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ABSTRACT: Vaccines have an innate tendency to lose their
structural conformation upon environmental and chemical
stressors. A loss in conformation reduces the therapeutic ability
to prevent the spread of a pathogen. Herein, we report an in-
depth study of zeolitic imidazolate framework-8 and its ability to
provide protection for a model viral vector against denaturing
conditions. The immunoassay and spectroscopy analysis together
demonstrate enhanced thermal and chemical stability to the
conformational structure of the encapsulated viral nanoparticle.
The long-term biological activity of this virus-ZIF composite was
investigated in animal models to further elucidate the integrity of
the encapsulated virus, the biosafety, and immunogenicity of the

overall composite. Additionally, histological analysis found no observable tissue damage in the skin or vital organs in mice,
following multiple subcutaneous administrations. This study shows that ZIF-based protein composites are strong candidates for
improved preservation of proteinaceous drugs, are biocompatible, and are capable of controlling the release and adsorption of

drugs in vivo.
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P roteinaceous therapeutics are moving to the forefront of
medicine for their specificity in treatments, favorable side
effect profiles, and their potential in personalized medicine."”
Unfortunately, many of these proteins are structurally
metastable’ and they can undergo drastic conformational
changes at elevated temperatures, in organic solvents, and at
pHs different from physiological conditions.”” These problems
limit proteins to short-term low-temperature storage that
require costly infrastructure in place to keep them stable
throughout shipping. Researchers have been motivated by
these limitations and have begun to develop new methods that
can enhance protein stability."~"

Metal—organic framework (MOF) encapsulation has been
shown'® to stabilize enzymes,m’15 viruses,"”'” and antibodies'®
while providing structural and chemical protection. MOFs are
highly porous crystalline materials made of metal-ion clusters
linked by organic ligand struts'”*® that have shown promise for
use in gas storage“ and separation,zz’23 catal)fsis,24’25 sensing,26
and small molecule drug delivery.”” > Recently, researchers
have shown that MOFs can immobilize®"** and stabilize®>**
biomacromolecules. In particular, coating proteins in zeolitic
imidazolate framework-8 (ZIF-8) is proving to be a promising
method for protection against conditions normally adverse to
proteins, and there have been many promising advancements
in this area.’**7%% In particular, biomimetic mineralized
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growth'>'** of ZIF-8 directly onto the surface of a protein
has emerged as a means to encapsulate enzymes and insulin
using only protein, zinc salts, and methylimidazole directly in
water.””*’ Because ZIF-8 can grow on protein surfaces of
different sizes, charge states, and morphologies, this process is
quite “agnostic” to the biomolecule host inside the ZIF.'”*
This differs from other equally elegant methods that use
bespoke MOFs with tuned*' ™ pore sizes to encapsulate
specific biomolecules or polymer-encapsulated proteins coated
with ZIF and formed in organic protic solvents.*”** For
instance, our lab biomimetically encapsulated tobacco mosaic
virus (TMV) within a ZIF-8 shell (TMV@ZIF) and found the
encapsulation process to be high yielding and promoted by a
modest affinity for zinc ions toward the proteinaceous
surface.'” This affinity leads to high local concentrations of
zinc, which promotes a mineralization process that results in
either core—shell or monolithic crystals of bionanopar-
ticles.">*¢ It is unclear, however, how—or if—the nucleation
and growth affects the secondary or tertiary structure at the
protein surface. If the protein surface of a therapeutic protein is
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altered as a result of the nucleation process, unwanted
immunological reactions may occur as human proteins would
not be recognized as “self” and antigens for encapsulated
vaccines would raise antibodies against a misfolded protein
rendering this strategy moot.”’~*” Because an articulated aim*”
of thermally stabilizing proteins is to improve the global
distribution of vaccines, which depend upon the fidelity of
their folded structure, we were drawn to determine if changes
in the immunogenicity of a viral nanoparticle would emerge
following encapsulation and administration.

