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ARTICLE INFO ABSTRACT

Ferritin is a globular hollow protein that acts as the major iron storage protein across living organisms. The 8 nm-
diameter internal cavity of ferritin has been used as a nanoreactor for the synthesis of various metallic nano-
particles different to iron oxides. For this purpose, ferritin is incubated in solution with metallic ions that enter
the cavity through its natural channels. Then, these ions are subjected to a reduction step to obtain highly
monodisperse metallic nanoparticles, with enhanced stability and biocompatibility provided by the ferritin
structure. Potential biomedical applications of ferritin-nanoparticle complex will require the use of human
ferritin to provide a safer and low-risk alternative for the delivery of metallic nanoparticles into the body.
However, most of the reported protocols for metallic nanoparticles synthesis uses horse spleen ferritin as na-
nocontainer. Previous studies have acknowledged technical difficulties with recombinant human ferritin during
the synthesis of metallic nanoparticles, like protein precipitation, which is translated into low recovery yields. In
this study, we tested a novel photochemical reduction method for silver nanoparticle synthesis in human re-
combinant ferritin and compared it with the traditional chemical reduction method. The results show that
photoreduction of silver ions inside ferritin cavity provides a universal method for silver nanoparticle synthesis
in both recombinant human ferritin homopolymers (Light and Heavy ferritin). Additionally, we report important
parameters that account for the efficiency of the method, such as ferritin recovery yield (~60%) and ferri-
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tin-silver nanoparticle yield (34% for H-ferritin and 17% for L-ferritin).

1. Introduction

Ferritin is the major iron storage protein ubiquitous among living
organisms. Maxiferritins, the variety present in vertebrates, are as-
sembled from 24 subunits that form a hollow spherical shell with an
inner and outer diameter of ~8 and ~12 nm, respectively [1]. Verte-
brate ferritins are heteropolymers formed by two homologous subunits,
the H (heavy) and the L (light) chains, which vary in proportions de-
pending on its origin [2]. Each subunit type has a particular role within
the structure. The H chain contains a ferroxidase active center [3-5]
that catalyzes the oxidation of Fe*? into Fe*? with O,, and L chains
contain sites for the nucleation of iron oxyhydroxide crystals [6]. Fer-
ritin structure has eight 3-fold symmetry channels that provide the
pathway for Fe ™2 flux from the outer environment into the inner cavity
that are subsequently oxidized and mineralized inside the internal
cavity, facilitated by the presence of negative electric charge amino
acidic residues [7,8].

Ferritin has been used technologically as a nanocontainer for non-
biological metallic nanoparticle synthesis, because its cavity offers a

constrained space to obtain monodisperse particles and its structure
also contribute to improve nanoparticle stability [9,10]. Different fer-
ritin templates, especially horse spleen ferritin, have been used as a
nanoreactor to synthesize a variety of metallic nanoparticles in its
cavity, such as Mn, Co, Ni, Pd, Pt, Ag, Au [11,12]. There is a special
interest in metallic nanoparticles for detection and therapeutic appli-
cations in biomedicine, for example ferritin containing supermagnetic
iron oxides (Fe304) for Magnetic Resonance Imaging [13], Au-con-
taining ferritin as biosensor for detecting single-nucleotide poly-
morphisms [14] and Ag-containing ferritin for inducing cell death [15].

Biomedical utilization of recombinant human ferritin containing a
metallic nanoparticle requires the standardization and improvement of
protocols for nanoparticle synthesis. Based on experimental evidence, a
human ferritin nanocontainer for intracellular delivery should contain
H-chain subunits, because these subunit-types mediate cellular uptake
through interaction with the transferrin receptor [16]. Recombinant
human H ferritin homopolymers have been shown to be successfully
internalized by different cell types, like macrophages [17], tumor cells
[15,18-21]. Also, in murine models, human H ferritin homopolymers
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have been targeted to gliomas [22], lymph nodes [23], murine carotid
and abdominal aortic aneurysm disease [24,25], and tumors
[13,20,21,26-29]. Contrarily, a ferritin-based nanocontainer for an
extracellular biomedical application, e.g. a topical skin product, should
be only composed of L-chain subunits to avoid cellular internalization.

