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ABSTRACT: Virus-like nanoparticles (VLPs) show considerable promise for the in vivo delivery of therapeutic compounds 
such as bioactive venom peptides. While loading and targeting protocols have been developed for numerous VLP prototypes, 
induced disassembly under physiological conditions of neutral pH, moderate temperature, and aqueous medium, remain a 
challenge. Here, we implement and evaluate a ring-opening metathesis polymerization (ROMP) general mechanism for con-
trollable VLP disassembly that is independent of cell-specific factors or the manipulation environmental conditions such as 
pH and temperature that cannot be readily controlled in vivo. 
The ROMP substrate norbornene is covalently conjugated to 
surface-exposed lysine residues of a P22 bacteriophage-derived 
VLP, and ROMP is induced by treatment of water-soluble ru-
thenium catalyst AquaMet. Disruption of the P22 shell and re-
lease of a GFP reporter is confirmed via native agarose electro-
phoresis and quantitative microscopy and light scattering anal-
yses. Our ROMP disassembly strategy does not depend on the 
particular structure or morphology of the P22 nanocontainer 
and is adaptable to other VLP prototypes for the potential deliv-
ery of venom peptides for pharmacological applications. 

Introduction 
Venom peptides have immense therapeutic potential for the 

treatment of various human disease and disorders, including 
cancer and pain.1–3 As of 2018 there were more than 60 U.S. 
Food and Drug Administration-approved peptide drugs on the 
market, with hundreds more in various stages of development.4–

6 Peptides as therapeutics are generally nontoxic, highly potent, 
and in most cases extremely specific, with few side effects.7,8 
However, the delivery of therapeutic peptides to their molecular 
targets in vivo remains a significant challenge. Only a handful 
of peptides are robust enough to be administered orally, thus 
ruling out the most common and least invasive delivery route. 
Moreover, with the exception of specialized cell-penetrating 
peptides, very few peptides are able to cross the cell membrane 
or the blood-brain barrier (BBB).9 These hurdles have pre-
vented the widespread development and application of venom 
peptides and bioactive peptides, in general. A prominent exam-
ple of a venom peptide therapeutic that has enormous physio-
logical potential but whose delivery hampers broad application 
is the drug ziconotide (Prialt®), which is derived from venom-
ous cone snail Conus magus and used to treat chronic pain in 
HIV and cancer patients.10,11 Ziconotide does not cross the BBB 
and has to be administered by intrathecal injection. Despite the 
fact that ziconotide is a nonaddictive analgesic, active on N-
type calcium channels and not opioid receptors, its invasive 
method of delivery restricts its use. There is a pressing need for 
innovative peptide drug delivery methods that will enable the 

untapped diversity of venom peptides to be utilized for pharma-
ceutical development.  

One strategy for in vivo drug delivery is to package the ther-
apeutic agent within a "Trojan Horse," a macromolecular carrier 
that can protect the payload in transit and release it upon reach-
ing the site of action. This approach has received significant at-
tention recently for its role as a delivery mechanism for mRNA 
vaccines. For example, mRNA-1273, Moderna's candidate vac-
cine for COVID-19, uses a lipid nanoparticle (LPN) to deliver 
an mRNA for the SARS-CoV-2 spike protein to cellular ribo-
somes.12–14 Other types of macromolecules have been studied 
for their potential as carriers as well, including natural and syn-
thetic copolymers, inorganic particles, DNA origami, and non-
infectious virus-like particles (VLPs) derived from the protein 
capsids of viruses.15–20 We previously used a VLP Trojan-Horse 
strategy to encapsulate ziconotide and shuttle it across a BBB 
model to demonstrate the proof-in-principle of venom peptide 
delivery using viral capids.21,22 

Because viral capsids have specifically evolved to protect vi-
ral genomes and deliver them to host cells, VLPs are especially 
attractive candidates for macromolecular nanocontainers. VLPs 
can also be produced in large quantities through heterologous 
expression and precisely manipulated with the tools of protein 
engineering.23 Systems for the encapsulation of peptides or pro-
teins have been reported for a number of VLP prototypes, in-
cluding those derived from the cowpea chlorotic mottle virus 
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(CCMV), Hepatitis B core antigen particles (HBVc), and the 
bacteriophages MS2, Qβ, and P22. These systems employ a va-
riety of mechanisms for packaging peptides or proteins, includ-
ing electrostatic interactions, passive diffusion, direct conjuga-
tion of the cargo to genomic RNA, and construction of a chi-
meric coat- or scaffold-cargo fusion.24–28  

