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ABSTRACT: Many virus-like particles (VLPs) have good chemical,
thermal, and mechanical stabilities compared to those of other
biologics. However, their stability needs to be improved for the
commercialization and use in translation of VLP-based materials. We
developed an endoskeleton-armored strategy for enhancing VLP
stability. Specifically, the VLPs of physalis mottle virus (PhMV) and
Qβ were used to demonstrate this concept. We built an internal
polymer “backbone” using a maleimide−PEG15−maleimide cross-
linker to covalently interlink viral coat proteins inside the capsid cavity,
while the native VLPs are held together by only noncovalent bonding
between subunits. Endoskeleton-armored VLPs exhibited significantly
improved thermal stability (95 °C for 15 min), increased resistance to
denaturants (i.e., surfactants, pHs, chemical denaturants, and organic solvents), and enhanced mechanical performance. Single-
molecule force spectroscopy demonstrated a 6-fold increase in rupture distance and a 1.9-fold increase in rupture force of
endoskeleton-armored PhMV. Overall, this endoskeleton-armored strategy provides more opportunities for the development and
applications of materials.
KEYWORDS: virus-like particles (VLPs), protein cage, stabilization, cross-linking, single-molecule force spectroscopy

Virus-like nanoparticles (VLPs) are nanomaterials based on
the ordered and self-assembled capsids of viruses that lack

their infectious genetic material.2 VLPs are an attractive
nanotechnology platform for various discoveries and applica-
tions in virology,3 vaccination,4,5 bionanotechnology,6,7 and
material science.8,9 Stabilizing the VLP platform is crucial in
ensuring their structural integrity and functionality are
maintained during synthesis (e.g., harsh synthesis condi-
tions),10 storage and shipping,11,12 and performance (e.g.,
heat-generating devices).13,14 Researchers have developed
strategies for multiple-point polymer conjugation to the
VLP’s exterior, but these particles’ external chemical
functionalities are therefore occupied.15 Alternatively, the
interior of VLPs can be filled with polymers via a stepwise
approach or atom-transfer radical polymerization.16−18 Still,
these studies mainly focused on improving the loading
capabilities instead of stability (minisurvey in Table S1). As
a result, the performance of VLPs stabilized by internal
polymeric cross-linkers has yet to be fully understood; the
community still lacks a simple yet versatile strategy for
stabilizing VLPs.
Multiple VLP platforms have been reviewed elsewhere.19

Here, we focused on VLPs derived from physalis mottle virus
(PhMV) and the bacteriophage Qβ. The PhMV VLP is
derived from the +ssRNA virus from the family Tymoviridae,
forms an ∼30 nm icosahedral capsid from 180 identical CPs,
and can be recombinantly expressed and purified as a

homogeneous and stable VLP.20 The PhMV CP contains
one solvent-exposed cysteine residue (C75), internally
oriented within the VLP and amenable to alkylation with
thiol-reactive small molecules.21 Qβ VLPs also form T3
icosahedra assembled from 180 identical CPs measuring 28 nm
in diameter.22 The Qβ VLP has two cysteine residues (C74
and C80) per CP that form intersubunit disulfide bonds and
link individual CPs into hexameric or pentameric CPs.23 The
disulfide bonds can be reduced and repurposed for chemical
conjugation.24,25 In addition, VLPs feature pores through
which cargo can diffuse to access the interior.26 Although VLPs
are not static objects yet dynamic structures, the pore sizes
could be estimated. For example, the PhMV VLP possesses
pores with diameters of 1.0−1.4 nm20 and the Qβ VLP
possesses large pores of either 1.5 or 3.0 nm.27

We set out to develop an endoskeleton-armored strategy for
stabilizing VLPs. Specifically, we built an internal VLP
“backbone” through covalent inter-CP linking using malei-
mide−PEGn−maleimide bivalent cross-linkers, denoted as
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mal−PEGn−mal (Scheme 1). A combination of gel electro-
phoresis (native and denaturing), fast protein liquid
chromatography (FPLC), dynamic light scattering (DLS),
and transmission electron microscopy (TEM) was used to
assay and validate the structural properties of the endo-
skeleton-armored VLPs. Chemical competition assays provided
insights into the chemical conjugation efficiency. Endo-
skeleton-enhanced (EE) VLPs were exposed to various
stressors (i.e., surfactants, extreme pHs, chemical denaturants,
organic solvents, and mechanical stress) and characterized by a
turbidimetric assay, TEM, DLS, and temperature-dependent
circular dichroism (CD) spectroscopy. Finally, the mechanical
performance was mapped by single-molecule force spectros-
copy.

