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ABSTRACT: E�cient protein delivery into the target cell is highly
desirable for protein therapeutics. Current approaches for protein
delivery commonly su�er from low-loading protein capacity, poor
speci�city for target cells, and invisible protein release. Herein, we
report a protein@inorganic nanodumpling (ND) system as an
intracellular protein delivery platform. Similar to a traditional
Chinese food, the dumpling, ND consists of a protein complex
“�lling” formed by metal-ion-directed self-assembly of protein
cargos fused to histidine-rich green �uorescent proteins
(H39GFPs), which are further encapsulated by an external surface
“wrapper” of manganese dioxide (MnO2) via in situ biomineraliza-
tion. This ND structure allows for a high loading capacity (>63 wt
%) for protein cargos with enhanced stability. NDs can be targeted and internalized into cancer cells speci�cally through folic
acid receptors by surface-tailored folic acid. The protein cargo release is in a bistimuli-responsive manner, triggered by an
either reductive or acidic intracellular microenvironment. Moreover, the MnO2 nanowrapper is an e�cient �uorescence
quencher for inner fused GFPs and also a “switch-on” magnetic resonance imaging (MRI) agent via triggered release of Mn2+

ions, which enables activatable �uorescence/MRI bimodal imaging of protein release. Finally, the ND is highly potent and
speci�c to deliver functional protein ribonuclease A (RNase A) into cultured target cells and the tumor site in a xenografted
mouse model, eliminating the tumor cells with high therapeutic e�cacy. Our approach provides a promising alternative to
advance protein-based cancer therapeutics.
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Therapeutic proteins are one of the fastest developing
modalities of biologics medicine.1,2 To date, more than
130 pharmacological proteins have been approved for

clinical use.3 Most approved protein drugs target cell-surface
antigens and extracellular domains of receptors, such as
monoclonal antibodies,4 cytokines,5 and growth factors.6 Due
to poor membrane permeability for proteins, e�cient delivery of
proteins to access intracellular targets remains a major
challenge.7,8 Hence, developing a strategy for intracellular
protein delivery has emerged as a promising �eld for protein
therapeutics.

In recent decades, the general strategy to deliver protein is to
fuse the protein cargos with cell-membrane penetration tags,
including protein transduction domains (PTDs),9 transmem-
brane signals,10 and supercharged proteins.11,12 This method

facilitates protein endocytosis, whereas it often su�ers from
nonspeci�c cellular internalization and low protein stability in
the serum. Nanomaterial-based therapeutic carriers have
recently been presented as promising alternative approaches
to enable targeted protein delivery and spatiotemporally
controlled release, including liposomes,13,14 polymers,15,16

nanogels,17,18 and inorganic nanoparticles.19,20 However, their
applicability is potentially limited by low loading for protein
therapeutics (<20% of protein by weight)21 or complicated
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fabrication processes under conditions unfavorable to protein
activity (e.g., organic solvents).22 Moreover, most delivery
carriers lack molecular imaging modalities, and ex situ
identi�cations of protein cargos are normally required. Such
processes are slow and unavailable for real-time evaluation on
protein delivery e�cacy in vivo. Thus, to overcome the above-
mentioned issues, ideal protein carriers should show (1)
controllable encapsulation with high protein loading; (2) simple
“green” preparation preferable for protein activity; (3) excellent
stability in bio�uids; (4) targeted delivery to diseased cells/
organs; and (5) visualization of protein release via real-time
imaging.

In order to enable these ideal features in one single protein
carrier, we show here the rational design of a “dumpling-like”
protein@inorganic nanostructure for imaging-guided protein
delivery in vivo. This nanocarrier, termed nanodumplings
(NDs), is inspired by the dumpling, a traditional Chinese food
with a core �lling surrounded by a wrapper (Scheme 1A). We

also take inspiration from the dumpling preparation process to
design a “protein preassembly” strategy to fabricate the
proposed NDs, in which protein cargos are preassembled to
form a nanosized complex “�lling” followed by in situ synthesis
of an inorganic nanomaterial outer layer (wrapper). It is
di�erent from conventional nanocarrier preparation strategies of
postsynthesis loading (protein loading after nanomaterials
synthesis). As a proof-of-concept, a preassembled protein
complex was formed by a metal-ion-directed self-assembly of
protein cargo, which was fused to an assembling tag, a histidine-
rich green �uorescent protein (H39GFP). The protein complex

