyamine-DNA poly-
plexes. J Biol Chem. 2003;278:44826. https:// doi. org/ 10. 1074/ jbc. M3086 
43200.

 54. Tian W, Ma Y. Insights into the endosomal escape mechanism via inves-
tigation of dendrimer–membrane interactions. Soft Matter. 2012;8:6378. 
https:// doi. org/ 10. 1039/ C2SM2 5538C.

 55. Liang W, Lam JKW. Endosomal escape pathways for non-viral nucleic acid 
delivery systems. In: Ceresa B, editors. Molecular regulation of endocyto-
sis. 2012. https:// doi. org/ 10. 5772/ 46006.

 56. Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U, 
Manygoats K, Seifert S, Andree C, Stöter M, Epstein-Barash H, Zhang L, 
Koteliansky V, Fitzgerald K, Fava E, Bickle M, Kalaidzidis Y, Akinc A, Maier 
M, Zeria M. Image-based analysis of lipid nanoparticle–mediated siRNA 
delivery, intracellular trafficking and endosomal escape. Nat Biotechnol. 
2013;31:638. https:// doi. org/ 10. 1038/ nbt. 2612.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/pharmaceutics12050443
https://doi.org/10.4103/1673-5374.160063
https://doi.org/10.4103/1673-5374.160063
https://doi.org/10.1016/j.pep.2019.105451
https://doi.org/10.1016/j.pep.2019.105451
https://doi.org/10.1007/s11051-013-1776-1
https://doi.org/10.1007/s11051-013-1776-1
https://doi.org/10.1039/b711242d
https://doi.org/10.3390/pharmaceutics11070351
https://doi.org/10.3390/pharmaceutics11070351
https://doi.org/10.1038/s41598-020-59790-x
https://doi.org/10.1038/s41375-018-0106-0
https://doi.org/10.1056/NEJM200301163480314
https://doi.org/10.1056/NEJM200301163480314
https://doi.org/10.1128/JVI.00503-18
https://doi.org/10.1016/j.leukres.2011.10.006
https://doi.org/10.1038/leu.2017.231
https://doi.org/10.1038/leu.2017.231
https://doi.org/10.1021/cb500286b
https://doi.org/10.3390/ph11040124
https://doi.org/10.1016/j.jconrel.2014.10.002
https://doi.org/10.1016/j.jconrel.2014.10.002
https://doi.org/10.18632/oncotarget.7368
https://doi.org/10.18632/oncotarget.7368
https://doi.org/10.2217/nnm.15.39
https://doi.org/10.1074/jbc.M308643200
https://doi.org/10.1074/jbc.M308643200
https://doi.org/10.1039/C2SM25538C
https://doi.org/10.5772/46006
https://doi.org/10.1038/nbt.2612

	Self-assembling ferritin-dendrimer nanoparticles for targeted delivery of nucleic acids to myeloid leukemia cells
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Experimental section
	Expression and purification of Humanized Ferritin
	PAMAM and HumFt labelling
	PAMAM mediated HumFt assembly
	HumFt-PAMAM-miRNA nanoparticle preparation
	Negative staining electron microscopy
	Cell culture, cell death, and differentiation
	RNA extraction and Real-Time PCR
	Confocal microscopy and FACS analysis

	Results and discussion
	PAMAM mediated HumFt assembly
	Uptake of HumFt-PAMAM nanoparticles by NB4 cells
	HumFt-PAMAM mediated miRNA delivery to NB4 cells

	Conclusions
	Founding
	Acknowledgements
	References




