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Abstract

Background/Objectives: Protein nanocages are versatile platforms with potential applica-
tions in drug delivery, enzyme encapsulation, and bioreactor systems, owing to their precise
self-assembly and excellent biocompatibility. However, most protein cage systems have
limited accessibility to their internal space, which hinders the efficient encapsulation of
large molecules or complex proteins. Methods and results: In this study, we propose a pro-
grammable reassembly system by artificially splitting the monomer of lumazine synthase, a
protein that naturally forms a nanocage through self-assembly. Using intein-mediated pro-
tein splicing, the self-assembly of the monomer was converted into a condition-dependent
reaction, enabling the incorporation of large or functional biomolecules prior to the assem-
bly stage. Furthermore, to achieve targeted delivery, an EGFR-binding affibody (EGFRAfb)
was fused to the split monomer so that it is exposed on the cage surface after reassembly,
thereby providing selective binding capability toward EGFR-expressing cells. Successfully
reassembled nanocages were visualized, and the fluorescent proteins encapsulated within
them were delivered to the target and activated in specific cells. Conclusions: Therefore,
the programmable protein nanoplatform presented in this study can overcome the spatial
limitations of conventional protein cages while allowing for precise control over both the
timing of cage assembly and targeted molecular delivery.

Keywords: protein nanocage; split protein; self-assembly; trans-splicing; cargo encapsulation;
targeted delivery; biosensor; bioreactor

1. Introduction
Protein nanocages are precisely self-assembled architectures composed of multiple

subunits, which provide structurally defined platforms [1]. These nanocages, often derived
from viral capsids or metabolic enzymes, have several advantages, including uniform
size and structure, biocompatibility, biodegradability, and genetic/chemical modifiability,
making them attractive candidates for drug delivery, biosensing, and catalytic applica-
tions [2–5]. Their hollow architecture allows for the encapsulation of a wide range of cargo
molecules such as small molecules, nucleic acids, and proteins, thereby protecting and
facilitating controlled interaction with biological environments [6–9].

Lumazine synthase from Aquifex aeolicus (AaLS) is a thermostable protein cage derived
from a hyperthermophile, consisting of 60 identical subunits and symmetric icosahedral
structure with an overall diameter of ~16 nm [10–12]. AaLS nanocages have narrow
pores at the three-fold (~0.7 nm) and five-fold (~0.9 nm) symmetry axes, allowing for the
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diffusion of small molecules [13,14]. These structural properties, along with its high thermal
stability and chemical robustness, have made AaLS a widely used platform for molecular
encapsulation, multivalent display, and nanoreactor design [15–18]. AaLS nanocages
are usually produced in Escherichia coli as fully assembled particles during recombinant
expression and purification [19,20]. Although the spontaneous self-assembly of AaLS is
advantageous for structural integrity, this inhibits the encapsulation of large molecules into
the internal cavity. Conventional strategies for encapsulating large cargos within protein
nanocages are commonly based on two approaches: transient disassembly of the cage
followed by reassembly in the presence of cargo, or co-expression of the cage and cargo
proteins fused to complementary interaction motifs that promote encapsulation during self-
assembly [21–23]. The disassembly/reassembly approach generally needs harsh conditions
such as extreme pH change, high ionic strength, or chemical denaturants, which affect cargo
stability [11,24,25]. AaLS is highly thermostable, which makes it resistant to controlled
disassembly under mild conditions and thus unsuitable for this strategy. Co-expression
methods are difficult to control cargo loading due to different expression levels between
the cage and cargo proteins and can only be applied to protein cargos.

Split protein technology is used to divide a functional protein into inactive fragments
that reconstitute into the native structure under specific conditions [26,27]. This strategy
has been applied to re-engineer protein nanostructures with controllable and modular
assembly. For example, split GFP and luciferase have been widely utilized in biosensing,
protein–protein interaction assays, and intracellular tracking [28–33]. Split inteins are
distinct in that they do not serve as functional proteins themselves but instead catalyze
protein trans-splicing, ligating two protein fragments into a single, continuous polypeptide
chain [34–38]. This traceless site-specific ligation has been widely used to reconstitute other
split proteins with high precision.

In this study, we report a novel strategy for conditionally assembling protein nanocages
by rationally splitting the AaLS monomer into two fragments, each fused to complementary
halves of a split intein. Unlike wild-type AaLS, these split fragments do not self-assemble
during expression or purification, thereby remaining in a pre-assembly state. Upon trigger-
ing intein-mediated trans-splicing, the full-length AaLS monomer is reconstituted, which
subsequently self-assembles into a functional cage structure. This approach decouples the
expression/purification process from nanocage formation and allows for controlled timing
of cage assembly.

The key advantage of this platform lies in its ability to encapsulate large molecules
within the cage interior by simply mixing them with split monomers prior to reconsti-
tution. This circumvents the need for harsh disassembly/reassembly cycles and enables
encapsulation under mild, physiological conditions. Moreover, the strategy provides tem-
poral control over cage formation, offering potential applications in controlled release,
intracellular assembly, and stimuli-responsive delivery systems.

2. Materials and Methods
2.1. Chemicals

DL-Dithiothreitol (DTT) and ProLong™ Diamond Antifade Mountant with DAPI
was purchased from Invitrogen™ (Thermo Fisher Scientific, Waltham, MA, USA). A Cell
Counting Kit-8 (CCK-8) was acquired from Dojindo Laboratories (Kumamoto, Japan).

