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Abstract 

Protein and peptide cages are nanoscale containers, which are of particular interest in 

nanoscience due to their well-defined dimensions and enclosed central cavities that can be filled 

with material that is protected from the outside environment. Ferritin is a typical example of 

protein cage, formed by 24 polypeptide chains that self-assemble into a hollow, roughly 

spherical protein cage with external and internal diameters of approximately 12 nm and 8 nm, 

respectively. The interior cavity of ferritin provides a unique reaction vessel to carry out 

reactions separated from the exterior environment. In nature, the cavity is utilized for 

sequestration and bio-mineralization to render iron inert and safe by shielding from the external 

environment. Materials scientists have been inspired by this system and exploited a range of 

ferritin superfamily proteins as supramolecular templates to encapsulate cargoes ranging from 

cancer drugs to therapeutic proteins. Interesting possibilities arise if such containers can 

themselves be arranged into even higher-order structures such as crystalline arrays. Here we 

describe how crystalline arrays of negatively charged ferritin protein cages can be built by 

taking advantage of electrostatic interactions with cationic gold nanoparticles. 
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1. Introduction 

Protein cages are typically spherical assemblies from under 10 to many 10s of nanometres in 

diameter and having a hollow central cavity. They are typified by viruses, which, in nature carry 

a genome cargo and demonstrate particular potential for gene delivery applications. 

Manipulation of natural and artificial protein cages is an area of growing interest1-2 and the idea 

that empty protein cages can be filled with different cargoes of choice and modified chemically 

as well as genetically has recently grown in prominence.3  

The ability to organize protein cages into ordered arrays in three-dimensions may result 

in interesting physical properties or other useful characteristics depending on the nature of the 

encapsulated cargo.4 Such arrays can be achieved in a number of ways including: i) covalent 

“cross-linking” of protein cages e.g. by chemical crosslinkers between appropriate amino acid 

side chains5  ii) complementary binding interactions e.g. self-associating peptides can be 

recombinantly added to the surface of the protein cages which then interact. The disadvantage 

of covalent systems is the irreversibility meaning that “incorrect” crosslinks will quickly lead 

to lattice defects. Recombinantly produced modifications that introduce noncovalent 

interactions are time-consuming to produce and have the disadvantage that the modifications 

are introduced at every equivalent position on the protein cage which may not be desirable 

given that protein cages are typically constructed of many 10s of identical protein subunits. 

An alternative approach is to use electrostatic effects, which allow self-assembly with 

dynamic and reversible rearrangements. This has been demonstrated using tobacco mosaic 

virus6, cowpea chlorotic mottle virus and ferritin protein cages that produce superlattices when 

mixed with appropriately modified gold nanoparticles.7-8 Subsequently many other linker 

molecules, which are able to electrostatically self-assemble with protein cages have been 

developed in the past few years.9-11 Recently, 3D protein cage arrays have been found effective 

in, for example, enzyme cascade reactions and other applications.3,12 Ferritin is of interest as it 



is a widely characterised bionanotechnological tool and can be easily modified.13-14 Here we 

give a detailed method for the preparation of electrostatically self-assembled binary lattices 

consisting of ferritin protein cages and cationic gold nanoparticles (Figure 1), based on our 

recently published research.15 

 

2. Materials 

All the reagents used in this study are analytical grade they were mostly purchased from major 

suppliers (Sigma, Fisher Scientific and VWR) and used as received unless otherwise specified. 

All samples were prepare using ultrapure water produced by a Nanopure® water purification 

system (Thermo Fisher Scientific). Glassware was purchased from Fisher Scientific. 

1. Ferritin preparation buffer: 0.02 M HEPES, pH 7.4: Weigh 4.77 g of HEPES 

(Sigma catalogue number: H3375) and transfer to a glass beaker. Add water to a volume 

of 900 mL. Mix and adjust pH with NaOH (see Note 1,2). Make up to 1000 mL with 

water. Filter the prepared buffer through 0.45 µM Whatman filter paper and then 

autoclave. Store at 4 ℃. 

2. 0.05 M Tris-HCl, pH 8.5: Weigh 7.88 g of Tris-HCl (Sigma catalogue number: 

T3252) and transfer to a glass beaker. Add water to a volume of 900 mL. Mix and adjust 

pH with NaOH. Make up to 1000 mL with water. Filter the prepared buffer through 0.45 

µM Whatman filter paper and then autoclave. Store at 4 ℃. 