is wrapped by a manganese dioxide (MnO2) external surface
“wrapper” via in situ biomineralization and further function-
alized with folic-acid-modi�ed polyethylene glycol (PEG-FA)
for active targeting. The protein preassembly and protein@
inorganic structure render NDs with not only a high protein
loading capacity (>63 wt %), a simple “green” fabrication, and
the excellent protection of the protein cargos but also speci�c
cancer cell targeting, a stimuli-responsive release manner, and an
activatable �uorescence/magnetic resonance imaging (MRI)
bimodal imaging capability. The NDs couple the advantageous
features of fusion-engineered protein carriers and nanomaterial-
based delivery vehicles, presenting a highly e�cient and smart
self-reporting protein delivery carrier that could selectively and
e�ciently deliver functional proteins in vivo with real-time
release tracking by �uorescence/MRI bimodal imaging.

ND fabrication starts with tag-mediated self-assembly via the
histidine�Zn2+ interaction to form a protein H39GFP/Zn2+

protein complex, followed by in situ biomineralization of the
MnO2 nanowrapper using outer interfaces of the H39GFP/Zn2+

protein complex as a template. NDs are further functionalized
with PEG-FA for active targeting to the folate receptor (FR)-
overexpressed tumor cells (Scheme 1B). The MnO2 nano-
wrapper o�ers a protective layer to inner protein cargos, and its
redox and acid-sensitive properties allow bistimuli-responsive
self-disassembly, triggered by the intracellular reductive and
acidic microenvironment.23,24 The extensive and broad light
absorption capacity of MnO2 nanomaterials enables them to
quench the �uorescence of diverse �uorophores through energy
transfer.25 Therefore, the MnO2 nanowrapper is an e�cient
�uorescence quencher of inner fused GFPs, and also a “turn-on”
MRI contrast agent where released Mn2+ ions upon its
disassembly allow contrast ampli�cation.26 Hence, the intact
ND is quiescent for both �uorescence and MRI signals. As FR is
highly expressed in target cancer cells, NDs can speci�cally
recognize target cells and are internalized via the receptor-
mediated endocytosis. After that, the acidic environment (pH
5�6) inside the endosome/lysosome and high concentration of
intracellular thiols (glutathione, GSH, or cysteine, Cys) destroy
the MnO2 nanowrapper and disassemble the H39GFP/Zn2+

complex. The reactions lead to the massive release of payloads
with the H39GFP tag, the �uorescence recovery lightening the
protein release sites, and the production of a large amount of
Mn2+ ions enabling the MRI detection. In comparison with
conventional “stay-on” protein delivery �uorescence-tracking
platforms using �uorophore labeling, the NDs provide dual-
activatable �uorescence/MRI bimodal imaging functionalities,
which allows imaging of the intracellular release process of
proteins more precisely in a temporal and spacial manner.
Moreover, the MRI mode of NDs is of signi�cance for evaluation
of protein delivery e�cacy at the whole body level, which are not
capable for current protein delivery carriers.

RESULTS AND DISCUSSION
Zn2+-Directed Protein Assembly. The construction of

NDs depends on the preassembly of proteins to form the
H39GFP/Zn2+ complex �lling, which allows for high loading
capacity for protein cargos. In order to enable protein cargos
with self-assembly functionality, we fuse functional proteins with
a self-assembly tag, H39GFP. This GFP contains 39 histidine
residues, among which 12 pairs of adjacent dihistidine motifs
were on its surface (Figure S1). Such a dihistidine motif has been
used for the assembly of protein/peptide superstructures due to
its high chelation a�nity with metal ions. We expected that the

Scheme 1. Illustration of ND-Facilitated Protein Deliverya

a(A) Protein preassembly strategy to design a dumpling-like
nanosystem for protein delivery. (B) Schematic illustration of e�cient
cancer cell targeting and �uorescence/MRI bimodal visualized
intracellular protein delivery by NDs.
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