2.2. Plasmid Construction

To create the split intein-containing plasmids (pET30b-AaLSN-IntN, pET30b-AaLSN-
ST-IntN, and pET30b-IntC-AaLSC-EGFRAfb), the N- and C-terminal AaLS sequences were
amplified from the previously constructed pETDuet-AaLS(R108C)-antibody binding Z
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domain-ST (AaLS-Z-ST) plasmid and cloned into the pET30b plasmid containing the N- or
C-intein sequence. Briefly, the split AaLS sequence was amplified by PCR using primers
designed for Gibson assembly. The final product of that set of genes was mixed with
Gibson Assembly® Master Mix (New England Biolabs, Ipswich, MA, USA) at a ratio of
1:1 (v/v) and transformed into Escherichia coli DH5α cells. pETDuet-SC-SuperNovaRed
was also produced using pETDuet-SC-SuperNovaRed-EGFRAfb in-house as a template in
the same manner. The recombinant plasmids were purified in the yesP™ Plasmid Mini Kit
(GenesGen, Busan, Republic of Korea) according to the manufacturer’s protocol.

2.3. Purification of Proteins

The plasmids formed from AaLS were transformed into Escherichia coli BL21 (DE3)
cells and grown in 1 L of Luria–Bertani (LB) medium containing 50 µg/mL kanamycin at
37 ◦C until the optical density at 600 nm (OD600) reached 0.6. Proteins were induced by
the addition of 500 µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 25 ◦C for 18–20 h.
SC-SuperNovaRed protein was grown in LB medium containing 50 mg/mL ampicillin and
induced with 1 mM IPTG, then cultured at 20 ◦C for over 20 h. The cells were harvested by
centrifugation at 4500× g at 4 ◦C, and the cell pellet was resuspended in 50 mL of Lysis
buffer containing 20 mM Tris-HCl, 300 mM KCl, 0.4 mM EDTA, 10 mM imidazole, 0.1%
Triton X-100 and 10% glycerol at pH 7.2. To maintain stable protein structures, 0.2 mM
PMSF and 1 mM DTT were added immediately prior to resuspension. The cell walls
were lysed by adding lysozyme at a final concentration of 0.05 mg/mL and undergoing
sonication, and cellular debris was removed by centrifugation at 13,000× g for 1 h at 4 ◦C.
Proteins in the supernatant were purified with immobilized metal affinity chromatography
(IMAC) with Ni Sepharose 6 fast flow resin (Cytiva, Marlborough, MA, USA). IMAC-
purified proteins were concentrated using 10 kDa cut-off centrifugal filter (Amicon® Ultra
centrifugal Filter, Merck-Millipore, Darmstardt, Germany) and quantified by the BCA assay
(Pierce BCA Protein Assay Kit, Thermo Scientific, Waltham, MA, USA). The amino acid
sequence of all protein structures in this study was provided (Figure S1).

2.4. Intein Mediated Trans-Splicing Assay

The reaction was performed by mixing N-terminal and C-terminal intein precursor
proteins in pH 6.5, 7.4 and 8.0 1X PBS containing 1 mM EDTA, followed by the addition of
4 mM DTT. The ligation product of the two exteins was confirmed by SDS-PAGE analysis,
and the presence of DTT and the time and ratio conditions were optimized. Splicing was
performed by incubating each fragment, N- and C-terminal intein proteins, at ratios of 1:1,
1:1.5, 1:2, 1.5:1 or 2:1 with 4 mM DTT at 37 ◦C for 2 h. Changes in ligation were observed
over various time ranges (0, 15, 30 min, 1, 2, 4, 8, 24, 48 h) in the presence of DTT, compared
to the product mixed in the absence of reducing agent. The spliced monomer generated
under the final conditions was verified by dynamic light scattering (DLS) analysis (Zetasizer
Nano ZS90, Malvern Panalytical, UK). The DLS measurements were performed in triplicate
after equilibration at 25 ◦C for 120 s. Number-based size distribution was used accurately
to compare the protein fragments, the generated monomers, and the self-assembled cages.
Protein splicing efficiency was calculated using ImageJ software (version 1.54p, National
Institutes of Health, Bethesda, MD, USA).

2.5. Reassembly of Spliced Monomer

To ensure a stable protein nanocage assembly structure, the spliced monomers were
dialyzed overnight in 1X PBS buffer at pH 6.5, 7.4 or 8.0 to remove residual DTT used
in the splicing process. The assembled nanocages were confirmed based on whether
peaks corresponding to the expected diameter and approximate value were measured via
DLS analysis.
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To selectively encapsulate SpyCatcher fusion proteins within the reassembled cage,
AaLSN-ST-IntN was reacted with either SC-mEGFP or SC-SuperNovaRed. Reaction condi-
tions were set to achieve a 1:1, 1:2, or 2:1 ratio of ST to SC proteins at 37 ◦C for 2 h, or at 37 ◦C
with a 1:1 ratio for 3, 6, or 12 h. The ligation products were then verified by SDS-PAGE. A
50 kDa cut-off centrifugal filter was used to remove residual SC-fusion protein excluding
the ligation product. Splicing was performed under optimized conditions by adding the C
fragment and 4 mM DTT. After 24 h, the protein was dialyzed overnight in pH 6.5 1X PBS,
and the cage diameter was confirmed by DLS measurement.

2.6. TEM Imaging

For TEM analysis, protein nanoparticle samples in distilled water were blotted on
carbon TEM grids (CF200-Cu, Electron Microscopy Sciences, Morgantown, PA, USA), then
negatively stained using 2% uranyl acetate. Images were obtained using transmission
electron microscope (JEM-2100; TEMCON software, JEOL Ltd., Tokyo, Japan).

2.7. Cell Culture

The breast cancer cell line MCF7, which expresses a small amount of EGFR, was
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), and the
over-expressing cell line MDA-MB-468 was obtained from the Korean Cell Line Bank (KCLB,
SNU, Seoul, Republic of Korea). Both cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Biowest, Nuaillé, France) medium containing 1% (v/v) antibiotic-
antimycotic (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 10% fetal bovine
serum (FBS; Biowest), maintained at 37 ◦C in a 5% CO2 environment.