The bacteriophage P22 Salmonella typhimurium system used 
in this report allows for the sequestration of 200 – 300 copies of 
an arbitrary, genetically encoded protein cargo through the het-
erologous expression in E. coli of the P22 coat protein and  a 
cargo-scaffold fusion protein.28 Co-expression of these two 
genes leads to self-assembly of P22 VLP nanocontainers loaded 
with the protein or peptide of interest, which can then be puri-
fied through standard methods. This system can produce very 
high effective local concentrations of the cargo package.29 In 
addition, to our  method for translocating P22-derived VLPs 
containing the neuroactive ziconotide peptide across a BBB 
mimic, other strategies have also been reported for the cleavable 
release of cytotoxic cargo peptides in response to Cathepsin B, 
a protease overexpressed in many tumor cells.21,22,30 However, 
the development of a general, as opposed to cell-specific, mech-
anism for triggered VLP release in vivo remains an active area 
of research.  

Here, we implement and evaluate a general mechanism for 
controllable disassembly that does not rely on either cell-spe-
cific factors or the manipulation environmental conditions such 
as pH and temperature that cannot be readily controlled in 
vivo.31 Our strategy for triggered disassembly of the P22 VLP 
nanocontainer employs the bioorthogonal ring-opening metath-
esis polymerization (ROMP) reaction, which is known to pro-
ceed under physiological conditions in the presence of a ruthe-
nium catalyst (Grubbs Catalyst). 32,33 Our strategy consists of 
two steps: First, N-hydroxysuccinimide-activated norbornene 
moieties are covalently attached to multiple surface-exposed ly-
sine residues on the VLP exterior via standard bioconjugation 
methods.34 Then, a bioorthogonal Ring-Opening Metathesis 
Polymerization (ROMP) reaction is initiated by the introduction 
of a water-tolerant ruthenium catalyst.35,36 The resulting ROMP 
reaction is driven by the release of ring strain in the norbornene 

substrate to trigger disassembly of the VLP and release of the 
cargo (Figure 1).  

ROMP, as the name suggests, is a polymerization reaction 
initiated by a transition metal catalyst and driven by the release 
of ring strain in a cyclic olefin such as cyclobutene, cyclopen-
tene, ciscyclooctene or norbornene.37 The ROMP reaction is a 
powerful and broadly applicable tool for synthesizing macro-
molecular substances.38 Its versatility in polymer chemistry has 
led to the development of well-defined ROMP catalysts with 
specialized properties, including catalysts with tailored initia-
tion or propagation rates, water-tolerant and water-soluble cat-
alysts, and photo-activated catalysts.39–42 The AquaMet catalyst 
utilized in this report is a variant of the widely-available Grubbs 
II ruthenium catalyst (Figure 2). The Grubbs catalysts are nota-
ble for their water-tolerance, for their effectiveness at low con-
centrations (as low as 2 mol%), and for the fact that the resulting 
ROMP reactions unfold on a physiologically relevant timescale 
(often on the order of minutes). In addition, the AquaMet cata-
lyst incorporates a quaternary ammonium group and is thus 
highly water-soluble.43,44

 

 

In a previous study, we reported pilot results of this Trojan 
Horse strategy. P22-derived nanocontainers loaded with a GFP 
cargo (P22_GFP) were recombinantly expressed and purified, 
and the resulting VLP was functionalized by covalent 

Figure 2. Ruthenium metathesis catalysts used for ROMP 
disassembly of VLP nanocontainers. The Grubbs II cata-
lyst (A) and the AquaMet catalyst (B). The quaternary am-
monium group appended to the N-heterocyclic carbine lig-
and provides improved solubility in water. 

