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4.5 nm nanoceria particles are successfully encapsulated into the

apoferritin cavity via a dissociation–reconstruction route. The

apoferritin coating not only improves the biocompatibility and

changes the cellular uptake route of nanoceria, but also manipulates

the electron localization at the surface of the nanoparticle thereby

ameliorating the ROS-scavenging activity.

Incomplete removal of reactive oxygen species (ROS), which

cause oxidative damage to human beings, leads to various

detrimental effects on human health.1 Natural antioxidant

enzymes including endogenous superoxide dismutase (SOD)2

may not be sufficient to protect cells from sudden oxidative

damage. There is therefore intense interest in developing an

active artificial enzyme with a high ROS-scavenging activity

but low cytotoxicity. Some nanomaterials were reported to be

able to act as antioxidants,3,4 among which nanoceria particles

(nano-CeO2) drew much more attention due to their SOD

mimetic activity and their reversibility and auto-regenerative

properties.5–7 However, it is still a challenge to construct a

highly active artificial enzyme (even more active than SOD)

with outstanding biocompatibility. Here we have shown that

reconstructing a cage protein, apoferritin, to encapsulate the

4.5 nm nano-CeO2 could fulfill this goal. Apoferritin not

only improved the biocompatibility of the nano-CeO2, but

also manipulated the electron localization at the surface of

the nanoparticle thereby ameliorating the ROS-scavenging

activity of the apoferritin–CeO2 hybrid nanocomposite

(AFt–CeO2).

The cage protein, apoferritin (the soft shell), was recon-

structed into the nano-complex with the nano-CeO2 (the hard

core) wrapped into the central cavity of apoferritin via a

dissociation–reconstruction process (Fig. 1a).8,9 To the best

of our knowledge, the nano-CeO2, with all the faces being the

most chemically active (100) facet and a narrow size distribu-

tion centered around 4.5 nm (Fig. S1, ESIw), have not been

synthesized before. A transmission electron microscopy

(TEM) image of negatively stained AFt–CeO2 showed that

all the nano-crystals were encapsulated inside the apoferritin

cage (Fig. 1b). These discrete nano-crystals were further

proved to be nano-CeO2 by high-resolution TEM (HRTEM)

(Fig. 1c) and energy dispersive spectroscopic measurements

(Fig. 1d). Circular dichroism (CD) spectra revealed no

Fig. 1 (a) Schematic presentation of the assemblage process of

AFt–CeO2. (b) TEM image of negatively stained AFt–CeO2. The inset

shows an enlarged single AFt–CeO2 nanocomposite. (c) HRTEM image

of a single AFt–CeO2 nanoparticle. (d) Energy dispersive spectrum of

AFt–CeO2. The signal of Cu is from the Cu grid. (e) Native PAGE gel

of ferritin, AFt–CeO2 and apoferritin (AFt) (from left to right).
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significant changes in the secondary structure of apoferritin

after the encapsulation of nanoceria (Fig. S2, ESIw). The

integrality of AFt–CeO2 was further validated by native poly-

acrylamide gel electrophoresis (PAGE) analysis which showed

identical mobilities for ferritin, apoferritin, and AFt–CeO2

(Fig. 1e). Inductively coupled plasma optical emission spectro-

metry (ICP-OES) analysis of the protein bands in Fig. 1e

showed that cerium was detected in the band of AFt–CeO2

but not in the other two bands. Taken together, these results

confirmed the successful reconstitution of apoferritin in which

nano-CeO2 were integrated.

We then asked whether AFt–CeO2 would possess an altered

ROS-scavenging activity. To this end, we measured the ability of

AFt–CeO2 to quench ROS and compared its activity to other

materials including natural SOD. Notably, AFt–CeO2 was able to

clear more than 70% of superoxide anions (O2
��), while the

natural SOD could only quench B20% at most (Fig. 2a and b).