2.8. Flow-Cytometry

For flow cytometry to confirm target delivery, MCF7 and MDA-MB-468 cells at a
density of 1 × 105 were transferred into sterile microtubes. To remove residual 0.25%
Trypsin–EDTA (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), cells were resus-
pended in 1 mL BD Pharmingen™ Stain Buffer (FBS) (BD Biosciences, San Jose, CA, USA)
and centrifuged three times at 1500× g for 5 min. The supernatant was discarded, and the
cell pellet was resuspended in 500 µL of fresh buffer. The protein diluted in 1X PBS to a final
concentration of 1 µM was then mixed for 1 h at 4 ◦C. Reassembled cages encapsulating
mEGFP were measured for fluorescence on the FITC channel, while reassembled cages
encapsulating SuperNovaRed were measured in the TexasRed channel. Flow cytometry
was performed using a NovoCyte Advanteon system (Agilent Technologies, Santa Clara,
CA, USA).

2.9. Cell Viability and PDT Assay

All cytotoxic assays, including photo dynamic therapy (PDT), were performed on
cells seeded at a density of 1 × 104 and cultured for at least 12 h before sample treatment.
In an experiment to assess simple cytotoxicity, protein samples diluted in pH 7.4 1X PBS
(AaLSN-IntN, AaLSN-ST-IntN, IntC-AaLSC-EGFRAfb, spliced monomer, reassembled cage)
were mixed with DMEM at final concentrations ranging from 20 µM to approximately
600 nM and used to treat cells for 2 h. For the phototoxic treatment effect of Reactive
Oxygen Species (ROS)-forming protein (SuperNovaRed), protein samples (reassembled
cage without SuperNovaRed, SC-SuperNovaRed, SC-SuperNovaRed-EGFRAfb, reassem-
bled cage with SuperNovaRed) were diluted to a final concentration of 5 µM in DMEM
and treated for 6 h, as previously described. After removing the samples, the wells were
washed twice with Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and refilled with medium to induce stable cellular uptake
of the proteins. The cells were then exposed to LED light for 3 h with the medium in
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place. Then, cells were washed twice with DPBS and treated with Cell Counting Kit-8
reagent diluted 10-fold in DMEM, followed by incubation for 2–4 h. All cell viabilities were
calculated based on the absorbance of non-treated cells measured at 450 nm.

2.10. Cell Imaging and ROS Detection

MCF7 and MDA-MB-468 cells were seeded at a density of 7 × 104 cells per well onto
sterile cover glass in 12-well plates and cultured overnight in DMEM at 37 ◦C with 5% CO2.
To observe the targeted delivery of the reassembled cage encapsulating mEGFP, the protein
sample diluted in 1X PBS was mixed with the medium to achieve a final concentration of
8 µM and applied to the cells for 1 h. After sample suction, we removed residual proteins
by washing them twice with DPBS. To fix the cells and absorbed proteins, we added 4%
paraformaldehyde (PFA) to submerge the cover glass surface and processed it in the dark
for 15 min at room temperature. After removing the PFA, the residual solution was washed
once with 1X PBS. The cover glass was taken for nuclear staining and reacted with DAPI
for at least 30 min at room temperature under dark conditions.

To visualize the targeted delivery of the reassembled cage encapsulating Super-
NovaRed and ROS formation by LED, cells were seeded in confocal dishes and cultured
overnight at 37 ◦C with 5% CO2. The previous medium was removed, and the cells were
washed once with DPBS. The protein samples were then diluted in medium to a final
concentration of 5 µM and added to the cells. After removing the protein processed for
6 h, we filled the medium and waited long enough for it to be internalized into the cells.
The following day, cells were stained by incubating for 30 min in the dark with DCFH-DA
diluted to a final concentration of 10 µM in DMEM without FBS. After removing the chemi-
cal agent using 1X PBS, the cells were exposed to LED light for 3 h with the medium filled.
All cell imaging was performed using a confocal laser scanning microscope (LSM 800; Carl
Zeiss, Oberkochen, Germany), and DCFH-DA was measured at the FITC wavelength.

3. Results and Discussion
3.1. Design Strategies for Programmable Protein Nanocage

A strategy to control the self-assembly of protein nanocages involves splitting the AaLS
monomer into two fragments to temporarily restrict its self-assembly capability (Figure 1).
Each fragment does not form a cage during protein purification and stably maintains its
structure, while regaining proper self-assembly function upon reconstitution as a monomer.
This is a simple and innovative strategy enabling internal cargo loading without artificially
introducing charges or involving harsh degradation or reassembly processes. We selected
the split site for the AaLS monomer based on previously reported split protein systems, such
as GFP and nanoluciferase, which have been widely used for protein–protein interaction
(PPI) detection [39–42]. The conditional ligation of the split protein relies on the Npu
DnaE split intein fused to the N- and C-terminal AaLS fragments. In intein-mediated
trans-splicing, the two precursor proteins spontaneously interact, enabling self-excision
of the intein [34]. AaLS, having restored its original monomeric structure, undergoes self-
reassembly in stable in vitro conditions. This is a condition-dependent method, enabling
controlled assembly and manipulation of the protein nanocage.
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Figure 1. Schematic illustration of intein-mediated split lumazine synthase for programmable protein
nanocage. To suppress the intrinsic self-assembly properties of the protein nanocage and trigger
nanocage assembly under defined conditions, we propose a strategy that splits the AaLS monomer
into two fragments, each containing a split intein. The two fragments do not form a cage structure
during the protein purification process. Under basic pH and reducing conditions, the fragments
undergo intein-mediated trans-splicing, which reconstitutes the original monomeric form and restores
their ability to self-assemble.