We chose TMV, a 300 nm X 18 nm tubular RNA plant
virus, as a model vaccine biomacromolecule owing to extensive
data on its in vivo performance as a carrier for engineered and
chemically conjugated®*™>* epitopes in vaccine development
(Scheme 1). This chemical modifiability, which can occur on

Scheme 1. Schematic for Analyzing Surface Effects from
Encapsulation and Stressing: TMV Contains Glutamate
Residues, Shown in Blue, on the Interior Pore Modifiable
with EDC Chemistry; The Viral RNA, Shown in Orange, is
Embedded Inside the TMV Pore; (a) Native TMV is
Incubated with 2-Methylimidazole and Zinc Acetate to form
TMV@ZIF; (b) TMV@ZIF is Subjected to Denaturing
Conditions Such as Heat and Organic Solvents; (c) Stressed
TMV@ZIF is Exfoliated with EDTA; (d) Recovered TMV
Surface Integrity is Characterized by ELISA

HMIM
Zn(OAc),
—
16 h
R.T.

a
Denaturing Conditions

both interior and exterior surfaces independently, has given
TMV a unique appeal beyond vaccine development as the
structure tolerates attachment of dyes,>> sensors,”**° contrast
agents,”® and bioactive molecules.””*® The multivalent nature
of TMV comes from its 2130 identical coat proteins arranged
helically around a 4 nm central pore where the viral RNA is
located. This allows many bioconjugations to the same virus
particle, increasing local concentration of active sites and
immobilizing them, which is one reason it is thou§ht to be
such a useful platform for vaccine development.”’~>

Because TMV is an established preclinical vaccine platform,
it is a reasonable model to test the efficacy of thermal
protection when encapsulated inside ZIF-8. While it is possible
to remove the ZIF-8 shell to obtain pristine TMV, we
wondered if this additional step was unnecessary. Indeed, it
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had occurred to us that the dissolution of ZIF-8, which
happens slowly in biological media, may present a method to
formulate “slow release” agents for proteins—an area of active
research interest.’”%" We thus sought to determine if we could
simply leave the TMV inside the protective ZIF-8 shell and
inject this composite subcutaneously in a mouse model as a
method to slowly release TMV, producing an immune
response similar to injecting native TMV subcutaneously.

We can quantify changes to the surfaces of TMV as a result
of ZIF-8 growth and removal using anti-TMV antibodies
measured in an enzyme-linked immunosorbent assay (ELISA).
A damaged or unfolded protein at the virus surface will not
interact strongly with their complementary antibodies and this
loss of affinity will manifest as a diminished ELISA response.
The TMV@ZIF composite was subjected to stressors,
including heat and denaturing solvents, the ZIF shell was
removed, and the recovered protein was examined by ELISA to
confirm surface intactness. Tobacco plant infection and in vivo
studies further demonstrate the viability of ZIF-8 as a
protective shell. Finally, we conducted longitudinal in vivo
studies to ascertain the toxicity and immunogenicity of the
TMV@ZIF-8 when implanted subcutaneously. Our results
show that this strategy has considerable potential to operate
concurrently as a substrate to stabilize proteins at above
ambient conditions as well as deliver them effectively intact
and in a more linear dose.

B RESULTS AND DISCUSSION

TMV@ZIF can be prepared in a number of different
morphologies'” ranging from bulky rhombic dodecahedra
containing hundreds of viruses to discrete rod-shaped core—
shell bionanoparticles with a shell thickness tunable from 10 to
40 nm. Each of these morphologies have different colloidal and
dispersion characteristics and for this study the following
criteria were considered: (i) the composite made had to be
dispersible in solution for easy in vivo injection, and (ii) the
kinetics of shell dissolution should allow for complete
dissolution of all in vivo administered ZIF-8 by the end of
our 1-month study. When we attempted to suspend rhombic
dodecahedra, they settled out of solution too quickly and
clogged the syringe. This is in line with literature reports that
particles larger than 1000 nm tend to settle rather quickly,
making them a difficult material for injection.él’62 We chose to
continue forward with rods, as the ~350 nm particle size allow
for them to be easily dispersed into solution and the shell
exfoliates more rapidly than the larger rhombic dodecahedra.
We thus set out to determine whether the ZIF-8 shell would
increase the stability of TMV and if it could be delivered in
vivo. The encapsulation of TMV into ZIF-8 crystals was
obtained by mixing TMV (0.111 mg) with an aqueous solution
of 2-methylimidazole (400 mM, 3.0 mL), followed by an
aqueous solution of zinc acetate (20 mM, 1.5 mL) (Scheme 1).
After 16 h, the TMV@ZIF particles were collected by
centrifugation at 4300g and the shell diameter and rodlike
morphology were verified by scanning electron microscopy
(SEM) (Figure 1a). The morphology of TMV@ZIF is clearly
different from the common rhombic dodecahedral native ZIF-
8 crystals.

