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[ ——— Photocaging

Dual Functionalized Bacteriophage Qp as a Photocaged
Drug Carrier

Zhuo Chen, Na Li, Luxi Chen, Jiyong Lee, and Jeremiah J. Gassensmith*

Proteinatious nanoparticles are emerging as promising materials in biomedical
research owing to their many unique properties and our interest focuses on integrating
environmental responsivity into these systems. In this work, the use of a virus-like
particle (VLP) derived from bacteriophage Qp as a photocaged drug delivery system
is investigated. Ideally, a photocaged nanoparticle platform should be harmless and
inert without activation by light yet, upon photoirradiation, should cause cell death.
Approximately 530 photocleavable doxorubicin complexes are installed initially
onto the surface of QB by CuAAC reaction for photocaging therapy; however,
aggregation and precipitation are found to cause cell death at higher concentrations.
In order to improve solution stability, thiol-dibromomaleimide chemistry has been
developed to orthogonally modify the VLP. This chemistry provides a robust method
of incorporating additional functionality at the disulfides on Qf, which was used to
increase the stability and solubility of the drug-loaded VLPs. As a result, the dual
functionalied VL Ps with polyethylene glycol and photocaged doxorubicin show
not only negligible cytotoxicity before photoactivation but also highly controllable
photorelease and cell killing power.

1. Introduction

Nanotechnology based on virus-like particles (VLPs) is an
emerging interdisciplinary field connecting chemistry, biology,
and material science around noninfectious viral analogues.
The growing interest in VLPs is owed to their nanometer size,
monodispersity, polyvalency, biocompatibility, and the ability
to functionalize their surfaces by both chemical and genetic
modification with atomistic precision. These features have
made VLPs a promising platform for biomedical research
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and they are clearly emerging!'3l as enticing tools in the bio-
medical arena in both therapeutic*! and diagnosticl®7! roles.
As the recombinantly expressed and noninfectious structural
analogue of a virus, VLPs are still imbued with their native
viral resilience against environmental attack,®13l yet as
nanometer-sized macromolecular ensembles, their size, shape,
and chemical addressability have allowed them to serve as
multivalent scaffoldsl'*'7l for the attachment of densely
packed MRI contrast agents,'2% fluorescent dyes,!2* and
therapeutics.?>?7] Appropriately functionalized, VLPs show
passive tumor accumulation?] by the enhanced permeability
and retention effect!?3] yet still have clinically useful and
tunablel! circulation half-lives—a quality notoriously diffi-
cult to imbue into metallic or inorganic nanoparticles.

A key area of our interest is integrating these protein-
based nanoparticles with chemically switchablel2732-34]
systems—that is, using environmental stimuli to con-
trol the release of material from their surfaces—a devel-
oping area that has seen the emergence of protein® and
peptidel*®*7)-based smart systems. While early studies have
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focused on using controlled degradation of polymers graphed
to or inside VLPs to afford drug release, we chose to focus
instead on integrating small molecule photocaged38-4']
therapeutics—that is, therapeutics that are biologically inert
unless photolytically cleaved from the surface of the VLP.
The benefit of this approach is that it would allow clinicians
to activate a drug site—specifically using either laser or fiber
optic phototherapy,*!! thus avoiding off-target dosing, which
is associated with many of the negative side effects of cur-
rent chemotherapies. The use of photocaging biologically
active small molecules is emerging as a promising technique
for site-specific delivery, as it allows significant tunability by
judicious choice of photolinker and therapeutic. By com-
bining the photocaging strategy with the extensible architec-
ture of VLP nanoparticles, we aim to produce a platform that
delivers the anticancer drug doxorubicin (Dox) into a tumor
environment; yet, as an inactivated complex, Dox is unable to
access the cellular DNA until the small molecules are cleaved
from the nanoparticle.