■ SYNTHESIS AND CHARACTERIZATION OF
ENDOSKELETON-ENHANCED (EE) VLPS

We had previously shown that the interior of the PhMV VLP is
accessible to small molecules21,28 and that the internal cysteine
residue (C75), even though it is somewhat buried,29,30 is
reactive to maleimide-containing small molecules.21,31 First, we
tested mal−PEGn−mal cross-linkers of various molecular
weights (0.6−5K Da) and numbers of branches ( f = 1, 4,
and 8). To achieve a high degree of linking, we needed to
define a suitable size cutoff (i.e., Flory radius) for the polymer
to enter the porous VLP capsid and access the internal cysteine
side chains. In addition, it was important to moderate the

contour length enabling access to neighboring cysteine
residues while avoiding the masking effect; i.e., if the polymer
chain is too long, the reactive groups may become buried due
to the extra steric hindrance.32 The end-to-end distance
between the sulfur atom of the cysteines on neighboring coat
proteins is 27.1−43.9 Å (Figure S1). To determine an
optimized synthesis, we first tested mal−PEGn−mal cross-
linkers with different numbers of ethylene glycol repeats (n =
6, 15, 43, and 115, where f is fixed at 1), numbers of branches
( f = 1, linear; f = 4 and 8, multiarm), and numbers of
equivalents of cross-linker per cysteine (denoted as eq/Cys,
i.e., the ratio of the number of mal−PEGn−mal cross-linkers to
the number of cysteines) (Table S2). Upon successful coupling
of the mal−PEGn−mal cross-linker to the VLPs, the
succinimide thioether intermediate undergoes ring-opening
hydrolysis to add a formal negative charge (Figure 1a).33,34

The molecular weight of the adduct also increases. Therefore,
we used the combination of an electrophoretic mobility shift
assay (EMSA) and denaturing sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) analysis
(Figure 1b,c and Figures S2−S5) to analyze the cross-linked
products. The combination of methods has been validated as
being reliable for monitoring changes in the molecular weight
and charge for modified VLPs.16,25,35

The EMSA and SDS−PAGE indicate that the shorter mal−
PEGn−mal cross-linkers (n = 6, 15, and 43; f = 1) resulted in
successful linking. When n = 15, the linking is most efficient

Scheme 1. (a) Chemical Structure and Projected Three-Dimensional Structure of the Maleimide−PEG15−Maleimide Cross-
Linker (polymer model created by MolView.org), (b) Side View Showing Its Helical Conformation in Water,1 (c) Structure of
the Physalis Mottle Virus (PhMV) Virus-like Particle (VLP) and Its Coat Protein (CP),a (d) Structural Model of PhMV Coat
Proteins with a Viral Endoskeleton via Our Endoskeleton-Armored Strategy, Highlighted with Top and Side Viewsb

aThe VLP has an icosahedral T = 3 symmetry and is assembled from 180 identical copies of a CP. Three CPs for a triangular unit with a−c (blue,
green, and gray, respectively) denoting their position: a in blue clusters at the 5-fold axis with b in green and c in gray at the 2- and 3-fold axes. The
internal solvent-exposed cysteine is colored red. The outer size is estimated to be ∼30 nm (PhMV structure created by UCSF Chimera, Protein
Data Bank entry 1E57). bNotably, the protein−PEG compound in this work is a model to show the idea and does not depict the realistic
conformation.
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due to the relatively small Flory radius (17.6 Å) and moderate
contour length (41.7 Å) (Table S2 and Figure S2). Notably,
the longest cross-linker (n = 115; Flory radius = 60.3 Å) is
excluded from the VLPs by the gating effect of size-exclusive
pores between CPs. The n = 43 cross-linker yielded inefficient
labeling, despite being short enough to enter the VLPs (Flory
radius = 33.3 Å); its long ethylene glycol chain (contour length
= 120 Å) may cause steric hindrance yielding inefficient
conjugation. Lastly, when the cross-linker is too short (n = 6;
contour length = 16.7 Å) to reach the neighboring cysteine, the
linking is proven to be ineffective in the EMSA. Then, we
tested multibranch mal−PEGn−mal cross-linkers ( f = 4, n = 8;
f = 4, n = 25; and f = 8, n = 25) but found that even when the
cross-linkers are small enough (Flory radii < 36.6 Å) to enter
VLPs, the multibranch mal−PEGn−mal cross-linkers are less
reactive than their linear counterparts (Figure S3). The
increased rigidity and masking effects can explain this reduced
reactivity.