TMV@ZIF was then stressed under various conditions to
determine the stability of the encapsulated virus surface.
Stability versus various solvents was tested: soaking in
methanol, ethyl acetate, and 6 M guanidinium chloride—a
common protein denaturant®’—overnight. Thermal stability
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Figure 1. Top: SEM images of TMV@ZIF (a) non-stressed, (b)
heating at 100 °C for 20 min, and after soaking overnight in (c)
methanol, (d) 6 M guanidinium chloride, and (e) ethyl acetate. Scale
bars represent 1 ym. (f) TEM image of exfoliated nonstressed TMV.
Scale bar is 200 nm. Bottom: The ELISA response of naked and
encapsulated TMV subject to no stress (a), heating (b), methanol (c),
6 M guanidinium chloride (d), and ethyl acetate (e). These labels
correlate to the SEM images a—e above. The percentages range from
buffer blank (0% TMV) to a separate internal control of nonstressed
naked TMV (100% TMV).

a Cc e

was tested by heating TMV@ZIF to 100 °C for 20 min. After
stressing, samples retained their rodlike morphology, as seen in
SEM (Figure 1b—e). The poststressed composites were
exfoliated in EDTA, desalted, and resuspended in 0.1 M
sodium phosphate buffer. The protein concentrations were
then determined by the Lowry assay, and all samples were
diluted to 5.0 X 107" mg/mL and the ELISA response was
determined. Because changes in the viral protein surface were
being investigated, the ELISA results were normalized to naked
nonstressed TMV (100%) and buffer blank (0%) for
comparison between the two. We were pleased to discover
that the process of the shell formation and exfoliation did not
significantly alter the protein surface and that the shell confers
considerable protection to TMV when exposed to high
temperatures. For instance, the percent difference between
naked TMV and TMV@ZIF when heated to 100 °C for 20
min was 165.0% (Figure 1 bottom, Table S1). Likewise, the
percent difference between protected and unprotected
exposure to the strongly denaturing guanidinium chloride
was 199.2% (Figure 1 bottom). We were also able to
demonstrate that the ZIF was able to confer protection against
other denaturing organic solvents (Table S1).

We then set out to determine whether encapsulating TMV
would damage the RNA. To assess the protection that TMV@
ZIF has on the RNA of TMV, Nicotiana benthamiana plants
were inoculated with phosphate buffer as a negative control
and TMV@ZIF, TMV@ZIF exfoliated with EDTA, and native
TMV as a positive control. The infection of N. benthamiana
depends on the disassembly of the capsid to liberate the intact
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viral RNA and begin replication. Consequently, any damage to
the RNA will reduce viral load in plants.

Inoculated leaves were collected after 10 days post infection.
Visually, the control plants remained green and the other
plants withered (Figure 2a—d). ELISA was performed on 1 g

Apparent Concentration (ug/mL)

Figure 2. Top: N. benthamiana plants 10 days after inoculation with
(a) 0.1 M pH 7.4 potassium phosphate buffer as a negative control,
(b) TMV@ZIF, (c) exfoliated TMV@ZIF, and (d) native TMV as a
positive control. Bottom: A bar graph showing the viral recovery of
TMV from 1 g of harvested leaves measured by ELISA. Leaves were
inoculated with buffer as a negative control, TMV@ZIF, exfoliated
TMV@ZIF, and native TMV as a positive control.

of leaves macerated in 10 mL of extraction buffer and
centrifuged to remove the large plant matter. Because the
relative amount of TMV present in the leaf matter was being
investigated, the ELISA results were fit to a standard curve of
native TMV and the results are reported as apparent TMV
concentration in yg/mL. The TMV@ZIF, exfoliated TMV@
ZIF, and native TMV plants showed a clear increase in ELISA
response compared to the buffer-inoculated plants, with
percent differences of 164.32% (a 10-fold increase), 167.01%
(an 11-fold increase), and 175.29% (a 1S5-fold increase),
respectively (Figure 2 bottom). This indicates that the TMV
remains virulent and that the RNA survives the encapsulation
and exfoliation process.