The synthesis of noble metal nanoparticles inside human ferritin has
not been exempt of difficulties. Recombinant human L and H ferritins
are prone to precipitate during silver nanoparticle synthesis when
compared to the resistant Pyrococcus furiosus ferritin, in which silver
nanoparticles were successfully synthesized [12]. However, using
controlled conditions such as a low concentration of H human ferritin
(0.1 mg/mL), which consequently requires a reduced amount of Ag ions
(ferritin/Ag ratio of 1:100-1:2000) and addition of a limited amount of
reducing agent (ferritin/NaBH, ratio of 1:250) allowed the formation of
silver nanostructures [30]. Other strategies had been the chemical or
genetic modification of human ferritin to create a compatible container
for noble metal nanoparticle synthesis. The blockage or removal of
cysteines from the exterior surface of H-chain ferritin and the in-
corporation of cysteines on the interior surface allowed gold and silver
nanoparticle synthesis [15,31]. Also, the fusion of a dodecapeptide able
to reduce silver ions into the C-terminal of human L-chain, which lo-
cates into the cavity, has been shown to produce Ag nanoparticles with
60% efficiency [32].

In this study, we used two methods to synthesize silver nano-
particles inside recombinant human ferritin, using a chemical and a
novel photochemical agent to reduce the silver cations inside ferritin
cavity. Our results demonstrate that the photochemical method is su-
perior than the chemical one and allows the synthesis of silver nano-
particles in human L and H homopolymeric ferritin preserving the
structural integrity and colloidal stability of the protein nanocage.

2. Experimental
2.1. L and H-ferritin expression and purification

cDNA from colorectal adenocarcinoma (Caco-2) cells, donated by
Dr. M. Tulio Nuiiez, was used for amplification of L and H ferritin genes.
Primers were designed based on the sequences available in Genbank
(NM_002032.2 and NM_000146.3) introducing restriction endonuclease
cleavage sites for cloning the fragments into pET28a digested with Ndel
and Xhol. The final plasmids pET-FTL and pET-FTH were verified by
DNA sequencing.

The plasmids were transformed into E. coli BL21 DE3 and protein
expression was induced by growing the cells in autoinduction media for
20 h at 25 °C with shaking at 250 RPM. Cells were harvested at 6000g
for 10 min, resuspended in 50 mM Tris pH 8 and disrupted by sonica-
tion. The cell extracts were heated at 75 °C for 10 min and clarified.
Then the ferritin extracts were purified through a Q-sepharose column
eluting with a linear gradient (0-1 M) of NaCl using an AKTA Avant
system (GE Healthcare Life Sciences). The fractions containing ferritin
were concentrated and finally purified using a Superdex 200 Increase
10/300 GL column, recovering the monomeric ferritin fraction. All
expression and purification steps were performed using iron-free media
and solutions to ensure the obtention of apoferritin.

2.2. Ag nanoparticle synthesis

A 1 mL of 2 mg/mL ferritin (Ft) solution in 50 mM Tris pH 8 with the
addition of 44.4 uL of a 100 mM solution of AgNO; (equivalent to 1000
Ag atoms per ferritin molecule, 1000 Ag/Ft) was incubated overnight at
4 °C. Next day, the excess of metallic ions were removed by dialysis
against 50 mM Tris pH 8. Chemical reduction was performed by adding
44.4 UL of a 100 mM solution of NaBH,. Alternatively, photoreduction
was achieved by addition of 89 uL of a 50 mM solution of Irgacure 2959
photoreducer (2-Hydroxy-4’-(2-hydroxyethoxy)-2-methyl-propiophe-
none, Sigma 410896), incubated 1 h at 4 °C, then exposed to UV-A light
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(320-400 nm, 64 W) for 20 to 30 min at room temperature. After che-
mical reduction and photoreduction were performed, the samples were
centrifuged at 14,000 rpm for 10 min at 4 °C, then the soluble fraction
was dialyzed against 50 mM Tris pH 8 and stored at 4 °C. Nanoparticle
synthesis in ferritin was performed in duplicate.

