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SUMMARY

We describe a versatile, targeted delivery platform based on the Hepatitis B core protein virus-like particle 

(VLP). Multiple protein mutations were combined with cell-free protein synthesis and anaerobic processing 

to enable reliable production of nanoparticles (NPs) loaded with single or multiple cargoes (typically with 

concentration factors >10ˆ4) and functionalized with single or multiple surface adducts. Our design supports 

multiple functional requirements while also enabling flexible and reliable production. Process yields are 

about 6 x 10 13 NPs per mL of cell-free reaction; approximately 100-fold higher than current adeno-associated 

virus (AAV) yields and 8 times previously reported HBc VLP yields. We demonstrate platform feasibility and 

versatility by the surface display of a challenging-to-fold dengue fever antigen and by pharmacokinetic 

studies using whole-body mouse imaging. The platform supports rapid, parallel production of multiple prod- 
uct candidates to increase success rates for targeted therapeutics, gene therapies, imaging agents, and 

vaccines.

INTRODUCTION

More than a century ago, Nobel Prize winner Paul Ehrlich had a 

vision: the Magic Bullet. 1 This tiny vehicle would greatly increase 

medical efficacy while also decreasing side effects by delivering 

the medicine only to targeted cells. This therapeutic agent would 

precisely target and eradicate disease-causing cells without 

harming unaffected, healthy tissue. Here, we report a virus-like 

particle platform for the rapid development and efficient produc- 

tion of such agents; ‘‘smart’’ nanoparticles (NPs) capable of 

delivering anti-cancer toxins, imaging agents, DNA, and proteins 

as well as vaccine adjuvants and antigens. 

Since pathogenic viruses are highly evolved delivery vehi- 

cles, investigators have long sought to exploit viral compo- 

nents for targeted delivery, such as virus-like particles 

(VLPs) 2–5 which resemble viruses but are non-infectious and 

replication deficient as they lack viral genetic material. While 

many different types of VLPs have been studied, 6–8 the ad- 

eno-associated virus (AAV) has emerged as one of the most 

promising candidates, mainly due to its broad tissue tropism 

and effective, if unreliable, DNA loading. However, several 

concerns have surfaced which include low cargo capacity, im- 

mune responses, difficulties in achieving tissue specificity, and 

manufacturing challenges. 9 The Hepatitis B core protein (HBc) 

VLP has become another leading candidate since it is 

composed of a single, relatively small protein, has a large cav- 

ity for cargo loading (ca. 26 nm diameter), and typically offers 

120 protruding surface spikes for displaying functional 

adducts. 10

For any NP to be a successful product candidate, it must 

be: (a) well-characterized, (b) economically produced, 11–13 

(c) loaded with cargoes, 14–21 and (d) mechanically stable. 22–25 

It must also: (e) either evade or stimulate the immune system 

depending on the application, 26,27 (f) escape from the vascula- 

ture, 28,29 (g) be targeted to 30–32 and internalized only by the cor- 

rect cells, (h) escape from endosomal vesicles, 30 and (i) open to 

release its cargo in the cytoplasm. 3,33 Figure 1A indicates the 

design features we have introduced to address these require- 

ments. Here we demonstrate the versatility of this platform by 

satisfying requirements (a) to (d). 

Achieving this versatility has required an unconventional pro- 

duction process (Figure 1B). Leveraging cell-free protein synthe- 

sis (CFPS) we introduce non-natural amino acids for later surface 

functionalization and produce unassembled HBc subunits 

(monomers and dimers) to facilitate purification and minimize 

product contamination. Following anaerobic subunit purification 

and on-column reduction to provide assembly competent HBc 

subunits, we assemble and load the HBc VLPs in a single pro- 

cedure. Finally, after VLP stabilization and purification via size- 

exclusion chromatography (SEC), we surface functionalize the 

VLPs through the non-natural amino acids. 

In developing this process, we found the most common 

approach for HBc VLP production, in vivo E.coli expression, 35–39 

to be inadequate since it did not allow access to or control over 

the protein production environment. In contrast, CFPS 22,40,41 

provides such access and control over the expression and 

folding environment to optimize the production of individual 

proteins. CFPS utilizes crude cellular extracts capable of 

iScience 28, 112599, June 20, 2025 © 2025 The Authors. Published by Elsevier Inc. 1 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jswartz@stanford.edu
https://doi.org/10.1016/j.isci.2025.112599
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112599&domain=pdf


A

C

D

B

Figure 1. Multifunctional delivery platform, performance requirements, and production overview 

(A) Molecular requirements for effective cargo delivery. 

(B) Timeline of HBc VLP production process overview. 

(C) Comparison of CFPS vs. in vivo expression. 

(D) HBc dimeric subunit with engineered azide groups (yellow), methionine to serine mutation (pink) (S66M), native intradimer disulfide bond (purple), engineered 

cysteines for interdimer bonds (blue) (C29 and C107), and a C-terminal extension with a hydrophobic loading domain containing a sulfhydryl group (red) and a 

polyhistidine tag (black); PDB: 1qgt. 34
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Figure 2. Effects of ionic strength on HBc protein CFPS & Ni-NTA capture and elution 

(A) Autoradiograms of HBc proteins produced in CFPS at different KGlu concentrations. Both total and soluble yields are shown in non-reduced and reduced 

states. 

(B) Effects of KGlu concentration on total and soluble yields of HBc protein (N = 6) as measured by C 14 leucine incorporation and scintillation counting (N = 6). Error 

bars indicate standard deviation. 

(legend continued on next page) 
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transcription, translation, and protein folding. The addition of 

DNA that encodes the protein of interest and a variety of bio-mol- 

ecules (e.g. cofactors, amino acids, chaperones etc.) activate 

efficient, cost-effective, and scalable protein production 

(Figure 1C). 22,42–47 In this study, we demonstrate the benefits 

of CFPS in a few ways. 

First, we express VLP subunits at lower ionic strengths to 

avoid triggering VLP assembly. 22,48 The VLP subunits can then 

be purified via Ni-NTA chromatography to fully remove contam- 

inants that would otherwise be trapped inside the assembled 

VLPs. Furthermore, it eliminates additional, time-consuming 

and often harsh disassembly-assembly steps for VLP purifica- 

tion and cargo loading that are commonly performed with in vivo 

VLP production systems. 36,49,50 This also enables efficient Ni- 

NTA purification without harsh denaturing conditions, which 

have previously been necessary. 38,51 

Second, we incorporate non-natural amino acids for site-spe- 

cific conjugation of adducts to functionalize the particle’s sur- 

face. Site-specific surface functionalization via click conjugation 

circumvents limitations of unspecific conjugation via NHS ester 

chemistry, interference with protein folding through polypeptide 

insertions, and possibly added immunogenicity associated with 

the SpyCatcher system. 3,52 To accomplish this, we mutate the 

HBc protein (Figure 1D) by both changing a native methionine 

to serine so that azidohomoalanines (AHAs) can be incorporated 

using methionine replacement, and by mutating either codon 76 

or 80 with ATG to incorporate two AHA’s at the tip of each 

dimeric spike. 

Next, after Ni-NTA purification, we improve cargo loading by 

adding a hydrophobic C-terminal loading domain with a cysteine 

residue (IGIGIC) (Figure 1D) to attract cargo during VLP assem- 

bly and retain it through reversible disulfide bond formation or 

irreversible maleimide conjugation. We achieve versatile loading 

of diverse molecules: a cancer toxin, fluorophores, DNA, and a 

protein. By using maleimide conjugation, we accomplish loading 

efficiencies of 86% for super-folder green fluorescent protein, 

87% for a fluorophore, and 95% for a single-stranded DNA. 

This results in major cargo condensation during loading with 

the internal concentration of the cargo approximately 10 4 higher 

than that in the surrounding reaction solution. Furthermore, we 

demonstrate simultaneous loading of two different cargoes 

which to our knowledge has not been done before with the 

HBc VLP. 

In addition to internal loading, we also demonstrate efficient 

external surface functionalization using the non-natural amino 

acids previously incorporated during CFPS. This is facilitated 

by bifunctional linkers, using strain-promoted azide-alkyne 

cycloaddition (SPAAC) or maleimide conjugation in combination 

with an inverse-electron-demand Diels-Alder reaction (IEDDA). 