Apoferritin-encapsulated Pt nanoparticles (AFt–Pt) were also able

to quench superoxide anions,10 however, the efficiency of AFt–Pt

in ROS scavenging was much lower than that of AFt–CeO2. As

shown in Fig. S3 (ESIw) and Fig. 2a, the IC50 of AFt–Pt (56 mM)

was more than 160 fold higher than that of the AFt–CeO2

(0.34 mM).y Interestingly, nano-CeO2, AFt alone or the mixture

of these two materials did not possess the same ROS-scavenging

activity as AFt–CeO2. At fixed cerium and protein concentra-

tions, pristine nano-CeO2 and apoferritin could quench less than

B10% of superoxide anions, while the direct mixture of nano-

CeO2 and apoferritin (AFt + CeO2) merely quenched no more

than 15% of superoxide anions (Fig. 2b). These observations

directly demonstrated that the bio-conjugation of nano-CeO2

with apoferritin conferred a superb ROS scavenging activity.

Why did the AFt–CeO2 prove to be such a highly efficient

artificial redox enzyme? It has been suggested that the reactivity

of ceria in a redox process is largely dependent on the surface

defects or vacancies on the crystals.11 We then reasoned that the

apoferritin modification improved the reducing activity of the

nano-CeO2. To test this hypothesis, electron energy loss

spectroscopy (EELS) analysis was used to characterize the

chemical state of nano-CeO2 with and without an apoferritin

corona (Fig. 2c). EELS in the M-edge region of cerium carries

information on the initial state 4f occupancy. The spectra were

characterized by sharp white lines of 3d3/2 - 4f5/2 (M4) and

3d5/2 - 4f7/2 (M5) associated with spin–orbit splitting. The

relative intensities of the white lines were associated with the

4f-shell occupancy of cerium, and thus could be used to

determine its valence states.12 A method for calculating the

valence state of Ce can be found in ref. 12. The result of this

calculation was that pristine nano-CeO2 had a 100% content of

Ce4+ while the AFt–CeO2 was a mixture of Ce3+ and Ce4+,

with an estimated 70% fraction of Ce3+. This fact strongly

indicated the existence of a charge transfer at the interface of the

protein corona and the nano-CeO2, resulting in a valence change

of the oxide (Fig. S4, ESIw). A similar valence change has also

been observed in the process where native ferritin sequesters and

releases iron in the living biological systems, during which the

valency of Fe oscillates between +2 and +3.13,14 The charge

transfer process changed the localization of electrons on

the surface of nano-CeO2 inside the apoferritin, and more

importantly, induced the formation of surface defects and

vacancies on the nano-CeO2.
15 It is well-established that more

defects or vacancies on the surface result in a much higher

redox activity,7,16 which explains the superior reactivity of

AFt–CeO2 in the ROS-scavenging assay.

The superb ROS-scavenging activity of AFt–CeO2 made it a

promising candidate to serve as an artificial redox enzyme to

relieve the oxidative stress of living cells. To test its activity in

living cells, we used a ROS-sensitive fluorescent dye, DCFH-DA

(2,7-dichlorofluorescein diacetate), which could be oxidized to a

highly fluorescent compound DCF by intracellular ROS.17

HepG2 cells were preincubated with either nano-CeO2 or

AFt–CeO2 before they were subjected to H2O2 treatment.

Subsequently, the fluorescent level of DCF was used as an

indicator of the residual ROS level. From several independent

experiments, AFt–CeO2 was convincingly shown to scavenge

intracellular ROS more efficiently than nano-CeO2 (Fig. 3a).

Quantitatively, the IC50 of AFt–CeO2 was 6.8 mM, B20 times

lower than that of nano-CeO2 (132.2 mM). This result was

further confirmed by corresponding images of confocal laser

scanning microscopy (CLSM) (Fig. 3b). In the absence of

nano-CeO2 and AFt–CeO2, the cells were strongly fluorescent,

indicating a high ROS level. However, the fluorescent signal of

AFt–CeO2-pretreated HepG2 cells was significantly diminished,

suggesting an efficiently reduced ROS level. Notably, HepG2

cells pretreated with nano-CeO2 still exhibited a significant level

of fluorescent intensity, indicating a rather limited reducing

activity of nano-CeO2 (Fig. 3b).