3. Ferritin cage assembling buffer: 0.1 M MgCl2 in Tris-HCl, pH 8.5: Weigh 20.33 g 

of MgCl2, 6 H2O (Sigma catalogue number: M2670) and transfer to a glass beaker. Add 

Tris-HCl, pH 8.5 to a volume of 900 mL. Filter the prepared buffer through 0.45 µM 

Whatman filter paper and then autoclave. Adjust pH with NaOH. Make up to 1000 mL 

with Tris-HCl. Store at 4 ℃ (see Note 3). 



4. Prepare 1 M NaCl by dissolving 0.584 g of NaCl (Sigma catalogue number S7653) 

in 10 mL filtered MilliQ water. Store at room temperature. 

5. Gold nanoparticles can be prepared according to the method developed by Brust 

and Schiffrin.16,17 

6. Expression plasmids: ferritin expression plasmid: Ferritins in general are facile to 

produce and purify. The gene sequence of ferritin from Thermotoga maritima is 

available from GenBank (Genbank ID: GenBank: AAD36204.1) and can be codon 

optimised against model organism E.coli. After optimisation, the predicted, translated 

protein sequence should be checked against the protein sequence database UniProt 

(UniProt ID: Q9X0L2). Gene synthesis along with cloning of the gene to pET21a (+) 

plasmid (see Note 4) can be performed using a commercial service (we typically use 

GenScript, https://www.genscript.com). For our studies, the ferritin from Thermotoga 

maritima ferritin was most appropriate because of its specific characteristics (see Note 

5). 

7. Ferritin protein: Highly pure (> 95%) recombinant Thermotoga maritima ferritin 

protein can be produced    and purified as reported earlier.15,18 Protein is stored in 20 

mM HEPES buffer (pH 7.4) at 4 ℃  (See Note 6). For long term storage 15 % glycerol 

is added and sample is flash frozen using liquid nitrogen (-180 ℃) and finally stored in 

a -80 ℃ freezer (see Note 7). 

8. Amicon Ultra- 4 Centrifugal Filter Unit (molecular weight cutoff 10,000 Da, 

Millipore). 

9. Eppendorf MiniSpin Centrifuge, Rotor F-45-12-11. 

10. 200-mesh copper grids with lacey carbon support film (Electron Microscopy 

Scineces). 

11. Leica EM GP2 automatic plunge freezer. 



 

3. Methods 

3.1 AuNP Surface Modification 

Gold nanoparticles prepared using the Brust-Schiffrin method are stabilised by alkanethiols, 

which are not effective for generating superlattices through electrostatic self-assembly. 

Therefore, the AuNP surface was further modified with a cationic ligand (Figure 2). This is 

first synthesized by slight modification of the method developed by Rotello et al,19 (Figure 3) 

as follows:  

1. Weigh 30 mg of AuNPs using an electrotonic balance. 

2. Dissolve AuNPs in 5 mL of dichloromethane. 

3. Transfer the AuNP solution to a 50 mL glass beaker (see Note 8), add a magnetic 

stirrer bar, place on a magnetic stirrer and stir (e.g. at 500 rpm). 

4. Weigh 120 mg (0.28 mmol) of cationic ligand and   transfer it into a 25 mL glass 

beaker. 

5. Filter 5 ml of MilliQ water through 0.45 µM Whatman paper, and to the beaker           

containing cationic ligand. Dissolve by simple shaking. 

6. Transfer the solution to the glass beaker containing the AuNPs. Incubate for 1 h at 

room temperature (RT) with continuous stirring.  During the process of mixing, gold 

nanoparticles will spontaneously transfer from the dichloromethane phase to the 

aqueous phase. 

7. Carefully transfer the AuNP-containing the aqueous phase to a 50 mL round bottom 

flask. Discard dichloromethane. For handling dichloromethane follow the link 

(http://www.sciencemadness.org/smwiki/index.php/Dichloromethane). 

http://www.sciencemadness.org/smwiki/index.php/Dichloromethane


8. Fix the round bottom flask to a rotary evaporator and evaporate remaining organic 

solvent until AuNP is completely dry (see Note 9, 10). 

9. Prepare a dialysis tank by filling a 1 L glass beaker with 1 L of filtered MilliQ water 

and a magnetic stirrer bar. 

10. Collect Dried AuNP and further dissolve in 1 mL filtered MilliQ water and transfer 

to a cellulose membrane dialysis tube (e.g. Sigma-Aldrich, molecular weight cut-off = 

14,000, see Note 11). Seal the bag using dialysis clips. Carefully check the bag for any 

leaks. 