We demonstrate attachment of polyethylene glycol (PEG) and 

a Dengue fever vaccine antigen, obtaining VLP spike surface 

modification of 100% and 95% respectively. Additionally, we 

show attachment of a fluorophore as well as simultaneous, effi- 

cient, and controllable ratios of co-attached PEG and the vac- 

cine antigen. 

Importantly, we show that our VLPs—leveraging previously re- 

ported improvements on VLP stabilization using a disulfide bond 

network 22 —are stable for 3 months at 4 ◦ C. This is a beneficial 

advantage as it can accelerate process development by facili- 

tating the production and testing of multiple drug candidates 

sequentially or in parallel. Additionally, inconvenient cold chain 

requirements can be avoided for vaccines derived from the sta- 

bilized HBc VLP. Finally, we use whole-body imaging to demon- 

strate how fluorophore loading and PEG surface additions can 

facilitate pharmacokinetic studies.

RESULTS

Avoiding premature assembly during CFPS 

To produce high quality, precisely loaded, and surface-modified 

NPs it was critical to first purify the VLP subunits. Ni-NTA affinity 

chromatography offered specificity, but premature VLP assem- 

bly prevented adequate subunit capture. 

CFPS, in comparison to in vivo expression, offered direct con- 

trol over the synthesis and folding environment. As potassium 

and glutamate (KGlu) are the dominant ions in the E. coli cyto- 

plasm, 53,54 CFPS is typically conducted at around 175 mM 

KGlu. 55 However, since higher ionic strengths trigger VLP as- 

sembly, we evaluated lower KGlu concentrations (50 and 

125 mM). SDS-PAGE analysis (Figures 2A and S1A) confirmed 

subunit aggregation, and premature VLP assembly was largely 

avoided with 50 mM KGlu. Although total yields decreased, sol- 

uble yields increased to about 750 μg/mL (Figures 2B, 2C, and 

S1B). Later experiments showed that increasing the amount of 

cell extract in the CFPS reaction from 25% to 35% increased sol- 

uble yields to ca. 1 mg/mL (Figure S1B), easily detectable by 

SDS-PAGE (Figure S1C). Such adjustments are not possible 

with in vivo production.

Improving Ni-NTA capture and elution 

Even with premature assembly avoidance, early Ni-NTA based 

purifications yielded only 25% recovery (Figure 2D). Adding 

two additional histidines (8xHis-tag) was not helpful for purifica- 

tion and decreased CFPS soluble yields by about 40% 

(Figure S1D). Hypothesizing that the C-terminal hydrophobic 

loading domains might be self-associating and hiding the 

6xHis-tags, we added 0.02% polysorbate 20 (Tween 20) to the 

buffer exchange post-CFPS and the recovery efficiency 

increased to ca. 45% (Figure 2D). 

Since previous reports suggested that chaotropic agents 

could improve Ni(NTA) capture, 38,51 we next conducted a design 

of experiments survey analyzing the effects of urea and NaCl 

(C) HBc protein solubility (%) as a function of CFPS KGlu concentration. Error bars indicate standard deviation (N = 6). 

(D) Tween 20 effect on HBc recovery. Error bars indicate standard deviation (N = 3). 

(E) Differences in capture and recovery of HBc proteins using urea. Error bars indicate standard deviation (N = 3). 

(F) 3D graph of HBc capture efficiency (%) versus urea and NaCl concentrations. 

(G) 3D graph of HBc elution efficiency (%) versus urea and NaCl concentrations. 

(H) Non-reducing SDS-PAGE after Ni-NTA purification. Significance: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. See also Figure S1.
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Figure 3. VLP assembly quantification, quality assessment, and loading 

(A) VLP assembly efficiencies using: (1) one-step NaCl to HBc addition, (2) one-step HBc to NaCl addition and (3) two-step NaCl addition. Error bars indicate 

standard deviation (N = 3). 

(legend continued on next page) 
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(Figures 2E–2G). The addition of 1.5 M urea to the post-CFPS 

buffer exchange raised binding efficiency to ca. 85%, most likely 

by further increasing 6xHis-tag accessibility. Although 3 M urea 

further improved recovery, VLP assembly then dramatically 

decreased suggesting persistent HBc structural damage. Con- 

trary to the Ni(NTA) resin supplier’s guidance, decreasing the 

NaCl concentration improved recovery, most likely by avoiding 

HBc subunit aggregation. The adopted changes improved prod- 

uct recovery by 3.5-fold while also providing a relatively pure 

HBc product (> 95%) (Figure 2H).

Optimization of VLP assembly 

The assembled T = 4 HBc VLPs (ca. 35 nm outer diameter) 

consist of 120 dimers, each potentially stabilized by a native in- 

tradimer disulfide bond. 56 As mentioned, capsid assembly can 

be triggered by NaCl addition. Initially however, VLP assembly 

was ineffective with insoluble aggregates dominating after 

NaCl addition. We confirmed a report by Selzer et al. 57 indicating 

assembly inhibition by preformed intradimer disulfide bonds. Af- 

ter additionally including 1 mM dithiothreitol (DTT) in all solutions 

from CFPS to VLP assembly, the assembly efficiency increased 

to 42% (Figure 3A). 

However, subsequent azide-alkyne click reactions for VLP 

surface modification were then unsuccessful. A report by Hand- 

lon and Oppenheimer had shown rapid DTT-mediated reduction 

of azidothymidine to aminothymidine. 58 Since their reported rate 

constants predicted minimal azide loss with a 15-min, 5 mM DTT 

exposure; the subunits were briefly reduced while bound to the 

Ni(NTA) column. Additional experimentation indicated that this 

exposure provided effective VLP assembly and VLP quality 

was confirmed by dynamic light scattering. To avoid reformation 

of the problematic disulfides by oxygen-mediated oxidation 

before assembly, all purification and assembly steps were there- 

after performed anaerobically. 

In efforts to further improve assembly efficiency, we found that 

adding VLP subunits to the 1 M NaCl solution vs. salt to subunits 

was not beneficial (Figure 3A); nor were changing NaCl concen- 

tration and/or addition rate. As previous studies have shown that 

HBc VLP assembly proceeds via partially assembled intermedi- 

ates and that assembly rate increases with higher ionic 

strength, 48,59–61 we decided to slowly increase the NaCl concen- 

tration to 0.3 M NaCl and add a short incubation period of 10 min 

before proceeding to increase it to the final concentration of 1M. 

Using this two-step approach, the assembly efficiency increased 

from about 40% to nearly 60% (Figure 3A). For VLP stabilization, 

both intra- and interdimer disulfides were then formed by a 

30-min incubation with 500 μM H 2 O 2. Correct VLP formation af- 

ter SEC purification was confirmed by DLS analysis and trans- 

mission electron microscopy (TEM) which shows both T = 3 

(ca. 30 nm diameter) and T = 4 (ca. 35 nm diameter) HBc 

VLPs. (Figures 3B and 3C). DLS analysis after 3 months of stor- 

age at either − 80 ◦ C or 4 ◦ C detected no deterioration in VLP qual- 

ity (Figures S2C–S2E).

Loading molecular cargoes 

With an inner diameter of about 26 nm, the hollow HBc VLP offers 

a cargo volume about three times larger than that of AAV parti- 

cles 62–64 and is therefore suitable for delivering micro- and 

macromolecular loads. However, to accomplish efficient cargo 

loading, cargo condensation by a factor of about 10 4 is required 

as the cargo volume after assembly is only 0.05% of the volume 

of the surrounding solution. Additionally, it is essential that the 

cargo does not interfere with VLP assembly by distorting subunit 

structures or inhibiting correctly orientated dimer-to-dimer inter- 

actions. Despite these challenges, we demonstrate the versa- 

tility of our two-step, combined loading and assembly procedure 

by loading a fluorophore as an imaging agent, an anti-tumor 

toxin, the Toll-like receptor (TLR) agonist CpG DNA as a vaccine 

adjuvant, and superfolder green fluorescent protein (sfGFP). 

Early work by us and others 65 showed that smaller molecular 

weight cargoes such as fluorophores and cancer toxins can be 

lost by diffusion through multiple pores in the VLP shell 

(diameters ≈17–20 A ˚ ). These cargoes therefore require covalent 

tethering to the VLP’s inner surface; either by persistent malei- 

mide bonds for cargoes such as fluorophores, or by conditionally 

stable bonds such as disulfides which can be reduced in the 

target cell’s cytoplasm to release the agent. 22 Among several 

candidates, we identified an IGIGIC hydrophobic loading domain 

as an HBc C-terminal extension with good cargo adsorption, 

minimal VLP assembly interference, and a reactive cysteine for 

tethering. 