2.3. Characterization techniques

Protein quantification was carried out using the modified Lowry
method (Thermo Fisher Scientific #23240) with Bovine Serum Albumin
(BSA) as a reference. Optical properties of the protein samples with na-
noparticles were measured using UV-vis spectroscopy with an AvaSpec-
2048 (Avantes). Ferritin samples containing silver nanoparticles were
subjected to size exclusion chromatography (SEC) using a FPLC AKTA
Avant using a Superdex 200 Increase 10/300 GL column, measuring
absorbance at 280 and 410 nm for protein and silver plasmon detection,
respectively. Ferritin protein samples were analyzed in native 6% poly-
acrylamide electrophoresis gels (PAGE). Transmission Electron Micro-
scopy (TEM) characterization was performed using a Philips Tecnai 12
equipment operated at 80 kV in the Advanced Microscopy Facility, at the
Pontificia Universidad Catdlica de Chile. The statistical analysis of size
distribution of ferritin protein shells and silver nanoparticles was per-
formed using ImageJ software by sampling over 100 particles.

3. Results and discussion
3.1. Synthesis of silver nanoparticle in L and H human ferritin

The synthesis of silver nanoparticles (Ag-NP) in recombinant L-chain
(FTL) or H-chain (FTH) human ferritin was performed controlling every
step to avoid precipitation. For this, an overnight incubation at 4 °C of the
ferritin solution with silver ions (molar ratio 1000 Ag/Ft) was performed
to ensure ferritin loading. Then, excess silver ions were removed from the
solution by dialysis, followed by reduction of the Ag ions inside the cavity
to produce Ag®. Two different reducing methods were tested, chemical
reduction and photochemical reduction (Fig. 1). The chemical method
consisted in the addition of NaBH, (1 equivalent per Ag atom), which is
the most reported reducing agent used in the synthesis of metallic na-
noparticles in ferritin [12,30,33,34]. In the photochemical reduction
method, the photoinitiator 1-2959 was added to the ferritin sample (1
equivalent per Ag atom) and incubated under UV-A light. This method is
proposed as a milder alternative to NaBH, and has been proven to work
for silver nanoparticles stabilized by citrate and albumin [35-37].

The addition of the silver salt (AgNO3) produces slight turbidity in
FTL and FTH solutions, which did not increase during overnight in-
cubation. The turbidity was retained after dialysis, but samples re-
mained soluble. The reducing step caused the appearance of color in
FTL samples, which was stronger in the sample reduced with 1-2959
compared to NaBH,. Both samples remained coloured after the cen-
trifugation step used to remove precipitates or aggregates (Fig. 2A). On
the other hand, only reduction by 1-2959 in FTH produced color that
remained soluble after the centrifugation step. Contrarily, the addition
of NaBH, to FTH induced bulk coloured precipitation, leaving a
translucent non-coloured solution after the centrifugation step
(Fig. 2B).

Fig. 1. Diagram of Ag-nanoparticle synthesis in human apoferritin cavity.
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Fig. 2. Synthesis of silver nanoparticles in L and H human ferritin. Soluble
fraction of the L-chain ferritin (A) and H-chain (B) ferritin samples color after
the Ag-NP synthesis process using two reduction methods (NaBH, or 1-2959).

Table 1
Protein recovery yield after Ag-NP synthesis.
Sample FTL Ag-NP FTH Ag-NP
NaBH, 1-2959 NaBH, 1-2959
Protein recovery 55% 60% ~0% 63%

The protein content in the soluble fraction of the samples was
quantified after Ag-NP synthesis to calculate the protein recovery yield.
The results show that FTL-Ag-NP samples have a protein recovery yield
of 55-60%, independently of the reduction method for nanoparticle
synthesis (Table 1). A similar value (63%) was obtained for FTH-Ag-NP
produced by photoreduction. As expected, the protein recovery of the
FTH-Ag-NP sample produced by chemical reduction was under the limit
of detection, confirming the negative effect caused by NaBH,4 addition
on FTH structure and colloidal stability.