Next, the synthesis is optimized with eq/Cys values ranging
from 0 to 2000 by the EMSA and SDS−PAGE analysis.
Conjugation is most effective when eq/Cys = 1000. The
EMSA shows a characteristic sigmoid curve (Figure 1b) over
eq/Cys, plateauing when eq/Cys = 1000. This is consistent
with SDS−PAGE analysis showing an increase in the
molecular weight of the CP (19.98K Da) to dimers, multimers,
and, finally, a higher-molecular weight cross-linked CP
assembly that lacks electrophoretic mobility (MW > 198K
Da) that plateaued when eq/Cys = 1000 (Figure 1c). The
percentage of remaining monomeric bands (i.e., unreacted CP
and CP−PEG15−mal) at ∼20K Da decreases from 100% (eq/
Cys = 0) to 14.4% (eq/Cys = 1000), processed by ImageJ
(Figure S6).36 Notably, the band laddering observed via SDS−
PAGE cannot be interpreted as the true molecular weight of
the CP−polymer conjugates, because the EE-VLPs (especially
when eq/Cys > 50) are so stable that the standard
denaturation process [1% (w/w) SDS, 95 °C, 5 min] may
not be sufficient to denature the VLPs (see Figure 3).

Figure 1. Characterization of endoskeleton-enhanced (EE) PhMV. (a) Michael addition of the thiol to the maleimide results in the maleimide−
thiol conjugate, a succinimide thioether. The reaction is fast, but the conjugate is relatively unstable and can undergo further reaction via one of two
pathways: (i) a retro-Michael conversion back to the original thiol and maleimide or (ii) an irreversible ring-opening hydrolysis to yield a stable
hydrolysate (succinamic acid thioether) under alkaline conditions, which prevents elimination of the maleimide−thiol conjugate and generates a
negatively charged and deprotonated carboxylate. This charge change serves as a proxy of the degree of conjugation to the VLPs. (b)
Electrophoretic mobility shift assay (EMSA) and (c) denaturing sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) image
of PhMV and EE-PhMV with various values of eq/Cys. The distance of negative shifting toward the anode positively correlates to the value of eq/
Cys. (d) Fast protein liquid chromatography (FPLC) data indicate that the endoskeleton leads to swelling of the VLPs, which agrees with (e)
dynamic light scattering (DLS) data. The FPLC detection wavelength is 260 nm. (f) TEM images demonstrate the good dispersity and integrity of
native PhMV and EE-PhMV1000 (eq/Cys = 1000). (g) Schematic and (h) SDS−PAGE images of the maleimide−Cy5 competition assay. Framed
by the white dashed box, the intense fluorescence of EE-PhMV100 (eq/Cys = 100) indicates active thiol groups; the absence of fluorescence from
the EE-PhMV1000 group indicates most reactive thiol groups are occupied by mal−PEG15−mal polymers. Complete gels are shown in the
Supporting Information. (i) Chemical structures of the mal−PEG15−mal and methoxy-PEG17−maleimide (mPEG17−mal) cross-linkers. (j) SDS−
PAGE using the mal−PEG15−mal and mPEG17−mal cross-linkers. The results indicate that only the mal−PEG15−mal cross-linker induces covalent
linking within PhMV nanoparticles, thereby ruling out the possibility of physical entanglement. The Ctrl lane represents EE-PhMV1000 as a control.
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Nevertheless, the SDS−PAGE analysis agrees with the EMSA
and provides insights into the degree of linking of the EE-
VLPs. In summary, the linear mal−PEG15−mal telechelic
cross-linker (n = 15, f = 1, and eq/Cys = 1000) was adopted
for the synthesis of EE-VLPs for further characterization.
After optimizing the synthesis conditions, we analyzed and