To demonstrate effective and versatile cargo loading, we 

loaded (a) Alexa Fluor 750 maleimide (AF750M), (b) an aldehyde 

modified CpG DNA fused to a maleimide hydrazine linker, (c) a 

(B) DLS analysis of assembled VLPs with mean diameter = 33 nm. 

(C) TEM of VLPs. 

(D) VLP assembly efficiency after loading of small molecules using: (1) one-step procedure for AF750M, (2) two-step for AF750M and (3) two-step for dual AF750M 

and mertansine loading. Error bars indicate standard deviation (N = 3). 

(E) Number of small molecules loaded per VLP using: (1) one-step procedure for AF750M, (2) two-step for AF750M and (3) two-step for dual AF750M and 

mertansine loading (showing mertansine load, AF750M loading was unchanged). Error bars indicate standard deviation (N = 3). 

(F) Fluorescence of assembled AF750M loaded VLPs in comparison to disassembled VLPs with (1) 0.22:1 and (2) 1:1 AF750M to HBc monomer molar addition 

ratios. Error bars indicate standard deviation (N = 3). 

(G) HPLC analysis of mertansine cargo after being co-loaded with AF750M during VLP assembly (N = 3). 

(H) Loading mechanism for sfGFP starting with NHS ester reaction of the linker to the sfGFP followed by attraction of the protein by the hydrophobic extension and 

a maleimide conjugation of the sfGFP-linker to the cysteine residue within the VLP’s loading domain. 

(I) Loading mechanism of CpG DNA starting with a Wolff-Kishner reduction of the linker to the CpG DNA’s 5 ′ aldehyde group followed by maleimide conjugation of 

the assembled CpG DNA-linker fusion to the VLP’s loading domain. 

(J) Amount of large molecular cargoes loaded using two-step assembly (N = 3). Error bars indicate standard deviation. 

(K) Loading efficiency of large molecular cargo using two-step procedure (N = 3). Error bars indicate standard deviation. 

(L) Reduced SDS-PAGE of (1) unloaded VLPs as a control and (2) CpG DNA loaded VLPs. Significance: ****p ≤ 0.0001. See also Figure S2.
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Figure 4. VLP surface functionalization 

(A) HBc dimeric subunit spike tip with possible conjugation sites and their respective charges (PDB: 1qgt). 34

(B) Effects of IAM, Brij 58 and DsbC on the total and soluble protein yields of DENV2 antigen domains with a cysteine residue incorporated for conjugation close to 

the (A) N- or (B) C- terminus. Yields were measure by C 14 leucine incorporation and scintillation counting (N = 3). Error bars indicate standard deviation. 

(C) Surface functionalization of HBc VLPs with (1) attachment of linker via strain-promoted azide-alkyne cycloaddition (SPAAC) to the ligand and VLP’s spike 

followed by (2) inverse-electron-demand Diels-Alder reaction between the ligand’s and the VLP’s linker. 

(D) Reduced SDS-PAGE of VLP conjugated with mPEG-azide (5000) via TCO DBCO linker with molar ratios of HBc monomer to mPEG-azide of 1:1. 

(E) Reduced SDS-PAGE of VLP conjugated with DENV2 via a TCO maleimide linker with a molar ratio of HBc monomer to DENV2 of 1:1.5. 

(F) DLS of VLPs conjugated with increasing amounts of PEG (5000) per VLP spike (% of that required to modify all spikes). Unconjugated PEG was removed 

via SEC. 

(legend continued on next page) 
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superfolder green fluorescent protein (sfGFP) attached to an 

NHS ester maleimide linker (the maleimide moieties can rapidly 

and irreversibly bind to the loading domain cysteine), and 

(d) an anti-cancer toxin, mertansine (DM1), with an exposed 

sulfhydryl. 

Beginning with AF750M loading for mouse whole-body imag- 

ing, we tested three loading approaches: (1) diffusion into the 

VLP after stabilization, (2) loading during one-step assembly 

with the cargo added directly after the salt addition, and (3) 

loading during the two-step assembly with cargo addition after 

the initial 10-min incubation at the lower NaCl concentration. 

The first method was not effective, but both approaches 2 and 

3 loaded about 85% of the cargo while VLP assembly was 

increased from 38% to 50% using the two-step assembly 

(Figures 3D and 3E). In a classic case of ‘‘less is more’’, loading 

about 200 dye molecules per VLP resulted in such severe self- 

quenching (Figure 3F) that the VLPs could not be detected after 

i.v. injection in the mice. Self-quenching is a phenomenon where 

the fluorescence intensity of a fluorophore decreases due to the 

proximity of multiple fluorophores, resulting in interactions that 

reduce their ability to emit light. 66 In contrast, loading only about 

53 molecules per VLP increased the fluorescence approximately 

10-fold and provided high quality whole-body mouse images (as 

shown in the pharmacokinetic study below). 

We next sought to load two different cargoes into the same 

VLP, AF750M, and the anti-cancer toxin (DM1), to offer both tu- 

mor imaging and cancer treatment with the same VLP. The hy- 

drophobic toxin DM1 was added 2 min after the AF750M addi- 

tion at a ratio of 2.5 DM1 molecules per HBc monomer. The 

sequential addition was performed to prevent AF750M and 

DM1 from binding to one another and not to the loading domain. 

As the maleimide reaction is quick and irreversible, AF750M was 

added first and allowed to react with the loading domain before 

adding DM1. High-performance liquid chromatography (HPLC) 

analysis (Figure 3G) indicated the loading of about 40 DM1 mol- 

ecules per VLP resulting in a loading efficiency of nearly 7%. 

AF750M loading was not affected and DLS analysis indicated 

absence of aggregates and multimers after SEC (Figure S3F). 

The macromolecules, CpG DNA with a 5 ′ -aldehyde addition 

and sfGFP with a hydrophobic IGIGIG C-terminal extension 

were loaded by first attaching the indicated linker to the macro- 

molecule (Figures 3H and 3I) and then adding the linker-modified 

CpG DNA or sfGFP to the assembly reaction after the first salt 

addition and a short incubation time. Approximately 114 DNA 

and 23 sfGFP molecules per VLP were loaded (Figures 3J–3L) 

with loading efficiencies of 95% and 86%, respectively. VLP as- 

sembly and quality was verified by DLS analysis (Figures S2G and 

S2H). Table 1 shows the estimated cargo loading efficiency and 

condensation factors. Our two-step combined loading and as- 

sembly approach provides efficient loading by typically encour-

aging very high condensation factors. The exception is DM1 

loading most likely both due to occupancy of loading domains 

by previously loaded AF750M and because the disulfide bond 

stabilization was delayed relative to the maleimide conjugation.

Versatile modification of the VLP surface through click 

conjugation 

Our next challenge was to site-specifically surface functionalize 

the VLPs. Using cell-free technology, non-natural amino acids 

can be conveniently incorporated. Here, we used methionine 

replacement to introduce azido-homoalanine (AHA) at the 

VLP’s spike tips. This enables site-specific azide-alkyne click 

conjugation of ligands to the VLP’s outer surface. 

To demonstrate feasibility for versatile NP surface modifica- 

tion we attached three different ligands to the VLP’s surface: 

(1) PEG, (2) a vaccine antigen, and (3) a fluorescent dye. 

Figure 4A shows the amino acids displayed on the VLP spike 

tips. As previously reported, 22 replacing the negatively charged 

residues dramatically hindered VLP assembly. Initially, Cu(I)- 

mediated click reactions were evaluated. Incorporating AHA at 

position 80 versus position 76 for azide display supported 

better surface conjugation, but SDS-PAGE gel analysis sug- 

gested protein damage and low, variable attachment efficiency 

(Figure S3A). To avoid the use of Cu(I) in attaching PEG to the 

VLP surface, a sulfo-dibenzocyclooctyne (DBCO) maleimide 

linker (DBCOM) was first attached to the adduct molecule 

6 kDa methoxy-PEG-thiol (mPEG thiol). This fusion was then 

conjugated to the VLP (Figure S3B). SDS-PAGE densitometry 

analysis suggested that mPEG thiol was conjugated to approxi- 

mately 72% of the VLP spike tips. 

