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Lumazine synthase protein cage nanoparticles as 

modular delivery platforms for targeted drug delivery 
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a
 
 

Lumazine synthase protein cage nanoparticle isolated from 

Aquifex aeolicus (AaLS) is developed as a modular delivery 

nanoplatform that genetically acquires either tumor 

vasculature targeting peptides or hepatocellular carcinoma 

cell surface targeting peptides on its surface. The targeting 

peptide bearing AaLS effectively delivers its cargoes to their 

target cancer cells. 

The targeted delivery of diagnostic or/and therapeutic reagents to 

desired sites is a challenging, but promising, task for the early 

diagnosis of diseases as well as effective and localized treatment of 

diseases. A variety of inorganic or organic nanoparticles, including 

metal nanoparticles,1, 2 micelles,3, 4 polymers,5-7 liposomes,7-9 and 

protein cages,10, 11 have been investigated as efficient delivery 

vehicles for diagnostic or/and therapeutic reagents because they have 

great potential to improve the pharmacological properties of drugs 

and maximize the localized treatment of diseases.12 Especially, 

protein cages, such as ferritins,13-17 small heat shock proteins,18-20 

and viral capsids,21-26 are promising nanoplatform candidates for 

efficient delivery systems because they have uniform size and 

structure as well as high biocompatibility and biodegradability.10  

To achieve the maximum usage of the protein cage as an effective 

delivery system for therapeutic or/and imaging reagents, it is 

necessary to develop a modular delivery template that can acquire 

multiple functions on demand. The modular delivery template can 

adapt various targeting ligands and selectively carry diagnostic 

or/and therapeutic cargos to target diseases, including cancers, in 

multiple ways using a mixing-and-matching strategy. To aim this, 

modular delivery template should have genetic and chemical 

plasticity amenable to simultaneously introducing multiple cell-

specific targeting ligands, diagnostic agents, and their corresponding 

drugs at desired sites depending on its purpose.  

Here, we developed lumazine synthase, isolated from the 

hyperthermophile Aquifex aeolicus, (AaLS) as a modular delivery 

nanoplatform for the targeted delivery of diagnostic and/or 

therapeutic molecules depending on target cancer cells and evaluated 

their efficacies (Scheme 1).  

AaLS consists of 60 identical subunits that form an icosahedral 

capsid architecture (T = 1 state) with 15.4-nm exterior and 9-nm 

interior diameters.27 Within the cell, AaLS catalyzes the penultimate 

step in riboflavin biosynthesis.28 Outside of the cell, its hollow 

spherical architecture has been used as a template for the 

encapsulation of cargo proteins, such as green fluorescent proteins29, 

30 and HIV proteases31, and fabrication of uniform layer-by-layer 

(LbL) assemblies using non-covalent interactions between surface-

displayed hexahistidine and Ni-NTA of AaLS32. These studies 

successfully demonstrated the encapsulation capability of AaLS and 

surface presentation of ligands, which represent the great potential of 

AaLS as a versatile delivery vehicle. 
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To develop a versatile drug delivery nanoplatform, we genetically 