3.2. Characterization of Split Precursor Proteins and Monomeric Structure Formation

The monomer of AaLS-wt consists of five α-helices and five β-sheets as its secondary
structures. To control the self-assembly of AaLS in vitro, we selected the loop region
between Thr130 and Lys131 of AaLS as the split site, because this region is structurally
exposed and suitable for intein insertion without disrupting the secondary or tertiary struc-
ture after monomer reconstitution (Figure 2a). Each fragment incorporated a split intein for
condition-dependent monomer reconstitution, with the N-terminal fragment (AaLSN-IntN)
containing residues 1–130 of AaLS and the C-terminal fragment (IntC-AaLSc-EGFRAfb)
beginning from Lys 131, the latter being fused with an EGFR-binding affibody (EGFRAfb)
(Figure 2b). The N- and C-termini of the native AaLS monomer are exposed to the outer sur-
face of the assembled cage, such that fusion of an EGFRAfb to the C-terminus of IntC–AaLSc

results in surface display of the targeting ligand after reassembly [10,43]. The designed
AaLSN-IntN (27.8 kDa) and IntC-AaLSC-EGFRAfb (16.2 kDa) were purified with high purity
at positions similar to their calculated standard molecular weights relative to the protein
marker (Figure 2c). Two precursor proteins undergo spontaneous trans-splicing, leaving
a total of six amino acids in the N-terminal intein (AEY) and the C-terminal intein (CFN)
(Figure 2d) [44,45]. We used AlphaFold to predict the three-dimensional structure of the
reconstituted AaLS monomer containing the residual AEYCFN amino acids at the split
junction and compared the predicted structure with that of wild-type AaLS. As a result,
we confirmed that despite the presence of the intein pieces, the structural similarity with
wild-type AaLS was very high, with an RMSD of 0.725Å (Figure S2a,b). Residues near the
intein pieces are also predicted to exhibit high similarity at 1.610 Å, indicating that insertion
of the residual AEYCFN sequence did not substantially alter the local structure around the
selected loop region (Figure S2c). Subsequently, we mixed the two precursor proteins in an
environment containing high pH (~8.0) and a reducing agent (DTT) to induce the splicing
of the monomers. The splicing efficiency was not significantly affected by the mixing ratio
of two proteins, but it increased as the reaction time lengthened in the presence of DTT
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(Figure S3a–c). Therefore, two proteins at equivalent molar concentrations reacted with
DTT for 24 h and under optimized conditions, the spliced monomer was confirmed to have
a molecular weight of 25.99 kDa, consistent with the calculated molecular weight of the
reconstituted AaLS monomer and smaller than AaLSN-IntN, due to removal of the intein
(~17 kDa) (Figure 2e). A new band below the N-fragment, resulting from the mixture of
AaLSN-IntN and IntC-AaLSC-EGFRAfb, was found to have a splicing efficiency of 50.89%
upon quantification using Image J. This splicing efficiency is consistent with the typical
range reported for Npu DnaE split intein systems. Monomer formation was also confirmed
by DLS measurement, showing a size shift to 6–7 nm after splicing, distinct from the
1–1.5 nm fragments (Figure 2f). The surface charge was also measured to be around −8 mV
due to the interaction between the AaLSN-IntN near −10 mV and the IntC-AaLSC-EGFRAfb
around −2 mV (Figure S3d).

Figure 2. Design of split proteins and verification of intein-mediated trans-splicing. (a) AaLS-wt
monomer (PDB: 5MPP) split loop region image. (b) Composition illustration of two split fragments.
(c) SDS-PAGE analysis of purified AaLSN-IntN and IntC-AaLSC-EGFRAfb. (d) Overview of the
reaction between two fragments that spontaneously form monomers through intein-mediated trans-
splicing. (e) SDS-PAGE analysis of spliced AaLS-EGFRAfb monomer. (f) DLS analysis of two
fragments and spliced AaLS-EGFRAfb. Molecular weight markers are indicated on the left side of
the gel. Red arrow = Spliced product.

3.3. Reassembly of Protein Nanocage After Monomer Reconstitution

The intein-mediated reconstituted monomer carries an EGFR affibody fused to its
C-terminus. This monomer assembles into a cage structure composed of 60 subunits, as
originally designed, forming a 20–30 nm diameter nanocage with EGFRAfb displayed
on the outer surface (Figure 3a). To ensure stable nanocage reassembly, we removed the
DTT and lowered the pH over a sufficient period of time. DLS measurements showed
that the reassembled nanocages have a diameter comparable to that of AaLS-Z-ST, with
an approximate difference of 5 nm, and are clearly distinct from the monomeric species
after splicing. (Figure 3b,c). The observed diameter difference between the reassembled
nanocage and AaLS-Z-ST is caused by the difference in the C-terminal fusion proteins, as
well as the presence of non-reassembled monomeric species that lower the average diame-
ter. The relatively elevated PDI value of the reassembled nanocages is also considered to
originate from the presence of partially assembled or non-assembled species remaining
after the splicing process. Nanocage reassembly under a mildly acidic pH of 6.5, similar
to the tumor microenvironment, resulted in relatively low PDI and size values close to
the predicted diameter (Figure S4). The difference in nanocage formation depending on
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pH is likely due to previous reports demonstrating that the arginine pairs at the subunit
interface of AaLS may be responsible for the pH dependence of capsid assembly, and that at
pH 7 or above, the deionization of these arginine pairs disrupts the ion network, rendering
Lumazine synthase unstable [10]. For these reasons, we successfully exhibited the reassem-
bly of the nanocages at a pH 6.5, as demonstrated by the TEM image, showing particles
absent during the splicing stage but appearing after reassembly induction (Figure 3d). As a
result, we engineered the self-assembly of AaLS into a condition-dependent reaction and
demonstrated the potential for introducing functional proteins or macromolecules into the
cage prior to reassembly.

