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ABSTRACT: While extensive studies of virus capsid assembly in
environments mimicking in vivo conditions have led to an under-
standing of the thermodynamic driving forces at work, applying this
knowledge to virus assembly in other solvents than aqueous buffers has
not been attempted yet. In this study, Brome mosaic virus (BMV)
capsid proteins were shown to preserve their self-assembly abilities in
an aprotic polar solvent, dimethyl sulfoxide (DMSO). This facilitated
protein cage encapsulation of nanoparticles and dye molecules that
favor organic solvents, such as β-NaYF4-based upconversion nano-
particles and BODIPY dye. Assembly was found to be robust relative
to a surprisingly broad range of DMSO concentrations. Cargos with
poor initial stability in aqueous solutions were readily encapsulated at
high DMSO concentrations and then transferred to aqueous solvents,
where they remained stable and preserved their function for months.

■ INTRODUCTION

Hybrid biotic−abiotic nanomaterials are a promising venue for
materials with advanced synthetic control and enhanced
physical and chemical characteristics.1 For instance, superior
optical properties, including luminescence and absorption, can
be leveraged in manufacturing biocompatible nanoscopic
sensors or deep subwavelength light emitters for nonintrusive
optical control.2 Such hybrid nanoparticles could be useful in
influencing biological processes important for nanomedicine
and environmental bioremediation applications.3,4 One abiotic
component of interest that has captured the attention of the
scientific community over the past few years is the
upconversion nanoparticle (UCNP).5−8 UCNPs absorb low-
energy infrared light and re-emit higher-energy visible light,
which presents a wide range of potential applications in
imaging, nanomedicine,9 photovoltaics,10 and more. UCNPs
hold several advantages over traditional fluorescent probes:
higher signal-to-noise ratios, owing to lack of background
fluorescence, and less photodamage due to the use of low-
energy near-infrared (NIR) light, which is weakly absorbed by
tissues.11 However, for this example and several other instances
of luminescent probes with desirable photonic properties,
potential biological applications have been hampered by the
instability of abiotic components in aqueous media since many
of them are more stable in organic solvents,12 while biological
processes in most cases are negatively affected by such
solvents.13

One commonly used organic solvent in biological and
medical applications is dimethyl sulfoxide (DMSO).14 DMSO
is an aprotic polar solvent that dissolves both polar and
nonpolar compounds, is water-miscible in all proportions, and
hydrogen bonds with water but not with itself. Water−DMSO
mixtures have physicochemical properties, including viscosity,
thermal and electrical conductivity, and colligative properties
that depend nonlinearly on proportions.15,16 DMSO has been
routinely used with good results for the preservation of
cells17,18 and tissues,19 and for the dissolution of chemo-
therapeutic agents,20 fluorescent dye molecules,21 quantum
dots,22 carbon nanotubes,23 metallic nanoparticles,24 and rare
earth materials, such as UCNPs.11 In DMSO−water solutions,
the water radial distribution function retains the characteristic
tetrahedral ordering of water−water hydrogen bonds even for
highly concentrated DMSO solutions.25 However, DMSO is
known to perturb protein folding and dynamics.26 The
observed effects include protein compaction and changes in
enzyme-substrate binding equilibrium.27 At the cellular level,
neuronal damage was observed in the presence of DMSO even
at relatively low DMSO concentrations (0.5% mL/kg body
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weight).28,29 Taken together, these results indicate a broad
impact spectrum of DMSO on biomolecular function, ranging
from innocuous to perturbative, on a case-by-case basis.
Self-assembling viruses are excellent encapsulators offering

large payloads, chemical addressability, reconfigurability, and
reduced size polydispersity.30−34 While many virus shells have
been shown to assemble in vitro around cognate nucleic acids
or noncognate cargo, up to now, it was unknown whether the
addition of DMSO to the assembly buffers would perturb the
assembly process. However, this knowledge is desirable for
molecules and nanomaterials that require high concentrations
of DMSO to be dissolved. For instance, here, we explore
encapsulation of poorly water-soluble cargo inside virus-like
particles (VLPs) in DMSO solutions, followed by the transfer
of the VLPs into DMSO-free physiological buffers, thus
making them available for biomedical applications. Such VLPs
have structurally similar cages with that of the wild type (wt)
virus and presumably preserve some of its appealing attributes.
In place of the genomic material, they could carry a variety of
different nanoparticles or molecular cargo, the range of which
this work promises to extend. Such VLPs will be useful in the
development of vaccines, as nanocarriers of therapeutic
molecules, or for imaging and sensors in disease detection.35