introduced two different cell-targeting peptides independently 

(Scheme 1). We chose RGD4C and SP94 peptides to function as 

specific cell-targeting peptides. The RGD4C peptide selectively 

binds to integrin αvβ3 receptors, which are overexpressed on the 

surface of activated endothelial cells during pathological 

angiogenesis, and the SP94 peptide specifically binds to the surface 

receptor of hepatocellular carcinoma (HCC) cells.33 

Because the crystal structure of AaLS is known, we selectively 

incorporated targeting peptides to desired positions. We started with 

a genetically engineered AaLS construct (R108C), which has one 

extra cysteine per subunit, for later site-selective modifications with 

either imaging or/and therapeutic molecules. Subsequently, we 

inserted the RGD4C peptide with extra linker sequences 

(GGGCDCRGDCFCASGGG) to the position between residues 70 

and 71, where the exterior loop is formed,27 allowing RGD4C 

peptides to adopt an active cyclic form through intramolecular 

disulfide bonds. In parallel, we introduced the SP94 peptide 

(SFSIIHTPILPL) to the C-terminal end of AaLS because the C-

termini are on the exterior surface based on atomic resolution 

structural information27 and the linear form of SP94 peptide being 

the most active.33, 34  

Both the RGD4C peptide-inserted (RGD4C-AaLS) and SP94 

peptide-inserted AaLS (SP94-AaLS) with cysteine mutations were 

each overexpressed in E. coli, purified, and characterized using 

various biophysical methods. Introductions of desired peptide 

sequences were confirmed by DNA sequencing. Electrospray 

ionization time-of-flight mass spectrometry (ESI-TOF MS) analysis 

indicated that the subunit masses of RGD4C-AaLS, SP94-AaLS, and 

wild-type (wt) AaLS were 20545.0 Da, 20502.0 Da, and 19098.0 Da, 

respectively; these values corresponded to the predicted masses of 

20548.3 Da, 20501.2 Da, and 19097.7 Da, respectively (Fig. 1A). 

Approximately a 3.3-Da difference between the observed and 

calculated subunit masses of RGD4C-AaLS was observed, which 

might have resulted from the loss of protons when intramolecular 

disulfide bonds form to make a cyclic RGD4C peptide (4 cysteine 

residues). These results demonstrated that RGD4C and SP94 

peptides were properly introduced to the target positions in AaLS. 

Purified RGD4C- and SP94-AaLS eluted at the same position as wt 

AaLS in size exclusion chromatography (SEC), suggesting that the 

genetic insertions of the targeting peptides did not significantly alter 

the overall size and shape of the cage architectures (Fig. 1B). 

Transmission electron microscopic (TEM) images of negatively 

stained RGD4C- and SP94-AaLS confirmed their intact cage 

architectures with a uniform size distribution of approximately 16 

nm (Fig. 1C). These results demonstrated the successful 

incorporation of either RGD4C or SP94 peptides into the exterior 

loop or C-terminal end of AaLS by rational design.  

To evaluate the capability of targeted delivery of RGD4C- and 

SP94-AaLS, we attached 5-(and 6)-carboxy-fluorescein-

succinimidyl ester (NHS-fluorescein) to RGD4C- or SP94-AaLS via 

an N-hydroxysuccinimide ester (NHS) reaction with primary amines. 

After the reactions were completed, unreacted NHS-fluorescein was 

removed from the modified AaLS by SEC and the conjugation was 

confirmed by subunit mass analyses using ESI-TOF MS, UV/Vis 

spectrophotometer, and SEC (Figs. S1 and S2).  

Fluorescence microscopy was used to determine whether fRGD4C- 

or fSP94-AaLS could bind selectively to their target cells, KB or 

HepG2 cells (Fig. 2). While each fRGD4C-AaLS and fSP94-AaLS 

efficiently bound to KB cells and HepG2 cells, respectively (Figs. 

2E and 2K), fAaLS could not bind to cells without any targeting 

peptides (Figs. 2B and 2H). Furthermore, we switched the target 

cells (fRDG4C-AaLS toward HepG2 cells and fSP94-AaLS toward 

KB cells) to test target specificity and significant binding was not 

observed (Fig. S3), indicating that each RGD4C- and SP94-AaLS 

efficiently recognizes its unique target ligand on specific cancer cells 

and bind to them tightly. These results clearly suggest that both cell 

targeting and imaging functionalities can be simultaneously 

incorporated into the AaLS modular template for use as a target-

specific diagnostic probe. 

