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Abstract: Metal-organic frameworks (MOFs) are promising
high surface area coordination polymers with tunable pore
structures and functionality; however, a lack of good size and
morphological control over the as-prepared MOFs has per-
sisted as an issue in their application. Herein, we show how
a robust protein template, tobacco mosaic virus (TMV), can be
used to regulate the size and shape of as-fabricated MOF
materials. We were able to obtain discrete rod-shaped
TMV@MOF core-shell hybrids with good uniformity, and
their diameters could be tuned by adjusting the synthetic
conditions, which can also significantly impact the stability of
the core—shell composite. More interestingly, the virus particle
underneath the MOF shell can be chemically modified using
a standard bioconjugation reaction, showing mass transporta-
tion within the MOF shell.

M etal-organic frameworks (MOFs) are a family of micro-
porous crystalline materials with high specific surface areas
and extended porosities, which have attained a level of pre-
eminence because of their synthetic tunability. A MOF is
constructed by coordinating rigid organic struts to a metal ion
or cluster node to form a crystalline material with a defined
pore structure, pore size, and chemical composition.'! The
seemingly infinite combination of metal nodes and organic
struts has enabled highly tunable design strategies for specific
needs,” such as gas storage,” sensing,™ catalysis,"! energy,
and in biomedical applications.”’ An issue arising in many of
these applications, however, has been the difficulty in
controlling the crystallite morphology, which typically yields
bulk MOF powders with relatively large crystal size, random
shape, and poor monodispersity. There is an articulated®
interest in controlling the morphology of MOF crystallites
because of the need for nanometer scale uniformity in
biomedical and optoelectronics applications. The synthetic
strategies so far employed to regulate the size and morphol-
ogy of MOF crystals have generally involved the addition of
metal-binding reagents such as ligands, surfactants, or poly-
mers with chelating functional moieties.”) Although these
strategies afford regulation of size, the as-obtained MOF
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particles are typically several hundred nanometers in size.
More recently, MOF core—shell nanoparticles in the 100 nm
range with good monodispersity have emerged,'” though
control over shape is not always high, resulting in irregular
spheres or cubes.

Virus nanoparticles offer a level of control unavailable in
synthetic systems as the surface chemistry can be altered by
either chemical or genetic manipulation.''! We selected the
tobacco mosaic virus (TMV), a tubular viral particle that
contains 2130 identical coat proteins self-assembled around
a single strand of RNA. Because it is 300 nm long and only
18 nm wide, the anisotropy of the virus has made it an
attractive target for applications in photonics," light harvest-
ing solar arrays,"”) and MRI contrast agents.' TMV is also
attractive because it can be isolated in gram quantities from
a kilogram of tobacco leaves. Each coat protein possesses
solvent-accessible amino acid residues—tyrosine on the
exterior and glutamates on the interior—and these anionic
residues have been shown to be available for chemical
conjugation.™ Furthermore, the robustness of TMV has
allowed it to play a versatile role as a bio-template for
fabrication of organic or inorganic materials!'®, and we
reasoned that these qualities would make it useful in the
production of core-shell bionanoparticle (CSBN) MOF
frameworks with tightly regulated shell thickness, width,
and length. To obtain aqueous-solution-stable CSBNs using
MOFs, we turned to hydrolytically stable ZIF-8,'” which is
formed from the coordination of methyl imidazole ligands
(HMIM) and Zn, and has recently been shown to nucleate
and grow on enzymes—either naked™ or polymer-
coated"—in aqueous solution. Unlike enzymes, viruses are
comparatively massive and are formed as highly symmetric
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TMV@MOF

Scheme 1. Synthesis and formation of TMV@ZIF-8 rod-shaped nano-
composites.
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quaternary structures; thus, we hypothesized they would give
rise to regular nanoscopic shapes (Scheme 1).

Herein, we show that, using TMV as a template, the as-
fabricated TMV@ZIF-8 retained the highly anisotropic rod
shape of the parent virus. We were able to tune the thickness
of the MOF shell by modifying the synthetic conditions. The
as-obtained TMV@ZIF-8 composite demonstrates good sta-
bility in organic solvents and at high temperature. The
surface-exposed tyrosine groups of the TMV remain reactive
while inside the MOF shell and coupling reactions performed
through the MOF do not undermine the integrity of the rod-
shaped hybrids. Most strikingly, even after immersing the
TMV@ZIF-8 in pure methanol overnight, we were able to
remove the ZIF-8 shell and show that the virus itself could be
reclaimed undamaged under these highly denaturing condi-
tions.