Usually, in vitro synthesis of VLPs is carried out in aqueous
media.36 To the best of our knowledge, self-assembly of VLPs
in DMSO-containing solutions has never been studied.
Presumably, the known DMSO ability to inactivate viruses
and denature certain proteins26,37,38 has dampened the
enthusiasm for such explorations. However, the capsids of
many icosahedral plant viruses are stabilized by the hydro-
phobic effect, and previous computations suggest that the
water hydrogen-bonding network should be minimally affected
by mixing with DMSO.25 Moreover, plant viruses have proven
to be stable and resistant to organic solvents up to 50% (v/v)
during their purification process,39 as well as for short periods
of time in up to 20% DMSO during chemical functionalization
of the capsid with hydrophobic molecules,40−44 suggesting the
possible persistence of native interactions in DMSO/water
solutions.
Here, we report on experimentally testing the hypothesis

that self-assembly of viral capsids in DMSO solutions could
occur. If confirmed, this could expand the potential uses of
VLPs as transfer vehicles of poorly soluble nanocompounds
between organic and aqueous media. Specifically, brome

mosaic virus (BMV) capsid proteins (CPs) were co-assembled
with UCNPs and BODIPY (Bdpy) fluorescent molecules. Not
only was the formation of VLPs in up to 30% (v/v) of DMSO
successful, but the viral protein shell also dramatically
increased the lifetime of cargo solubility when transferred to
aqueous media and consequently provided a way to preserve
cargo optical properties for much longer than previously
possible. Though previous experiments have developed water-
soluble UCNPs through modifying the surface with hydro-
philic ligands45,46 and the use of metal−organic frameworks,47

the engineering of UCNPs exhibiting long-term stability in
aqueous solutions remained largely unexplored. Thus, the
method presented here provides advantages in facile
encapsulation and transfer of UCNPs to aqueous media,
obtaining colloidally stable nanoparticles, and allowing for easy
chemical and biochemical modifications to the VLP-UCNPs
through the protein shell.
The work demonstrates that it is indeed possible to transfer

and preserve cargo functions from organic to aqueous media
by encapsulation in a virus-like cage via virus coat protein co-
assembly, opening the door to a host of possible novel
biomedical studies and applications.

■ RESULTS AND DISCUSSION

Stability of wtBMV in DMSO. As a first step, the stability
of wtBMV in DMSO solutions was studied. After 48 h of
incubation at various concentrations of DMSO, virus
morphology was characterized by transmission electron
microscopy (TEM) and dynamic light scattering (DLS).
Figure 1 shows TEM images of wtBMV in virus storage buffer
(SAMA) without DMSO and with 50% DMSO. wtBMV at
concentrations of 10, 20, and 30% DMSO are shown in Figure
S1. At these concentrations, the virus remained stable, with no
morphological changes with respect to wtBMV in SAMA. The
average diameter of BMV at these concentrations of DMSO
was found to be 28.3 ± 0.9 nm, which is very similar to that of
wtBMV (27.6 ± 0.9 nm) without DMSO (Figures 1c and S1).
However, wtBMV was not observed at concentrations greater
than ∼80% DMSO, potentially due to DMSO significantly
increasing the apparent pH at these concentrations.48

Empty BMV Capsid Assembly in DMSO Solutions. It is
well known that BMV CPs can self-assemble spontaneously at
high ionic strength and low pH into empty capsids (EC).49−52