This massive precipitation of FTH during silver reduction with
NaBH, can be explained by the differences in ferritin properties and
reduction kinetics. FTH and FTL subunit types have a very high struc-
tural homology that allows the formation of a hetero 24-mer cage, but
also possess important functional differences. It is known, for instance,
that FTH structure is more sensitive to acidic denaturation than the FTL
homopolymer due to the lack of a salt-bridge [38]. These structural
differences could also have an effect on FTH stability under strong re-
ducing conditions exerted by NaBH,. In addition, the FTH homo-
polymer has multiple ion chelation centers and a strong negative inner
electrostatic potential that allow specific interactions with various ca-
tions, including Ag+ [12,30,39]. Thus, having more silver ions at-
tached to the FTH structure, added to the fast reduction exerted by
NaBH,, could favor the formation of many small silver clusters that
somehow destabilize the tertiary protein structure. On the contrary, the
FTH structure is not affected by photoreduction of silver ions, possibly
explained by the slower kinetics or the differences in silver nanoparticle
growth in this process.

Interestingly, the FTL homopolymer structure resisted the silver
NaBH, reduction process, opposite to the results reported by Kasyutich
et al. [12], where massive precipitation occurred for H and L homo-
polymers, suggesting that other experimental conditions (such as pro-
tein concentration, buffers, pH or others) could be playing an important
role in protein stability during reduction.

3.2. Characterization of ferritin containing Ag nanoparticles

The optical absorbance properties of the ferritin Ag-NP samples
were analyzed by UV-visible spectrophotometry in the range of 180 to
800 nm to evaluate the formation of Ag-NP by the detection of the
surface resonance plasmon (SRP) absorbance peak. The spectra for FTL
Ag-NP samples show the SRP at 404 nm for both reduction methods
(Fig. 3A), suggesting a similar nanoparticle size formed in FTL cavity
despite the reducing agent used. From this, we can deduce that re-
duction rate does not affect the final size of the metallic core, suggesting
that nanoparticle synthesis in the FTL is limited by the amount of Ag™
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Fig. 3. UV-visible spectrum of silver nanoparticles in L and H human ferritin. L-
chain ferritin (A) and H-chain (B) ferritin samples UV-vis spectra after Ag-NP
synthesis process using two reductions methods (NaBH, or 1-2959). The spectra
of the control samples (FTL and FTH) show the absorption of ferritin subjected
to the same reduction methods without the addition of silver ions.

incorporated in the inner cavity. The observed difference in the ab-
sorbance intensity of SRP between FTL Ag-NP produced by the two
different reducing method can be attributed to a higher content of Ag-
NP in the oligomeric fraction obtained by photoreduction compared to
the chemical method. Also, these samples exhibit ferritin characteristic
absorption peaks at 280 nm and 204 nm, attributed to aromatic amino
acids and peptide bonds respectively, indicating conservation of the
protein primary structure.

The spectra of the FTH Ag-NP sample subjected to photoreduction
showed SRP peaks at 402 nm and protein characteristic absorption peaks
at 280 and 205 nm. The SRP in FTH showed a very slight blue shift
(~2 nm) compared to FTL Ag-NP which may indicate a smaller average
size of the metallic core. This could be explained by the highest synthesis
efficiency observed in FTH compared to FTL, resulting in less Ag atoms
available per ferritin to increase the nanoparticle size. The spectra of FTH
Ag-NP (Fig. 3B) obtained by chemical reduction did not show SRP ab-
sorption peaks and exhibited low absorbance of the protein peaks, which
was expected after the precipitation observed during nanoparticle
synthesis and confirmed by the low protein recovery yield (Table 1).