compared the VLP nanoparticle characteristics of native
PhMV, EE-PhMV100, and EE-PhMV1000. In FPLC, EE-
PhMV1000, EE-PhMV100, and nonmodified PhMV elute at
12.1, 12.4, and 12.9 mL, respectively (Figure 1e). The cross-
linkers are contained securely within the VLPs (Figure S7).
The shoulder at an elution volume of ∼10 mL may represent a
small fraction (<5% of the total VLP fraction) of particle
doublets or aggregates, possibly due to ultracentrifugation and
purification.17 The DLS results are consistent with FPLC. The
hydrodynamic sizes of nonmodified PhMV and EE-PhMV1000
are measured by DLS to be 35.54 ± 8.87 and 36.38 ± 9.35 nm
in hydrodynamic diameter, respectively, with the reported
polydispersity index (PDI) (Figure 1d and Table S5). This
∼2.4% size increase may be attributed to PEG cross-linkers
protruding through the pores; this has been observed with
other VLP−polymer complexes.18,37 Lastly, TEM images
confirmed the good dispersity and morphologic integrity of
EE-PhMV VLPs (Figure 1f). Together, the data suggest that
mal−PEG15−mal cross-linking of the VLPs does not alter their
structural conformation, even at the high degree of internal
linking obtained when eq/Cys = 1000.
To determine the degree of conjugation of EE-PhMV, we

used a double-conjugation reaction competition assay with the
maleimide−cyanine5 cross-linker (mal−Cy5; MW = 605.8
Da). Incomplete cysteine conjugation leaves unoccupied side
chains for further reaction with mal−Cy5, resulting in
fluorescent CP that can be detected via SDS−PAGE. While
there is some fluorescent signal observed for the Cy5-labeled
EE-PhMV100, no fluorescence was observed with EE-
PhMV1000, suggesting that a complete reaction with the
mal−PEG15−mal linker was indeed achieved (Figure 1g,h,

Figure S5, and Table S4). In addition to the fluorescent CP,
higher-molecular weight dimers and multimers are apparent.
Multimers are often observed when viral CPs are labeled with
polymers, because CP−polymer conjugates tend to become
physically entangled in SDS−PAGE gels.38,39 To further
ensure that the higher-molecular weight bands are a result of
covalent linking and not artifacts from CP−polymer physical
entanglement, we reacted VLPs with the monovalent
mPEG17−mal cross-linker (methoxy-PEG17−maleimide) (Fig-
ure 1i,j). The conjugation resulted in an expected size increase
with a CP−PEG at ∼21 kDa, compared with native CP at ∼20
kDa, but higher-order CP adducts are observed. It is
interesting to note that the conjugation with the monovalent
mPEG17−mal cross-linker did not result in complete reaction.
This contrasts with the results of the bivalent mal−PEG15−mal
cross-linker. We hypothesize that although both linkers
undergo steric hindrance within the interior, the improved
reactivity of bivalent cross-linkers could be explained by the
nanoconfinement effect. That is, once one end is conjugated,
the rate of reactivity of the other end increases relatively.6,40,41

In addition, to generalize the scope of this EE strategy, we
validated this concept in the Qβ VLP targeting cysteines at the
interface, namely, C74 and C80. In the native VLP, these
residues are covalently linked through disulfide bonds, and we
first reduced them to free thiols to render them chemically
addressable (Figure 2a). The mal−PEG15−mal cross-linker
was then conjugated, following the methods applied to PhMV.
The EMSA and SDS−PAGE support chemical linking, which
is evident by mobility changes and laddering effects as a
function of the reactant ratio (eq/Cys) (Figure 2b and Figure
S8). DLS and TEM confirmed that monodisperse and
structurally sound EE-Qβ100 was obtained (Figure 2c,d).
These data validate that the proposed EE strategy could be
applied to various VLPs, even to those with cysteines at their
coat protein interfaces.