We next turned our attention to in vivo studies on murine
models to determine (i) whether the virus would release from
the protective ZIF shell in vivo, (ii) how the anti-TMV IgG
production against subcutaneously administered TMV@ZIF
compares to native TMV, and (iii) the biocompatibility of the
TMV@ZIF composite. In order to determine relative antibody
production and optimize serum dilutions, two groups (n = 4)
of BALB/c test mice were either noninjected or injected
subcutaneously with native TMV and blood drawn after 10
days. In the test mice, there was a clear anti-TMV ELISA
response in mice injected with native TMV compared to
noninjected mice after 10 days, and an optimal serum dilution
range of 200X to S000X was found (Figure SS). To continue
our investigation, 12 BALB/c mice were divided into three
groups (n = 4) and subcutaneously injected on day 0, 2, 4, and
6 with saline, native TMV, or TMV@ZIF. Multiple injections
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Figure 3. (a) Time schedule showing the days the mice were injected (black arrows) and submandibular blood withdrawals were performed (red
arrows). Serum samples were diluted 200X, 1000X, and S000X. (b) ELISA response for each time point, buffer blank subtracted. (c) Hematoxylin

& eosin Y (H&E) staining of saline- and TMV@ZIF-injected mice.

were administered to enhance the antibody production levels
in mice. We hypothesized that the TMV@ZIF would protect
the encapsulated TMV in the body for as long as native TMV
and result in a similar antibody production level. Sub-
mandibular blood draws were conducted on day 0, 4, 7, and
35 (Figure 3a). The ELISA response, which measures the
production of mouse antibodies against TMV, shows that the
TMV@ZIF elicits an antibody response comparable to naked
TMV (Figure 3b). Antibody production typically depends
upon successful uptake by antigen-presenting cells (APCs)—
for instance macrophages and dendritic cells—in the body.
This means that the shell is being removed before or during
APC uptake. Exactly what is happening requires further study;
however, there is literature precedent®” that ZIF-8 can dissolve
in the presence of cell media and it is not unexpected that ZIF-
8 would dissociate in the interstitial fluids of the subcutaneous
region prior to cellular uptake. The antibody levels that were
detected for the composites were comparable to that of naked
TMV, confirming that the TMV@ZIF does not need to be
exfoliated before administration. 5 days after the last blood
withdrawal, H&E-stained images were taken on various organs
for each mouse to further evaluate TMV@ZIF biocompati-
bility. No visual difference could be determined between mice
injected with saline and with TMV@ZIF (Figure 3c). This
confirms the biocompatibility of TMV@ZIF, following multi-
ple subcutaneous injections with no apparent toxicity or
behavioral changes in the mice. Although some literature has
shown in vitro toxicity,”>** our study has concluded that these
results may not translate in vivo.

Our method depends upon the slow degradation of ZIF-8 in
vivo by physiological salts and macromolecules, suggesting that
encapsulation and protein—ZIF composite formation may be
an intriguing way to prolong a linear dose of protein-based
drugs. This could be especially useful for the administration of
insulin and vaccines, which typically require multiple injections
over time to achieve a sustained effect.”” Histology of the
tissue at the subcutaneous site of administration at the
conclusion of the study—which consisted of four consecutive
TMV@ZIF injections—did not uncover any residual material,
tissue damage, or scarring, which lead us to suspect that the full
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dose was being absorbed into the animal, as shown in Figure
3c. To better understand the rate at which TMV@ZIF was
taken up by the mouse, we conducted time-dependent in vivo
imaging using TMV labeled on its interior with the red-
emitting fluorophore CyS (CyS-TMV, A, = 647 nm, A, = 666
nm, Figure S2). This labeled TMV was encapsulated inside
ZIF-8, which caused a quenching of the red fluorescence. This
fluorescence of CyS-TMYV was restored in full when the shell
was removed, providing a clear indication of shell removal
(Figure S6). For this study, 6 BALB/c mice were divided into
two groups (n = 3), shaved to remove the hair on their torso
and limbs, and injected subcutaneously with either unencapsu-
lated Cy5-TMV or CyS-TMV@ZIF and imaged over two
weeks. The images shown in Figure 4b show that, prior to
injection, the only fluorescence comes from the hairs near the
head. As shown in the series of images in Figure 4c,
subcutaneous injection of CyS-TMV decayed slowly over a
period of 120 h. In contrast, the CyS-TMV@ZIF fluoresced
weakly at first, followed by an increase and then gradual decay.
After 288 h, the fluorescence at the injection site for the
encapsulated material returned to the baseline.