The capsid is stabilized by intercapsomeric hydrophobic

Figure 1. TEM micrographs of BMV (∼.05 mg/mL) incubated for 48 h in (a) 0% DMSO and (b) 50% DMSO. (c) Average diameter measured by
TEM at different concentrations of DMSO. The blue line shows an average diameter of 28.3 ± 0.2 nm over all concentration ranges; red bars are
standard deviation.
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interactions. Since DMSO can hydrogen-bond with water but
not with itself, the question is whether the hydrophobic effect
is sufficient in concentrated DMSO solutions to drive
assembly. Previous studies have shown that salts in DMSO
solutions have lower solubility than in water.53,54 Since it is
known that BMV EC assembly can occur in acidic, low ionic
strength (<100 mM NaCl),49,55 EC assembly was conducted at
relatively low ionic strength buffers (50 mM NaOAc, 5 mM
MgCl2) in the presence of DMSO. Assembly of empty capsids
was studied in vitro at concentrations of 0, 10, 20, and 30%
DMSO by volume. Above 30%, assembly efficiency was very
low. In addition to EC formation, partial capsids and ribbons
were observed. Figure 2 shows TEM micrographs of the
assembled empty capsids in 0 and 30% DMSO (ECs
assembled in 10 and 20% DMSO are shown in Figure S2).
The average diameter of the assembled empty capsids at
different concentrations of DMSO is similar to that of wtBMV
and of ECs assembled at low pH in aqueous buffers, as shown
in Figure 2c. Average EC diameters were 29.9 ± 2.9, 30.8 ±
2.0, 30.6 ± 2.4, and 33.4 ± 4.1 nm at 0, 10, 20, and 30%
DMSO, respectively. Thus, a slight increase in the average
diameter was observed at higher concentrations of DMSO.
This can likely be attributed to DMSO interrupting CP−CP
hydrophobic interactions56 as well as slightly increasing
solution pH.48 BMV is known to exhibit a swelling structural
transformation when the pH is increased above pH 6.57

Intriguingly, empty capsids do not swell in aqueous buffers;

when transferred to a neutral pH solution, they usually
disassemble. These results demonstrate the ability of BMV CPs
to self-assemble into empty capsids at concentrations of up to
30% DMSO, which suggests that the hydrophobic interactions
which normally stabilize BMV capsids in physiological buffers
are still at least partially at work in DMSO−water solutions.
To study theoretically the molecular interaction between

DMSO and BMV CPs, molecular docking studies were
performed. The most probable DMSO-BMV CP binding
conformations were obtained by AutoDock Vina software
(Figure S3a).58 These conformations have affinity energies of
−2.4 kcal/mol on the interior interface of the CP and −1.4
kcal/mol in the unstructured region of the N-terminus. DMSO
was predicted to mostly bind close to random coil structures
and did not have an affinity for the β barrel region, which is key
for intercapsomeric interactions. These results qualitatively
agree with other works, where the influence of DMSO on
proteins was studied59,60 and confirm that CP−CP interactions
are not drastically affected by DMSO.

Self-Assembly of VLP-Bdpy in DMSO. We extended our
newly acquired knowledge of EC assembly in DMSO to test if
DMSO-solvated small organic dyes could be encapsulated by
BMV CPs. In particular, a boron dipyrromethene dye
derivative (Bdpy) was used as a model hydrophobic dye
molecule. TEM analysis revealed the proper formation of VLPs
(Figure 3a). VLP-Bdpys had an average diameter of 30 ± 1.2
nm as measured by TEM (Figure S4).

Figure 2. TEM of empty capsids assembled at (a) 0% DMSO and (b) 30% DMSO at low ionic strength (0.005 M MgCl2). (c) Average diameter of
ECs assembled in DMSO solutions measured by TEM. The blue line shows the average diameter (30.8 ± 0.5 nm) over all concentration ranges;
red bars show the standard deviation.

Figure 3. (a) TEM image of VLP-Bdpy assembled in 30% DMSO at an initial molar ratio of 10 Bdpy:1 CP (b) absorbance and (c) fluorescence
spectrum of VLP-Bdpy in EC buffer. The fluorescence spectrum was taken with 490 nm excitation.
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The absorbance spectrum of VLP-Bdpy is shown in Figure
3b. The major absorbance peaks for VLP-Bdpy were found at
280 and 508 nm, corresponding to BMV CPs and Bdpy
absorbances, respectively. To ensure that the observed
absorption signals were from capsid-associated and not free
dye in solution, potential free Bdpy dyes were dialyzed against
the EC buffer, and the solution in the dialysis bag was used for
UV−vis absorption measurements (“Control” in Figure 3b).
Practically zero absorption was observed, supporting the idea
that the observed absorption in the VLP-Bdpy sample was due
to encapsulated Bdpy dyes and not from free dyes in the
solution. The UV/Vis absorption spectra for ECs and Bdpy
were fitted via a multipeak procedure using a linear
combination of pure substance spectra to determine the CP/
Bdpy molar ratio (see Materials and Methods and Figure S5).
From fitting the data in Figure 3b, we estimate ∼160 Bdpy
dyes per VLP, which corresponds to roughly one Bdpy per CP.
Additionally, the fluorescence spectra from VLP-Bdpy show