11. Transfer the dialysis bag to the dialysis tank. For better rotational control, a floating 

device can be added to one end of the dialysis bag. Cover the top of the beaker with 

aluminium foil to prevent contamination with dust. Place on a magnetic stirrer and stir 

at a constant speed of 200 rpm at room temperature for 48 h. During dialysis replace the 

water in the tank at 6 h 12 h and 24 h. 

12. After the dialysis is complete, remove the dialysis bag from the beaker and 

dismantle by removing dialysis clip. Carefully transfer the AuNP solution to a 10 mL 

round bottom flask. 

13. Fit the 10 mL round bottom flask to a lyophilizer and operate in high vacuum mode. 

After 30 minutes stop the instrument and collect the lyophilized AuNPs (brown solid; 

see Note 12).  

14. The isolated AuNP can be further characterised for size and shape by dynamic light 

scattering (DLS), transmission electron microscopy TEM and for the presence of 

cationic ligand on the surface by nuclear magnetic resonance (NMR). These methods 

are beyond the scope of this article but are explained elsewhere.8 The synthesized gold 

nanoparticle should have a core size of approx. 2.5 nm in diameter, with total diameter 

for the particle being approx. 8.5 nm once the ligand is taken into account.  



15. Prepare AuNP stocks by dissolving dried particles in Milli-Q water to give a final 

concentration of 10 mg/mL and store at 4 ℃ (See Note 13).  

 

3.2 Preparation of Ferritin 

1. TmFtn requires buffer exchange into buffer of appropriate pH (50 mM Tris-HCl 

pH 8.5) for superlattice formation. Exchange can be achieved by a standard protocol 

such as follows: Take 100 µL of ferritin and place into a 5 mL Amicon Ultra- 4 

Centrifugal Filter Unit (molecular weight cut off 10000 Da, Millipore). Add appropriate 

buffer to make up to a total volume to 5 mL and centrifuge at 3381 rcf (Eppendorf 

MiniSpin Centrifuge, Rotor F-45-12-11) for 30 mins at 4 ℃, with a proper balance. This 

should result in a decrease of volume of the solution retained in the filter unit to approx. 

one fifth, though this can change on a case-by case basis so caution should be taken in 

choosing centrifugation time. The centrifugation unit should be disassembled and the 

flow through discarded. Take care not to discard the retained solution. 

2. After the 5th wash, the protein sample solution should be carefully collected from 

the filter unit using a 200 µL pipette and transferred to a 1.5 mL microcentrifuge tube, 

adjust the volume of protein sample to 100 µL by adding fresh buffer. 

3. Determine protein concentration using a UV−vis spectrometer and the theoretical 

extinction coefficient of 29910 M-1 cm-1 for TmFtn. Remember to measure the buffer 

alone as a blank and subtract it from the reading obtained with the protein-containing 

sample. 

4. The protein is expected to be a dimer in solution in these conditions. Assess 

homogeneity by DLS. In our case, we placed 30 µL of protein sample into a black quartz 

cuvette and measured with a Malvern Zetasizer Nano ZSP (see Note 14). Perform 



measurements at 298 K and make each measurement in triplicate. A single peak 

corresponding to the size of ferritin dimer (approx. 5 nm diameter) should be obtained. 

5. For generating cage, mix 100 µL of (20 mg/mL) of ferritin dimer with an equal 

volume of 100 mM MgCl2, Tris-HCl (50 mM, pH 8.5) and incubate for approx. 12 h at 

RT in a 1.5 mL microcentrifuge tube. Then centrifuge at 16863 rcf (Eppendorf MiniSpin 

Centrifuge, Rotor F-45-12-11) for 10 min at RT to remove any large aggregates. After 

centrifugation carefully collect the supernatant and transfer to a new 1.5 mL 

microcentrifuge tube. 

6. After cage formation, assess sample quality by again using DLS using parameters 

as described above. A single peak corresponding to the size of ferritin (approx. 12 nm 

diameter) should be obtained (see Note 15). 

7. TEM is used to confirm cage formation. For this, add four microliters of sample 

(0.1 mg/mL protein cage) on to a copper-Formvar grid (QUANTIFOIL, catalogue 

number: Q35406) prepared by glow-discharging (see Note 16). Incubate for 1 min and 

remove excess solution by blotting with filter paper. Shortly after soaking, add 4 μL of 

staining solution 2 % uranyl acetate (see Note 17), incubate for 1 min and remove excess 

stain by blotting with filter paper. Full details of TEM sample preparation and sample 

acquisitions are beyond the scope of this chapter and should be carried out in 

conjunction with a TEM expert. 

