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Cargo loading within ferritin nanocages in
preparation for tumor-targeted delivery
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Minmin Liang®'™

Ferritins are spherical iron storage proteins within cells, composed of 24 subunits of two types, heavy-chain ferritin (HFn)
and light-chain ferritin. Ferritins auto-assemble naturally into hollow nanocages with an outer diameter of 12 nm and an
interior cavity 8 nm in diameter. Since the intrinsic tumor-targeting property of human HFn was first reported in 2012,
HFn has been extensively explored for tumor-targeted delivery of anticancer drugs and diagnostic molecules, including
radioisotopes and fluorophores, as well as inorganic nanoparticles (NPs) and chemotherapeutic drugs. This protocol
provides four detailed procedures describing how to load four types of cargoes within HFn nanocages that are capable of
accurately controlling cargo loading: synthesis of inorganic metal nanoparticles within the cavity of a wild-type human
HFn nanocage (Procedure 1, requires ~5 h); loading of doxorubicin into the cavity of a wild-type human HFn nanocage
(Procedure 2, requires ~3 d); loading Gd®" into the cavity of a genetically engineered human HFn nanocage (Procedure 3,
requires ~20 h); and loading ®*Cu®" radioisotope into the cavity of a genetically engineered human HFn nanocage
(Procedure 4, requires ~3 h). Subsequent use of these HFn-based formulations is advantageous as they have intrinsic
tumor-targeting capability and lack immunogenicity. Human HFn generated as described in this protocol can therefore be
used to deliver therapeutic drugs and diagnostic signals as multifunctional nanomedicines.

Introduction

Although a variety of types of nanomedicines have been developed for clinical research, to date, only
very few have moved into clinical trials'*. This has partially been due to safety concerns, which
include a lack of data evaluating the long-term behavior of nanomedicines in vivo’™®. Nanocarriers
with excellent safety profiles that are capable of specifically binding to a disease state, and simulta-
neously carrying high doses of diagnostic or therapeutic cargo, are hence much sought after for
nanomedical engineering. Human ferritins are spherical iron storage proteins within cells that are
composed of a combination of 24 subunits of the heavy-chain ferritin (HFn) and light-chain ferri-
tin”'’. Human HFn was reported to have intrinsic tumor-targeting properties'"'?. As ferritins self-
assemble into a nanocages, they have recently been investigated as potential nanocarriers'’™"”.

In this protocol, we provide detailed instructions for precise and controlled encapsulation of cargo
within human HFn vehicles. To date, more than 50 types of cargo molecules, including drugs,
contrast agents, genes and metal NPs, have been loaded into the cavity of ferritin nanocages for a
wide range of applications, from biological detection assays to disease diagnosis and biomedicine
development. These representative applications are highlighted in Table 1, and include our own use
of the protocol we describe here to synthesize iron oxide NPs within the hollow human HFn

11,18,19 P : 17
nanocages' "'®'” and load doxorubicin into the cavity of human HFn nanocages'”.

Comparison with alternative approaches

In comparison with conventional engineered nanocarriers, the natural human HFn nanocage has the

following distinct features that make it suitable for use as a carrier for anticancer therapeutics:

e Intrinsic tumor targeting capability. Without any further modification, human HFn can selectively deliver a
large amount of cargo into tumor cells via TfR1-mediated specific binding followed by rapid internalization'*~**.

e Excellent biocompatibility. HFn nanocages exist naturally in humans and do not contain any
potentially toxic elements that would activate the inflammatory or immunological responses; thus, they
display a natural safety profile'”*.
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Table 1 | Examples of preparation and applications of HFn-based formulations

HFn nanocage Loaded cargo Loading method  Application Ref
Recombinant human HFn  Cisplatin pH Targeting drug delivery and tumor targeting 51,52
therapy
Recombinant human HFn  Oxaliplatin pH Tumor targeting therapy 53
Recombinant human HFn  Paclitaxel pH Conjugated with nanobody for targeted 54
photodynamic therapy
Recombinant human HFn  Doxorubicin Diffusion Targeting drug delivery 13
Recombinant human HFn  Photodynamic reagents pH By conjugating with nanobody for targeted 54
drug delivery
Recombinant human HFn  SiRNA and miRNA Chemical Genetically modified ferritin with targeting 55
conjugation ability to enhance efficiency and safety of the
delivery system to cancer cells
Recombinant human HFn  SpyTag-fused antigens Chemical Antitumor immunity 56
conjugation
Recombinant human HFn  Photosensitizers (zinc Diffusion Efficient photodynamic therapy against cancer 37
hexadecafluorophthalocyanine)
Recombinant human HFn  Mitoxantrone pH Tumor (colon, breast, sarcoma and pancreas) 57
therapy
Recombinant human HFn  Gefitinb Diffusion Drug delivery 38
Recombinant human HFn  IR820 pH Multimodal imaging-guided photothermal 58
therapy
Recombinant human HFn  B-carotene pH Encapsulate the lipid-soluble compound for 59
food chemistry applications
Recombinant human HFn  Sinoporphyrin sodium pH Photothermal and photodynamic co-therapy 60
Recombinant human HFn  Fe, dysprosium, Gd*>*, Mn?* Diffusion MRI imaging for tumor diagnostics 39,61-63
Recombinant human HFn  DTPA-chelated gadolinium, Chemical MRI imaging 64,65
gadolinium oxide (Gd,O3) NPs conjugation
Recombinant human HFn  ®°™Tc-HFn Chemical Combined SPECT and CT imaging for precise 66
conjugation tumor diagnostics
Recombinant human HFn  Iron oxide NP in the interior Chemical SPECT/MRI imaging for more precise tumor 19
cavity and '?°| radionuclide conjugation detection
conjugation on the surface
Recombinant human HFn  Cy5.5 modified on the surface pH PET/NIRF imaging for more precise tumor 32
and ®*Cu loaded in the detection
interior cavity
Recombinant human HFn Co304 Diffusion Modified with specific targeting peptide of 67
hepatocellular carcinoma (HCC) tumor tissue
for HCC prognostic diagnosis
Recombinant human HFn  Iron oxide NPs Diffusion Encapsulating iron oxide NPs for targeting and 11
visualizing tumour tissues
Recombinant human HFn  Gold NPs Diffusion Used as a template for NP synthesis 68
Horse spleen apoferritin CuS, CuFe Diffusion, urea- Semiconductor, magnetic 69,70
based
Horse spleen apoferritin Co and its oxide NPs Diffusion Chemical catalyst, biosensors 71-73
Horse spleen apoferritin CoPt, CoNi Diffusion Data storage, bimetallic NP synthesis 74,75
Horse spleen apoferritin Ni Diffusion Magnetic materials 71,76
Horse spleen apoferritin Iron phosphate, iron arsenate, Diffusion Chemical synthesis 77
iron molybdate and iron
vanadate
Horse spleen apoferritin Au-Ag alloy NPs Diffusion Alloy NP synthesis 78
Horse spleen apoferritin Ag NPs Diffusion Antimicrobial and catalytic materials 79,80
Horse spleen apoferritin Pb and its compounds pH Biosensor and biocimaging 81-84
Horse spleen apoferritin YPO,4 Diffusion Cancer radioimmunotherapy 85
Horse spleen apoferritin LuPO,4 Diffusion Functionalized nanomaterial synthesis 86
Horse spleen apoferritin CaCOg3, SrCO3, BaCO53 and Diffusion Basic loading studies 87
Cag(PO4)2
Horse spleen apoferritin Prussian blue Diffusion Biological detection 88
Horse spleen apoferritin Cr hydroxide Diffusion Nanoelectronics 76