a peak at 515 nm for both free dye in DMSO and for VLP-
Bdpy in EC buffer (Figure 3c). The peak intensity wavelength
of free Bdpy fluorescence depends on DMSO concentration,
with the Bdpy major peak being at 510.5 nm in 0% DMSO
(Figure S6a). The same peak wavelength for free Bdpy in
DMSO and VLP-Bdpy (Figure 3c) is likely due to the fact that
DMSO has a similar refractive index to the CP15,61 and

suggests that in VLP-Bdpy, the dye is mostly surrounded by a
medium different from water, i.e., it must be in tight contact
with the protein. We note that trapping of hydrophobic
molecules in viral capsids has been demonstrated previ-
ously,62,63 but it has not been accomplished until now by co-
assembly of CP and dyes in a DMSO solution.
The most probable Bdpy-BMV CP binding site was

investigated through molecular docking simulations. The
highest docking scores of Bdpy with BMV CP are shown in
Figure S3b. The simulations predict that Bdpy binds strongly
at the capsid−capsid interface (binding energy ∼6 kcal/mol).
Strong binding is supported by the observation that Bdpy
remains bound to the CP after mixing with and dialysis against
disassembly buffer (Figure S6b). From simulations, it appears
that multiple Bdpy dyes could bind to the CP. This seems
inconsistent with our estimates of ∼1 Bdpy per CP from UV−
vis absorption spectrometry. However, since simulations were
done on free protein while the experiments were done on full
capsids, this difference is not surprising. Note that if there were
as many Bdpy dyes between CPs as the simulations suggest,
intercapsomeric interactions would have likely been weakened
to the point of preventing VLP formation. In support of this,
the observed increase in the size of the VLP-Bdpy compared to
ECs (Figure S4c) suggests a tendency of the Bdpy dye to
decrease the local curvature when bound and therefore strain

Figure 4. TEM images of VLP-AuNPs-12.3 assembled at (a) 0% and (b) 30% DMSO. Capsomeric organization is apparent in VLP shells in both
cases. (c) Average VLP-AuNP-12.3 diameter measured by TEM at different concentrations of DMSO. The blue line shows an average diameter of
29.3 ± 0.2 nm, independent of DMSO concentration; red bars show standard deviation.

Figure 5. TEM images of VLP-AuNPs-25.8 assembled (a) without DMSO and (b) in 30% DMSO. Examples of protein shell defects are indicated
by red arrows. (c) Size distributions by TEM of VLP-AuNPs-25.8 at 0% (red) and 30% DMSO (blue).
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the shell. Similar results have been found with the intercalation
of heteroaryldihydropyrimidine at the dimer interfaces of HBV
capsid assembly.64,65

Self-Assembly of BMV VLP-AuNPs in DMSO. Since the
presence of DMSO was shown to negligibly interfere with
CP−CP interactions, the next step was to study if DMSO
would affect assembly interactions leading to cargo encapsu-
lation. Specifically, the main driving forces in BMV are the

electrostatic interactions between the positively charged N-
terminus of the CP and a negatively charged cargo. To this
end, anionic nanoparticle−CP co-assembly assays were carried
out at a concentration of 30% DMSO. To study the ability of
BMV CPs to encapsulate nanoparticles in the presence of
DMSO, 12.3 ± 0.9 nm diameter spherical gold nanoparticles
(AuNP-12.3, Figure S7) functionalized with an anionic
polymer (PEG) were used. Figure 4 shows TEM images of

Figure 6. (a) TEM image of VLP-UCNPs-24.2 (arrow indicates protein shell defects). (b) The same sample as (a) after 8 months in storage at 4
°C. (c) VLP-UCNPs-28.6 after assembly and (d) after 4 months, stored at 4 °C. (e) Size distributions by TEM of UCNP-VLPs, with average
diameters of 36.7 ± 2.2 nm (gray) and 38.1 ± 1.8 nm (red) for 24.2 and 28.6 nm diameter UCNPs, respectively. (f) Luminescence spectra
obtained with an excitation wavelength of 980 nm, normalized against the 540 nm peak, comparing the VLP-UCNPs-24.2 dispersed in aqueous
media (black) with free UCNP-24.2 dispersed in 100% DMSO (red).
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the VLP-AuNPs-12.3 assembled at concentrations of 0 and
30% DMSO (assemblies at 10 and 20% DMSO, as shown in
Figure S8). In all cases, VLP-AuNPs-12.3 had an average
diameter close to 29.2 nm (Figure 4c). No structural
differences were observed between the VLP-AuNPs-12.3
assembled with and without DMSO.
Assembly of BMV VLPs in DMSO solutions at all NP radii