 

Figure 1. Physiological delivery of therapeutic peptides using functionalized VLP nanocontainers with a triggered disassembly strat-
egy. First, P22-derived VLPs loaded with an arbitrary, genetically programmed cargo (here, GFP) are expressed and purified. Next, 
the loaded VLPs are functionalized by covalent attachment of a ROMP substrate (here, an NHS-activated norbornene-COOH) to 
surface exposed lysine residues. Finally, functionalized VLPs are disassembled under physiological conditions through the introduc-
tion of a ruthenium catalyst and initiation of Ring-Opening Metathesis Polymerization (ROMP). 
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conjugation of the ROMP substrate norbornene to the capsid 
surface. Treatment of the functionalized nanocontainers with a 
second-generation Grubbs catalyst (Grubbs II) resulted in sig-
nificant morphological distortion with respect to untreated con-
structs, as indicated by TEM micrographs. However, direct ev-
idence of cargo release was not observed.22 In the present study, 
we reexamine the induced disassembly of norbornene- func-
tionalized P22_GFP constructs treated with the water-soluble 
AquaMet catalyst (Figure 2).45 In addition, a cargo-release as-
say was developed and implemented to monitor the release of 

the packaged GFP reporter into the solvent phase following cat-
alyst treatment. 

 

Results and Discussion 
To determine the catalyst concentration needed to trigger the 

ROMP reaction and subsequent disassembly in functionalized 
capsids, serial dilutions of catalyst were prepared and used to 
treat aliquots of P22 nanocontainers. To monitor for non-spe-
cific catalyst effects, nonfunctionalized P22 nanocontainers 
were used as controls. Reactions were incubated overnight at 
room temperature and characterized by native agarose electro-
phoresis. The resulting native agarose gels indicate a clear dif-
ference in the behavior of nanocontainers conjugated with the 
ROMP-substrate norbornene (P22His6GFP_Norb) and nano-
containers that lack the norbornene moiety (P22His6GFP) (Fig-
ure 3A). A non-specific catalyst effect is observed at high cata-
lyst concentrations (Lane 5), however, functionalized nanocon-
tainers (P22His6GFP_Norb) appear to dissociate at catalyst con-
centrations that have no observable effect on non-conjugated 
nanocontainers (P22His6GFP_Norb).  

We next compared ROMP-induced disassembly with heat-
induced disassembly. Past studies have demonstrated that heat-
ing P22 VLPs at 65ºC results in capsid expansion, a morpho-
logical change that mimics the expansion of capsids during 
DNA packaging in the natural P22 life cycle. Additional heating 
at 75ºC induces release of the pentameric subunits from the 
fivefold icosahedral vertices, resulting in the so-called "wiffle-
ball" conformation and the release of packaged cargo.46 To ex-
amine the behavior of functionalized capsids under a thermal 
gradient, we again used native agarose electrophoresis (Figure 
3B). As expected, heat-induced disassembly was observed, al-
beit at a slightly lower temperature (starting at 70ºC) than re-
ported for the case of non-functionalized capsids (>80ºC). Im-
portantly, treatment of functionalized P22 constructs with cata-
lyst concentrations above 0.054 mg/mL produced smeared 
bands (Figure 3A, Lanes 7-10) that resemble those of capsids 
heated at 65ºC or higher (Figure 3B, Lanes 6 – 10).  

Dynamic Light Scattering (DLS) confirmed that ROMP 
functionalization did not significantly alter either the size or the 
morphology, as measured by the hydrodynamic diameter and 
polydispersity index (PDI), of P22 nanocontainers. However, 
DLS analysis of functionalized nanocontainers 
(P22His6GFP_Norb) treated with AquaMet catalyst revealed a 
pronounced, dose-dependent increase in both the mean hydro-
dynamic diameter and the PDI with increasing catalyst concen-
tration (Figure 4). These results are consistent with ROMP-
induced dissociation and/or aggregation. 

TEM micrographs of norbornene-conjugated nanocontainers 
(P22His6GFP_Norb) treated with AquaMet water-soluble ru-
thenium catalyst exhibit significant distortion in capsid mor-
phology. Aggregates of what appear to be disrupted and fused 
capsids are plainly visible. We were unable to locate any of the 
regular icosahedral structures characteristic of P22 VLP not re-
acted with the AquaMet catalyst (Figure 5). The observation of 
disordered aggregates is consistent with a polymerization reac-
tion that occurs at both intra- and inter-nanocontainer inter-
faces.  