Independently of the ferritin homopolymer and reduction method,
all UV-Vis spectra of ferritin nanocages with Ag-NP inside exhibit an
increment of the absorbance at 280 nm compared with empty ferritin.
This effect can be attributed to the light absorption and dispersion ex-
erted by the Ag nanoparticles [40,41]. A similar phenomenon was ob-
served in a previous work of our group where horse spleen ferritin
shows an increased absorption at 280 nm that is related in a nonlinear
way to the iron oxide content of the ferritin nanocages [42].

Additionally, the presence of silver clusters with less than 2 nm in
diameter inside ferritin was studied by fluorescence measurements (Acyc
470 nm/Aemm 695 nm; according to Lee et al. [30]). All the ferritin-Ag-
NP samples showed no fluorescence (data not shown), which rules out
the presence of fluorescent silver nano-clusters smaller than 2 nm.

Ferritin Ag-NP samples were characterized by SEC and native
polyacrylamide electrophoresis PAGE to evaluate the structural in-
tegrity of the protein-NP complex. The protein and Ag-NP were de-
tected by following the absorbance at 280 nm and 410 nm, respectively
(as in Fig. 3). The chromatograms show two protein elution peaks at
280 nm (Asgonm), demonstrating the existence of two different species
in each sample, previously reported by our group and other authors
[42-44]. The first protein elution peak at 8.4 mL (void volume) cor-
responds to ferritin aggregated species like dimers, trimers or higher
oligomers, while the second elution peak at 10.4 mL corresponds to
monomeric ferritin nanocages. The chromatograms of the FTL-Ag-NP
samples (Fig. 4A) show the coelution of the Ag-NP absorbance peak at
410 nm (A410nm) With the first protein elution peak at 8.4 mL, which
corresponds to oligomeric protein species. The same elution profile was
observed in the chromatogram of the FTH-Ag-NP sample synthesized
with 1-2959 (Fig. 4B, lower panel). As expected, almost no detectable
absorbance peak at 410 nm was observed for the sample FTH-Ag-NP
synthetized with NaBH, (Fig. 4B, upper panel). These results indicate
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Fig. 4. Size exclusion chromatograms of the samples FTL and FTH with Ag-NP.
(A) FTL samples reduced with NaBH, or 1-2959. (B) FTH samples reduced with
NaBH, or 1-2959. Chromatograms of the samples reduced with 1-2959 show a
small elution peak at 27 mL that correspond to remnants of the photoinitiator
that persisted after dialysis.
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Fig. 5. Native polyacrylamide gel for Ferritin Ag-NP samples. (A) Gel before
Coomassie staining for nanoparticle detection. (B) Gel after Coomassie staining
for protein detection. FTL and FTH are control samples without Ag-NP. Ferritin-
Ag-NP samples were run in duplicate.

that Ag-NP and ferritin oligomers are associated, which suggests that
ferritin monomers do not contain Ag nanoparticles because of the lack
of absorption at 410 nm. This was also demonstrated from native
polyacrylamide gel electrophoresis, where Ag nanoparticles are asso-
ciated to higher oligomers of H and L ferritin that slightly penetrated
the gel and got concentrated at the bottom of the sample well (Fig. 5).
Contrarily, the ferritin-Ag-NP monomeric and dimeric bands show not
detectable color from the nanoparticles. Considering that the starting
material was purified monomeric ferritin, these oligomeric species are

FTL-Ag-NP
(NBH4)
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formed during the synthesis process, either during silver cation loading
and/or silver reduction.

Silver cations have been proven to induce changes in the secondary
structure of other proteins such as BSA [45]. Potentially, the in-
corporation of Ag ions onto ferritin could trigger some local con-
formational or chemical changes of amino acids of the peptidic struc-
ture, which could lead to a new distribution of electrical charges on the
surface, decreasing the electrostatic repulsion of the protein and
therefore favoring the formation of oligomers, leaving ferritin mole-
cules without silver content as monomers. This effect has also been
observed for iron oxide-containing ferritin, in which the amount of
oligomeric forms was reduced after iron removal [42].