tested shows similar features to previous VLP-AuNP assembly
studies in aqueous buffers. TEM images of VLPs obtained with
25.8 nm AuNPs (Figure S9) are shown in Figure 5.
Structurally similar VLPs were obtained both with and without
DMSO, with an average diameter of 40.2 ± 1.3 and 40.6 ± 1.5
nm, respectively (Figure 5c). In these cases, a few of the VLP
protein shells contain defects, describable as breaks or packing
defects in the protein shell (red arrows in Figure 5). Thus, the
presence of these defects is likely due to the size of the
nanoparticle core itself and not the presence of DMSO.
Self-Assembly of VLP-UCNPs in DMSO. The above CP−

gold NP co-assembly assays confirmed that NP encapsulation
can be carried out in DMSO solutions and that, structurally,
the VLPs thus formed are not distinguishable from those
previously obtained in assembly buffers. In this section, we
turn our attention to a new cargoUCNPs and their
encapsulation into BMV VLPs as an approach to transfer
and preserve them in a physiological buffer. To carry out this
study, 24.2 nm diameter UCNPs coated with poly(acrylic acid)
(PAA) were used (UCNP-24.2, Figure S10). A TEM image of
the resulting VLPs is shown in Figure 6a. The resulting VLP-
UCNPs-24.2 were found to have an average diameter of 36.3 ±
2.1 nm (gray distribution in Figure 6e). Subtracting the UCNP
diameter from the measured average diameter and dividing by
two yields a protein shell thickness of ∼6 nm, which is
reasonably close to the BMV CP shell thickness of ∼5 nm,66

supporting that CP has not been denatured upon coating the
UCNP and that the observed protein coat has similarities to
that of the BMV capsid. However, protein shell packing defects
were observed on the surface of the VLP-UCNPs-24.2 (red
arrows on Figure 6a), likely resulting from the larger size of the
UCNP core (as discussed previously). The resulting VLPs
were also somewhat heterogeneous, with some appearing
slightly elongated. One possible cause for the observed shape
deviations could be due to variations in UCNP morphology.
The ability of BMV CPs to encapsulate UCNPs in DMSO

solutions extends to larger UCNPs as well. Figure 6c shows
VLP-UCNPs-28.6 nm (Figure S11) immediately after
assembly. Capsids lacking NP cores also formed, which likely
resulted from the encapsulation of free PAA desorbed from
UCNPs in solution. To remove free PAA, the sample was

dialyzed against high pH (pH 7.2) assembly buffer (Figure
S12). The average size of these VLPs was 38.1 ± 1.8 nm in
diameter (red distribution in Figure 6e).
One question to be addressed is whether the optical

emission properties of encapsulated UCNPs were affected by
transferring them to aqueous buffer. Optical characterization of
the VLP-UCNPs-24.2 was carried out by means of
fluorescence spectroscopy. Figure 6f shows the luminescence
spectra of free freshly prepared and encapsulated UCNP-24.2
in buffer. The spectra are nearly identical in the range of 400 to
700 nm, demonstrating that encapsulation and transfer did not
affect the optical properties of UCNPs.
To test the stability of the VLP-UCNPs in aqueous media,

VLP-UCNPs-24.2 were analyzed by TEM 8 months after
encapsulation (Figure 6b). VLP-UCNPs-24.2 retained their
morphological characteristics compared to the freshly synthe-
sized VLPs, demonstrating remarkable long-term stability in
aqueous solvents. Intriguingly, VLP-UCNPs-28.6 were also
found to be stable despite visible shell packing defects. They
showed identical morphology to the freshly assembled VLPs 4
months after assembly, as shown by TEM analysis (Figure 6d),
once again demonstrating their impressive long-term stability
in aqueous environments due to their protective protein shell.
The stability of free UCNPs and encapsulated UCNPs in

aqueous buffer was compared using dynamic light scattering
(DLS). Measurements from the same sample were taken right
after mixing the UCNPs with aqueous virus storage buffer
(SAMA) or right after encapsulation for the VLP-UCNPs-24.2
and 1 week later. The hydrodynamic radius of the VLP-
UCNPs-24.2 remained constant after 1 week (Figure 7a),
which can be attributed to stabilization by the capsid protein
shell. While, at first, the free UCNPs appear stable in aqueous
solvent, the main DLS peak shifts to a larger hydrodynamic
radius in less than a week, demonstrating their limited stability
in aqueous media despite the hydrophilic surface imparted by
the PAA ligand (Figure 7b). These findings support the results
obtained by TEM from freshly assembled and stored VLP-
UCNPs (Figure 6).
Since the similarity of optical properties between freshly