Table continued
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Table 1 (continued)

HFn nanocage Loaded cargo Loading method  Application Ref
Horse spleen apoferritin U and its oxide NPs pH Neutron-capture therapy 89
Horse spleen apoferritin Cisplatin pH Targeting drug delivery and tumor targeting 51,90
therapy
Horse spleen apoferritin Doxorubicin pH Inlaying radiosensitizer for imaging guided 91,92
tumor therapy and develop drug
delivery system
Horse spleen apoferritin Curcumin pH Drug delivery with curcumin capsulation to 93
prevent hepatocellular damage
Horse spleen apoferritin Neural drugs, such as carbachol  Urea-based Regulate the nervous microenvironment to 94
and atropine control pancreatic cancer progression
Horse spleen apoferritin CeO> pH Ameliorating ROS-scavenging activity 45
Horse spleen apoferritin Platinum NPs Diffusion Chemical catalyst 40
Horse spleen apoferritin ZnSe, CdS, CdSe Diffusion Used as a template for NP synthesis 46-48
Horse spleen apoferritin TiO, Diffusion Chemical catalyst 49
Recombinant rat HFn Copper sulfide NPs Diffusion Cancer photothermal therapies 31
Recombinant Listeria Co and its oxide NPs Diffusion Chemical catalyst, biosensors 50

innocua ferritin

e Universal vehicle system. The methods for cargo encapsulation within HFn nanocages are universal
and capable of accurately controlling drug loading, and precisely adjusting the formed nanocores
within HFn nanocages™* ™.

e Easy scaling-up procedure. HFn vehicles are efficiently produced in Escherichia coli with a high yield
and cargo payload efficiency'"**.

e Definite pharmacokinetics. Compared with artificial nanocarriers, HFn vehicles show definite in vivo
behavior due to the well-defined morphology and surface physicochemical properties® ™.
In particular, the 12 nm diameter of HFn nanocage morphology is capable of overcoming the
biophysical barriers posed by tumor microenvironment and penetrating deep into tumors’>**.

It has been widely reported that the mechanism of intracellular release of cargoes is through the
specific binding of human HFn to TfR1, which is often overexpressed on tumor cells'"'”. Binding to
TfR1 leads to endocytosis of HFn with subsequent trafficking of HFn into lysosomes, followed by
disassembly of HFn nanocages and cargo release into the acidic environment of lysosomes'”. Several
groups have further functionalized human HFn with specific ligands such as peptides (e.g., RGD)**
and growth factors (e.g. epidermal growth factor)* to improve targeting to tumor cells. Horse spleen
ferritin, which is mostly composed of L subunits, has also been used as nanocarrier for drug delivery
studies through Scara5-mediated tumor cell recognition and uptake®. In this protocol, we describe
the use of human HFn to encapsulate controlled amounts of cargo. The resulting formulations can be
used in further studies to target delivery to tumors in vivo.

The unique nanocage structure has been previously demonstrated to provide excellent
biocompatibility, intrinsic tumor-targeting capability and favorable in vivo pharmacokinetics,
thus enabling HFn vehicles to target therapeutic drugs and diagnostic molecules to the therapeutic
target (Table 1).

Strategies for loading ferritin nanocages
To date, many methods have been developed to optimize loading of cargo within ferritin nanocages
(Table 1). There are three main methods usually used for ferritin-based cargo loading: diffusion
methods, pH/urea-based ferritin disassembly/reassembly methods and thermal response channel-
based methods (Table 1). Each method has intrinsic advantages and limitations, and the optimal
method is dependent on the type of cargo. Therefore, to achieve a high efficiency of cargo loading,
we recommend choosing the most appropriate method based on the physicochemical properties of
the cargo being loaded.

The diffusion method requires the structure of the ferritin nanocage to remain intact during
loading; thus, only limited numbers of small molecule cargoes (with size < 5 A)*”** and metal ions
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(such as P**, Cu®*, Mn*", etc.)””*” can be loaded into ferritin nanocages, and this must be through
the ion channel at the threefold axis of ferritin.

The urea or pH-based disassembly/reassembly methods allow the loading of large cargoes into the
cavity of ferritin nanocages by reversibly disassembling and reassembling ferritin nanocages via
adjusting pH or urea levels of reaction solution. Usually, ferritin nanocages completely dissociate at
pH < 2.0 or pH > 12.0, which often results in the formation of holes in the nanocage of ferritin after
reassembly*"**. The urea-based disassembly/reassembly method was therefore developed to gently
disassemble and reassemble ferritin nanocages and avoid the formation of defects. However, the urea-
based method takes much more time to accomplish the encapsulating process (~3 d) compared with
the pH-based method (~ 1 d) because it requires sequential dialysis in gradient concentrations of urea
solution to reassemble HFn nanocages, which takes ~24 h (for example, Step 4 of Procedure 2).

The threefold hydrophilic channel on the ferritin nanocage opens when heated to 60 °C.
The thermal response channel-based method was thus designed to allow the cargoes to enter the
cavity of ferritin via the opened channel (for example, Steps 3 and 4 of Procedure 3).

In this protocol, we use the thermal response channel-based method to accelerate loading of
®4Cu®" or Gd*" ions through the ion channel at the threefold axis of ferritin. We also describe how to
genetically modify the inner surface of the ferritin cavity using 8 x His to chelate the entered **Cu**
or Gd*" ions at the His sites within the cavity (Step 4 of Procedure 3, Steps 2 and 3 of Procedure 4).

Limitations of the protocol
Over the past decade, a broad variety of cargo molecules, including drugs, imaging agents, therapeutic
genes and metal NPs have been encased in the cavity of ferritin nanocages for a broad range of
biomedical applications®>******, The protocol described here specifically presents approaches to
synthesize Fe;O,4, Co304 or MnO, NPs within the cavity of a wild-type human HFn nanocage, and
provides the procedures for loading doxorubicin, radioisotopes and Gd>* within His-tag genetically
engineered or wild-type human HFn nanocages. Since genetic engineering with different functional
groups changes the physicochemical properties of ferritin nanocages, the procedure described here
must be further developed and modified to be suitable for ferritin nanocages engineered to have
different modifications. Preparation of other metal oxide NPs or loading of other drugs and metal
ions within HFn nanocages has not been attempted in our laboratory using this protocol. In this
protocol, the capture of Gd** and ®*Cu*" ions within HFn nanocages is achieved through the chelate
interaction of the fused His-tag on the interior surface of HFn. Hence, this method is applicable only
to the metal ions with high His-tag affinity such as Ni**, Co®", Cu®", Ca’", Fe’*, Gd’", etc.
When selecting the optimal method of loading cargo, feasibility of scale-up for clinical applications
should be considered. The production and purification characteristics of HFn and His-tag fused HFn
permit manufacturing to be robustly and reproducibly scaled up. In addition, the encapsulation
method of doxorubicin, radioisotopes and Gd*>" within the human HFn nanocages is also simple and
can easily be scaled up while retaining high cargo payload efficiency. However, preparation of the
metal oxide NPs within the HFn nanocage is performed in a glove box under an N, atmosphere to
maintain atmospheric purity at <600 ppm oxygen. This requirement severely limits the feasibility of
scaling up this specific application. In addition, the nanoparticle nucleation and growth process
within the cavity of HFn nanocage are highly sensitive to reaction conditions. Thus, stationary
reaction temperature, pH and precise titrating of metal ions and H,O, are required to form the
homogeneous nanoparticle within the HFn nanocage.