To further confirm that P22 ROMP functionalized nanocon-
tainers were undergoing structural disruptions that may indicate 
disassembly, we developed a cargo release fluorescence assay 
in which we monitored the release of the His6-GFP cargo from 

Figure 3. Catalyst-activated disassembly of P22-derived VLP 
nanocontainers. (A) Treatment of 70 μL (1.29 mg/mL) aliquots 
of nonfunctionalized (P22His6GFP_WT, left) and functional-
ized (P22His6GFP_Norb, right) nanocontainers with increas-
ing concentrations (0 - 0.28 mg/mL) of AquaMet catalyst indi-
cates capsid disassembly at significantly lower catalyst concen-
trations for functionalized nanocontainers. While functional-
ized capsids disassemble at 0.054 mg/mL catalyst (Lane 7), the 
30 MDa band corresponding to the fully assembled capsid only 
disappears at a catalyst concentration of 0.28 mg/mL (Lane 5) 
for nonfunctionalized capsids. (B) Heat-activated disassembly 
of functionalized nanocontainers (P22GFP_Norb). Functional-
ized nanocontainers (P22_GFP_Norb) were divided into 15 μL 
aliquots and heated for 10m at a temperature gradient of 50°C 
- 85°C, then subject to native agarose electrophoresis. The on-
set of disassembly is observed in the 65°C - 70°C range (lanes 
6 - 7), as indicated by smearing and gradual disappearance of 
the 30MDa band visible in the control (Lane 1, no heat). Note 
that band smearing is also visible in Lanes 7 - 10 in (A) above. 
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control (nonfunctionalized, P22His6GFP) and experimental 
(functionalized, P22His6GFP_Norb) constructs treated with 
0.212 mg catalyst. After treatment, each of the samples was 

incubated with Ni2+ Sepharose beads then washed and eluted, as 
described below. The four wash fractions and four elution frac-
tions were monitored for absorbance at 280 nm (aromatic amino 
acids lmax) and 495 nm (GFP lmax). A significant peak was ob-
served in the elution fractions of the experimental sample at 
both wavelengths (Figure 6). No peak was observed in the elu-
tion fractions of the control sample. These results demonstrate 
induced release of the cargo protein at near-physiological con-
ditions (PBS, 25°C).  

To monitor cytotoxicity of the nonfunctionalized 
P22His6GFP and functionalized P22His6GFP_Norb constructs, 
MTT assays were conducted using BJ normal foreskin epithe-
lial cells. No evidence of cytotoxicity was found for treatment 
with VLP constructs at concentrations up to 100 µg/mL (Figure 
7A).  

Finally, to assess the cytotoxicity of the AquaMet catalyst, 
we conducted MTT assays in HeLa and 1MEA cell lines. While 
moderate cytotoxicity (>10% cytotoxicity, <60% viability) was 
found for catalyst concentrations above 200 µg/mL in HeLa 
cells, this value is significantly higher than the 50-100 µg/mL 
needed to disrupt functionalized P22His6GFP_Norb constructs 
without affecting nonfunctionalized P22His6GFP constructs 
(Figure 7B). As a reference, these catalyst concentrations are 
roughly comparable to the reported peak serum concentrations 
of a variety of common drugs, including ibuprofen (61.1 ± 5.5 
μg/mL), aspirin (24 ± 4 μg/mL), the antiviral cidofovir (19.6 ± 
7.2 μg/mL), and the β-lactam antibiotic cefepime (65 ± 7 
μg/mL).47 Finally, no significant cytotoxicity was found for 
1MEA cells. 

Figure 5: Representative TEM images. Images show (A) un-
treated, nonfunctionalized constructs (P22His6GFP_WT, no 
catalyst), (B) untreated, functionalized constructs 
(P22His6GFP_Norb, no catalyst), (C) nonfunctionalized con-
structs treated with AquaMet catalyst (P22His6GFP_WT, 0.45 
mg/ml catalyst), and (D) functionalized constructs treated with 
AquaMet catalyst (P22His6GFP_Norb, 0.325 mg/ml catalyst). 