Next, we expressed domain 3 of surface protein E from the 

Dengue fever virus 2 as a potential vaccine antigen. 67 A new 

cysteine was incorporated in either the N-terminal (DENV2 A) 

or the C-terminal region (DENV2 B) so that VLP surface attach- 

ment would display the neutralizing antigen as the outermost 

surface feature. Again, CFPS offered critical versatility for anti- 

gen production providing control over the SH/S-S redox poten- 

tial for efficient internal disulfide bond formation as well as 

convenient addition of non-natural agents to improve product 

folding and solubility. To further encourage correct disulfide 

bond formation, the E.coli S-S bond reductases were inactivated 

by pretreating the CFPS cell extract with iodoacetamide (IAM). 

Addition of the E.coli disulfide bond isomerase DsbC 43 and the 

surfactant Brij 58 further improved folding and solubility 

(Figure 4B). DENV2 B was used as it provided higher soluble 

product yields. Ni(NTA) purification and attachment of the 

DBCOM linker then enabled conjugation to the VLP as evi- 

denced by PAGE gel analysis (Figure S3B). Densitometry anal- 

ysis suggests that DENV2 B was conjugated to ca. 30% of the 

VLP spike tips.

(G) DLS of VLPs before and after conjugation with DENV2. 

(H) Fluorescence of supernatant after immunoprecipitation of VLP and VLP-DENV2 with an anti-DENV2 antibody (N = 3). Error bars indicate standard deviation. 

(I) Reduced SDS-PAGE and (J) densitometry analysis of simultaneous DENV2 and PEG conjugation after reactions with varying numbers of adducts per HBc 

monomer: (1) 0.25 and 0.75, (2) 0.375 and 0.625, (3) 0.5 and 0.5, (4) 0.625 and 0.375, and (5) 0.75 and 0.25 of DENV2 and PEG, respectively (n = 3). HBc monomer 

(6) and DENV2 (7) were controls (N = 3). Error bars indicate standard deviation. 

(K) Analysis of ratio of DENV2 over PEG surface functionalized spikes (%) in relation to addition ratio of DENV2 over PEG (N = 3). Error bars indicate standard 

deviation. Significance: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. See also Figure S3.
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Figure 5. Mouse imaging after injection with AF750M loaded VLPs 

(A) 75 μg doses of VLPs with different degrees of PEG conjugation (% of spike tips covered) were injected into the lateral tail vein of nude mice; ventral view. Color 

scale is set to yellow being maximum and dark red minimum fluorescence. The 24 h time point is shown at two different intensities to allow comparison with earlier 

assessments. 

(B) Mouse imaging after bilateral s.c. 100 μg AF750M VLP injections on the dorsal surfaces near the tail, (top) dorsal views with the color scale set to 5e 9 (yellow) 

maximum, and 8e 8 (dark red) minimum and (bottom) ventral views with the color scale set to 9.5e 8 (yellow) maximum, and 2e 8 (dark red) minimum. 

(C) Ventral images after bilateral i.m. 100 μg injections into black mice. The color scale was set to 1.45e 8 (yellow) maximum, and 8.1e 7 (dark red) minimum. See 

also Figure S4.

iScience 28, 112599, June 20, 2025 9 

iScience
Article

ll
OPEN ACCESS



To improve conjugation efficiency, we tested the inverse-elec- 

tron demand Diels-Alder (IEDDA) reaction 68 (Figure 4C). We 

attached a tetrazine DBCO linker to the VLP’s spike tips, a 

trans-cyclooctene (TCO) DBCO linker to mPEG-azide and a 

TCO-maleimide linker to DENV2. Densitometry analysis of 

SDS-PAGE suggests 100% coverage of VLP spike tips by PEG 

(Figure 4D) and 95% coverage by DENV2 (Figure 4E). DLS anal- 

ysis confirmed increased size of the conjugated VLPs (Figures 4F 

and 4G). To verify correct antigen display by the AF750M loaded 

VLPs, an immunoprecipitation with an anti-DENV2 antibody 

bound to protein G beads was performed and the fluorescence 

in the supernatant was measured (Figure 4H). The fluorescence 

dropped significantly for the VLPs conjugated with DENV2B 

(p < 0.001) indicating that the antigen had retained its correct 

conformation and was effectively displayed. The incomplete 

immunoprecipitation is possibly caused by the inability of the 

decorated VLPs to enter the pores of the Sepharose beads 

due their size. Next, we tested the ability to control the ratio of 

attached adducts by simultaneous conjugation of PEG and 

DENV2B with varying the ratios of the two ligands. SDS-PAGE 

analysis showed changing intensities of the conjugation bands 

relative to how many ligands were added to the conjugation re- 

actions with consistent coverage of approximately 80% of the 

spike tips (Figures 4I–4K). 

Additionally, we also demonstrated attachment of sulfo- 

cyanine7 DBCO, a near infrared fluorophore, to the VLP’s outer 

surface for whole-body imaging when using VLPs loaded with 

two different therapeutic cargoes.

Initial pharmacokinetic study using VLPs loaded with 

AF750M 

To assess tissue targeting and retention as well as route and rate 

of elimination, we injected AF750M loaded VLPs subcutaneously 

(s.c.), intramuscularly (i.m.), and intravenously (i.v.) into either 

nude athymic or black domestic mice. Figure 5A shows repre- 

sentative whole-body images after injecting AF750M loaded 

VLPs with increasing amounts of PEG conjugated to the spike 

tips. Increased PEG coverage of the VLPs’ surface decreased 

the rates of liver uptake and fluorophore elimination via the kid- 

neys into the urine. The pharmacokinetic persistence was 

increased by more complete PEG coverage. After 72 h, minimal 

fluorescence was detectable in the mice injected with PEG 

decorated VLPs (Figure S4A). As expected, the AF750M loaded 

VLPs with unmodified surfaces persist longer after s.c. and i.m. 

administration compared to i.v. injection, again with eventual flu- 

orophore elimination in the urine (Figures 5B, 5C, and S4B–S4D). 

Importantly, organ evaluation after sacrifice of the i.m. injected 

mice indicated fluorophore deposition in the central iliac lymph 

nodes that collect lymphatic drainage from the injection sites 

(S4E). 69 Even though surface fur attenuated the fluorescence 

signal in the black mice, local NP retention and elimination could 

still be followed. Such imaging will be highly beneficial for devel- 

oping targeted therapeutic delivery vehicles as well as vaccines 

as evidenced by previous reports. 70,71 

As a final note, throughout the course of this study, we produced 

28 batches of VLPs with and without different cargos and with and 

without various surface functionalization. All of the production lots 

were successfully completed with similar final yields.

DISCUSSION

In summary we describe the design, production, and initial 

testing of a multi-functional, targeted delivery technology plat- 

form based on a highly engineered HBc VLP. Initial platform 

versatility and efficacy is demonstrated by efficient cargo loading 

(> 85%) and surface conjugation (> 95%) of multiple agents, 

important requirements for any effective targeting platform 

(Figures 3, 4D, and 4E). Furthermore, we show that our innova- 

tive process using CFPS, anaerobic Ni-NTA purification and 

two-step assembly achieves 6 x 10 13 NPs per mL of CFPS reac- 

tion; approximately 100-fold higher than current AAV yields 72,73 

and approximately 8x more than any previously reported HBc 

VLP yields either from cell-free or in vivo production. 35–39 

To achieve this, the speed, convenience, and control offered by 

CFPS proved to be highly beneficial, if not essential, for project 

success. Protein production in a low ionic strength environment, 

an option not available in vivo, was easily accomplished and high- 

ly effective in producing unassembled HBc proteins (Figures 2A– 

2C). This avoided the need for the disassembly and reassembly 

sequence often used for HBc VLP production. 50,65,74,75 Instead, 

high yield anaerobic Ni-NTA purification could be performed 

without harsh denaturing conditions (Figures 2D–2H) as was pre- 

viously necessary. 38,51 As anaerobic processing is a well-estab- 

lished chemical engineering capability, it becomes easier as the 

scale is increased and should not raise concerns regarding scal- 

ability. 76 Further, we show that the versatility of CFPS also facili- 

tated the production of surface adducts such as a viral antigen 

potentially capable of eliciting highly protective immune re- 

sponses. Such antigens often are subdomains of much larger 

proteins. Since these domains typically expose hydrophobic, pre- 

viously buried surfaces, low ionic strength, and low expression 

temperatures as well as modest concentrations of a selective sur- 

factant and/or chaperons can be highly beneficial (Figure 4B), 

again remedies not available with in vivo production. Additionally, 

CFPS could prove to be beneficial for the expression and pro- 

cessing of other NPs, such as encapsulins. 77 

The other critical advantage of CFPS is the facile incorporation 

of non-natural amino acids. Site-specific incorporation of non- 

natural amino acids, in our case displaying orthogonally reactive 

moieties, allows versatile surface functionalization with minimal 

impact on protein folding and VLP assembly efficiency. Simply 

mutating the sole methionine to serine and introducing the 

Table 1. Summarizing loading efficiency and achieved 

condensation factors after two-step loading

Cargo Loading efficiency (%) Condensation factor

Single load

AF750M 85% 14,000

sfGFP 86% 16,000

CpG 95% 47,000

Dual load

AF750M 85% 14,000

DM1 6.67% 176

10 iScience 28, 112599, June 20, 2025 

iScience
Article

ll
OPEN ACCESS



ATG codon at either position 76 or 80 enabled attachment of 

properly orientated and fully accessible adducts as evidenced 

by recognition of the Dengue fever antigen by a neutralizing anti- 

body (Figure 4H) and variations in the pharmacokinetic profiles 

offered by attaching different amounts of PEG (Figure 5A). 