Experimental design

In this protocol, we present four alternative step-by-step procedures that allow researchers to

encapsulate metal oxide NPs, antitumor drug doxorubicin, contrast agent Gd*" or radioisotope

4Cu®" within the interior cavity of a human HFn nanocage (Table 2):

® Procedure 1: synthesis of Fe;0,, Co;0,4 or MnO, NPs within the interior cavity of a wild-type human
HFn nanocage under an N, atmosphere.

e Procedure 2: loading of doxorubicin into the cavity of a wild-type human HFn nanocage through the
disassembly of a HFn nanocage in urea in the presence of doxorubicin, followed by reassembly by a
series of stepwise gradients of urea.

* Procedure 3: loading of Gd*" into the cavity of a genetically engineered human HFn nanocage.

e Procedure 4: loading of **Cu®' radioisotope into the cavity of a genetically engineered human
HFn nanocage.
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Table 2 | Flowchart of the protocol

Protocol stages Metal oxide NPs (Procedure 1) Doxorubicin (Procedure 2) Gd3*/%4Cu®" (Procedure 3/4)
Preparation Prepare oxygen-free atmosphere Prepare HFn and doxorubicin stock  Prepare HFn-His and Gd>*/%*Cu?* stock
and degassed solutions (Steps 1-4)  solutions (‘Reagent setup”) solutions (‘Reagent setup’)
Reaction Mineralization of metal ions within ~ Dis- and reassembly of HFn to Open the threefold hydrophilic channel of the
HFn nanocages (Steps 5-11) encapsule doxorubicin inside ferritin nanocage by heating to 60 °C to
(Steps 1-5) capture Gd>*/°4Cu?" inside (Steps 1-4/1-3)
Product collection  Collect the mineralized HFn (Steps  Collect the HFn-encapsulated Collect the Gd>*/%*Cu®"-loaded HFn-His
12 and 13) doxorubicin (Step 6) (Steps 5-6/4)
Quantification Quantification of the mineralized Quantification of HFn-encapsulated  Quantification of HFn-His-captured
HFn (Steps 14 and 15) doxorubicin (Steps 7 and 8) Gd>*/%*Cu®" (Steps 7/5)

Fe?*/Co®*/Mn2* ..’ I' H,0,
Oxidation
¢ ‘C.b.

HFn nanocage

HFn nanocage HFn@ |=(-)304 NPs HFn @00304 NPs HFn@ Mn02 NPs

Fig. 1 | Characterization of HFn encapsulation of metal oxide NPs. a, Schematic representation of HFn
encapsulation of metal oxide NPs (M-HFn). b, Cryo-EM images of HFn nanocages and M-HFn NPs. Scale bar,
20 nm. For details of how to perform cryo-EM characterization, please refer to the Supplementary Methods.

The choice of approach must be determined by the physicochemical properties of the cargo.
For metal oxide nanoparticle preparation within the HFn nanocage, we first load metal ions into the
interior cavity of HFn nanocage via the channel formed at the interface between subunits, followed by
oxidation with hydrogen peroxide into metal oxide nanoparticle at the ferroxidase sites within the
cavity (Fig. 1). For doxorubicin loading, we disassemble HFn nanocages in urea solution and load
doxorubicin into the interior cavity of HFn while reassembling HFn nanocages using a series of
stepwise gradients of urea (Fig. 2). For **Cu®* and Gd*" ions loading, we first genetically modify the
inner surface of the ferritin cavity using 8 x His, and then chelate the entered **Cu®* or Gd** ions at
the His sites within the cavity (Fig. 3).

Encapsulation of metal oxide NPs within the HFn nanocage (Procedure 1)

Metal oxide NPs are synthesized directly within the cavity of HFn nanocage. Oxygen-free reaction
conditions must be strictly maintained. We describe how this can be achieved in a glove box under an
N, atmosphere (Steps 1-11) plus how to collect and quantify the mineralized HFn (Steps 12-15).
The reaction atmosphere must be oxygen-free so that the loaded metal ions can be controllably
oxidized by the precisely dosed H,0,. The formed nanocores within human HFn can thus be
adjusted via the dosing speed and duration of metal ions and H,0,.

Encapsulation of doxorubicin within the HFn nanocage (Procedure 2)

Doxorubicin is gradually loaded while the HFn nanocage is disassembled in 8 M urea (Steps 1-3) and
then slowly reassembled by dialysis against the gradient concentrations of urea solution (Steps 4 and 5).
We recommend using no less than five different gradient concentrations of urea solution
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Fig. 2 | Characterization of HFn nanocage encapsulation of doxorubicin (Dox). a, Schematic representation of the Dox loading process.
b, Representative SEC analysis of Dox-loaded HFn nanocages (HFn-Dox) by in-line UV detection at 280 nm (HFn) and 485 nm (Dox). ¢, DLS analysis
of HFn nanocage (left) and HFn-Dox (right). For details of how to perform SEC and DLS analysis, please refer to the Supplementary Methods.

(for example, 7, 5, 3, 2, 1 and 0 M, each for 4 h) to ensure the assembly process of HFn nanocages is
carried out gently and gradually. Generally, this process is time-consuming but gentle enough to keep
HFn spherical structure intact. Successful encapsulation of doxorubicin is determined quantitatively
by measuring the absorbance at 485 nm.

Encapsulation of Gd®>"/%*Cu®" within the HFn nanocage (Procedures 3 and 4)

Detailed instructions are provided for the encapsulation of Gd**/**Cu®" ions within the HFn
nanocage. The hydrophilic threefold channels on ferritin nanocages open when the temperature
reaches 60 °C, which allows the Gd**/**Cu*" ions in solution to enter the cavity of ferritin via the
opened channels and then be captured by the genetically fused His-tag within the inner surface of the
ferritin cavity. Once the temperature drops below 60 °C, the channels of ferritin close and the ions
remain encapsulated within the cavity of the HFn nanocage. Since the capture of Gd*>" and **Cu**
ions within HFn nanocages is achieved through chelation of the fused His-tag on the interior surface
of HFn, this method can only be applied to metal ions with high His-tag affinity such as Ni**, Co**,
Cu’t, Ca**, Fe’T, Gd*T, etc.

Because *Cu”" has a short half-life (12.7 h), it is important to reduce the number of preparation
steps and overall production and purification time of ®*Cu®*-loaded HFn. In particular, we
recommend using column filtration to remove free **Cu®*, which requires substantially less time than
other methods such as dialysis to purify the radio-loaded biomolecules.