To evaluate the reactivity of the cysteine residue introduced for 

attaching prodrugs or/and diagnostic reagents, the purified RGD4C- 

and SP94-AaLS were treated with activated fluorescein-5-maleimide 

(F5M). F5M-conjugated AaLS was separated from unreacted F5M 

by SEC, and the content of conjugation was determined by subunit 

mass analyses using ESI-TOF MS (Figs. S4 and S5). Both RGD4C- 

and SP94-AaLS were clearly labeled with only one F5M without 

any side reactions (Fig. S4A and S5A). The SEC elution profiles of 
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the F5M-conjugated RGD4C- or SP94-AaLS were the same as those 

of the untreated RGD4C- or SP94-AaLS, indicating that F5M 

labeling does not cause any aggregation or disassembly of AaLS 

(Figs. S4B and S5B). 

To load two different corresponding chemotherapeutic cargoes to 

AaLS based on their target cancer cells, we used the following two 

approaches: a direct conjugation of prodrugs and a non-covalent 

complexation of drugs and drug-capturing ligands. For RGD4C-

AaLS, aldoxorubicin (AlDox) was directly conjugated to the cage 

via a thiol-maleimide Michael-type addition. AlDox is a 6-

maleimidocaproyl hydrazone derivative prodrug of doxorubicin,35 

which can inhibit tumor angiogenesis and metastasis and exhibit 

high cytotoxic effects on high integrin αvβ3-expressing cancer 

cells.36 The hydrazone linkage can be efficiently cleaved for drug 

release upon a decrease in pH to approximately pH 5.5.35 The 

successful conjugation of AlDox and degree of conjugation were 

evaluated by a UV/Vis spectrophotometer (Fig. S6A). UV/Vis 

analysis revealed that the AlDox contents were 0.81 per protein 

subunit, translating to 48 AlDox molecules per RGD4C-AaLS (60 

subunits). A time-dependent release study of AlDox from AlDox-

RGD4C-AaLS at pH 5.5 showed that approximately 65% of AlDox 

was released at 15 h and the rest remained even after 48 h (Fig. 

S6B).  

We chose bortezomib (BTZ) as an anticancer drug in the case of 

SP94-AaLS as it is known to effectively inhibit proteasome activity 

in HCC cells.37, 38 To deliver BTZ to the target HCC, catechol 

(benzene 1,2-diol) ligands were first attached to SP94-AaLS, on 

which BTZ could be captured through boronic acid-diol 

complexation as previously described.39 First, we covalently 

conjugated the bifunctional N-(3,4-dihydroxyphenethyl)-3-

maleimido-propanamide (Catechol-Mal) to SP94-AaLS via a thiol-

maleimide Michael-type addition (Fig. S7). Subsequently, BTZ was 

introduced and captured through non-covalent boronic acid-diol 

complexation to the Catechol-anchored SP94-AaLS (Catechol-SP94-

AaLS). To study the interactions between BTZ and Catechol-SP94-

AaLS, we used the same indirect methods as previously reported.39 

Pyrene-1-boronic acid (PBA), an analogue of BTZ, was readily 

evaluated using a UV/Vis spectrophotometer because of its strong 

absorption at approximately 340 nm. According to the measured 

absorbance at 340 nm, we effectively measured the binding of PBA 

to Catechol-SP94-AaLS and release of PBA from complexes (Figs. 

S6C–D). The boronic acid-diol complexation, such as the 

PBA/BTZ-catechol complex, is pH-dependent.40 Thus, the complex 

stabilized under neutral and alkaline conditions, but dissociated in 

acidic environments. PBA-catechol complex formation at pH 9.0 

was confirmed and quantified by UV/Vis absorbance at 340 nm, 

providing that 0.72 PBA content was attached per protein subunit, 

which translates to 43 PBA molecules per SP94-AaLS complex. 

Furthermore, the time-dependent release study of PBA from PBA-

Catechol-SP94-AaLS complexes at pH 5.5 showed that most PBA 

was released within 12 h (Fig. S6D).39 The site-specific loadings of 

two distinct drugs, AlDox or BTZ, by either direct conjugation or 

boronic acid-diol complexation suggest that the targeting peptide 

bearing AaLS has potential to be used as a versatile modular 

nanocarrier for therapeutic cargo on demand. 