For this work, we utilized an icosahedral VLP derived
from bacteriophage Qp, which self-assembles recombinantly
within E. coli. The 28 nm diameter capsid is composed of
180 identical coat-protein subunits. Qf is relatively stable
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to high temperatures (<80 °C), extremes in pH, and organic
cosolvent. Partial functionalization of the 720 solvent-exposed
amino groups on the surface is known[?’ and proceeds in
good yields. Additionally, Q3 possesses two cysteine residues
per coat protein, which reside at the three- and five-fold axis
of symmetry in the quaternary structure.[>!’l These cysteine
residues link the individual monomers into either hexam-
eric or pentameric subunits, which help increase the overall
thermal stability of the capsid. (Figure 1)

Here, we discuss our approach toward the rational
design of a VLP-based photocaged therapeutic and show
that in its inactive form, it lacks cytotoxicity even at high
concentrations, yet when activated it shows efficacy similar
to free Dox. Our initial efforts to simply append doxoru-
bicin to the surface exposed amines of the VLP resulted in
aggregation-induced precipitation of the Dox-VLP complex.
To overcome this, we exploited a method to dual function-
alize the VLP surface at the solvent exposed disulfide resi-
dues to evenly distribute polyethylene glycol (PEG) units to
aid in solubilizing the conjugate.l*’l We employed a cysteine
rebridging strategy that affords bespoke functionality yet
retains the covalent character of the disulfide bridge. This
strategy worked and has potential to become particularly

Figure 1. VLP Qfis composed of 180 identical coat proteins, each with four solvent exposed primary amines, N-termini = orange, K2 = blue, K13 =red,
K16 = green. These monomers are connected by disulfides (yellow) to form several interlinked subunits of either five (the pentameric subunit
colored purple) or six (the hexameric subunit colored brown) coat proteins.
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enabling toward immune passivation,?'#}] attachment of tar-
geting ligands,[*l or functionalization with contrast agents*’!
to create theranostic nanoparticlel”! conjugates. We were
then able to create dual-functionalized VLPs which showed
negligible toxicity to breast cancer cells in the absence of
activation yet was highly cytotoxic upon activation.

2. Results and Discussion

Our initial approach toward the synthesis of photocaged
Dox-Qp is outlined in Scheme 1. We selected the nitrovera-
tryl compound 2 as the photocleavable linker between the
Dox and the azide functionalized surface of Qff owing to its
(1) ease of preparation, (2) it is cleaved under long-wavelength
UV-A light, which is clinically used in photochemotherapy for
cutaneous T-cell lymphoma as well as in a variety of skin dis-
eases,[**%7] and (3) the fact it reversibly quenches the ordinarily
fluorescent Doxorubicin. This reversible quenching provides a
diagnostic indictor to determine the efficacy of photorelease;
as soon as the Dox is photolytically cleaved from Qf—and the
nitroveratryl linker—it becomes fluorescent again.

Following functionalization of the exposed primary
amines with 7-azidoheptanoic acid N-hydroxysuccinimide
(compound 1 from Scheme 1), linker 3 was ligated to Q-N;
under copper-catalyzed azide-alkyne cycloaddition (CuAAC)
conditions. Denaturing gel electrophoresis (SDS-PAGE)
analysis under reducing conditions was used to confirm cova-
lent conjugation to the 14.2 kDa monomeric coat protein.
As seen in Figure 2, QB -Dox, UV(-), conjugation is evident
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from new bands at higher positions, indicative of attachment
of one to three copies of Linker 3 with the majority being
triply functionalized. This result was further reinforced via
quantification carried out by solution state UV-vis absorp-
tion collected at 490 nm (A,,, of Dox), which was used to
determine that an average of 520 £ 65 Dox molecules were
attached to a single Qp particle. This roughly corresponds to
2.8 linkers for each of the 180 coat proteins on Qp.