 

3.3 Superlattice Formation 

1. For superlattice formation, add 10 µL of 8 mg/mL ferritin to a 250 µL 

microcentrifuge tube and mix with 5 µL of Tris-HCl buffer (pH 8.5). 

2. Adjust electrolyte concentration so that the final concentration is in the range 0-100 

mM NaCl by adding 1 µL of NaCl to the reaction mixture from the appropriate serially 



diluted NaCl stock (See Note 18). Optimal NaCl concentration for superlattice 

formation is 20 mM for Thermotoga maritima ferritin. 

3. Finally, add 4 µL of 20 mg/mL AuNP to the ferritin and mix of AuNP with ferritin 

by pipetting. Final volume of reaction should be kept at 20 µL. 

4. Keep ferritin to AuNP ratio at 1:1 (w/w) for the final reaction mixture to avoid 

excess AuNP. Final Mg2+ concentration in the reaction should be 25 mM. 

5. Incubate reaction mixture for 10–15 minutes in room temperature (see Note 19). 

6. Characterisation of superlattice should be first carried out by DLS analysis. Further 

characterization of superlattice can be made by small angle X-ray scattering (SAXS) 

and Cryo-TEM. 

 

3.4. Further Characterisation             

Cryo-TEM images can be obtained. For example, using a JEM 3200FSC field emission 

microscope (JEOL) operated at 300 kV in bright field mode with Omega-type Zero-loss energy 

filter. Cryo TEM sample preparation and data collection is complex and should be carried out 

with an expert in the field. A brief overview of the method as applied to this work is as follows: 

1. Prepare 200 mesh copper grids with lacey carbon support film (Electron 

Microscopy Sciences) by plasma cleaning. For example, treating in a Gatan Solarus 

(Model 950) plasma cleaner for 30 seconds. 

2. Place 3 µl of freshly prepared aqueous sample dispersion was onto the grids. 

3. Plunge-freeze in a -170 °C ethane/propane mixture e.g. using a Leica EM GP2 

automatic plunge freezer at 100 % humidity. 

4. Cryo-transfer glassy specimens to the microscope. 



5. Capture images, e.g. with Gatan Digital Micrograph® software while maintaining 

the specimen temperature at -187 °C. 

SAXS can be used to verify superlattice formation. The details of this method are beyond the 

scope of this article but can be found elsewhere.8-11 SAXS results should show that ferritin-

AuNP complexes arrange into crystal lattices with interpenetrating face-centred cubic (fcc) 

structure.  

 

4. Notes 

1. Concentrated NaOH (10 M) can be used at first to achieve a pH close to 8. Then 

use a lower concentration of NaOH to avoid a sudden increase in pH above the required 

pH. Before using pH meter, it should be calibrated against standard pH solutions 

available commercially. 

2. Use a magnetic stirrer for mixing. 

3. It is advisable to use freshly prepared buffer, however if necessary, buffer can be 

stored at 4 ℃ for limited periods. 

4. Thermotoga maritima ferritin (without any modification) are commercially 

available from MoLiRom (http://www.molirom.com). 

5. The ferritin from Thermotoga maritima is extremely thermostable,15,18 there is no 

apparent denaturation of protein was observed when its boiled at 100 ℃; furthermore, 

Thermotoga maritima ferritin shows divalent metal (Mg+2, Ca+2) mediated assembly 

behaviour, which is unusual among the ferritin family of proteins. 

6. All the purified ferritin samples were filtered through a 0.22 µm filter to avoid 

bacterial contamination. Ferritin aliquots were always prepared under laminar flow in 

completely sterile conditions. 

http://www.molirom.com/


7. For long term protein storage, we used 15 % glycerol, this is particularly useful if 

your sample is to be flash frozen, as it prevents ice crystal formation.  The exact percent 

glycerol required may need to be optimised depending on the protein. Handling of liquid 

N2 must be performed with caution, as contact can cause severe burns. The use of 

appropriate protective clothing, gloves laboratory goggles is advised. 

8. Glassware for gold nanoparticle reactions should be thoroughly cleaned before use. 

In our case, we first cleaned with chromic acid, followed by water (at least 3-4 times). 

Glassware was then baked at 200 ℃ for 1 h. Try to avoid cleaning of glassware using 

detergent (to avoid any contamination), trace amounts of which may interfere with the 

reaction. 