Initially, however, many of our first approaches for surface 

conjugation were problematic. We began by anaerobically per- 

forming copper-catalyzed azide-alkyne click reactions using 

published activator molecules. 78 While conjugation was 

achieved, SDS gel analysis revealed protein damage as well as 

low conjugation efficiency. Direct use of DBCO linkers avoided 

the damage but also suffered from low attachment frequency 

(Figure S3). Finally, robust results were obtained by combining 

SPAAC and maleimide conjugation with inverse—demand 

Diels-Alder cycloaddition 68 via bifunctional linkers (Figure 4). 

Reliable and efficient surface attachment was achieved, crucial 

for both future targeted delivery of therapeutics as well as vac- 

cine efficacy to ensure effective targeting and minimize immune 

responses against the HBc protein itself. Many previous studies 

have also sought to provide HBc VLP surface functionality 

through polypeptide fusions, 35,79–81 while more recent studies 

have used the SpyCatcher system. 39,52,82 The impact of poly- 

peptide fusions on subunit folding as well as VLP assembly 

and stability 83 and possible SpyCatcher system immunoge- 

nicity 52 raise concerns. Furthermore, the SpyCatcher system re- 

quires the fusion of a 13 amino acid tag to potential adducts 

which can also be problematic and laborious. 52 In contrast, 

site-specific conjugation is flexible, fast, and raises minimal con- 

cerns regarding added immunogenicity. 

Another major prerequisite for any effective targeting platform 

besides efficient production and surface functionalization is the 

ability to load and co-load multiple types of cargoes. While pre- 

vious studies have demonstrated successful cargo loading of a 

set of diverse molecules for different VLP platforms using 

different methods, 14–17,19,84 the two most common approaches 

for HBc VLP loading have limitations. Specifically, both the 

disassembly-reassembly process 49,50 and thermally triggered 

expansion of the HBc VLPs pores to allow cargo diffusion into 

the VLPs 74,85,86 expose the VLPs to either harsh denaturing con- 

ditions or potentially deleterious high temperature. Furthermore, 

work by us and others 65 has shown that small molecular cargoes 

can diffuse out of the VLP after initial loading if not retained by a 

covalent bond. A more recent report demonstrates the ability to 

load GFP by attaching it to a capsid assembly modulator. 75 

However, this approach also displays cargo on the VLP surface 

requiring an additional cleavage step to remove the exposed 

cargo. Furthermore, it necessitates attaching the capsid assem- 

bly modulator to the cargo and is therefore more challenging to 

adapt for non-protein cargoes. In comparison, we show that 

the hydrophobic, sulfide-presenting loading domain that pre- 

sumably coats the inside surface of the VLP is capable of loading 

and retaining several different types of cargoes: an anti-cancer 

toxin, a fluorophore, DNA and a protein (Figure 3; Table 1). 

High loading efficiency (> 85%) is achieved via rapid, irreversible 

maleimide conjugation that covalently captures and retains the 

cargo during assembly. However, the loading efficiency is signif- 

icantly decreased when forming the reversible disulfide bond for- 

mation under anaerobic conditions as evidenced by achieving 

only ca. 7% loading for mertansine. In this case, the covalent 

tethering is not effected until the disulfide bond forming H 2 O 2 

treatment is conducted after assembly is completed. This delay 

results in a ca. 80-fold decrease in cargo condensation during 

loading compared to that achieved with maleimide. Yet, the 

176-fold internal mertansine condensation is still impressive, 

most likely due to the intrinsic hydrophobicity of the molecule; 

especially since mertansine addition followed AF750M loading 

which most likely already occupied many of the loading 

domains. 

We believe that the C-terminal loading domain is not only 

essential for cargo loading but might also alter the mechanism 

of assembly. Previous work with HBc 1-149 amino acids sug- 

gested that assembly proceeds with initial tetrameric and hex- 

americ intermediates. 48,59 We hypothesize that the potential 

self-association of the hydrophobic loading domains suggested 

by our purification results could be stimulating the formation of 

larger assembly intermediates, possibly plates with pentameric 

and hexameric symmetries. These larger intermediates could 

then catalyze more efficient VLP assembly. 

While the initial requirements for an effective targeting platform 

have been validated, future studies will need to demonstrate en- 

dosomal escape via the proton sponge effect facilitated by the 

240 C-terminal HisTags associated with each VLP (1440 addi- 

tional histidines), as other studies have demonstrated for 

different histidine rich constructs. 87–90 Furthermore, immune 

system avoidance for therapies other than vaccines needs to 

be improved by either providing different surface pegylation or 

by other approaches. 91–94 

Finally, effective cellular and in vivo targeting using nanobod- 

ies, single chain variable fragments or other targeting ligands 

needs to be demonstrated. 

Repeatedly, we found that discerning quality control assays 

for each process step were essential and now provide a solid 

foundation for process validation to support subsequent prepa- 

ration of investigational new drug (IND) applications for FDA sub- 

mission. These assays are summarized in Table 2. Importantly, 

the 3-month 4 ◦ C stability of the VLPs can greatly accelerate 

product development by providing a convenient ‘‘inventoried’’ 

intermediate. For example, 3 to 4 VLP candidates, each with 

different combinations of loaded cargo molecules, could first 

be prepared in parallel. Each of these would then be surface 

functionalized with different candidate targeting ligands and 

either immune system avoidance or stimulation adducts. This 

family of product candidates could then be evaluated either 

sequentially or in parallel in cell-based and animal models to 

determine relative efficacies. If one of the cargo molecules or 

surface attached ligands were an appropriate fluorophore, cell 

and whole-body imaging could compare targeting efficiency to 

overall efficacy and, if present, severity of side effects. 

In the graphical abstract, we suggest four different applica- 

tions for our platform. It is also intriguing to consider combina- 

tions. In particular, a targeted cancer therapeutic VLP that is 

also loaded with a near infrared fluorophore could enable rapid 

evaluation of the extent of metastasis while also providing an 

effective treatment. We also recognize that this VLP production 

platform is likely to have many other applications beyond those 

suggested by our graphical abstract.
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Conclusion 

In summary, we report an HBc VLP design and production pro- 

cess using a highly engineered HBc protein to provide stabilized, 

multifunctional, and versatile VLPs. These NPs offer a 26 nm 

diameter hollow chamber for loading small as well as large mo- 

lecular weight cargoes and can be surface modified to provide a 

variety of functionalities. The process provides NPs with high pu- 

rity and quality at yields of approximately 6 x 10 13 NPs per mL of 

CFPS reaction: about eight times that of the best previously pub- 

lished procedure. 35–39

Limitations of the study 

The focus of this paper was to establish a delivery platform with a 

high yielding and reliable manufacturing process. Further valida- 

tion is needed to assess performance of the VLPs in vivo. This in- 

cludes successful cell targeting and verification of endosomal 

escape after internalization by the targeted cells. Although 

increased PEGylation lead to longer in vivo circulation, more effi- 

cient liver avoidance would be highly beneficial.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The mice were purchased from Jackson laboratory (Sacramento, CA). The C57BL/6J strain was used for the black domestic mice 

and the J:NU (007850) strain was used for the athymic nude mice. The mice were 6-8 weeks old. The mice were housed under stan- 

dard conditions and the work was approved by the Stanford University Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

Materials 

Unless otherwise stated below, all chemicals were purchased from Fisher Scientific (Waltham, MA).