Figure 4. DLS characterization of norbornene-conjugated 
nanocontainers. Functionalized nanocontainers  
(P22His6GFP_Norb) were divided into 82.5 µL aliquots (1.09 
mg/mL) and treated with increasing concentrations (0 - 0.325 
mg/mL) of catalyst. DLS characterization of the hydrodynamic 
diameter and polydispersity index (PDI) reveals a steady mi-
gration of the size distribution peak towards larger diameters 
accompanied by an increase in PDI with increasing catalyst 
concentration. (A): no catalyst, dmean = 60.2 nm, PDI = 15.1%. 
(B): 13 µg/mL catalyst, dmean = 60.6 nm, PDI = 7.5%. (C): 130 
µg/mL catalyst, dmean = 193.5 nm, PDI = 21.9%. (D): 325 
µg/mL catalyst, dmean = 3222 nm, PDI = 26.9%. 
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Conclusions 
Native agarose electrophoresis, dynamic light scattering 

(DLS), and transmission electron microscopy (TEM) all indi-
cate that treatment of ROMP-functionalized P22 nanocontain-
ers with a water-soluble ruthenium catalyst (AquaMet) results 
in significant disassembly of the P22 constructs. Studies of the 
physical virology of the P22 bacteriophage confirm that the 
ROMP reaction induced here provides sufficient energy for dis-
assembly. For example, one study estimated that each of the 420 
coat protein monomer contributes -7.2 kcal/mol to procapsid 
stability, while each of the 200-300 scaffold proteins contrib-
utes -6.1 kcal/mol.48 These estimates assume that 1) each scaf-
fold protein contributes the whole of its binding energy to pro-
capsid stability, and 2) that all procapsids contain the same 
number of scaffold proteins.49 While these assumptions are not 
entirely realistic, they provide an upper-bound estimate for the 
binding energy of the procapsid as a whole: (420 coat pro-
teins)(-7.2 kcal/mol) + (300 scaffold proteins)(-6.1 kcal/mol) ≈ 

5000 kcal/mol. As noted above, polymer elongation by ROMP 
is driven by the release of ring strain in a cyclic olefin substrate. 
The ring strain of norbornene, the ROMP substrate used here, 
is 27.2 kcal/mol.50 With an average of 4.12 norbornene-func-
tionalized lysines per coat protein monomer, this yields approx-
imately 47,000 kcal/mol ring strain energy per functionalized 
capsid.51 Thus, only ~10% of the theoretical yield of norbornene 

ring strain energy needs to be harnessed to reach the disassem-
bly threshold. 

We also found significant evidence of cargo release under 
physiological conditions, as indicated by an increase in absorb-
ance at 280 nm and 495 nm following capsid disruption. The 
increase at the 495 nm peak in particular indicates that the re-
leased cargo was still functional, and thus that the tertiary struc-
ture was not significantly altered. Finally, the catalyst concen-
trations needed for capsid disruption are not significantly cyto-
toxic and are within the effective concentrations of some com-
mon pharmaceuticals. VLPs and VLP-derived nanoparticles 
have been studied extensively in recent years for their biomed-
ical potential, in particular for use in gene therapy and the tar-
geted delivery of therapeutic and diagnostic agents.20,52 While 
gene therapy applications generally use VLPs derived from 
mammalian viruses, therapeutic and diagnostic applications 
tend to focus on plant viruses and bacteriophages, which are less 
likely to trigger pathogenic virus-host interactions.53 One recent 
study found no evidence of overt toxicity in naïve and immun-
ized mice after single injections of protein cages derived from 
the Cowpea Chlorotic Mottle Virus (CCMV) and the heat shock 
protein cage (Hsp). Both CCMV and Hsp exhibited broad 

Figure 6. Cargo release assay indicate induced release of GFP 
protein at near-physiological conditions. Functionalized (ma-
genta) and nonfunctionalized (grey) constructs were loaded 
with 200-300 copies of a His-tagged GFP reporter and treated 
with 0.212 mg/mL AquaMet catalyst. Samples were incubated 
with Ni2+ Sepharose beads, then washed and eluted. Absorb-
ance profiles of functionalized constructs exhibit a strong peak 
at the start of elution (fraction E1) for both 280 nm and 495 nm 
(the λmax of GFP) with p** = 0.066 at 280 nm and p* = 0.0142 
at 495 nm for functionalized vs. nonfunctionalized elution frac-
tions, respectively.  