Materials
Reagents
* pET-30a (+) plasmid (Novagen, cat. no. 69909-3)
e Escherichia coli BL21 (DE3) (TransGen Biotech, cat. no. CD601-02)
¢ NaCl (Sinopharm Chemical Reagent, cat. no. 10019308)
e Yeast extract (Oxoid, cat. no. LP0021)
* Tryptone (Oxoid, cat. no. LP0042)
¢ Kanamycin sulfate (Merck, cat. no. 5880)
e Isopropyl-B-p-thiogalactopyranoside (IPTG; TransGen Biotech, cat. no. GF101-01)
° Ammonium sulfate (Sinopharm Chemical Reagents, cat. no. 10002918)
e Trizma base (VETEC, cat. no. V900483)
e HCl (Sinopharm Chemical Reagents, cat. no. 10011018) ! CAUTION Causes severe burns. Do not
inhale the vapor. Avoid contact with eyes, skin and clothing. Avoid prolonged or repeated exposure.
Use in a fume hood and wear gloves, protective eyewear and a laboratory coat.
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Fig. 3 | Characterization of HFn-His nanocage encapsulation of Gd*" or **Cu?*. a, Schematic representation of the
Gd>* or ®*Cu?* loading within HFn-His nanocages. The inner surface of the cavity of the ferritin was genetically
modified with 8 x His to chelate the loaded ®*Cu?* or Gd** ions. b, Area-scan energy-dispersive X-ray spectroscopy
analysis of HFn-His@Gd>*. ¢, Size-exclusion HPLC analyses of HFn-His@®*Cu?". For details of how to perform
energy-dispersive X-ray spectroscopy and size-exclusion HPLC analysis, please refer to the Supplementary Methods.

® Na,HPO, (Sinopharm Chemical Reagents, cat. no. 20040617)

* KH,PO, (Sinopharm Chemical Reagents, cat. no. 10017608)

¢ KCl (Sinopharm Chemical Reagents, cat. no. 10016308)

* BCA protein assay kit (Pierce, cat. no. 23225)

¢ HNO; (Sinopharm Chemical Reagents, cat. no. 7697-37-2) ! CAUTION Causes severe burns. Do not
inhale the vapor. Avoid contact with eyes, skin and clothing. Avoid prolonged or repeated exposure.
Use in a fume hood and wear gloves, protective eyewear and a laboratory coat.

Equipment

e Thermostat water bath (LICHEN, model no. HH-2)

* Autoclave (Beijing Faen Scientific & Trading, model no. D-1-70)

e Horizontal laminar flow clean bench (ESCO, model no. LVG-6AG-S8)

e Incubator shaker (CRYSTAL, model no. IS-RDHI1)

e Avanti J-E centrifuge (Beckman Coulter, model no. 369001)

e Ultrasonic cell crusher (Shanghai HUXI, model no. JY96-IIN)

e Multifuge XIR centrifuge (Thermo Fisher, model no. 75004250)

® Magnetic stirrer (LICHEN, model no. LC-SMS-HS)

e Ultrapure water system (Merck, model no. Milli-Q Advantage A10)

e Dialysis bag (viskase, cat. no. MD34-14)

(.22 pm sterile filter (Sartorius, cat. no. FF342-10pcs)

e Suction filtration apparatus composed of a vacuum pump (JINTENG, model no. GM-2), a filtration
container (JINTENG, model no. T-50.1L) and 0.2 pm filtration membrane (JINTENG, model no.
¢ 50 mm/0.2 um/MCE).

o AKTA avant 150 (General Electric, model no. 28-9308-42)

eHiTrap Q FF 5 mL prep grade anion exchange chromatography column (General Electric,
cat. no. 17-5156-01)

e Vivaspin 20 ultrafiltration tube (Sartorius, cat. no. VS2042-1)

e HiLoad 16/600 Superdex 200 prep grade size exclusion chromatography (SEC) column (General
Electric, cat. no. 28-9893-35)

¢ 96-well microplates (Beyotime, cat. no. FPT010)

* Microplate reader (Thermo, model no. Multiskan SkyHigh)
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Reagent setup

LB medium

Dissolve 10 g typtone, 5 g yeast extract and 10 g NaCl in 1 L of deionized water, and then autoclave
the solution at 121 °C for 15 min. The obtained sterilized LB medium can be stored at room
temperature (RT, 25 °C) for 3 months.

Kanamycin sulfate solution

Dissolve kanamycin sulfate in deionized water to a final concentration of 50 mg/mL. Sterilize the
kanamycin sulfate solution using a 0.22 um sterile filter on a horizontal laminar flow clean bench.
The sterilized kanamycin sulfate solution can be stored at —80 °C for 3 months.

IPTG solution

Dissolve IPTG in deionized water to a final concentration of 1 M. Sterilize the IPTG solution using a
0.22 um sterile filter on a horizontal laminar flow clean bench. The sterilized IPTG solution can be
stored at —80 °C for 3 months.

Tris-HCI/NaCl buffer

Dissolve Trizma base in deionized water to a final concentration of 200 mM, and adjust the final pH
to 8.0 using HCI. The obtained 200 mM Tris-HCI (pH 8.0) buffer can be stored at RT for 3 months.
Dilute 200 mM Tris-HCI (pH 8.0) buffer with deionized water to obtain 50 mM Tris-HCI (pH 8.0)
buffer and 20 mM Tris-HCI (pH 8.0) buffer. Dissolve NaCl in 20 mM Tris-HCI (pH 8.0) buffer to
obtain 20 mM Tris-HCl containing 1 M NaCl (pH 8.0) buffer. ACRITICAL STEP Tris-HCI
(pH 8.0) buffer should be suction filtrated freshly with 0.2 pum membrane before flowing into the
chromatography columns.

Phosphate-buffered saline (PBS)

Dissolve 8.0 g NaCl, 0.2 g KCI, 1.44 g Na,HPO, and 0.24 g KH,PO, in 800 mL deionized water, and
adjust the final pH to 7.4 using HCl. Add deionized water to make the solution volume up to
1,000 mL. Filter-sterilize (0.22 pm), and store PBS solution at 4 °C for no more than 6 months.

HFn and HFn-His nanocages

The recombinant human HFn and HFn-His are expressed in Escherichia coli BL21(DE3)

where they self-assemble into the 24 subunit nanocages. The inner surface of HFn-His

contains exposed 8 x His, which is used to chelate the loaded **Cu*" or Gd*" ions. The nucleotide
sequence for encoding HFn is from the National Center for Biotechnology Information

(CCDS41655.1), and the nucleotide sequence for encoding HFn-His was designed by inserting an

8 x His with the linker of GSGGG (5-GGT AGC GGC GGT GGC CAT CAC CAT CAT CAC CAC

CAT CAC-3') at the 3'-terminus before the stop codon. The following procedure can be followed to

generate the nanocages:

1 Synthesize the nucleotide sequences of HFn and HFn-His (we use sequences synthesized by
Shanghai Generay Biotech). During synthesis, introduce a Ndel restriction site to the 5'-terminus
and a BamHI restriction site to the 3/-terminus.