Cloning 

The expression cassette from the pY71 vector 22 was cloned into the pUC19 backbone (New England Biolabs, Ipswich (MA), cat.# 

N3041S). The HBc 1-149 and domain 3 of the dengue envelop protein serotype 2 genes were inserted into this modified vector 

via Gibson assembly after PCR extension to provide base homology overlaps. The genes underwent codon optimization for 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal Anti-Dengue Virus Type 2 Envelope Protein, Clone 3H5-1 BEI Resources (NIH) NR-2556; RRID: AB930481

Bacterial and virus strains

BL21(DE3) Competent E. coli New England Biolabs (NEB) C2527H

Escherichia coli strain KC6 Calhoun et al. 95 N/A

NEB® 5-alpha Competent E. coli New England Biolabs (NEB) C2987H

Chemicals, peptides, and recombinant proteins

Alexa Fluor TM 750 maleimide Invitrogen cat. # A30459

Alexa Fluor TM 568 maleimide Invitrogen cat. # A20341

Alexa Fluor TM 488 maleimide Invitrogen cat. # A10254

Mertansine MedChemExpress cat. # HY-19792

TCO-PEG4-DBCO BroadPharm cat. # BP-24160

sulfo TCO-maleimide ClickChemistryTools cat. # 1355

methyltetrazine-DBCO linker ClickChemistryTools cat. # 1022

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate ThermoFisher cat. # 22322

N-β-maleimidopropionic acid hydrazide ThermoFisher cat. # 22297

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory Strain #:000664

Mouse: J:NU Jackson Laboratory Strain #:007850

Oligonucleotides

CpG DNA 5’{C2Ald.}{AmC6.}TCCATGACGTTCCTGACGTT3 ′ Trilink N/A

Recombinant DNA

pY71 Vector Lu et al. 22 N/A

pUC19 Vector New England Biolabs (NEB) N3041S

pJL1-sfGFP Stark et al. 96 Addgene Plasmid #102634

pJL1-DsbC Jewett Lab N/A

pUC19-DENV2 This Paper N/A

pUC19-HBc This Paper N/A

Software and algorithms

ImageJ NIH https://imagej.net/ij/
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E. coli. pJL1_sfGFP 96 was kindly donated by the Jewett Lab. Point mutations and extensions were performed via quick change using 

the Q5 polymerase from New England Biolabs (Ipswich (MA), cat.# M0491). All plasmids were prepared following the Qiagen Max- 

iprep protocol and eluted with sterile water (Qiagen, Germantown (MC), cat.# 12162). All plasmids were sequenced to confirm ac- 

curacy. NEB® 5-alpha Competent E. coli (NEB, cat.# C2987H) were used for all plasmid preparations. Amino acid sequences are 

provided in Data S1.

Cell-free protein synthesis (CFPS) 

All CFPS reactions were conducted using a modified version of the PANOxSP protocol. 42 For the HBc protein KC6 extract 95 was 

used, which was prepared using defined media 97 and a cell resuspension buffer containing 60 mM potassium glutamate, 14 mM 

magnesium glutamate and 40 mM HEPES pH 7.2. For global methionine replacement in HBc, methionine was substituted with 

6 mM AHA (Iris Biotech, Marktredwitz (Germany), cat.# HAA5730). The HBc reactions were incubated for 20-24 hours at room tem- 

perature or overnight at 30 ◦ C. For the DENV2 envelope domain 3 (ED3) and sfGFP-IGIGIG CFPS, BL21 extract was prepared using 2x 

YTPG media and BL21(DE3) Competent E. coli (NEB, cat.# C2527H). The cells were washed three times and resuspended in 60 mM 

potassium glutamate, 14 mM magnesium glutamate and 50 mM HEPES pH 7.2. For DENV2 ED3, the extract was treated prior to use 

with 0.5 mM iodoacetamide for 30 minutes at room temperature to facilitate disulfide bond formation and stabilization. 43 The reaction 

was protected from light. To promote correct disulfide bond formation, 4 mM oxidized and 1 mM reduced glutathione were added. 

The final potassium glutamate concentration of the reaction was 50 mM, 0.01% Brij 58 was added for increased protein solubility, and 

10 μM DsbC was added to facilitate correct disulfide bond formation. The DENV2 reactions were conducted at 30 ◦ C overnight. For 

sfGFP-IGIGIG, total potassium glutamate concentration was 175 mM and the reaction were conducted at 30 ◦ C overnight. CFPS re- 

actions were performed at scales ranging in total from 100 μl to 30 mL with separation into 25 μl or ca. 10 mL reactions (depending on 

the size of the reaction) conducted in 2 ml Eppendorf tubes or 10 cm diameter petri dishes, respectively.

Using C 14 to assess CFPS yields 

To measure total as well as soluble protein yields, small scale CFPS reactions were performed with 2 μM 14 C-leucine (L-[ 14 C (U) ]), 

(PerkinElmer, Waltham (MA), cat.# NEC279E250UC) additional to 2 mM unlabeled leucine. Incorporated 14 C-leucine was measured 

by spotting 5 μl of sample on Whatman filter paper and washing 3 times with 5% trichloroacetic acid for 15 minutes each at 4 ◦ C to 

precipitate the proteins and remove unincorporated 14 C-leucine. For soluble protein measurements, samples were centrifuged for 

15 minutes at 10,000 g prior to spotting the supernatant; and, for total radioactivity measurements, samples were spotted as 

described above, but not washed. Radioactivity was measured using a Beckman LS6000 liquid scintillation counter.

SDS-PAGE and autoradiogram 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) used NuPAGE TM 4 -12% Bis-Tris Gels (Invitrogen, Wal- 

tham (MA), cat.# NPO323BOX) in MES buffer. SeeBlue TM Plus2 Prestained Standard (Invitrogen, Waltham (MA), cat.# LC5925) 

was used for autoradiograms, while Mark12 TM Unstained Standard (Invitrogen, Waltham (MA), cat.# LC5677) was used for all other 

gels. Electrophoresis was conducted for 30 minutes at 200 V in MES buffer. Autoradiograms were imaged using a Typhoon FLA 9500 

(GE Healthcare) instrument. For non-radioactive gels, proteins were visualized using SimplyBlue TM Safe Stain (Novex, Wadsworth 

(OH), cat.#: LC6065). Proteins were either in reduced (DTT) or non-reduced form as indicated in the figure legends.

Nickel nitriloacetic acid (Ni-NTA) purification 

Ni-NTA was used to purify the HBc monomers via their C-terminal 6xHis-tag. The Ni-NTA column was equilibrated with 5 column 

volumes (CVs) of 50 mM NaCl, 10 mM Tris-HCl pH 8, 1.5 M Urea, 0.02% polysorbate 20 (Tween 20). The sample was buffer 

exchanged into the loading buffer using PD-10 desalting columns packed with Sephadex G-25 resin following manufacturer’s in- 

structions (Cytiva, Marlborough (MA), cat.# 17085101). The same was done for all other buffer exchanges. After loading the sample 

and an approximately 30 minutes incubation period, the column was initially washed with ca. 2 CVs of 50 mM NaCl, 10 mM Tris-HCl 

pH 8, 20 mM imidazole, 5 mM DTT over 10-15 minutes to reduce any disulfide bonds in HBc dimers. Finally, 3-5 CVs of 50 mM NaCl, 

10 mM Tris-HCl pH 8 and 20 mM imidazole were applied to remove the DTT. Elution was effected by a 50 mM NaCl, 10 mM Tris-HCl 

pH 8 and 450 mM imidazole solution and appropriate fractions were collected. Protein concentrations were measured using the 

NanoOrange® Protein Quantitation Kit (Invitrogen, Waltham (MA), cat.# N6666) and a SpectraMax iD3 (Molecular Devices) plate 

reader. The entire purification process was performed under anaerobic conditions in an N 2 only (dry) glove box. 

For DENV2, the Ni-NTA column was equilibrated with 50 mM Tris-HCl pH 8, 100 mM NaCl and 0.02% Tween 20. The sample was 

buffer exchanged into the equilibration buffer and incubated for ca. 30 minutes on the column. Next, the column was washed with 

50 mM Tris-HCl pH 8, 100 mM NaCl, 0.02% Tween 20 and 25 mM imidazole. DENV2 was eluted with 50 mM Tris-HCl pH 8, 100 mM 

NaCl, 0.02% Tween 20 and 300 mM imidazole. Elution fractions with the product were buffer exchanged into 1x phosphate buffered 

saline (PBS), pH 7.0 and 0.02% Tween 20. The entire purification was performed under anaerobic conditions to prevent dimer formation.