 

Figure 7. Cytotoxicity of P22 constructs and ruthenium cata-
lyst. (A) Nonfunctionalized P22His6GFP and functionalized 
P22His6GFP_Norb capsids are not cytotoxic. In MTT assays 
using BJ normal foreskin epithelial cells, neither nonfunction-
alized (grey) nor functionalized (magenta) P22 VLP constructs 
show significant cytotoxicity below 0.1 mg/mL. (B) In MTT as-
says using 1MEA and HeLa cell lines with varying concentra-
tions of AquaMet catalyst, it was found that the catalyst is mod-
erately cytotoxic in HeLa cells at concentrations above ~0.2 
mg/mL which is well above what is required for ROMP reac-
tion to induce disruption in the VLP. 
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distribution throughout most tissues and organs, and were rap-
idly excreted, with no evidence of long-term persistence.54 
While these findings suggest that P22-derived nanocontainers 
may be safe for biomedical applications, a comprehensive study 
has yet to be conducted.54 Additionally, while the potential tox-
icity of the transition-metal olefin catalysts has not been well 
researched, there are some indications that ruthenium (Ru) is 
genotoxic.55 However, the polynorbornene macromolecule that 
results from norbornene polymerization is not cytotoxic.56 
These concerns are offset by the fact that very small quantities 
of ruthenium generally suffice to catalyze ROMP.57 

In contrast to other VLP delivery systems, which rely on pas-
sive diffusion or environmental conditions such as hydrophobi-
city,58 pH (typically through the endosomal pathway), and cell-
specific proteases30 for cargo release, the system described here 
employs a bioorthogonal ROMP reaction. Importantly, the 
ROMP delivery system is modular: First, the protein cargo is 
genetically encoded, and thus arbitrary. Further, the functional-
ization method (bioconjugation via an activated NHS-ester) and 
trigger protocol (treatment with a water-soluble ruthenium cat-
alyst) are completely general, and expected to translate to other 
VLP systems, whether derived from other phage particles or 
wholly synthetic. Finally, the ROMP reaction itself is 
bioorthogonal, and is thus independent of environmental condi-
tions and cell-specific factors.  

While surface-exposed lysine residues were used as function-
alization handles in this report, selective bioconjugation is also 
possible on cysteine, tyrosine, and methionine residues.59 Fu-
ture efforts might thus focus on the construction of bifunctional 
VLPs decorated with targeting molecules such as cell-penetrat-
ing peptides or antibody fragments in addition to ROMP sub-
strates. We envision a wholly modular peptide drug delivery 
system that combines a genetically-programmed cargo with an 
arbitrary targeting moiety and an interchangeable VLP chassis. 
Such a drug delivery vehicle would significantly advance the 
use of venom peptides  for therapeutic development.   

 

Experimental Procedures 
Construction of P22His6GFP nanocontainers. A Q5 site-

directed mutagenesis kit (New England Biolabs) was used to 
insert a hexahistidine tag at the N-terminal of the SP141 gene 
of the P22GFP expression plasmid via standard PCR protocols. 
Transformed clones were screened for correct insertion of the 
hexahistidine tag and confirmed by Sanger sequencing (Ge-
newiz, Figure S1). P22His6GFP Nanocontainers were ex-
pressed and purified as described in O'Neil et al. Briefly, 
BL21(DE3) E. coli were transformed with the P22His6GFP ex-
pression plasmid, grown to an OD600 = 0.6 in LB medium and 
induced with isopropyl β-D-1-thiogalactopyranoside (IPTG, 
1mM). After 4 hours, cells were harvested, lysed by treatment 
with DNase, RNase, and lysozyme, then sonicated. The clari-
fied lysate was ultracentrifuged over a 35% (w/v) sucrose cush-
ion, dialyzed against pH 7.2 PBS overnight, then concentrated 
and resuspended in pH 7.2 PBS using a 100kDa MWCO cen-
trifugal filter device (Amplicon). Expression and self-assembly 
of P22 VLPs was confimed by native agarose electrophoresis 
(Figure 3A) and ESI-MS (Figure S5). 

Conjugation of norbornene to P22His6GFP VLPs. To con-
jugate norbornene to surface-exposed lysine residues on the P22 
bacteriophage capsid, 19.2 mg (1 x 10-4 mol) of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 21.2 mg (1 x 
10-4 mol) N-hydroxysuccinimide (sulfo-NHS) were added to 1 

mL of a 0.1M solution of 5-norbornene-2-carboxylic acid in 
0.1M phosphate buffer (pH 6.0) (all reagents purchased from 
Sigma-Aldrich). The solution was allowed to react at room tem-
perature with intermittent vortexing. After 30m, 180 μL of the 
sulfo-NHS/EDC/Norbornene solution was added to 1 mL of 
P22His6GFP (5 mg/mL) in PBS (pH 7.6). After reacting at room 
temperature overnight on a shaker at 250 rpm, the product was 
concentrated by means of a 100 KDa MWCO centrifugal filter 
device (Amplicon) and resuspended in pH 7.2 phosphate buffer. 
Conjugation of norbornene-COOH to the P22 coat protein was 
confirmed by ESI-MS (Figure S6). 