Figure 2. Generalization of the endoskeleton-enhanced strategy tested using Qβ VLPs. (a) Scheme of the reduction of Qβ and rebridging by the
mal−PEG15−mal cross-linker with eq/Cys values ranging from 0 to 100 (Protein Data Bank entry 1QBE). Ten equivalents of the reducing agent
tris(2-carboxyethyl)phosphine (TCEP) was added to reduce disulfides, followed by rebridging of the mal−PEG15−mal cross-linker at 4 °C for 16 h.
(b) EMSA and denaturing SDS−PAGE of native Qβ, reduced Qβ, and reduced Qβ with eq/Cys values of 0−100. (c) DLS and (d) TEM analysis
of Qβ and EE-Qβ100 nanohybrids demonstrate the monodispersity and structural integrity of Qβ VLPs and EE-Qβ100.
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■ THERMAL STABILITY OF EE-PHMV1000

The stability of VLPs, which are macromolecular assemblies of
their coat proteins, relies on a delicate balance between short-
range, predominantly hydrophobic attraction and long-range
electrostatic repulsion,42,43 which are considered “weak links”
due to the nature of noncovalent interactions.15 Different
denaturing conditions, such as extreme temperatures,15 ionic
strengths, acids, bases,44 surfactants,45 or chaotropic
agents,14,46 decrease or increase the strength of noncovalent
bonds and, therefore, weaken or strengthen, respectively, the
coat protein interactions within the VLPs, thus altering
stability. The thermal stability of nonmodified PhMV and
EE-PhMV was probed in buffered media over a temperature
range of 25−90 °C for 15 min. Visual inspection of the test
tubes showed clouding of the nonmodified PhMV, and this
phenomenon, consistent with protein aggregation and
precipitation, was enhanced at higher temperatures (Figure
3a, inset). In stark contrast, the temperature-treated EE-PhMV
nanohybrid solutions remained clear. The turbidity was further
analyzed by measuring Abs600 (Figure 3a);

47,48 the quantitative

readout demonstrates that the polymer endoskeleton improves
the thermal stability of PhMV VLPs from 50 °C for the
nonmodified VLPs to 80 °C for the EE-PhMV. In addition,
TEM images show both nanoparticles remain structurally
intact at 65 °C. At 80 and 95 °C, the nonmodified PhMV
VLPs appear in heterogeneous shapes and irregular sizes due
to CP disassembly and reassembly, indicating the loss of
structural integrity (Figure 3b). In stark contrast, the EE-
PhMV nanohybrids appear to maintain structural integrity;
these data indicate that the EE armor increased the thermal
stability of the quaternary structure of EE-PhMV relative to
that of PhMV VLPs.
Next, to assess the thermal effects on the secondary

structure, PhMV and EE-PhMV1000 (Figure 3c,d) were
analyzed by far-ultraviolet circular dichroism (CD) with
thermal stress (95 °C for 15 min) or without (4 °C). The
CD spectra of PhMV and EE-PhMV show a maximal ellipticity
at 218 nm, characteristic of proteins rich in β-sheet
structures,30,49 which indicates that the introduction of the
mal−PEG15−mal cross-linker does not affect the β-sheet