2 Separately insert the synthesized genes to replace the nucleotide sequence between the Ndel and
BamHI restriction sites of the pET-30a(+) plasmid.

3 Separately transform the obtained HFn-pET-30a (+) plasmid and HFn-His-pET-30a (4) plasmid
into Escherichia coli BL21(DE3) cells using the Escherichia coli BL21 (DE3) kit (TransGen Biotech,
cat. no. CD601-02) following the manufacturer’s instructions.

4 Grow Escherichia coli cells (BL21(DE3)) containing plasmid HFn-pET-30a (+) or
HFn-His-pET-30a (+) in LB medium containing kanamycin (50 ug mL™') in a shaking flask
at 37 °C.

5  Once growth reaches an OD 600 of 0.6, induce expression of plasmid-encoded proteins by adding
0.5mM IPTG and switching the culture temperature to 25 °C.

6  Incubate Escherichia coli BL21(DE3) cells in a shaking flask (220 rpm) for another 12 h.

7 Centrifuge cells at 4,000¢ for 30 min at 4 °C, discard supernatant and resuspend the precipitate
in 50 mM Tris-HCl buffer (pH 8.0) to a final concentration of 10% (wt/vol). Sonicate the
solution on ice (220 w, periodic working for 2 s and resting for 2 s, total working for
at least 20 min), followed by centrifugation at 12,000¢ for 30 min at 4 °C to remove debris.
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Discard pellet. A CRITICAL Protease inhibitors are not used in this protocol because the BL21
(DE3) cells are deficient in Lon protease and OmpT protease. A typical yield is between 50 and
100 mg of HFn or HFn-His per 1 L bacterial lysate even without the use of protease inhibitors.
In addition, DNAse/RNAase are not required because any contaminating DNA/RNA is efficiently
removed by ammonium sulfate precipitation and the following anion exchange chromatography.
Heat the supernatant to 70 °C for 15 min, and then centrifuge at 12,000 for 30 min to remove the
heat-precipitated Escherichia coli host proteins. Discard pellet.

Precipitate the protein gradients in the supernatant by adding ammonium sulfate (53%, wt/vol)
to the supernatant. Stir the mixture at RT for 2 h to ensure the protein gradients are
thoroughly precipitated.

Centrifuge the mixture at 12,000¢ for 30 min (4 °C) to collect the protein precipitate, and then
redissolve it using 20 mM Tris-HCI buffer (pH 8.0).

Dialyze the protein solution against 20 mM Tris-HCI (pH 8.0) overnight to remove the remanent
ammonium sulfate gradient.

Load the dialyzed protein solution onto a Q Sepharose Fast Flow anion exchange chromatography
column (column volume 5 mL), with the mobile phase composed of 20 mM Tris-HCI (pH 8.0)
buffer and 20 mM Tris-HCI buffer (pH 8.0, 1 M NaCl) buffer.

Collect the eluted portion with a conductivity value between 20 mS/cm and 40 mS/cm.
Concentrate the collection with an ultrafiltration tube.

Load the concentrated protein solution onto a HiLoad 16/600 Superdex 200 prep grade SEC
column (column volume 120 mL) with 40 mM Tris-HCI (pH 8.0, 200 mM NaCl) buffer as the
mobile phase to purify the HFn and HFn-His proteins. Approximately 55 mL pure HFn or
HFn-His protein should elute. A CRITICAL The use of gel-filtration chromatography is not suitable
for industrial manufacture owing to it being time consuming, expensive and requiring a large size of
columns. Scale-up of the purification process to meet the demands of industrial manufacture while
maintaining the quality of HFn/HFn-His protein can be achieved by using hydrophobic
chromatography to replace the SEC. Anion exchange chromatography combined with hydrophobic
chromatography can achieve a protein purification purity of >95 %. In particular, both anion
exchange chromatography and hydrophobic chromatography are highly efficient for
industrial applications.

Dissolve the obtained HFn and HFn-His proteins in 20 mM Tris-HCI (pH 8.0, 100 mM NaCl,
30% glycerin).

Determine the final protein concentration by BCA Protein Assay Kit.

B PAUSE POINT Store HFn and HFn-His proteins at 4 °C for a maximum of 6 months or at
—80 °C for up to 3 years. Samples stored at 4 °C should undergo 0.22 pm filtration prior to storage
to remove bacterial contamination. In addition, it is preferable to divide the HFn and HFn-His into
aliquots before freezing to avoid unnecessary freezing and thawing.

? TROUBLESHOOTING

Additional materials required for Procedure 1

Reagents

e Sodium hydroxide (Sigma-Aldrich, cat. no. $8045)
! CAUTION Sodium hydroxide is highly irritating upon contact with eyes or skin; it should be handled
with gloves.

e Hydrogen peroxide 30% (wt/vol) aqueous solution (Sinopharm Chemical Reagent Beijing,
cat. no. 10011208)
! CAUTION Hydrogen peroxide is highly irritating to eyes, skin and upon ingestion, and should be
handled with gloves under a fume hood.

e Trisodium citrate dihydrate (Sinopharm Chemical Reagent, cat. no. 10019408)

* (NH,),Fe(SO,), - 6H,O (Sigma-Aldrich, cat. no. 203505)

® Co(NOs3), - 6H,0 (Sigma-Aldrich, cat. no. 203106)

* MnCl, - 4H,0 (Sigma-Aldrich, cat. no. 203734)

Equipment
* Anaerobic glove box (Plas Labs, model no. 800-866-7527)
e O, Transmitter (Advanced Instruments, model no. GPR-1500)
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*IKA RCT basic IKAMAG safety control hot plate magnetic stirrer (Aldrich, model no. Z645060)
equipped with IKA ETS-D5 temperature controller (Aldrich, model no. Z645125)

¢ Dosing device 800 Dosino (Metrohm, model no. 28000010) connected with 902 Titrando (Metrohm,
model no. 29020010)

Equipment setup

Thermostatic water bath

We create a thermostatic water bath with stirring by using a magnetic stirrer equipped with a
temperature controller. Set in a beaker of water that has been preheated to thermostatic 65 °C.

Additional materials required for Procedure 2

Reagents
¢ Doxorubicin hydrochloride (Sangon Biotech, cat. no. A603456)
e Urea (Sinopharm Chemical Reagent, cat. no. 10023218)

Equipment
* NanoDrop UV-Vis spectrophotometer (Thermo Fisher Scientific, model no. NanoDrop 2000/2000c)

Reagent setup

Urea solution

Dissolve urea in deionized water to a concentration of 8 M, 7 M, 5 M, 3 M, 2 M and 1 M, respectively.
Filter-sterilize (0.22 pm), and store them at 4 °C for no more than 6 months.

Doxorubicin stock solution

Dissolve doxorubicin hydrochloride in deionized water to a final concentration of 10 mg/mL.
Filter-sterilize (0.22 pm), and store it at 4 °C for no more than 1 month.

A CRITICAL The prepared solution should be handled in the dark.