Strep-Tactin XT Sepharose affinity purification of sfGFP-IGIGIG 

After overnight incubation, the CFPS reaction was centrifuged at 10,000xg for 5 minutes to pellet any insoluble components. The 

supernatant was buffer exchanged into the equilibration buffer 100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0 using PD-10 
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columns. The buffer exchanged sample was then loaded onto an equilibrated Strep-Tactin XT Sepharose column (Cytiva, Marlbor- 

ough (MA), cat.# 29401324). After 10 CV of washes with the equilibration buffer, the sfGFP-IGIGIG was eluted using 100 mM Tris-HCl, 

150 mM NaCl, 1 mM EDTA, 50 mM biotin, pH 8.0. The eluted protein was then buffer exchanged into 1x PBS pH 7.4, 15% (w/v) su- 

crose, flash frozen using liquid nitrogen and stored at -80 ◦ C.

DsbC expression and purification protocol 

The pJL1-DsbC plasmid was kindly provided to us by the Jewett lab. The DsbC was modified to have an N-terminal Strep-2 tag and 

transformed into BL21(DE3) competent E. coli (NEB, cat.# C2527H). The cells were grown for 8 hours in two 5 mL LB media culture 

supplemented with kanamycin at 37 ◦ C and 250 rpm. Two 100 ml cultures of 2xYTP, pH7.3 were inoculated with the 5 ml cultures and 

grown overnight at 37 ◦ C and 250 rpm. The next day, 8 L of 2x YTP, pH 7.3 were inoculated to a starting OD 600 of 0.2. Once the OD 600 

reached 0.6, 0.5 mM IPTG was added. After reaching an OD 600 of 4-5, the cells were harvested by centrifugation at 4000 g for 20 mi- 

nutes at 10 ◦ C. The cells were washed in 5 ml per gram of wet cells using 100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0 (binding 

buffer) and centrifuged at 10,000 g, 10 ◦ C for 15 minutes. The pellets were stored at -80 ◦ C until the next day. The pellets were then 

resuspended in 1-2 ml of binding buffer. Once fully resuspended, 1 μL of benzonase nuclease (Millipore Sigma, Milwaukee (WI) cat.# 

E1014) per 10 mL of resuspension and 1 ml of Halt TM Protease and Phosphatase Inhibitor Cocktail (100X) (ThermoFisher Scientific, 

Waltham (MA), cat.# 78440) per 100 ml of resuspended cells was added. Once mixed, the cells were lysed by passing through a C-50 

Avestin Homogenizer three times at pressures between 18,000-23,000 psi. The lysed cells were rotated at 4 ◦ C for fifteen minutes to 

allow the benzonase to degrade genomic DNA. The cell debris was then pelleted by centrifugation at 12,000 g for 10 minutes. The 

supernatant was then centrifuged once again for 15 minutes. After equilibration of the StrepTactin XT resin (Cytiva, Marlborough 

(MA), cat.# 29401322) with the binding buffer, 2 ml of sample per ml of resin were loaded onto the column. The column was washed 

with 12 CV of binding buffer and eluted with 8 CV of 100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 50 mM biotin, pH 8.0 (elution 

buffer). Fractions containing DsbC were then buffer exchanged into 1x PBS, pH 7.40 and sucrose was added (10% w/v) before flash 

freezing the protein samples and storing them at -80 ◦ C.

VLP assembly and stabilization 

Before assembly, the HBc monomers were buffer exchanged into 10 mM Tris-HCl pH 7.4, 50 mM NaCl and 0.05% Tween 20 to re- 

move the imidazole. DMSO was then added to a concentration of 2%. One-step assembly was conducted by adding NaCl to 1 M 

over 5 minutes followed by overnight incubation. For the two-step assembly procedure, NaCl was increased to 100 - 300 mM over 

2 minutes followed by a 5 to 10 minute incubation. NaCl was then increased to 1 M over 5 minutes and the final solution incubated 

overnight or for a minimum of 2 hours. All NaCl additions were conducted with vigorous mixing on a stir plate. Both assembly pro- 

cesses were performed under anaerobic conditions (at room temperature) to prevent premature intradimer disulfide bond formation. 

The assembled VLPs were finally stabilized by forming intra- and interdimer disulfide bonds by adding 500 μM hydrogen peroxide and 

incubating for at least 30 minutes.

Loading 

AlexaFluor and mertansine 

VLPs were loaded with Alexa Fluor TM 750 maleimide (AF750M, Invitrogen, Waltham (MA), cat. #A30459) using a 0.22 to 1 molar ratio 

of added dye to total HBc monomer. For the one-step assembly procedure, AF750M dye was added immediately after the NaCl addi- 

tion. For the two-step assembly method, the dye was added after the initial 10-minute incubation step at low NaCl concentration. For 

Alexa Fluor TM 488 and 568 maleimide (AF488M, Invitrogen, Waltham (MA), cat.# A10254 and A20341) loading, the same procedure 

was used with the exception of a 0.5 to 1 molar ratio and 0.35 to 1 molar ratio of dye to total HBc monomer respectively. For the 

simultaneous loading of mertansine (MedChemExpress, Monmouth Junction (NJ), cat. #HY-19792) and AF750M, the dye was added 

8 minutes after addition of 300 mM NaCl. After an additional 2-minute incubation at 300 mM NaCl, mertansine was added at a 2.5 

molar ratio of mertansine to monomer. After a further 5-minute incubation at the low NaCl concentration, the 5-minute increase to 1 M 

NaCl was initiated. Prior to loading, mertansine was incubated with 10 mM DTT for 10 minutes and then precipitated by increasing the 

NaCl concentration to 3 M. The reduced mertansine was washed twice with 3 M NaCl and resuspended in 100% DMSO to reach a 

final concentration of 3 - 5 mM. The assembly reaction was incubated for a minimum of 2 hours. AlexaFluor loading was analysed by 

measuring the amount of fluorescence after VLP disassembly and comparing it to the number of VLPs present. Mertansine loading 

was quantified via HPLC. 

CpG DNA 

For CpG DNA loading, CpG DNA (Trilink, San Diego (CA), custom made with a 5 ′ aldehyde) was incubated with the BMPH linker 

(N-β-maleimidopropionic acid hydrazide) (ThermoFisher, Waltham (MA), cat.# 22297) in a 1:0.75 molar ratio in 1x PBS pH 7.0 at 

room temperature for 4 hours. For loading the following two-step assembly procedure was used: after an initial DMSO addition to 

2%, NaCl was added over 2 minutes to a concentration of 300 mM. Following a 5-minute incubation period, the cargo was added 

followed by another incubation of 2 minutes. The remaining NaCl was added over 5 minutes to reach a 1 M final concentration. The 

assembly reaction was incubated for a minimum of 2 hours. CpG DNA loading was analysed via SDS-PAGE and subsequent densi- 

tometry analysis using ImageJ. Nucleotide sequence is provided in Data S2.
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sfGFP-IGIGIG 

sfGFP-IGIGIG loading was performed using an NHS-ester maleimide linker, sulfosuccinimidyl 4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (ThermoFisher, Waltham (MA) cat.# 22322). First, the linker was incubated with the protein at 4 ◦ C 

overnight at a 3 to 1 ratio of linker to protein. Loading was performed using the following modified two-step assembly: after 

an initial DMSO addition to 2%, NaCl was added to a concentration of 100 mM. Following a 10-minute incubation period, 

the 26.5 sfGFP per VLP (monomer concentration divided by 240) were added followed by another 10-minute incubation. The 

remaining NaCl was added over 5 minutes to achieve a 1 M final concentration. The assembly reaction was incubated for a min- 

imum of 2 hours. Loading of sfGFP was confirmed by fluorescence measurement after SEC and concentration with a 100 kD 

cut-off membrane.

Size-exclusion chromatography (SEC) 

The fully assembled VLPs were isolated from the partially assembled multimers, unassembled monomers, excess cargo molecules, 

and aggregates using SEC with Sephacryl S-500 high resolution resin (Cytiva, Marlborough (MA), cat.# 17061301). The column was 

first equilibrated with 5 CV of PBS pH 7.4 with 0.01% Tween 20 (Figures S2A and S2B). Before loading, the sample was concentrated 

to ca. 5% of the CV and fractions of approximately 5% the CV were collected.