For our initial experiments, a desalted virus solution was
mixed with an aqueous solution of HMIM. Upon addition of
an aliquot of Zn(OAc), the reaction mixture immediately
became turbid followed by flocculate formation. After
16 hours, the centrifuged solid was washed with ultrapure
water twice to obtain an off-white suspension in water. We
were initially pleased to find the anticipated rod structures by
SEM but then frustrated to discover that the rods were very
unstable; when removed from the mother liquor solution
containing Zn and HMIM and placed in deionized (DI) water
they collapsed into flaky cubes overnight (Supporting Infor-
mation, Figure S1b). From powder X-ray diffraction (PXRD)
analysis of the as-synthesized rods, we observed that the shells
contained the expected ZIF-8, but also reflections corre-
sponding to a significant amount of crystalline Zn(OAc),
were observed (Supporting Information, Figure S2). This led
us to conduct an investigation into the optimization of our
synthetic conditions to reduce unwanted Zn(OAc), growth
and improve the stability of our rod composites. As a result of
this investigation, we found that we could greatly affect not
only the physical stability of the composites but also the shell
thickness. A key observation was that when the HMIM:Zn
molar ratio was low, the TMV@ZIF-8 core-shell composites
had thinner shells and, conversely, at higher HMIM:Zn ratios,
the shells thickened.

Two representative products of this investigation are
presented in Figure 1, denoted as TZ-thin (micrographs
shown in Figure 1a and b) and TZ-thick (Figure 1c and d).
Synthetically, these two composites are differentiated by the
HMIM:Zn molar ratio used in their preparation. Specifically,
the TZ-thin composite was prepared from a 20:1 ratio and the
thicker wall of TZ-thick was obtained when that ratio was
increased to 40:1. SEM analysis shows that both composites
form regular and homogenous rods with very tightly con-
trolled thickness. TZ-thin, for instance, is 70 nm in diameter
and TZ-thick is 100 nm. We could control the surface coating
of the TMV@ZIF-8 as well by changing the concentration
used in drop casting. The dense forests shown in the SEM
images are a result of drop casting at high concentrations.
Furthermore, we could isolate more discrete rods, even single
rods, at lower concentrations (see the Supporting Informa-
tion, Figure S3 and Figure 1 high magnification insets). TEM
shows the viral interior, which arises from the low-contrast
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Figure 1. a) SEM and b) TEM of as-synthesized TZ-thin. c) SEM and d)
TEM of as-synthesized TZ-thick. Inset scale bar: a), c) 200 nm; b),
d) 50 nm.

TMV rod residing within the shell (Figure 1b and d). This
provides direct evidence of successful ZIF-8 encapsulation of
the tubular virus particle. We also observed rods much longer
than 300 nm by SEM and TEM. This arises from TMV’s
propensity to align head-to-tail.'®*¢! This phenomenon is
illustrated in the inset of Figure 1d, which shows one of these
supramolecular junctions in which the virus particles line up
in a head-to-tail fashion.

Crystallinity was confirmed by PXRD analysis showing
reflections in excellent agreement with the simulated ZIF-8
pattern (Figure 2a). Thermogravimetric analysis (Figure 2b)
under an air atmosphere shows a two-stage weight loss in both
TZ-thin and TZ-thick, from 250 to 350°C, which we
attributed to the decomposition of the proteins, then
a sharp decrease at 450°C consistent with the decomposition
of pure ZIF-8. The permanent porosity of the resulting shell
was confirmed by nitrogen absorption analysis at 77 K
(Figure 2c¢). The final BET surface-area values of the separate
composites show an expected decrease in available surface
area associated with the incorporation of the virus. The
solution stability and synthetic yield were analyzed by
functionalizing the inner channel of the TMV with a fluores-
cent FITC tag (fTMYV, see the Supporting Information) and
then growing the ZIF-8 shell around the resulting virus. After
the growth and centrifugation of the composite, we found
nearly undetectable levels of fluorescence remaining in the
growth solution (Figure 2d, inset 1), indicating a nearly
quantitative capture of fTMV. To determine if TMV could
escape from the ZIF-8 and re-enter the solution, we
monitored the fluorescence of a fTMV@ZIF-8 solution
(Figure 2d, inset 2) over 24 h. As shown in Figure 2d the
fluorescence did not increase until the shell was removed by
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Figure 2. a) PXRD of simulated ZIF-8, synthesized ZIF-8, TZ-thin, and TZ-thick. b) TGA curves of ZIF-8, TZ-thin, and TZ-thick obtained in air
atmosphere. c) N, sorption isotherm of ZIF-8, TZ-thin, and TZ-thick. The calculated BET surface area of ZIF-8, TZ-thick, and TZ-thin is 1537, 1053,

and 847 m*g™",
(Exf.); inset: 1) growth solution and 2) fTMV@ZIF-8 under UV light.

treatment with EDTA, indicating that the TMV was unable to
leave the ZIF-8 shell and enter into the solution. These results
clearly indicate that ZIF-8 shell growth is both high-yielding
and robust.