Figure 3. Comprehensive stability assay of PhMV and EE-PhMV. (a) Turbidimetric assay (Abs600, black) and size measurement (blue) for
determining the thermally induced aggregation of PhMV (filled circles) and EE-PhMV (empty squares) in the range of 25−90 °C. Both groups
appeared as microscale aggregates at 90 °C. Samples at 4 °C are used as a negative control. The inset shows photographs of samples after treatment
at different temperatures for 15 min. (b) TEM images show the thermally induced morphological changes of PhMV and EE-PhMV at various
temperatures. Circular dichroism (CD) spectra of (c) PhMV and (d) EE-PhMV after thermal stress at 4 °C (negative control) and 95 °C for 15
min. The content of the β-structure is quantified at 218 nm, which is indicated by dashed lines at 218 nm. ΘMRW represents the mean residue
weight. Temperature-dependent CD is conducted by monitoring the change in the β-structure of (e) PhMV and (f) EE-PhMV from 25 to 100 °C.
(g) Size distribution under miscellaneous stressing conditions, including in the presence of surfactants, salts, pH, chemical denaturants, and organic
solvents. DLS samples are triplicate and presented as intensity (percent).
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content.15 After exposure to 95 °C, the nonmodified PhMV
loses the signal at 218 nm, while EE-PhMV1000 maintains its
strong signal. With a fixed-wavelength detection of 218 nm, the
β-sheet signals of PhMV and EE-PhMV are monitored within
the range of 25−100 °C (Figure 3e,f and Figure S1).50 The
melting temperatures (Tm) of PhMV and EE-PhMV1000 are
89.2 and >100 °C, respectively. Denaturation of the intact
PhMV is irreversible, as the cooling of denatured PhMV does
not result in the recovery of secondary structures. These results
support the conclusion that EE-PhMV is highly thermally
stable. A potential mechanism is provided (Supplementary
Note 1). In summary, this endoskeleton-armored strategy
might lead to steric compaction and enhanced attractions
between CPs, making EE-VLPs more resistant to the
dissociation of both secondary and quaternary structures
under various stressors.

■ COMPREHENSIVE STABILITY OF EE-PHMV1000
UNDER VARIOUS DENATURANTS

We tested whether EE-VLP1000 would also be more resistant to
various chemical denaturants. Nonmodified PhMV and EE-
PhMV1000 were exposed to SDS [1% (w/v), 24 h, room
temperature], NaCl (1−4 M, 6 h), pH (1.2−12, 24 h), urea
(1−6 M, 24 h), guanidine hydrochloride (1−6 M, 24 h), and
methanol (25−90%, 2 h); pre- and post-treatment samples
were analyzed by DLS (Figure 3g and Table S5). Under SDS
and NaCl treatment, the size distributions of PhMV and EE-
PhMV1000 remain roughly unchanged. Stressed by different

pHs, urea, and GdnHCl concentrations, the size distributions
of PhMV changed dramatically, whereas EE-PhMV remained
comparatively stable with minor changes in size. Notably, the
size distribution of EE-PhMV1000 is only slightly affected at
50% methanol, indicating that stability was enhanced and
suggesting that a higher degree of stability may be conferred
through a more robust EE strategy for stabilizing the VLPs in
organic solvents, which potentially lead to the use of
endohedrally catalyst-functionalized cages for catalysis.51 It is
interesting that the stability profile could be enhanced so
significantly through a simple bivalent linking strategy; in prior
research, the enhanced stability of VLPs was reported through
only external multipoint-attachment cross-linkers.15

■ SINGLE-MOLECULE FORCE SPECTROSCOPY OF
PHMV AND EE-PHMV1000

To assess the mechanical performance of intact PhMV and EE-
PhMV1000, a single-molecule force spectroscopy (SMFS) study
was performed by using AFM at the force−extension
operational mode, with a pulling velocity of 1000 nm/s.53,54

PhMV and EE-PhMV1000 each exhibit five exterior-exposed
carboxylates (namely, side chains of D58, D83, E39, and E47
and the C-terminus). PhMV or EE-PhMV1000 was immobilized
on an amine-functional substrate, followed by conjugation to
an amine-functionalized AFM cantilever by 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (EDC) cross-linker
(Figures S10 and S11). The external surface and size of the
VLPs determine the coupling of the VLPs to the surface and

Figure 4. Mechanical performance of PhMV and EE-PhMV. (a) Schematic of the single-molecule force spectroscopy (SMSF) study performed by
AFM in the “force−extension” operational mode. The exterior-exposed carboxylates were activated by a 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) cross-linker, followed by conjugation to an amine-functionalized station and amine-functionalized AFM cantilever. Two
critical parameters are schematized: rupture distance (Drup) and rupture force (Frup). (b) Representative force−extension curves of PhMV and EE-
PhMV1000. (c and d) Statistical mapping shows the two-dimensional distribution of rupture forces and the distances of PhMV and EE-PhMV1000.
Drup and Frup are increased 6- and 1.9-fold, respectively. The number of events is 71. A p value of <0.05 is statistically significant. Independent
sample t test analysis reveals p < 0.001 for both rupture force and rupture distance between native PhMV and EE-PhMV1000. The statistical data
were visualized via Seaborn.52
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tip and the starting point of force−extension curves, and these
characteristics are effectively identical for PhMV and EE-
PhMV1000. Thus, we attribute any differences in the SMFS
force−extension curves to the endoskeleton.
Two key parameters, rupture force (Frup) and rupture