To test whether cells adapted readily to AFt–CeO2 treatment,

we examined the cellular internalization and cytotoxicity of

AFt–CeO2. As shown in Fig. 4a, the amount of internalized

AFt–CeO2 in HepG2 cells was about 2 fold higher than that of

nano-CeO2, implying that the AFt–CeO2 was preferentially

taken by HepG2 cells. Both CLSM and TEM images also

confirmed that more AFt–CeO2 nanocomplexes could be inter-

nalized in HepG2 cells than nano-CeO2 (Fig. 4b–e). Interest-

ingly, although AFt–CeO2 entered HepG2 cells efficiently, cells

were still viable in the presence of a high concentration of

Fig. 2 (a) Dose-dependent O2
�� scavenging by AFt–CeO2. (b)

Comparison of O2
�� scavenging activity. The protein concentrations

of AFt, AFt–CeO2, ‘‘AFt + CeO2’’ and SOD are all 0.01 mM, while

the cerium concentrations of CeO2, AFt–CeO2 and ‘‘AFt +CeO2’’ are

1 mM. (c) EELS profiles of pristine nano-CeO2 and AFt–CeO2.
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AFt–CeO2 (Fig. S5, ESIw). How did cells adapt to the AFt–CeO2

with a high internalized amount and a low cytotoxicity? We

speculated that this distinct feature of AFt–CeO2 was partially

attributed to the apoferritin corona, which could potentially

promote the cellular internalization process mediated via specific

ferritin receptors and prevent the adverse interactions between

the nano-CeO2 and biomolecules in the cytoplasm.18 Further

study (Fig. S6, ESIw) also suggested that the internalization of

AFt–CeO2 was primarily regulated by clathrin-mediated endo-

cytosis (Fig. 4h), while the internalization of the nano-CeO2 was

a macropinocytosis process (Fig. 4f and g).

In conclusion, we have demonstrated a strategy, combining

cage proteins with a novel synthetic nano-material, to construct a

novel nano-complex (AFt–CeO2) that has proven to be by far the

most active artificial redox enzyme with mimetic SOD activity.

The modification of the surface of nano-CeO2 has changed the

intrinsic properties of individual building blocks, conferring a

superb redox activity to the AFt–CeO2. In addition, the cage

proteins carry their biological identities to the AFt–CeO2 to

initiate an endocytosis process and improve its biocompatibility.

This is a step-forward for the rational design/construction of

artificial enzymes with designated functions, which have the

potential to treat incurable diseases like some types of amyo-

trophic lateral sclerosis due to the failure of defense against ROS.
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Fig. 3 (a) Scavenging of ROS by AFt–CeO2 and nano-CeO2 in

HepG2 cells. (b) Representative CLSM images of H2O2-treated

HepG2 cells after staining with DCFH-DA. From left to right:

control, cells preincubated with nano-CeO2 (25 mM) and AFt–CeO2

(25 mM). All the scale bars represent 10 mm.

Fig. 4 (a) Quantification of AFt–CeO2 and nano-CeO2 internalized

by HepG2 cells. (b–e) Representative CLSM and TEM images of

HepG2 cells with nano-CeO2 (b, d) or AFt–CeO2 (c, e) internalized. In

CLSM images (b) and (c), the bright spots in the cytoplasm around the

nuclei are the internalized nano-CeO2 (b) or AFt–CeO2 (c) particles.

(f) TEM image showing the typical macropinocytosis movement for

nano-CeO2 particles to enter HepG2 cells. (g and h) Schematic

illustration of the macropinocytosis for nano-CeO2 and the clathrin-

mediated endocytosis for AFt–CeO2. The scale bars in (b) and (c)

represent 10 mm, while those in (d–f) represent 500 nm.
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