Figure 3. Self-assembling capability restored in spliced monomers. (a) Schematic illustration of
reassembly of spliced AaLS-EGFRAfb monomer. (b) DLS measurements of proteins after splicing,
reassembly, and native AaLS-Z-ST (control). (c) Table data of native AaLS-Z-ST, two precursor
proteins, spliced monomer, and reassembled nanocage. (d) TEM images of native AaLS-Z-ST,
monomer after splicing, and nanocage after reassembly. Data are presented as mean ± standard
deviation (SD) (n = 3). Scale bar = 50 nm in AaLS-Z-ST and Spliced AaLS-EGFRAfb, 20 nm in
Reassembled AaLS-EGFRAfb.
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3.4. Selective Cargo Encapsulation and Utilization of Reassembled Nanocages as Biosensors

After confirming the conditional reassembly of split AaLS, we propose a nanocage
strategy that enables selective cargo encapsulation through a modular system. We fused
SpyTag (ST) to the loop region of the N-terminal precursor protein to induce spontaneous
ligation with the SpyCatcher (SC)-fused protein. When the ST/SC conjugated protein
reassembled into a cage via intein-mediated trans-splicing with the C-terminal precursor
protein, we designed a new N-terminal precursor protein with a directionally controlled
SpyTag to position the SC-fusion fluorescent protein inside the cage (Figure 4a). To demon-
strate the potential of reassembled nanocages as biosensors, we designed and purified
the AaLSN-ST-IntN fusion protein and first confirmed its splicing pattern compared to the
existing N-terminal precursor protein (AaLSN-IntN) (Figure S5a). When this protein was
spliced with IntC-AaLSC-EGFRAfb to form a monomer, the predicted structure showed a
very high similarity of 0.774 Å to the previously known AaLS-wt monomer (Figure S5b).
We also experimentally verified that the splicing efficiency was similar under various
conditions such as pH, ratio, and time (Figure S5c–e). A total of four proteins, including
the completed new N-terminal precursor protein and the spliced monomer, maintained a
high cell viability exceeding 70% even at high concentrations up to 20 µM, confirming the
absence of significant cytotoxicity (Figure S6).

We designed and purified an SC-mEGFP (monomeric enhanced green fluorescent pro-
tein) to implement a biosensor nanocage targeting EGFR overexpressed in cells (Figure S7a).
Considering that the outer diameter of the formed cage is at least 20 nm, but the inner
diameter is narrower, we set an ST/SC ligation efficiency of around 10% as the optimal
criterion and adjusted the ratio of the two proteins accordingly. This ligation ratio was
intentionally controlled to minimize steric hindrance within the confined internal cavity
of the nanocage, since excessive cargo conjugation across all subunits could interfere with
stable cage assembly and structural integrity. The covalently linked product of SC-mEGFP
(42.5 kDa) and AaLSN-ST-IntN (29.5 kDa) corresponds to approximately 70 kDa and exhib-
ited a conjugation efficiency ranging from a maximum of 13.1% to a minimum of 12.7%
without regulating the ratio of the two proteins (Figure S7b). Although the amount of
ligation product increased with time in the ST/SC reaction, the difference was less than
2% (Figure S7c). Therefore, based on the ligation efficiency of approximately 10% already
achieved for the assembly of 60 subunits into a cage, we mixed the two proteins at a molar
ratio of 1:1 and reacted them for 3 h. Subsequently, unbound free SC-protein was removed,
and splicing was induced. Some samples were spliced while retaining SC-mEGFP, while
others were spliced without it; SC-mEGFP was completely removed (Figure 4b). We found
that AaLSN-ST-IntN of a size removable by the filter in this process were not removed, un-
like the larger SC-mEGFP. Subsequently, to verify whether the same pattern persisted with
the same filter, we added another SC protein (SC-SuperNovaRed) containing both proteins,
and more than 90% of the SC proteins were removed (Figure S8). The samples after splicing
and reassembly maintained uniform diameters of 7–8 nm and 23–24 nm, respectively, as
observed in DLS, similarly to previous results (Figure 4c). The EGFR targeting ability of
the nanocage encapsulating mEGFP was examined by showing a localized GFP signal only
near the cell membrane of cell lines overexpressing the receptor (MDA-MB-468) under
identical conditions (Figure 4d). Furthermore, in EGFR-low-expressing cell lines (MCF-7),
our nanocage platform (AaLS(mEGFP)-EGFRAfb) showed a negligible receptor affinity of
about 2.7% compared to non-treated cells, while in overexpressing cell lines, it showed a
significant GFP-positive population of 76.8% (Figure 4e). This suggests that the nanocages,
which undergo a spontaneously stable reassembly phase with mEGFP, were delivered
to target cells via the exposed affibody on their surface, rather than through non-specific
conjugation of the protein.
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Figure 4. A reassemblable nanocage that can selectively encapsulate polymers using a modular
system. (a) Schematic illustration shows that the N-fragment, designed with the SpyTag exposed
inside the cage structure, allows the SpyCatcher to capture the fused protein within the reassembled
nanocage. (b) SDS-PAGE analysis of proteins after removing free SC-mEGFP following ST/SC
ligation and proceeding with splicing. The spliced gel segments are indicated by black lines, and
all segments originate from the same original image. (c) DLS measurements of AaLS with mEGFP
after splicing or reassembly. (d) Confocal images of EGFR-overexpressing MDA-MB-468 cells and
low-expressing MCF-7 cells treated with reassembled AaLS(GFP)-EGFRAfb. (e) Flow cytometric
histogram showing the difference in targeting of the nanocage platform based on EGFR expression
levels in cells. Scale bar = 20 µm.