Calculation of assembly efficiency 

Assembly efficiency was calculated using the 280 nm absorbance of the SEC column fractions after using DLS analysis to identify 

fractions with only assembled VLPs.

VLP disassembly 

To disassemble VLPs for analysis of loading, VLPs were incubated in 0.2% SDS and 100 mM DTT for 5 to 30 minutes at room tem- 

perature followed by a 10 minute incubation at 50 ◦ C. Disassembly also enabled analysis of fluorophore self-quenching. 

To disassemble VLPs for analysis of conjugation efficiency by SDS-PAGE, 80 mM DTT together with the SDS sample buffer were 

added to the sample and incubated at 94 ◦ C for 10 minutes.

Click conjugation 

Copper-catalyzed azide–alkyne cycloaddition (CuAAC) 

CuAAC were performed using 2 mM Tetrakis(acetonitrile)copper(I) hexafluorophosphate and 6 mM BTTAA (ClickChemistryTools, 

Scottsdale (AZ), cat.# 1237) in 25 mM phosphate buffer pH 8. HBc monomer concentration was 15 μM and mPEG 5000 alkyne 

was added in a 1 to 10x molar ratio. The reactions were conducted in an anaerobic glove box. 

Strain-promoted azide–alkyne cycloaddition (SPAAC) 

To conjugate methoxypolyethylene glycol thiol (Sigma-Aldrich, St. Loius (MO), cat.# 729159) to the VLP, mPEG thiol was first incu- 

bated with a DBCOM linker (Click Chemistry Tools, Scottsdale (AZ), cat.# 1230) in a 1:1.5 molar ratio in PBS pH 7.0 for 1 hour. The 

unreacted linker was removed by SEC using Sephadex G-25 resin (Cytiva, Marlborough (MA), cat.# 17085101). Absorbance of the 

collected fractions was measured at 309 nm. The conjugated mPEG thiol DBCOM linker was then incubated in a 5:1 to 10:1 molar 

ratio of mPEG thiol DBCOM linker to HBc monomers overnight at room temperature. Conjugation was confirmed with SDS-PAGE. 

Unreacted ligands were removed by SEC using 1x PBS pH 7.4 0.02% Tween 20. 

For conjugation of the DBCOM linker to DENV2, the linker was incubated with the protein in a 5 to 1 ratio, respectively, for 4 hours in 

1x PBS buffer pH 7.0 with 0.02% Tween 20. The linker was removed by Sephadex G-25 SEC, and linker attachment was confirmed 

by measuring free sulfhydryl using the Thiol Fluorescent Detection Kit (Invitrogen, Waltham (MA), cat.# EIARSHF). For attachment to 

the VLP, the linker modified DENV2 protein was incubated overnight with the VLP in a 1 to 3.5 molar ratio of HBc monomer to DENV2 

protein. Conjugation was confirmed by SDS-PAGE. 

Inverse electron demand Diels–Alder cycloaddition (IEDDA) 

For conjugation using IEDDA mechanism, the trans-cyclooctene (TCO) PEG4 DBCO (BroadPharm, San Diego (CA), cat. # BP-24160) 

and sulfo TCO-maleimide (ClickChemistryTools, Scottsdale (AZ), cat. # 1355) linkers were incubated in a 10:1 ratio of linker to mPEG 

5000 azide (BroadPharm, San Diego (CA), cat. # BP-23444) and DENV2 respectively. The HBc VLPs were incubated with a 10x molar 

ratio of the methyltetrazine-DBCO linker (ClickChemistryTools, Scottsdale (AZ), cat. # 1022). The linker conjugations were performed 

in 1x PBS pH 7.2, 0.02% Tween 20, 10% DSMO at room temperature overnight, the maleimide reaction was performed in an anaer- 

obic glove box. After linker conjugation the unreacted linkers were removed via Sephadex G-25 SEC. The IEDDA conjugation was 

performed in ratios of ligand to HBc monomer of 0.25 - 1.5 to 1. The HBc monomers concentration was 15 μM. The reactions were 

performed at room temperature for 4 to 16 hours in 1x PBS pH 7.2, 0.02% Tween 20, 10% DSMO.

High performance liquid chromatography (HPLC) 

Mertansine loading was verified using reverse-phase HPLC using an Agilent 1260 Infinity II instrument. 25 μL of disassembled VLPs 

were injected onto a POROSHELL 300SB-C8 column (Agilent, Santa Clara (CA), cat.# 660750-906) and mertansine was analyzed at 

252 nm. Mobile phase A consisted of 10 mM ammonium acetate (pH 7.0) and mobile phase B was 100% acetonitrile. The mobile 

phase pump rate was 0.2 ml/min. After sample injection, an initial gradient of 25% B to 50% B over 26 minutes was followed by a 
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50% B to 100% B gradient for a further 4 minutes. The solvent composition was then held at 100% B for 17.5 min and finally returned 

to 25% B over 1.75 min. The column was then equilibrated for 35 min prior to the next injection. All operations were conducted at 

room temperature.

DLS 

DLS analysis was performed using the Malvern Zetasizer Nano ZS. 40 μl of sample were placed into each Malvern Panalytical 40 μl 

cuvette (Malvern Panalytical, Westborough (MA), cat.# ZEN0040). For the material (VLPs) the refractory index was set to 1.45, ab- 

sorption to 0.001. For the dispersant, temperature was set to 23 ◦ C, viscosity to 0.9308 cP, and the refractory index to 1.330. The 

sample was allowed to equilibrate for 30 seconds. 3 measurements were obtained for each sample, each containing 9 runs of 10 

seconds duration.

TEM 

For TEM imaging, a 25 μM VLP sample (T=4) was prepared in 1x PBS buffer, pH 7.20. 5 μL of the sample was added to a plasma- 

treated copper/formvar grid (Ted Pella, Redding (CA), cat. # 01813-F). After three minutes, the corner of a triangular paper (G-Bio- 

Sciences cat. # BTNM-0035) was moved around the edge of the grid to remove excess solution. The applied sample was left to dry for 

twenty-four hours at room temperature. Next, 5 μL of 1% uranyl acetate (Electron Microscopy Sciences, Hatfield (PA), cat. # 22400-2) 

was added to the loaded grids. After three minutes, excess liquid was removed as before. The washed grid was finally dried for 

twenty-four hours. The entire procedure was carried out in an anaerobic glove box. Samples were analyzed using a FEI Titan 

TEM (Hilsboro, OR), at 80 kV.

Immunoprecipitation of HBc VLP conjugated with DENV2 

Recombinant Protein G - Sepharose TM 4B beads (ThermoFisher, Waltham (MA) cat.# 101242) were washed three times with 10 ml of 

1x PBS pH 7.4, 0.02% Tween 20. Centrifugation was performed at 400 g for 3 minutes at 4 ◦ C. 1 μg of monoclonal DENV2 clone 3H5-1 

antibodies were added per 10 μl of beads. The antibodies were obtained through BEI Resources (BEI resources, Manassas (VA)), 

NIAID, NIH: Monoclonal Anti-Dengue Virus Type 2 Envelope Protein, Clone 3H5-1 (produced in vitro), NR-2556. The antibodies 

were incubated with the beads at 4 ◦ C while rotating for 2 hours. The beads were washed as before to remove all unbound antibodies. 

40 μl of 45 to 90 μg/ml of HBc VLPs with and without DENV2 conjugated and AF750 loaded were added to 15 μl of 50/50% suspension 

of antibody coated beads in 1x PBS pH 7.4 0.02% Tween 20 buffer. After 45 minutes incubation at room temperature while rotating 

and 10 minutes centrifugation at 400 g at 4 ◦ C the fluorescence of the supernatant was measured.

VLP sample freezing 

The assembled VLPs were flash frozen using liquid nitrogen and stored in 10% trehalose, 1x PBS pH 7.4, 0.02% Tween 20 at – 80 ◦ C.

ImageJ 

The software ImageJ was used for densitometry analysis of stained SDS-PAGE gels.

Figures 

Graphical figures were created using BioRender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are reported as mean plus standard deviation of the mean and significance was calculated using a two-tailed t-test. Micro- 

soft excel was used for all calculations. P-values ≤ 0.05 were considered significant.
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