prepared PAA-coated UCNPs and UCNP-VLPs is striking, we
have performed molecular docking simulations to understand
the interplay between DMSO and PAA during nanoparticle
encapsulation. Molecular docking was carried out with a short
PAA (290 Daltons). Figure S3c shows the highest scoring
binding conformations for the binding of PAA on the N-
terminus of BMV CP with a corresponding affinity energy of
−2.7 kcal/mol. PAA binds to positively charged regions of the
N-terminus. Therefore, even though DMSO molecules could

Figure 7. DLS measurements of (a) VLP-UCNPs-24.2 in SAMA buffer immediately after encapsulation and 1 week later. The most prominent
peak at 42.4 nm remained constant 1 week after encapsulation. (b) Free PAA-coated UCNPs in SAMA buffer immediately after transfer into
SAMA buffer and 1 week later.
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interact with the N-terminal region of the CP, they will likely
be displaced by PAA due to its higher affinity energy. This
suggests that the mechanism underlying VLP-UCNP stability
is capsid protein interactions retaining PAA and preventing NP
coat degradation.
Capsomeric Order in VLP-UCNP Shells. To obtain more

information on the capsomeric order in VLP-UCNP shells,
rectangular strips of the VLP protein coats generated from
TEM images were studied (Figure S13). A comparison of the
spatial Fourier transforms between the VLPs and a BMV
molecular model for different orientations and at 3.40 Å
resolution67 yielded a prominent peak doublet at ∼0.150 nm−1

(6.5 nm), which, by comparison with the molecular BMV
capsid model, can be assigned to the capsomeric unit
characteristic size (Figure 8). Thus, the VLP shell has at
least a locally well-defined structure. However, assigning a
triangulation number was not possible (see Supporting
Information for further details).

■ CONCLUSIONS

Overall, this study demonstrates that the BMV VLP cargo
encapsulation can occur directly in the organic solvent in
which a cargo is stable, a process that enables transferring an
insoluble cargo to an aqueous environment. This is possible
because BMV CP−CP interactions are sufficiently preserved in
DMSO/water solutions to promote assembly into capsid-like
structures. Encapsulation of noncognate cargo by co-assembly
with CP in DMSO/water solutions was demonstrated with
hydrophobic Bdpy dyes and upconversion nanoparticles. Both
cargoes were initially unstable in aqueous media, but they
became stable after encapsulation in buffers containing up to
30% DMSO and could be subsequently transferred into
DMSO-free buffers, where they remained stable for extended
periods of time (months). Thus, BMV VLPs assembled in
DMSO were shown to have the potential as nanocontainers for
transporting hydrophobic cargo from aprotic polar organic
solvents to aqueous solvents, ensuring the stability of the cargo
in a physiological medium for extended periods of time. Such
VLPs could open new possibilities in the medical field of
diagnostic imaging.

■ MATERIALS AND METHODS

Nanoparticle Synthesis and Functionalization. Gold
Nanoparticles (AuNPs). Citrate-coated gold nanoparticles with
an average diameter of 12.3 nm were prepared following the
Slot & Geuze method.68 Functionalization of gold nano-
particles was performed by exchanging the initial citrate
molecules with thiol-terminated poly(ethylene glycol) (TEG,
ProChimia Surfaces, Poland). For 100 mL of the AuNP
solution, 1 μL of TEG was added and allowed to stir overnight
at room temperature. The functionalized gold nanoparticles
particles were purified and concentrated by centrifugation. The
resulting AuNP solution was characterized using TEM, and its
concentration was obtained from UV−vis absorption spec-
troscopy.

Upconversion Nanoparticles (UCNPs). Upconversion
nanoparticles were synthesized following previously described
methods.69 The native alkyl ligands were removed following a
literature protocol,70 resulting in electrostatically stabilized
UCNPs that are highly soluble in DMSO. Next, UCNPs
(nominal diameter: 25 nm) were functionalized with poly-
(acrylic acid) (PAA, 2000 MW, Sigma-Aldrich 323667-100G)
by dropwise addition of 5 mL DMSO solution of UCNPs into
a separate DMF solution of PAA (2 mg/mL). The resulting
mixture was stirred for 1 h, after which 5 mL of toluene was
added and followed by centrifugation at 6000 rpm for 2 min.
Afterward, the UCNP precipitates were redispersed in 2 mL of
DMF, to which 5 mL of toluene was added. Upon
centrifugation at 6000 rpm for 2 min, the UCNP pellets
were redispersed in DMSO for further characterization.