3.5. ROS-Generating Phototoxic Proteins Encapsulated in Reassembled Nanocages: As a Bioreactor

SuperNovaRed is a monomeric variant of KillerRed, a photosensitizer and fluorescent
protein that generates reactive oxygen species (ROS) [46]. Compared to KillerRed, which
has low utility as a fusion protein due to its tendency to form dimers, SuperNovaRed
not only possesses ROS-forming capability but also exists as a monomer, making it ad-
vantageous for fusion protein application. Both proteins exhibit potent cell death effects
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when exposed to green light above 500 nm and can be utilized in photodynamic ther-
apy (PDT) [47]. After verifying the potential for selective cargo encapsulation and cage
assembly, we designed a novel SC-fusion protein (SC-SuperNovaRed) to broaden the ap-
plication range of this nanocage platform. When SuperNovaRed is encapsulated within
the reassembled nanocages, it will function as a bioreactor that continuously generates
ROS upon exposure to light in the LED wavelength range of 550 nm or higher, thereby
inducing cell death (Figure 5a). SC-SuperNovaRed was purified as a monomer with a
size of approximately 41 kDa (Figure S9a). When performing ST/SC ligation with AaLSN-
ST-IntN, it exhibited a binding efficiency in the 10% range, similarly to previous results
(Figure S9b). No significant correlation between reaction time and ligation efficiency was
observed (Figure S9c). To prevent cell death caused by free SC-SuperNovaRed not en-
capsulated within the reassembled nanocage, these were clearly removed (Figure 5b).
Subsequently, through sequential splicing and reassembly processes, a nanocage with
an external diameter of approximately 22.5 nm was formed (Figure 5c). The nanocage,
AaLS(SuperNovaRed)-EGFRAfb, was treated identically with a control protein lacking
targeting ability in both EGFR-low-expressing and EGFR-overexpressing cell lines. In
MCF-7 cells, the nanocage platform showed a negligible 0.4% increase in fluorescence
compared to untreated cells, while in MDA-MB-468 cells, it exhibited a substantial 39.5%
increase in fluorescence signal. The control protein SC-SuperNovaRed showed almost
complete overlap with the background signal in non-treated cells, proving that this was
not non-specific binding. Consequently, this suggests that the reassembled nanocage en-
capsulating SuperNovaRed is delivered in a manner dependent on EGFR presented on the
cell membrane (Figure S10a).

The targetable nanocage platform is internalized into cells via receptor-mediated
endocytosis and can activate the ROS generation capacity of SuperNovaRed within the cage
through LED irradiation. To evaluate the targeting ability of this nanocage and the LED-
based ROS formation of the internal enzyme protein, we evaluated its cell death capacity
using a non-targeted negative control (SC-SuperNovaRed). In cells maintained in the
dark, those treated with free SC-SuperNovaRed (SC-SNR) and the nanocage AaLS(SNR)-
EGFRAfb retained high cell viability of 95.8% and 94.1%, respectively. However, after
exposure to LED light (79–81 J/cm2), these rates decreased to 83.25% and 55.3%. The
nanocage reassembled without SuperNovaRed (AaLS-EGFRAfb) still maintained a high
cell viability of 97.7%, supporting that the nanocage itself is not cytotoxic (Figure 5d).
Under identical conditions, the negative cell line MCF-7 actually showed an increased cell
viability of 117.1% upon LED exposure (Figure S10b). To directly observe the activity of the
encapsulated enzyme proteins, EGFR-overexpressing cells were stained using DCFH-DA,
which detects reactive oxygen species. As a result, SC-SNR, used as a negative control, did
not internalize into target cells during the same treatment period, yielding no detectable
signal (Figure 5e left). However, our nanocage platform demonstrated target delivery
capability, as evidenced by a red fluorescent signal located around the cells when not
exposed to LED illumination (Figure 5e right, LED(–)). Furthermore, after LED exposure,
the ROS-generating ability of the delivered SuperNovaRed was activated, resulting in
extensive green fluorescence observed throughout the cells (Figure 5e right, LED(+)).
Additionally, we engineered SC-SuperNovaRed-EGFRAfb as a definitive positive control
protein to re-evaluate the targeted delivery of the nanocage platform and ROS generation
within cells. Both groups demonstrated significant cytotoxicity only when exposed to LED
in EGFR-overexpressing cell lines, suggesting their inherent toxicity is negligible given the
high cell viability observed without LED irradiation. Furthermore, our nanocage platform
displayed a cell viability of 47.7%, while the control group (SC-SNR-EGFRAfb) showed
61.2%. This result suggests the possibility of ROS generation or increased half-life of the
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enzyme protein confined within the protein cage (Figure S10c). Flow cytometry analysis
further confirmed differences in ROS formation in DCFH-DA-stained MDA-MB-468 cells,
with FITC fluorescence increasing by 84.4% in the positive control group and 88.8% in the
nanocage-treated group relative to the non-treated group. In contrast, the non-targeted
negative control showed only a minimal increase in fluorescence around 4.2% (Figure S10d).
The mean fluorescence intensity of DCFH-DA was also quantified, and we demonstrated
the utility of the protein nanocage as a bioreactor (Figure S10e). To determine the LED
irradiation time required for cytotoxicity, we modulated the irradiation time and analyzed
ROS generation by confocal microscopy. SuperNovaRed encapsulated within the nanocage
platform remained intracellular at all time points and exhibited the green fluorescence
intensity of DCFH-DA, generated by LED exposure time. The fluorescence observed after
4 and 8 h of LED exposure was nearly identical, indicating that ROS formation within the
cells reached a saturated state by 4 h (Figure S11).