DLS characterization of P22His6GFP nanocontainers. 
P22His6GFP nanocontainers at a concentration of 10μM in pH 
7.2 PBS were filtered through a 0.2 μm syringe filter and trans-
ferred to a low-volume (45 μL) quartz cuvette for DLS analysis 
with an Antor Paar Litesizer 500 instrument. All data were an-
alyzed using the Kalliope software package.  

Native agarose electrophoresis. All P22His6GFP_Norb 
samples were normalized with respect to protein concentration 
prior to native agarose electrophoresis. A 20μL aliquot was re-
moved from each sample, mixed with loading buffer (40% glyc-
erol, bromophenol blue) and loaded into the wells of a 1.0% 
native agarose gel. Gels were run at 65V for 2.5 hours in TBE 
buffer (89mM Tris, 89mM borate, 2mM EDTA), then stained 
with coomassie blue and distained with acetic acid and metha-
nol. Images were produced using a Foto/Analyst FX imaging 
system (Fotodyne). 

Cargo-release disassembly assay. 250 μL aliquots of a 
2.5mg/mL solution of P22His6GFP_Norb in PBS were placed 
in each of two microcentrifuge tubes. To the experimental sam-
ple was added 66.4 μL of a 3.2 mg/mL solution of AquaMet 
catalyst in ddH2O (final concentration 212 μg/mL).  To the con-
trol sample was added 66.4 μL of ddH2O. Samples were incu-
bated at room temperature overnight, then supplemented with 
250 μL wash buffer (Tris-HCl (10 mM), imidazole (20 mM), 
NaCl (200 mM), pH 8) and 50 μL Ni2+ Sepharose beads and 
placed on a nutator. After 1h, the beads were collected by cen-
trifugation (1000g, 1m) and the flow through removed. Beads 
were resuspended four times in 100 μL of wash buffer, then 
eluted four times with 100 μL wash buffer supplemented with 
200 mM imidazole. Wash and elution fractions were monitored 
for absorbance at 280 nm and 495 nm (peak absorbance of GFP) 
on a NanoDrop 2000c spectrophotometer (Thermo Scientific). 

MTT cytotoxicity assay: VLP constructs. The cytotoxicity 
of VLPs was examined in BJ normal human foreskin epithelial 
fibroblasts by MTT assay. 5000 cells were seeded in each well 
of a 96-well plate and incubated with P22His6GFP and 
P22His6GFP_Norb in quadruplicate at three concentrations: 1 
μg/ml, 10 μg/ml, and 100 μg/ml. After 24h incubation, 20 μl of 
MTT solution (5.0 mg/ml methyl tetrazolium salt in PBS) was 
added to each well and plates were incubated for an additional 
3h at 37°C in 5% CO2. After 3h, medium supplemented with 
MTT solution was aspirated and 100 μl of acidified isopropanol 
was added to each well. Spectrophotometric assays were con-
ducted in a PowerWave HT Microplate Spectrophotometer at 
550 nm and 620 nm. The mean and standard deviation of the 
δOD values were calculated by subtracting the 620 nm values 
from the 550 nm values. The absorbance of control cells (un-
treated) was used as the 100% viability baseline. 

MTT Cytotoxicity Assay: ROMP Catalyst. The cytotoxi-
city of AquaMet catalyst was examined in HeLa and 1MEA 
cells by MTT assay, as described above. The cell lines 
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BNL1MEA.7R.1, also called 1MEA (mouse liver carcinoma), 
was a kind gift from Professor Olorenseun Ogunwobi (Hunter 
College, New York, NY). Cells were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco-BRL Life Technol-
ogies, Paisley, UK) supplemented with 10% fetal bovine serum 
(FBS), 1% penicillin, 4.5g/L glucose, L-glutamine, and sodium 
pyruvate. HeLa (human cervical cancer, American Type Cul-
ture Collection, Rockville, MD), were regularly cultured in Ea-
gle's minimal essential medium (Gibco Co., Grand Island, NY) 
supplemented with 10% fetal bovine serum (FBS), 1% penicil-
lin.60  
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