B CONCLUSIONS

The results of this study strongly indicate that ZIF-8 coatings
not only provide protection against denaturing solvents and
heat, but the nucleation and growth of the crystalline lattice
does not alter the secondary or tertiary structure of protein and
protein ensembles. Further, the shell does not significantly
damage the viral RNA. The ZIF-8 shells are exceptionally easy
to synthesize on proteins, their composites are formed in a few
seconds, and are ready to use within hours. It is clear from
histology data that prolonged exposure to ZIF-8 does not alter
the tissue morphology at either the injection site or distal
organs. Qualitatively, we saw no behavior changes in mice
following administration, nor did any mice become ill or die as
a result of prolonged exposure to TMV@ZIF composites. On
the other hand, in vivo data clearly suggest that the
administration of equal quantities of immunogenic protein
yielded identical antibody responses, showing that the release
of the protein from the ZIF shell occurs to completion. This
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Figure 4. (a) Fluorescence intensity over time. The baseline is the
average fluorescence intensity of four mice before injection. The
dashed line represents the error of the baseline. (b) Images of the
mice prior to injection of CyS-TMV or CyS-TMV@ZIF. The mice
were shaved and the only initial fluorescence comes from the hairs on
the head. (c) After injection and time point images of CyS-TMV or
CyS-TMV@ZIF.

was further corroborated with time-dependent in vivo imaging
studies, which showed a time-delayed release of the injection
over the course of 14 days—a property of ZIF-8 we aim to
exploit in subsequent studies. Taken together, these data
strongly suggest that ZIF-8-based shells may provide a method
to concurrently protect and deliver proteinaceous drugs safely.

B EXPERIMENTAL METHODS

Preparation of TMV@ZIF. A 0.111 mg of TMV was briefly mixed
with 3 mL of 400 mM 2-methylimidazole and to this solution was
rapidly added 1.5 mL of 20 mM zinc acetate and the solution was
swirled for 20 s. Flocculates appeared within a few seconds. The
solution was left on the bench at R.T. for 16—18 h, then centrifuged at
4300g for 20 min and the supernatant was discarded. The pellet was
washed twice with ultrapure water and used as is.

TMV@ZIF Stressing. Three batches of TMV@ZIF were
combined and either left as is (nonstressed), soaked in 1 mL of
methanol, ethyl acetate, or 6 M guanidinium chloride overnight, or
heated to 100 °C in a water bath for 20 min. Naked TMV samples
were stressed in the same manner, with 0.333 mg of TMV soaked in 1
mL solvent overnight, or heated to 100 °C for 20 min. Encapsulated
samples were collected via centrifugation at 4300g for 20 min, rinsed
with ultrapure water, and exfoliated in EDTA overnight. Exfoliated
and naked samples were buffer exchanged into 0.1 M pH 7.4 sodium
phosphate buffer in a centrifugal filter for concentration determination
by the Lowry assay and then diluted to 5 X 10™* mg/mL for ELISA
measurements.

Plant Inoculation. N. benthamiana plants were divided into four
groups (n = 6) and inoculated with either 0.1 M pH 7.4 potassium
phosphate buffer (negative control), naked TMV in potassium
phosphate buffer (positive control), TMV@ZIF in ultrapure water, or
exfoliated TMV@ZIF in potassium phosphate buffer. Solutions were
prepared such that 50 uL of solution delivered 5 ug of TMV, and SO
puL per leaf was used. Plants were collected after 10 d, macerated in
buffer, soaked overnight, and centrifuged to remove large plant
matter. The apparent TMV concentrations of the supernatants were
determined by ELISA.
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In Vivo Antibody Response. BALB/c mice were divided into
three groups (n = 4), and subcutaneously injected with 200 uL of
saline, naked TMV in saline, or TMV@ZIF in saline. TMV solutions
were prepared such that 200 uL delivered 10 g of TMV. Injections
were administered on days 0, 2, 4, and 6, and submandibular blood
draws were taken on days 0, 4, 7, and 3S. Blood was centrifuged to
remove erythrocytes and the resulting serum anti-TMV IgG levels
were determined by ELISA. At the conclusion of the study, the mice
were sacrificed, and histological analysis was performed.

In Vivo Fluorescence Imaging. BALB/c mice were fed a
nonfluorescent diet and shaved to remove autofluorescence, divided
into three groups and injected with 200 L of saline (n = 4), CyS-
TMV (n = 3), or CyS-TMV@ZIF (n = 3). The TMV-containing
solutions were prepared such that 200 L delivered 10 pg of TMV. In
vivo fluorescence images were taken at a series of timepoints until the
fluorescence levels of the CyS-injected mice returned to the baseline
levels of the saline-injected mice.
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