To examine the efficacy of the delivered drugs by RGD4C- or 

SP94-AaLS, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) cell viability assays were performed (Fig. 3). The 

KB cells and HepG2 cells were treated with AlDox-RGD4C-AaLS 

and BTZ-Catechol-SP94-AaLS, respectively, for 3 h. The free drugs 

(AlDox and BTZ) and RGD4C- or SP94-AaLS were also treated in 

parallel to serve as positive and negative controls. Three hours later, 

cells were washed with fresh media and further cultured for 24 h and 

their viability was measured to investigate the cytotoxicity of 

delivered drugs. The cytotoxic effects of AlDox-RGD4C-AaLS on 

KB cells significantly increased in a dose-dependent manner and 

were higher than that of free AlDox, whereas RGD4C-AaLS without 

AlDox had no significant effect on cell viability (Figs. 3A and S8A). 

The enhanced cytotoxicity of AlDox-RGD4C-AaLS may be due to 

integrin αvβ3 receptor-mediated endocytosis, which transports 

increased amounts of AlDox into the KB cells. The cytoxicity of 

HepG2 cells treated with BTZ-Catechol-SP94-AaLS also increased 

in a dose-dependent manner, similar to that of free BTZ; SP94-AaLS 

without BTZ had almost no cytotoxicity on the cells (Figs. 3B and 

S8B). The similarity of cytotoxicity between them might be a result 

of BTZ release from BTZ-catechol conjugates. In spite of their 

similar cytotoxic effect, SP94-AaLS could promote uptake of BTZ 

within the cells, providing cell-specific cytotoxic effect of the SP94 

ligands through localization of the cages to HepG2 cells. We 

previously observed similar result with a viral-capsid based delivery 

system.39 These engineered AaLS not only incorporate drug 

molecules facilitating the solubilization of the drugs but also 

preserve the drug activity within the cancer cells, which might help 

effectively deliver the drugs to target cancer cells in vivo. Also, 

AaLS and other bacterial lumazine synthase have been used as 

vaccine delivery systems, which shows that lumazine synthase 

protein cage nanoparticles do not cause any significant immune 

response in vivo.41, 42 However, in vivo immune alteration caused by 

AaLS and its bio-distribution should be thoroughly studied in the 

near future. Therefore, we have successfully demonstrated that AaLS 

can be used as a nanoscale modular template for constructing 

multifunctional theranostic systems with the capability of cell-

specific targeted delivery of drugs and imaging probes 

simultaneously.  

Conclusions 

In this study, we developed the lumazine synthase (AaLS) as a 

versatile modular nanoplatform for the targeted delivery of 

diagnostic and/or therapeutic molecules depending on target cancer 

cells. The AaLS template acquired two different types of cell-

specific targeting peptides, RGD4C and SP94 peptides, genetically 

and cargo molecules, either detecting molecules (NHS-fluorescein 

and F5M) or therapeutic molecules (AlDox and BTZ), chemically 

without disrupting the overall cage architecture. In fluorescence 

microscopy studies, fluorescently-labeled RGD4C- and SP94-AaLS 

individually exhibited specific binding capability toward KB cells 

and HepG2 cells, respectively, whereas AaLS without any targeting 

peptides did not. The MTT cell viability assay confirmed the 

enhanced cytotoxic effects of AlDox and BTZ delivered by RGD4C- 

and SP94-AaLS, respectively. In this work, we successfully 

demonstrate that the AaLS template has the genetic and chemical 
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plasticity that can be used to acquire diverse functions by design 

depending on their purposes. Thus, the AaLS is an excellent modular 

template for developing a versatile, multifunctional theranostic 

system, which has specific cell targeting ligands and diagnostic and 

therapeutic reagents simultaneously. 
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