Additional materials required for Procedure 3

10

Reagents
¢ GA(NO3); - 6H,O (Innochem, cat. no. A10171)

Reagent setup

Gadolinium ion stock solution

Dissolve Gd(NO3); - 6H,0 in deionized water to a final concentration of 480 mM. Filter-sterilize
(0.22 pm), and store them at 4 °C for no more than 6 months.

Equipment

*IKA RCT basic IKAMAG safety control hot plate magnetic stirrer (Aldrich, model no. Z645060)
equipped with IKA ETS-D5 temperature controller (Aldrich, model no. Z645125)

® Dosing device 800 Dosino (Metrohm, model no. 28000010)

Reagent setup

Gadolinium ion stock solution

Dissolve Gd(NO3); - 6H,0 in deionized water to a final concentration of 480 mM. Filter-sterilize
(0.22 um), and store at 4 °C for no more than 6 months.

Equipment setup

Thermostatic water bath

A thermostatic water bath with stirring can be created using the magnetic stirrer equipped with the
temperature controller. Set in a beaker of water preheated to thermostatic 60 °C.
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Additional materials required for Procedure 4

Equipment
* Biomedical cyclotron (Sumitomo Heavy Industrials, model no. HM-20)
¢ PD-10 desalting columns (GE Healthcare Life Sciences, cat. no. 17-0851-01)

Reagent setup

*Cu’" ion solution

Obtain freshly prepared **Cu*" ions from a biomedical cyclotron via the ®*Ni (p, n) **Cu reaction.
! CAUTION As with all radionuclides emitting penetrating radiation, standard shielding and radio-
nuclide handling procedures must be employed with **Cu®* ions. Direct exposure to the radioactivity
should be kept to a minimum. Individuals working with the radioisotope should monitor their radiation
exposure with appropriate devices.

Equipment setup

Thermostatic water bath

We establish a thermostatic water bath with stirring by using a magnetic stirrer equipped with a
temperature controller. Set in a beaker of water preheated to thermostatic 60 °C.

Procedure 1: preparation of metal oxide NPs within the HFn nanocage @ Timing ~5 h

A CRITICAL This section describes how to prepare Fe;O,, Co3;0, or MnO, NPs within the HFn
nanocage. We have not prepared other metal oxide NPs within the HFn nanocage; thus, adjustments
might be required if using alternative metal oxides.

1 Degas 2 L of deionized water by boiling it for at least 30 min, and keep the degassed water in an
airtight flask with no air inside.

2 Transfer 1 mL HFn stock solution (10 mg/mL in 20 mM Tris-HCI, pH 8.0, containing 100 mM NaCl
and 30% glycerin), 0.1 mL H,0, stock solution (30% (wt/vol) aqueous solution), NaCl (1.1688 g),
NaOH (0.2 g), sodium citrate (8.823 g), 50, 200 and 500 mL vials, degassed water, 50 and 100 mL
cylinder, pipette and pipette tips to a glove box before use. Also transfer (NH,),FeSO, (0.49 g), Co
(NOs3), (0.3638 g) or MnCl, (0.2474 g).

A CRITICAL STEP Fresh H,O, should be used to minimize H,0, decomposition. The H,O, stock
solution bottle (30% (wt/vol) aqueous solution from Sigma) should not be used for more than
1 month after opening.

3 Exchange the air in glove box with N, to maintain the atmosphere purity at <600 ppm oxygen.

A CRITICAL STEP The reaction should be carried out under N, atmosphere with oxygen <600 ppm
to avoid generating precipitates during the experiment. Precipitates are generated by oxidation of
Fe’" by dissolved oxygen.

? TROUBLESHOOTING

4 Prepare the following solution using degassed deionized water: 200 mL NaCl (100 mM), 100 mL
NaOH (50 mM), 100 mL H,O, (4.17 mM), 100 mL sodium citrate (300 mM) and 100 mL of either
(NH,),FeSO, (12.5 mM), Co(NO3), (12.5 mM) or MnCl, (12.5 mM).

A CRITICAL STEP The above solution should be freshly prepared in degassed deionized water in
glove box under N, atmosphere.
A CRITICAL STEP Fresh H,O, should be used to minimize H,O, decomposition.

5 Place 40 mL of NaCl solution (100 mM in degassed water) into the reaction vial.

Maintain the reaction vial at 65 °C using a thermostatic water bath.

7 Add HFn stock solution to the reaction vial to a final concentration of 0.25 mg/mL.

A CRITICAL STEP The protein concentration should not be increased to more than 1 mg/mL to
avoid protein precipitation at high concentrations during the mineralization process.

8 Simultaneously add the prepared metal source ((NH,),FeSO,, Co(NO;), or MnCl,) (12.5 mM in
degassed water) and H,O, (4.17 mM in degassed water) dropwise to the reaction mixture at a rate of
31.3 uL/min using a pump under gentle stirring. Meanwhile maintain the pH of the reaction mixture
at 8.5 with 50 mM NaOH by using a pH titrator.

A CRITICAL STEP The mineralization reaction produces H" ions. Herein, NaOH is used to maintain
the reaction pH at 8.5. Low pH values will lower the mineralizing efficiency.
? TROUBLESHOOTING

o)}
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After 10, 30 or 50 min of dropping, about 1,000, 3,000 and 5,000 atoms, respectively, per HFn
nanocage should have dropped into the reaction solution. React for additional 5 min after the
addition of all reagents.
A CRITICAL STEP The dropping time should not exceed 60 min (including the next step) to prevent
HFn precipitation due to the overloading of metal cores.
Add 1 mL of 300 mM sodium citrate to chelate any free metal ions.
Open the glove box, take the reaction vial out and clean up the glove box.
Collect the mineralized HFn (HFn@Fe;0,;, HFn@Co3;0, or HFn@MnO,) by centrifugation
at 12,000¢ for 15 min at 4 °C to remove precipitation, and transfer the supernatant to a
clean tube.
Ultrafilter the collected products to replace the buffer with PBS buffer.
Quantify the concentration of HFn using a BCA protein assay Kkit.
A CRITICAL STEP The blown background of the mineralized HFn (M-HFn) usually interferes with
the concentration measurement of M—-HFn. The same concentration of M-HFn should thus be
used as the blank control.
? TROUBLESHOOTING
Quantify the mineral content using inductively coupled plasma optical emission spectrometry
(ICP-OES).
A CRITICAL STEP For details of how to quantify the mineral content using ICP-OES, please refer to
the Supplementary Methods.
B PAUSE POINT Keep M-HFn in PBS buffer. Filter-sterilize (0.22 um), and store at 4 °C for a
maximum of 6 months.

Procedure 2: encapsulation of doxorubicin within HFn nanocage @ Timing -3 d

A CRITICAL This procedure produces ~80 mg HFn-Dox (with ~4.6 mg doxorubicin inside). The
treatment dose we use for mice is ~10 mg/kg body weight (doxorubicin equivalents). The body weight of
a mouse is ~25 g. Thus, this procedure produces sufficient HFn-Dox to treat ~18 mice at this scale.

1

Procedure 3: encapsulation of G

Dilute HFn stock solution (10 mg/mL in 20 mM Tris-HCI, pH 8.0, containing 100 mM NaCl and
30% glycerin) in 100 mL urea solution (8 M) to a final concentration of 1 mg/mL, and gently stir for
30 min at RT to ensure complete dissociation.