Brome Mosaic Virus (BMV) Capsid Protein Purifica-
tion. BMV was purified from infected Atlantic barley
(Hordeum vulgare) leaves,71 and capsid proteins were purified
as previously described.36 BMV virions were disassembled by
24 h dialysis against disassembly buffer (0.5 M CaCl2, 10 mM
Tris, pH 7.6) at 4 °C and then by ultracentrifugation at 32 000
rpm for 30 min, at 4 °C in a Beckman type 70 TI rotor. The
RNA pellet was discarded, with the liquid phase being kept.
The sample was dialyzed against TKM buffer (1 M KCl, 10
mM Tris, MgCl2, pH 7.4, 1 mM EDTA) and stored at 4 °C.
The concentration and purity of the capsid proteins were
measured by UV/Vis spectrophotometry. Protein solutions
with 280/260 ratios greater than 1.5 were used for assembly.

Figure 8. (a) Contour analysis of VLP-UCNPs-28.6 nm by fast Fourier transform (FFT). (b) Contour analysis of cryo-EM wtBMV (PDB 1JS9)
using the 6-, 5-, and 2-fold projections, as well as one structure without symmetry. Red curves correspond to the average FFT.
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SDS-PAGE was used to ascertain the integrity of the purified
protein.
Empty Capsid (EC) Assembly. ECs assembly was based

upon previous work from Pfeiffer,49 with the modification of
the assembling in the presence of 10, 20, and 30% DMSO by
volume. BMV CPs protein (0.5 mg/mL) were dialyzed
overnight against low ionic strength EC buffer (EC buffer:
50 mM NaOAc, 5 mM MgCl2, pH 4.5).
VLP Assembly (Around AuNP and UCNP). VLPs were

synthesized as reported previously36 with slight modifications
in buffers and protein to nanoparticle ratio. 260 BMV capsid
proteins (CPs) were used per AuNP-12.3 and 870 CP for the
encapsulation of AuNP-25.8, UCNP-24.2, and UCNP-28.6.
For assembly of VLP-UCNP, we estimated the concentration
of the synthesized nanoparticles according to Mackenzie et
al.72 to the concentration of UCNPs constant in the
assemblies. Taking into account the calculated concentrations
of the UCNPs, the assemblies were performed at 300:1 and
800:1 CPs to UCNP for the 24.2 and 28.6 nm nanoparticles,
respectively. To find the best self-assembly conditions at high
concentrations of DMSO, BMV CPs were self-assembled
around 12.3 nm AuNPs at concentrations of 10, 20, and 30%
DMSO by volume, with 30% yielding the best results. For VLP
assembly, a mixture of nanoparticles, BMV CPs, and TKM
buffer (1 M KCl, .01 M Tris, .005 M MgCl2, pH 7.4) was
adjusted to reach a final concentration of protein 0.4 mg/mL
and 30% DMSO before dialysis and dialyzed against TNKM
buffer (0.05 M Tris, 0.05 M NaCl, 0.01 M KCl, 0.005 M
MgCl2, pH 7.4) with 30% DMSO by volume. Afterward, the
sample was dialyzed against SAMA buffer (0.05 M NaOAc,
0.008 M Mg(OAc)2, pH 4.6) with 30% DMSO by volume.
The last dialysis of the sample was done against SAMA buffer
without DMSO. Each dialysis was performed for at least 8 h at
4 °C.
VLP-Bdpy Assembly. A boron dipyrromethene dye

derivative from BODIPY FL NHS was used as a model
hydrophobic dye molecule to be encapsulated by BMV CPs.
Prior to encapsulation, BODIPY FLS NHS dyes were reacted
with glycine (Gly) to replace the NHS ester with Gly (Figure
S4), thereby preventing the covalent attachment of the NHS
ester to lysines on the CP (BODIPY conjugated with Gly will
be referred to as Bdpy).21 First, a solution of glycine (in
TKM), Bdpy, and DMSO were mixed, covered, and incubated
at room temperature for 1 h to allow for the reaction between
Bdpy and glycine. To this solution, BMV CP was added at a 10
Bdpy: 1 CP ratio, and the final solution was covered and
incubated at 4 °C for 1 h. The solution was adjusted such that
the final protein concentration was 0.5 mg/mL. This mixture
was then dialyzed against 30% DMSO EC buffer overnight,
making sure to cover the assembly with foil to prevent damage
to the BODIPY dyes. Then, the mixture was transferred to an
aqueous solution by dialysis against 0% DMSO EC buffer.
Self-assembly of VLP-Bdpy was carried out in EC buffer (0.5