The efficiency of NP formation in ferritin, corresponding to the
fraction of the recovered protein associated with silver nanoparticles,
was calculated for photoreduced samples after SEC fractioning by di-
viding protein concentration in the fraction containing Ag-NP (oligo-
meric fraction) by the total protein concentration (monomeric and
oligomeric fraction). FTH showed a higher NP formation efficiency
(54%), compared to 28% for FTL, suggesting that the process of silver
incorporation and nanoparticle synthesis is not homogenous and
strongly depends on the type of homopolymer used.

All ferritin-Ag-NP samples were observed by TEM to check the
structural integrity of the protein and measure nanoparticle size dis-
tributions. Negative uranyl acetate staining was used for protein shell
visualization (Fig. 6A). Silver nanoparticles were directly observed with
no staining (Fig. 6B). The images with negative staining show the
spherical protein cage with an external diameter close to 12 nm for all
samples, indicating that the nanoparticle synthesis process did not af-
fect the overall protein structure. Images obtained without staining
allowed the observation of electron-dense spherical metallic cores. The
mean diameter of the observed nanoparticles were 5.4 = 2 nm and
5.3 * 2.3 nm for FTL-Ag-NP obtained by chemical and photoreduction
methods, respectively. Nanoparticles synthesized in FTH by photo-
reduction show a mean diameter of 3.2 + 1.5 nm, which is smaller
than the Ag-NP in FTL, in accordance with the SRP slight blue shift
observed for this sample (Fig. 3B).

In all cases, silver nanoparticles were smaller than the ferritin in-
ternal diameter, strongly suggesting that the cavity of FTH and FTL
apoferritin is acting as a size-constraining reactor for nanoparticle
synthesis.

d=5,4+2 nm

b BT R )
d (nm)

d=5,3+2,3 nm
N=112

123456720510
d (nm)
d=3,2£1,5 nm
N=357

1234856780910
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Fig. 6. TEM images of ferritin-Ag-NP samples. (A) Ferritin-Ag-NP samples negatively stained with uranyl acetate. (B) Ferritin-Ag-NP samples observed without stain.

(C) Size distributions of the silver nanoparticles.
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4. Conclusions

We compared two different reduction methods for the synthesis of
Ag-NP inside two ferritin nanocontainers: recombinant human ferritin
H homopolymer (FTH) and recombinant human ferritin L homo-
polymer (FTL). The chemical method was not suitable to obtain Ag-NP
inside FTH nanocages because it has a detrimental effect on protein
structural integrity and colloidal stability. On the other hand, FTL,
which is a structural homologous of FTH, was not especially affected by
the chemical reduction method for silver nanoparticle synthesis with a
protein recovery yield of 55%. The photochemical reduction method
allows the synthesis of silver nanoparticles in both ferritins with ~60%
protein recovery. Also, this method showed a higher efficiency of
synthesis for silver nanoparticle in FTH than in FTL. Electron micro-
scopy size determination of Ag-NP inside ferritin cavities, showed that
silver nanoparticles were smaller in FTH (3 nm) compared to those
synthesized inside FTL (5 nm) under our experimental conditions.
Finally, we also show that Ag-NP synthesis in ferritin induces the oli-
gomerization of the nanocages containing the metallic nanoparticle. In
conclusion, we herein presented a novel universal method for silver
nanoparticle synthesis inside recombinant human ferritin — based on
photoreduction — that is suitable for biomedical applications, preserves
ferritin structure, gives a high protein recovery yield and significantly
increases nanoparticle formation efficiency over previous methods.

Abbreviations

Ft ferritin

FTL L-ferritin

FTH H-ferritin

Ag-NP  silver nanoparticle

FTL-Ag-NP L-ferritin containing silver nanoparticle
FTH-Ag-NP H-ferritin containing silver nanoparticle

BSA Bovine Serum Albumin

SEC size exclusion chromatography
PAGE polyacrylamide gel electrophoresis
[-2959  Irgacure 2959

SRP surface resonance plasmon

TEM Transmission Electron Microscopy
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