Figure 5. Photodynamic Therapy (PDT) using ROS-forming enzyme-encapsulated reassembled
nanocages. (a) Schematic illustration of a modular reassemblable nanocage encapsulating SC-fusion
SuperNovaRed to enable continuous ROS generation by LEDs within the platform. (b) SDS-PAGE
analysis of proteins after removing free SC-SuperNovaRed following ST/SC ligation and proceeding
with splicing. The spliced gel segments are indicated by black lines, and all segments originate from
the same original image. (c) DLS measurements of AaLS with SuperNovaRed after splicing and
reassembly. (d) Cell viability of EGFR-overexpressing cell line treated with AaLS(SNR)-EGFRAfb
under LED non-irradiation versus irradiation. (e) Confocal microscopy images of ROS detection in
EGFR-overexpressing cells treated with the SC-SNR or AaLS(SNR)-EGFRAfb platform and exposed
to LED light. Scale bar = 20 µm. Statistical significance is indicated as p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***).
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Moreover, proteins encapsulated within protein nanocages are protected from environ-
mental substances and therefore exhibit enhanced intracellular stability compared to free
proteins. To evaluate the protective effect of protein nanocages on encapsulated proteins,
we measured fluorescence quenching of fluorescent proteins. The quenching of fluorescent
proteins typically occurs in the presence of ionic surfactants (detergents), which can also
interfere with fluorescence measurements. Therefore, we used Triton X-100, a nonionic
surfactant capable of inducing mild quenching without interfering with fluorescence detec-
tion. First, Triton X-100 diluted in PBS (ranging from a maximum of 1% to a minimum of
0.016%) was mixed with free SC-SuperNovaRed protein, and fluorescence intensity was
measured at three time points (0.5, 1, and 1.5 h). Even with the same concentration of
detergents, 0.5 h was not sufficient to quench the fluorescent protein, while 1% Triton X-100
exhibited a quenching efficiency of nearly 65% (Figure S12a). To prevent the quenching of
the fluorescent protein encapsulated inside the protein nanocage, the cage structure must
not collapse due to the detergent. Therefore, we mixed protein nanocages that had been
reassembled without an internal protein with 1% Triton X-100 and measured the particle
diameter. The results showed particle sizes of 20–30 nm, with an increase of approximately
5 nm when mixed with the detergent. This may be due to protein adsorption by the
nonionic surfactant (Figure S12b). Protein nanocages encapsulating SuperNovaRed or
mEGFP and free fluorescent proteins (SC-SuperNovaRed, SC-mEGFP) exhibited different
fluorescence intensity patterns when reacting with detergent under the same conditions.
As expected, the fluorescent proteins encapsulated within the protein nanocages exhibited
a quenching rate of less than 10%, whereas the free fluorescent proteins were quenched
by nearly 60% even after a short reaction timer of 30 min (Figure S12c,d). In addition, we
sought to further verify the structural stability of this nanocage platform in an in vitro
environment that mimics the in vivo environment. The cell culture medium contained 10%
(v/v) fetal bovine serum, which provides nutrients and proteins similar to those found in an
in vivo environment. Therefore, we mixed the fluorescent protein-encapsulated nanocage
protein with DMEM medium containing 10% FBS (Fetal bovine serum) in a 1:1 volume
ratio and cultured the mixture at 37 ◦C. After 6 h, we measured the fluorescence intensity
of the proteins and found that the nanocage-encapsulated SuperNovaRed maintained a
high fluorescence intensity of 94.4%. The nanocage-encapsulated mEGFP also retained
88.8% of its fluorescence, confirming the physical stability of the reassembled nanocage
structure (Figure S12e).

4. Conclusions
To overcome the limitation of conventional protein cages in retaining large cargo

molecules, we proposed a strategy for developing conditionally self-assembling protein
nanocages through intein-mediated reconstitution of split AaLS. The split monomer re-
stored the self-assembly properties of the original protein nanocage and enabled encap-
sulation of cargo molecules prior to cage formation. Furthermore, AaLSN-ST-IntN was
designed with SpyTag exposed toward the inner cavity, enabling selective binding to
SpyCatcher-fusion proteins while maintaining structural stability.