M NaCl) with 30% DMSO, after which DMSO was eliminated
by dialysis against EC buffer (0.5 M NaCl) without DMSO.
VLP self-assembly was carried out at 10:1 Bdpy/CP molar
ratio.
Transmission Electron Microscopy (TEM) Imaging.

Typically, 3 μL of VLPs was diluted with 7 μL of SAMA buffer
and was placed onto a carbon-coated copper TEM grid. After 5
min, the solution was removed using Whatman filter paper 2,
and the sample was stained with 2% uranyl acetate (UA) for 2
min. The excess UA was blotted off using filter paper. VLPs

were imaged with a JEM-1010 TEM at 80 kV and digital
images recorded with a Gatan MegaScan 794 CCD camera or
JEM-1400plus TEM with a Gatan OneView CMOS digital
camera. TEM images of VLPs were analyzed using ImageJ. The
contour analysis of VLPs-UCNPs was performed by FFT after
polar transformation and plot profile using ImageJ.

Dynamic Light Scattering Measurements. DLS char-
acterization of VLPs was carried out with a Zetasizer Nano ZS
(Malvern Instruments) and a micro quartz cell (ZEN2112).
For UCNP measurements, samples were purified by
centrifugation to remove aggregates and other contaminants.
A solution of 1mg/mL UCNP was centrifuged at 14 000 rpm
for 40 min at room temperature to sediment the UCNPs. The
supernatant was discarded, and the transparent pellet was
redispersed in SAMA. This solution was then centrifuged at
7 000 rpm for 1 min to remove aggregates. The supernatant
was recovered and measured.

UV/Vis Absorption Measurements. UV/Vis absorption
measurements were carried out using a Cary 100 Bio UV−
Visible Spectrophotometer. Assembly samples were diluted
10× before measurement (dilution factors were the same when
comparing different assemblies).

Linear Combination UV/Vis Fitting. IGOR Pro was used
to fit absorption spectra of ECs, Bdpy in DMSO, and VLP-
Bdpy to Gaussian curves. A fitting function was defined as the
linear combination of the EC and Bdpy absorption spectra.
The fitted VLP-Bdpy curve was then fitted using the linear
combination of the EC and Bdpy spectra, and the linear
combination coefficients were used to determine the ratio of
CP/Bdpy.

Fluorescence Measurements. Fluorescence measure-
ments for VLP-BDP-Gly were carried out with an Edinburgh
Instruments FLS 100. The concentration of BODIPY was kept
between 100 and 200 nM, with dilution factors being the same
when comparing samples.

Molecular Docking Simulations. AutoDock Vina soft-
ware (version 1.1.2, Scripps)58 was employed for all docking
experiments. X-ray diffraction-based crystal structure of BMV
CP protein was used for this study (PDN ID 1JS9) from the
RCSB Protein Data Bank (PDB). Interactions between BMV
CP and DMSO and CP N-terminal region of BMV with PAA
were carried out with AutoDock Vina 1.1.2 software. The
coordinates of DMSO and PAA were downloaded in.sdf
format from PubChem Public databases, PubChem SID 679
and SID 134214216, respectively. The files in.sdf were
converted into.pdbqt format by OpenBabel software (version
2.4.1).73 Docking was performed as described by the
AutoDock Vina manual. Briefly, ions and water were removed
from the PDB structures, and only the monomer of CP BMV
was used (chain A). BMV CP was divided into two active site
grids to study the interaction with CP, with one grid used for
the N-terminal region of CP BMV. The docking between the
PAA and CP only was performed in the N-terminal region of
the protein. Of the nine most probable conformations, only the
conformation with the highest energy in each of the regions is
shown, considering that the ligand molecule only rotates or
moves a distance close to its size. The energy shown in each of
the images is the average of the nine most probable
conformations since their affinity energies were very similar.
The images and electrostatic surface of docked ligand proteins
were generated with PYMOL software version 2.4.0.
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