An advantage of encapsulating biomaterials has been
stability!"™™! against environmental stressors such as organic
solvents and high temperature, which would typically dena-
ture a protein. The stability of the resultant TZ-thin and TZ-
thick composites were thus tested by immersing them in
organic solvents of varying polarities. After a 16 h immersion,
we looked at the resulting rods by SEM to confirm that the
composites retained their distinctive morphology (Figure 3
and the Supporting Information, Figure S14). Both compo-
sites fared well in polar solvents (methanol and DMF) and,
quite remarkably, TZ-thick endured immersion in DCM™”
without structural degradation, whereas TZ-thin recrystal-
lized into cuboid particles of ZIF-8 (Figure 3¢ and g). We
were able to further demonstrate the structural stability of
TZ-thick by showing that the rod-shape of the composite was
largely retained even after immersion in boiling water for
20 min (Figure 3h). Furthermore, we were able to recover the
intact virus after immersing the composite in methanol for
16 h by exfoliating the MOF shell using an aqueous solution
of EDTA. Without the ZIF-8 shell, methanol rapidly turns
TMYV into a slimy gel (Supporting Information, Figures S15
and S16). These results demonstrate that a thick MOF shell
serves as a robust chainmail for the viral template against
a denaturing solvent.”!
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respectively. d) Fluorescence measurement of the solution after centrifugation at each time point and after exfoliation of ZIF-8

A key advantage of MOFs is their permanent porosity,
and the strategies hitherto used to create biomimetically
mineralized shells on TMV essentially use the protein core as
a sacrificial template. This means that the functional-group-
rich surface under the shell is no longer accessible. Since ZIF-
8 contains pores that allow for the diffusion of small
molecules,”” we wondered whether we could still perform
bioconjugation reactions on the TMV surface in TMV@ZIF-
8. We attempted a classic diazonium coupling reaction®®! to
ascertain if the viral core is capable of post-functionalization
after formation of the crystalline MOF shell. The reaction
procedure is illustrated in Figure 4a. A solution of p-nitro-
benzene diazonium salt was mixed with TZ-thin solution at
0°C. The whitish starting material quickly turned orange,
indicating the formation of a nitrobenzyl diazo dye on the
surface of the virus. After 30 min, the reaction mixture was
centrifuged and the mother liquor was decanted. The solid
was thoroughly washed with DI water and then suspended in
glacial acetic acid to dissolve ZIF-8 and precipitate the RNA
for analysis by ESI-MS. The deconvoluted mass spectrum,
shown in Figure 4 c, shows two intense peaks at 17533 Da and
17682 Da corresponding to unfunctionalized native coat
protein and coat protein functionalized with the diazo dye,
respectively. Curiously, when the reaction was repeated on
TZ-thick,? the vyield increased (Figure4d). This was
a slightly surprising result considering that the shell is thicker.
Following removal of the ZIF-8 shell with EDTA, we
confirmed by TEM that TZ-thick retained its quaternary
structure after the bioconjugation reaction. As shown in the
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Boiling water

Figure 3. SEM of TZ-thin after immersion in a) methanol, b) DMF, c) DCM for 16 h, and in d) boiling water for 20 min. TZ-thick after immersion
in ) methanol, f) DMF, g) DCM for 16 h, and in h) boiling water for 20 min. Inset scale bar: a) 300 nm; b, d, e, f, g, and h) 200 nm.
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Figure 4. a) Diazonium coupling reaction on a tyrosine group on TMV. ESI-MS spectrum of TMV coat protein obtained from b) native TMV, c) TZ-
thin, and d) TZ-thick after diazonium coupling reaction; theoretical mass is quoted for unmodified coat protein (0), coat protein with one (0),

two (), and three (X) functionalized residues.

Supporting Information, Figure S12c—f, viral particles stay
intact after reaction and exfoliation with EDTA.

In conclusion, we have successfully prepared TMV@ZIF-
8 rod-shaped CSBNs with tunable shell thickness. Morpho-
logical (shell thickness) control is possible by tuning the
ligand:metal ratio during the shell-growth phase. The rod-like
core-shell composites are stable in polar organic solvents for
16 h. The core-shell particles with thicker shells show
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extended stability in low polarity organic solvents and at
higher temperature. Post-functionalization on the viral exte-
rior using a diazonium coupling reaction is possible, demon-
strating that these materials will likely have value to a broad
audience. Our synthetic strategy not only provides a novel
method for size and morphological control of MOF core—shell
systems but also improves the stability of TMV without losing
functionalizability of the surface-exposed tyrosine residues.

Angew. Chem. Int. Ed. 2016, 55, 1-7
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We envision that this synthetic strategy will allow the design
and fabrication of one-dimensional high aspect ratio nano-
particles with more sophisticated functionalities accompanied
with mass storage or transfer. This novel prototype may
benefit applications such as drug delivery, imaging, sensing,
and catalysis.

Keywords: bioconjugation reactions - metal—
organic frameworks - nanoparticles - tobacco mosaic virus
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It's a wrap: Sleeve netting provides

a cost-effective solution to keep fresh
fruits safe and sound. A metal-organic
framework (MOF) is used to construct

a molecular protective netting on the
surface of the rod-like tobacco mosaic
virus. The shell thickness was discovered
to play a crucial role in the stability of the
core-shell composite. More interestingly,
the embedded virus particle can be
chemically modified using a standard
bioconjugation reaction, showing mass
transportation within the MOF shell.
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