distance (Drup), are extracted from the force−extension curves.
Drup is the change in tip−substrate separation at which the
force returns to zero following either rupture of the particle,
detachment of the particle, or another scission event along the
analyte.55,56 It therefore captures any difference in mechanical
extension of the VLP that might be facilitated by unfolding of
the interconnected CPs (Figure 4a).57 The key difference is
shown in the selected SMFS curves in Figure 4b. The SMFS
curve of PhMV reflects a single, smooth extension and rupture
event with no evidence of multidomain protein unfolding. The
curve is instead consistent with a single distortion/stretching
event that culminates in an abrupt dissociation (e.g., that of a
tip- or surface-tethered CP from the VLP). In stark contrast,
SMFS of EE-PhMV1000 shows a sawtooth-like curve that is
consistent with a series of multiple mechanical rupture
events.58,59 These characteristics are general for the two
analytes; additional examples of pulling events of PhMV and
EE-PhMV1000 are provided (Figure S12). The data show that
the chemical connections between the CPs connect them
mechanically, as well, as characterized by the net rupture force
and distance that increase due to the sawtooth-like extension
caused by mal−PEG15−mal linking (Figures S13 and S14).57

The statistics of Frup and Drup (Figure 4c,d) show increases in
both upon endoskeleton formation; Drup increased from 22 ±
16 to 136 ± 107 nm, and Frup increased from 422 ± 466 to 814
± 677 pN. Notably, the multiple-pulling artifacts from multiple
viruses involved in a single pulling event were manually ruled
out (Figure S15). Because the total energy absorbed before
dissociation is a function of both force and distance achieved
by the extended analyte, endoskeleton formation results in a
substantial mechanical toughening of the VLPs. The average
rupture distance of PhMV (i.e., 24 nm) is considerably shorter
than the stored length of one CP [estimated to be ∼73 nm
(see eq 1 of the Supporting Information)],54 which is
consistent with an absence of CP unfolding during the
dissociation process. A precise physical picture underlying the
sawtooth pattern observed in EE-PhMV1000 cannot be inferred
from the available phenomenological data, but the possible
mechanism involves a combination of multiple CP dissocia-
tions, where entanglements between the congested and
overlapping PEG15 linkers prevent simple dissociation of one
or two CPs from breaking the mechanical connection between
the tip and substrate, which is also observed via SDS−PAGE
(Figure 1c). The physical entangling between linked CPs is
typically invoked for the aggregation observed in gel
electrophoresis, as noted above, so it is reasonable to expect
that similar effects are present within the intact, modified VLP.
In addition to the extension enabled by multiple CP
dissociation events, unfolding of dissociated CPs might allow
further extension.

■ CONCLUSION
To summarize, we have outlined a method for improving the
stability and mechanical properties of VLPs; PhMV was used
as a test bed, and we also demonstrated the feasibility of the
endoskeleton enhancement strategy for Qβ VLPs. The
endoskeleton armor is synthesized by covalently linking
adjacent CPs using bivalent cross-linkers. Superior stability is

conferred through the introduction of covalent bonding of the
otherwise noncovalently bonded macromolecular protein
assembly. The cross-linkers act as a “backbone” to enhance
the overall performance of the VLPs. We highlight several
points. (1) The endoskeleton-armored strategy does not
occupy the external surface or derivatize motifs, allowing for
future modular “add-on” functionalities. (2) The endoskeleton-
armored VLPs were significantly more stable to heat, bathing
conditions with various denaturants, and mechanical stressors;
this provides an opportunity for synthesis and modification
under harsh conditions, or integration in devices that may
require extreme conditions. (3) The polymer-based endo-
skeleton allows for the exploration of the quaternary structure’s
hidden length through single-molecule force spectroscopy.
Overall, this endoskeleton strategy provides an armored VLP
with an increased stability profile that may find utility in
physical virology, biomedicine, or advanced materials.
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