Add doxorubicin stock solution to the reaction mixture to a final concentration of 0.2 mg/mL.

A CRITICAL STEP The doxorubicin solution should be handled in the dark to minimize
photodegradation.

Incubate the mixture for 10 min in the dark with gentle stirring.

Transfer the mixture to a dialysis bag (MWCO: 14,000 Da), and dialyze against gradient
concentrations of urea solution (7, 5, 3, 2, 1 and 0 M, each for 4 h) containing 1 mg/mL of
doxorubicin at 4 °C to reassemble HFn nanocages gradually. The urea gradient dialysis will
encapsulate the doxorubicin in the reaction mixture within HFn nanocages.

? TROUBLESHOOTING

Dialyze the resulting solution against PBS buffer overnight to remove the free doxorubicin.
Collect the final product in the tubes, and protect from light.

Quantify the concentration of HFn by using a BCA protein assay kit, and measure the absorbance at
485 nm to determine the quantity of the encapsulated doxorubicin.

Calculate the final molar ratio of doxorubicin to HFn nanocage by dividing the molar concentration
of doxorubicin by the molar concentration of HFn.

B PAUSE POINT As the prepared doxorubicin loaded HFn (HFn-Dox) is sensitive to light, the final
product should be stored in the dark and in a freezer at 4 °C in PBS buffer for a maximum of
12 months after sterilization by 0.22 pm filtration. It is always preferable to divide the product into
aliquots for storage to reduce the risk of decomposition resulting from multiple freeze-thaw cycles
when product is removed.

d®" within the HFn nanocage @ Timing ~20 h

A CRITICAL The procedure produces ~45 mg of Gd>"-encapsulated HFn-His protein (with ~4.32 umol
Gd’" inside). We use a treatment dose for mice of 10 pmol/kg body weight (Gd>* ion equivalents). The
body weight of a mouse is ~25 g. Thus, following the procedure at this scale produces sufficient
HFn-His-Gd’" to treat ~17 mice.

12
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1

Dilute the HFn-His stock solution (10 mg/mL in 20 mM Tris-HCI, pH 8.0, containing 100 mM
NaCl and 30% glycerin) in 50 mL of 20 mM Tris-HCI (pH 8.0, 100 mM NaCl) buffer to a final
concentration of 1 mg/mL. Incubate the mixture in a thermostatic 60 °C water bath for 30 min with
gentle stirring.

Dilute the gadolinium ion stock solution in deionized water to a concentration of 400 uM.

Add the prepared gadolinium ion solution dropwise to the reaction mixture (being gently stirred in
the thermostatic 60 °C water bath) at a rate of 100 pL/min using a pump for 100 min.

? TROUBLESHOOTING

Gently stir the reaction mixture in the thermostatic 60 °C water bath for an additional
140 min, during which time the gadolinium ions should go through the heat-enlarged
hydrophilic channels and be chelated by the 8 x His peptides on the inner surface of HFn-His
nanocage. Afterwards, take the reaction vial out of the thermostatic 60 °C water bath. After the
reaction mixture cools down spontaneously to RT, the enlarged hydrophilic channels will return
back to their natural compact status. Thus, the gadolinium ions will be encapsulated within
the HFn-His nanocage.

Centrifuge the mixture at 12,000¢ for 30 min to remove the denatured proteins.

Place the supernatant in dialysis bag (MWCO: 14,000 Da), and dialyze it overnight against PBS
buffer at 4 °C to remove free gadolinium ions.

Quantify the concentration of HFn-His using a BCA protein assay kit, and determine the
encapsulated gadolinium using ICP-OES.

B PAUSE POINT Dissolve the gadolinium-loaded HFn-His (HFn-His-Gd>") in PBS buffer. Filter-
sterilize (0.22 pum), and store at 4 °C for a maximum of 6 months.

Procedure 4: encapsulation of ®*Cu®" radioisotope within the HFn nanocage ® Timing ~3 h

A CRITICAL The procedure produces ~4.5 mg of **Cu’"-encapsulated HFn-His protein (with ~5 mCi
of ®*Cu’" ions inside). We use a treatment dose for each mouse of ~100 uCi (**Cu** ion equivalents).
At this scale, this procedure makes sufficient ®*Cu’*"-encapsulated HFn-His protein to treat
~50 mice.

1

Dissolve the HFn-His stock solution (10 mg/mL in 20 mM Tris-HCI, pH 8.0, containing 100 mM
NaCl and 30% glycerin) in 5 mL of 20 mM Tris-HCI (pH 8.0, 100 mM NacCl) buffer to a final
concentration of 1 mg/mL. Incubate the mixture in a thermostatic 60 °C water bath for 30 min with
gentle shaking.

A CRITICAL STEP The optimized concentration for **Cu*" encapsulation is 1 mg/mL HFn-His. Low
concentrations of ferritin nanocage require large volumes when scaling up the manufacturing
process. However, concentrations >1 mg mL™" need longer incubations to get HFn-His saturated
with ®*Cu*". Because of the short half-life of ®**Cu®™ (12.7 h), it is important to reduce the total
preparation time for successful application of **Cu”*"-loaded ferritin.

While gently shaking, add ~30 mCi of ®*CuCl, into the reaction vial.

! CAUTION Follow appropriate radiation safety measures for Steps 2-5.

A CRITICAL STEP This solution should be used only on the day of preparation.

? TROUBLESHOOTING

Incubate the mixture in a thermostatic water bath at a temperature of 60-65 °C for 1 h while gently
shaking the reaction vial, and then cool to RT.

A CRITICAL STEP The temperature of the loading reaction should be in the range of 60-65 °C for
optimal loading efficiency.

Purify the products on a PD-10 desalting column to remove free **Cu”" using PBS buffer as eluent.
Collect the fractions, measure the radioactivity in each fraction and combine the fractions containing
the most radioactivity.

A CRITICAL STEP Because of the short half-life of **Cu®" (12.7 h), we recommend using column
filtration, which is faster than other methods such as dialysis, to purify the radio-loaded HFn-His.
? TROUBLESHOOTING

Determine the concentration of HFn-His using a BCA protein assay kit. Calculate the specific
radioactivity as mCi ®*Cu®*" per mg HFn-His.

A CRITICAL STEP Because of the short half-life of **Cu?*" (12.7 h), it is important to reduce the
number of preparation steps, the overall production and purification time for successful application
of ®*Cu*"-loaded HFn-His in living systems.
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Troubleshooting

Troubleshooting advice can be found in Table 3.