The reassembled nanocage specifically recognized EGFR-overexpressing tumor cells
via a surface-displayed EGFR affibody. We experimentally demonstrated EGFR-dependent
targeting using fluorescent protein cargo and further demonstrated the utility of the plat-
form as a biosensor. Encapsulation of ROS-generating proteins also enabled LED-induced
ROS generation and cytotoxicity in target cells, supporting the applicability of the re-
assembled nanocage as a ROS-generating bioreactor for photodynamic therapy. In addi-
tion, the nanocage protected encapsulated proteins from detergent-induced fluorescence
quenching, suggesting improved cargo stability. These findings demonstrate the feasibil-
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ity of a programmable protein nanocage platform for targeted delivery and functional
protein encapsulation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/macromol6020039/s1, Figure S1: Amino acid sequence of pro-
teins. The sequence of each protein is presented in the specified color, while the linker region is
shown in black.; Figure S2: Structural comparison between spliced monomers and AaLS-wild type
monomer. (a) Structure of the post-splicing monomer containing the intein pieces predicted by
AlphaFold. (b) Comparison of structural similarity between the predicted structure and the AaLS-wt
(PDB: 5MPP) monomer. (c) Structural effects of intein pieces remaining between monomer sequences
after splicing. RMSD was calculated using Chimera X software. Orange = Intein pieces after splicing,
Blue = AaLS-wt, Gray = spliced AaLS; Figure S3: Optimization of intein-mediated trans-splicing.
(a) SDS-PAGE analysis comparing splicing reactions after mixing N-fragments (AaLSN-IntN) and
C-fragments (IntC-AaLSC-EGFRAfb) at three ratio conditions (1:1, 1:2, 2:1) with 4mM DTT for 1-
h. (b) Comparison of splicing efficiency based on DTT presence/absence and reaction time after
mixing N-fragments and C-fragments at a 1:1 ratio. All splicing reactions were performed at 37
◦C. The protein standard marker is present on the left side of the gel. Gray arrow = AaLSN-IntN,
Purple arrow = Spliced monomer, Light blue arrow = IntC-AaLSC-EGFRAfb. (c) Calculated splicing
efficiency depending on SDS-PAGE by Image J. (d) Surface charge differences between fragments
and spliced proteins. Data are presented as mean ± standard deviation (SD) (n = 3); Figure S4:
DLS measurements of reassembled spliced monomers under various pH conditions. Protein that
had completed splicing reactions were dialyzed at three selected points within the pH range from
slightly acid pH, mimicking the tumor microenvironment (TME), to physiological conditions, and
their size and PDI were measured; Figure S5: Structural analysis of proteins designed for cargo
selective encapsulation and comparative analysis of intein-mediate trans-splicing. (a) SDS-PAGE
analysis of purified AaLSN-ST-IntN and IntC-AaLSC-EGFRAfb proteins. (b) Comparison of struc-
tural similarity between the predicted post-splicing protein by AlphaFold and AaLS-wt (PDB: 5MPP).
The predicted structure includes the intein pieces and SpyTag and exhibits a structure highly similar
to the existing monomer. RMSD was calculated using Chimera X software. Orange = Intein pieces
after splicing, Green = SpyTag, Blue = AaLS-wt, Gray = spliced AaLS. (c) Comparison of splicing
reactions for N-fragments containing SpyTag and C-fragments by pH, (d) ratios, and (e) times. Black
arrow = AaLSN-ST-IntN, Purple arrow = Spliced monomer, Light blue = IntC-AaLSC-EGFRAfb;
Figure S6: Cytotoxicity of proteins in EGFR-positive and -negative breast cancer cell lines. Each
protein exhibits no EGFR expression-dependent cytotoxicity and maintains high cell viability even
at high concentrations. Data are presented as mean ± standard deviation (SD) (n = 3); Figure S7:
Optimization of protein nanocage formation as a biosensor. (a) SDS-PAGE analysis of SC-mEGFP
protein. (b) Comparative analysis of fusion efficiency at various ratios of AaLSN-ST-IntN and SC-
mEGFP. (c) Comparison of reaction time optimization and conjugation efficiency of AaLSN-ST-IntN
and SC-mEGFP at a 1:1 ratio. Green arrow = SC-mEGFP, Black arrow = AaLSN-ST-IntN, White
line = ST/SC ligated protein; Figure S8: Removal of SC-fusion proteins. The SC-mEGFP and SC-
SuperNovaRed (SNR) that remained unbound to AaLSN-ST-IntN were removed as flow-through
(more than 90%) using a 50 kDa cut-off centrifugal filter. The AaLSN-ST-IntN protein, which is smaller
in size than the SC-fusion proteins, was not removed by the same filter and remained in the sample,
as confirmed by SDS-PAGE analysis; Figure S9: Optimization of protein nanocage formation as a
bioreactor. (a) SDS-PAGE analysis of purified SC-SuperNovaRed protein. (b) Comparative analysis
of fusion efficiency at various ratios of AaLSN-ST-IntN and SC-SuperNovaRed. (c) Comparison of
reaction time optimization and conjugation efficiency of AaLSN-ST-IntN and SC-SuperNovaRed
at a 1:1 ratio. Red arrow = SC-SuperNovaRed, Black arrow = AaLSN-ST-IntN, White line = ST/SC
ligated protein. Ligation efficiency was analyzed using Image J; Figure S10: EGFR-specific delivery of
protein nanocages encapsulating SuperNovaRed and the generation of reactive oxygen species (ROS)
by LED. (a) Flow cytometry histograms of the SC-SuperNovaRed and SuperNovaRed-encapsulated
protein nanocage platforms in EGFR-low (MCF-7) and EGFR-overexpressing (MDA-MB-468) cell
lines. (b) LED-induced cell death in MCF-7 and (c) MDA-MB-468 cells caused by a protein nanocage

https://doi.org/10.3390/macromol6020039

https://www.mdpi.com/article/10.3390/macromol6020039/s1
https://www.mdpi.com/article/10.3390/macromol6020039/s1
https://doi.org/10.3390/macromol6020039


Macromol 2026, 6, 39 15 of 17

reassembled without SC-SuperNovaRed (SC-SNR), SC-SNR (negative control protein) or SC-SNR-
EGFRAfb (positive control protein), and a protein nanocage platform encapsulating SNR. (d) Flow
cytometry histogram of ROS formation in a targeted protein nanocage platform. (e) Quantitative
analysis of ROS generated by LED exposure in MDA-MB-468 cells. Data are presented as mean
± standard deviation (SD) (n = 3). Statistical significance is indicated as p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***); Figure S11: ROS formation in an LED exposure-time-dependent SuperNovaRed-
encapsulated protein nanocage platform. The reassembled protein nanocage platform encapsulating
SuperNovaRed (SNR) was delivered via receptor-mediated endocytosis by targeting EGFR overex-
pressed on the cell surface, and ROS formation was analyzed using fluorescence imaging at 0.5, 1,
2, 4, and 8 hours after exposure to LED light. The MDA-MB-468 cell line was used, and DCFH-DA
was detected on the FITC channel. Scale bar = 20 µm; Figure S12: Protein nanocage that stably
encapsulates cargo molecules protects the molecules inside from detergents. (a) Quenching curves
showing the reaction of Triton X-100 and 10 µM SC-SuperNovaRed at various dilutions ranging from
1% to 0.016% over time (0.5, 1.0, 1.5 h). (b) DLS measurement of the diameter of SuperNovaRed-
encapsulated protein nanocage in 1% Triton X-100 or 1X PBS at 1 h. (c-d) Difference in fluorescence
intensity between protein nanocages encapsulating fluorescent proteins and free fluorescent proteins
in 1% Triton X-100. (e) Observation of fluorescence quenching of fluorescent proteins (SuperNovaRed
and mEGFP) inside nanocages in DMEM containing 10% FBS, which mimics an in vivo environment.
Data are presented as mean ± standard deviation (SD) (n = 3).
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EGFRAfb Epidermal Growth Factor Receptor Affibody
AaLS Aquifex aeolicus Lumazine Synthase
AaLS-Z-ST Aquifex aeolicus Lumazine Synthase-Z domain-SpyTag
ST SpyTag
SC SpyCatcher
mEGFP Monomeric Enhanced Green Fluorescent Protein
SNR SuperNovaRed
ROS Reactive Oxygen Species
PDT Photodynamic Therapy
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