9. Rotary evaporation should be carried out using a 35-40 °C water bath and rotation 

speed greater than 100 rpm to assure stable boiling. To avoid loss of material by 

splashing of the solvent out of the sample flask, slowly approaching the target pressure 

is recommended. Boiling point of dichloromethane is approximately 40 °C at 

atmospheric pressure, so no or very weak vacuum is needed for evaporation. However, 

it is recommended to keep the solution at 500-750 mbar and 40 °C for 5-10 minutes to 

completely remove the organic solvent, as these conditions exceed the boiling point of 

dichloromethane but are insufficient for evaporating water.  

10. Rotary evaporators can house high vacuums inside glass components, which may 

break catastrophically if they are not initially intact, and rapid pressure changes can 

occur if sample flask is detached incorrectly, which may cause splashing of solvents. 

Therefore, appropriate safety gear should always be worn when handling the instrument, 

including safety goggles, laboratory coat and gloves. 

11. Before starting dialysis, the dialysis bag should be cleaned properly, in our case we 

cleaned the dialysis bag extensively with filtered MilliQ water (3-4 times) before use. 



According to our observations, full recovery of samples after dialysis cannot be 

achieved. 

12. It was found in many studies that AuNP, especially those smaller than 5 nm, are 

highly toxic to cells,20 so care must be taken during handling them,  using personal 

protection is advisable. 

13. Pipette up and down to make sure complete mixing of protein in the solution. 

14. The cuvette for DLS should be thoroughly cleaned before use. First with 70 % 

ethanol (3 times), followed by Milli Q water (4 times), and finally dried by N2 purging. 

DLS measurements should be performed in a clean and dust free environment, as 

atmospheric dust can influence the results heavily. DLS can be measured with very low 

concentration of protein, in our experimental setup 0.1 mg/mL ferritin protein cage is 

sufficient. 

15. Thermotoga maritima ferritin cage has an octahedral symmetry and can store iron 

in its 8 nm long cavity, the external diameter of ferritin is 12 nm when measured under 

TEM and 12-16 nm when measured using DLS. 

16. Glow discharge was performed to make TEM grids (copper-Formvar) more 

hydrophilic. Normally copper-Formvar grids are highly hydrophobic in nature. By 

performing glow discharge, the grids become more hydrophilic, surface of grids also 

becomes more negatively charged on glow discharging, which helps aqueous solutions 

to spread on the grid surface. 

17. For negative staining in TEM we use uranyl acetate which is radioactive. In addition, 

uranium is a toxic heavy metal. Appropriate safety cautions and local regulations must 

be followed when using it. As an alternative to uranyl acetate one can use phosphor-

tungstic acid (PTA) or platinum blue. These compounds are less hazardous compared 

to uranyl acetate but, on a case-by-case basis may not be as effective at staining samples. 



18. Self-assembly of ferritin into superlattices required fine adjustment of the 

interparticle interactions. Normally very strong interaction between the particles leads 

to the formation of amorphous aggregates. On the other hand, weak interparticle 

interaction fail to produce any kind of assemblies.8 Changing electrolyte concentration 

of the reaction mixture is the most common way to finely tune interparticle interaction, 

another way is changing pH. Both ways were found very effective, however through 

optimization is needed in order to get the best result. 

19. We found freshly prepared ferritin was more effective in superlattice formation, 

compared to old (aged) protein, especially those protein which were frozen several times. 

We also observed that protein stored at -80 ℃ for a month is suitable for superlattice 

formation. 
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Figure 1. Schematic representation of superlattice (left) and cryo-TEM image (right) of the 

crystalline structures formed by the ferritin and AuNPs. In the schematic, ferritins are coloured 

blue, AuNP yellow. 

 

 

Figure 2. Cartoon showing gold nanoparticle with cationic ligand used in the described method. 

Diameter of gold nanoparticle (Dcore) was determined using TEM, and hydrodynamic radius 

(Dh) of gold capped with cationic ligand is measured using DLS. The respective sizes of gold 

nanoparticles with and without capping agents are 2.5 and 8.5 nm respectively. 

 



 

Figure 3. Schematic showing modification of the AuNPs. Mix Brust-Schiffrin AuNPs in 

organic solvent and cationic ligand in aqueous solvent, incubate together, separate the aquatic 

phase and evaporate traces of organic solvent. Purify the cationic AuNPs by dialysis against 

water and collect by lyophilisation. 
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