Table 3 | Troubleshooting table

Step

Problem

Possible reason

Solution

Reagent setup: preparation
of HFn and HFn-His

Reagent setup: preparation
of HFn and HFn-His

Procedure 1, Step 3
Procedure 1, Step 8

Procedure 1, Step 14

Procedure 3, Step 3

Procedure 4, Step 2

Procedure 4, Step 4

Timing

Protein precipitation during
purification

Low protein yield

Oxygen concentration can not be
maintained at <600 ppm
Humidity too high in the glove box

The quantified concentration of
M-HFn is incorrect

Precipitation generation during
experiment

Protein precipitation during
experiment

Low radiochemical purity

Local temperature is too high due
to uneven heating during
purification

Escherichia coli cells are too old
Glove box is not airtight

Water evaporation due to the
water bath

The blown background of M-HFn
interferes with the concentration
measurement

Local concentration of gadolinium
jons is too high

Local concentration of **CuCl, is
too high

Insufficient purification

Heat the supernatant that contains the
target protein with continuous stirring

Prepare fresh Escherichia coli cells
Find the leaks and repair them

Put a layer of silicone oil on the
water bath

Use the same concentration of M-HFn
as blank

Gadolinium ion solution should be added
slowly, and reaction mixture must be
efficiently stirred upon addition of
gadolinium ions

4CuCl, solution should be added
slowly, and the reaction mixture must be
efficiently shaken on addition of **CuCl,

Repeat PD-10 purification or,

alternatively, apply ultrafiltration during
the purification steps

Anticipated results

Reagent setup, preparation of HFn and HFn-His nanocages: 2 d
Procedure 1, encapsulation of metal oxide NPs within HFn nanocages: 5 h
Procedure 2, doxorubicin loading within HFn nanocages: 3 d

Procedure 3, Gd*" loading within HFn nanocages: 20 h

Procedure 4, ®*Cu*" radio-loading within HFn nanocages: 3 h

14

The preparation of HFn and HFn-His protein nanocages is straightforward if undertaken as
described. SEC purification is required to achieve >90% protein purity (Fig. 4). Figure 4 shows typical
SEC and electron cryo-microscopy (cryo-EM) images of purified HFn and HFn-His protein nano-
cages. Both the prepared HFn and HFn-His monodisperse in solution with well-defined spherical
morphology (Fig. 4). HFn and HFn-His produced as described should be of sufficient quality for
encapsulation and loading of various cargoes for most purposes.

HFn and HFn-His are stable enough to withstand heating at 70 °C for 15 min while being purified
from Escherichia coli. Further evaluation of stability demonstrated that the obtained HFn and
HFn-His nanocages are stable and do not dissociate over prolonged periods of at least 6 months at
4 °C or at —80 °C for up to 3 years in saline. In addition, the protein nanocages are also stable in
serum at 37 °C with minor dissociation over 60 h of incubation, suggesting the ferritin nanocarriers
will be sufficiently robust to retain their drug load during transit through the systemic circulation.

Figure 1 presents an example of results obtained from using this protocol to prepare Fe, Co and
Mn oxide mineralized HFn NPs (M-HFn). The cryo-EM images clearly show the formation of
uniformly spherical and monodispersed nanocores encapsulated within the HFn nanocages (Fig. 1b).
Circular dichroism spectrum of M-HFn NPs is almost identical to that of HFn nanocages (Sup-
plementary Fig. 1), indicating that the loading process does not substantially perturb the structural
conformation of HFn nanocages and the encapsulated metal oxide core is sequestered within the
protein nanocages. We recommend users also characterize M-HFn NPs using dynamic light
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Fig. 4 | Characterization of HFn and HFn-His nanocages. ab, Representative SEC analysis (left) and cryo-EM
characterization (right) of HFn (a) and HFn-His nanocages (b). Scale bar, 20 nm. For details of how to perform SEC
and cryo-EM characterization, please refer to the Supplementary Methods.

scattering (DLS), transmission electron microscopy and X-ray photoelectron spectroscopy to confirm
the formation of metal nanocores within the cavity of each ferritin nanocage*™**~>". HFn encapsu-
lated Fe;O,, Co304 and MnO, NPs can be successfully prepared using this protocol. However,
whether this protocol can be used to encapsulate other metal oxide NPs within HFn requires further
verification and investigation. To date, >50 types of NPs have been synthesized within the cavity of
ferritin nanocage by modified versions of the described procedure, including TiO,, Gd,0s, CeO,,
ZnSe, CdS, CdSe, Au, CuS, CuFe, CoPt, CoNi, Au-Ag and Ag NPs etc. (Table 1), suggesting that the
ferritin vehicle system is universal and can be easily used.

Figure 2 shows a typical example of results obtained from the preparation of doxorubicin-loaded
HFn nanocages (HFn-Dox). The loading of doxorubicin into HFn nanocages depends on electro-
static interactions as doxorubicin can easily bind to the negatively charged internal surface of ferritin
in the neutral loading buffer'”"”. The representative SEC results show the successful loading of
doxorubicin into HFn nanocages (Fig. 2b). The amount of encapsulated doxorubicin can be deter-
mined by measuring the absorbance at 485 nm. Typical DLS results show that the prepared HFn-Dox
has a narrow size distribution, and there is no substantial difference observed in size between HFn
and HFn-Dox (Fig. 2¢).

Figure 3 shows typical results following the use of this protocol to load Gd*" or **Cu®* within
HFn-His nanocages. The representative energy-dispersive X-ray spectroscopy analysis shows the
final product is composed of Gd element (Fig. 3b), indicating the successful loading of Gd>* within
HFn-His nanocages (HFn-His@Gd"). Figure 3c shows a typical size-exclusion HPLC radio-
chromatogram of ®*Cu*"-loaded HFn-His nanocages (HFn-His@**Cu’"). The retention times of the
peaks in the UV trace and the radioactivity trace are identical, suggesting the successful loading of
4Cu®" within HFn-His nanocages. In this case, the radiochemical purity was >98% as determined by
size-exclusion HPLC (Fig. 3c¢).

Table 4 presents the typical cargo loading efficiency into ferritin nanocages and cargo/protein
recovery yield after loading using this protocol. In this particular analysis, the mineral content,
including Fe, Co, Mn and Gd encapsulated into HFn nanocages was determined using ICP-OES (as
described in the Supplementary Methods). The encapsulated doxorubicin was quantified by mea-
suring the absorbance at 485 nm, and the HFn concentration was determined by using BCA protein
assay kit. The radio-loading efficiency and radioactivity recovery were determined by measuring the
specific radioactivity after purification. The cargo-loaded nanocages were stable in saline at 4 °C with
minor cargo release over 6 months as determined by monitoring by size-exclusion HPLC. Further-
more, the cargo-loaded nanocages were also stable in 37 °C serum, with no substantial cargo release
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Table 4 | Cargo loading efficiency and recovery following the use of this protocol

Ferritin  Cargo Number of loaded Protein recovery Cargo recovery
cargos per ferritin yield (%) yield (%)
HFn Fe 3,186 + 188 879 64 4
HFn Co 2,814 + 268 81+12 56 £ 5
HFn Mn 2,200 £ 342 73 £ 11 44 7
HFn Doxorubicin 5312 84 6 359
HFn-His Gd** 48 + 5 91+6 13+3
HFn-His *Cu®* 11+ 0.2 uCi/pg 90 + 7 17 + 4

Values indicate average + SD. Underlying data are available in Supplementary Table 1.

or serum binding over a 48 h period of incubation, suggesting that the cargo-loaded nanocages will be
sufficiently stable to retain their cargoes during transit through the systemic circulation.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
Source data are provided with this paper.
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