We then investigated the solution state kinetics of photo-
cleavage, which (Figure S2, Supporting Information) revealed
that photolytic activation of the caged species has an average
T,, of 42 min, corresponding to a 90% release of Dox
within 15 min of exposure to a 4W UV-lamp. The photolytic
cleavage was further assayed using reducing SDS-PAGE.
Compared to control Qf-Dox, which was not exposed to
UV (Figure 2, Qf-Dox, UV(-)), the photolytically cleaved
Qp-Dox (Figure 2, QB-Dox,UV(+)) returns to roughly the
same position as unfunctionalized monomer coat protein and
the released fluorescent Dox molecules run to the front of
the gel. Taken together, it is clear that we can photolytically
release Dox under these relatively mild conditions allowing
us to move to QB-Dox in vitro.

2.1. Cytotoxicity Assay of QB-Dox

We next investigated whether the attachment of Dox to
Qp via the nitroveratryl moiety would enable photocon-
trolled drug delivery to cells. Breast cancer cell line MCF-7
was incubated with varying concentrations of Qf-Dox or

CuSOy
N THPTA
3
Na ascorbate

Qp-N3

560

Scheme 1. Synthesis of Q-Dox conjugates. Q was labeled by azide moiety by reaction between primary amines of Q3 and 7-azidoheptanoic acid
N-hydroxysuccinimide. Compound 3 was synthesized by a reaction between doxorubicin and photocleavable linker 2 with an alkynyl moiety. Then
doxorubicin was ligated to Qf by CuAAC reaction between the azide group on Q-N; and the alkynyl group of 3.

small 2016,
DOI: 10.1002/smll.201601053

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com 3



4 www.small-journal.com

m full papers

o ~ct
Ny OO0 O°
R R R

() uv(+)

W

751 w—

25 — .
2o - e
15| —— Ll

10

50
37

Figure 2. Reducing SDS-PAGE showing Qf, QB conjugates, and
photorelease assay (UV lamp: 4 W, 365 nm, 15 min). Under reducing
conditions, the pentameric and hexameric subunits are reduced to the
monomeric coat protein (Qf,). Image of Coomassie blue stain (top) and
unstained gel fluorescence image (bottom). Fluorescence is from Dox or
Marker. After photorelease, the main protein band is closerto Qf-N5, while
the fluorescent released Dox has a same position with free doxorubicin.

appropriate controls which were either left in the dark or
were subjected to 15 min of UV exposure. Cell viability was
subsequently measured by MTT assay (Figure 3). Following
UV exposure, the Q-Dox exhibited concentration dependent
cytotoxicity comparable to free Dox at higher concentrations.
While the activated complexes demonstrated the antici-
pated behavior, unactivated Qf-Dox showed some degree
of toxicity in the dark across all concentrations. Our initial
concern was that the Qf-Dox complex was being degraded
by lysosomal activity following cellular uptake, causing Dox
release in the dark. While confocal microscopy clearly shows
cellular uptake of these complexes (Figure S22-S25, Sup-
porting Information), we were able to partly rule out diges-
tive release of Dox by showing a lack of significant DNA
damagel* in cell cultures incubated in the dark by PARP
analysis (Figure S7, Supporting Information), indicating
the cells were neither being killed by Dox nor undergoing
normal apoptosis. We thus concluded that the cytotoxicity is
related to the QB-Dox conjugate’s tendency to aggregate and
precipitate from solution—likely a result of attaching more

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. MTT cell viability assay following exposure to select reagents
at different concentrations. Lighter shade indicates UV light exposure.
Displayed—in orderand by color—Black: QB-Dox kept in the dark; White:
Qp-Dox after 15 min of UV exposure; White with dots: Doxorubicin kept
in the dark; White with bars: Doxorubicin after 15 min of UV exposure.

than 500 hydrophobic Dox molecules to the surface. As seen
in the optical photographs in Figure 4 and Figure S3 (Sup-
porting Information), this precipitation of Qf-Dox occurs in
both solution and in cell culture. This precipitation behavior
necessitated a reevaluation of our approach. To solve this
problem, we rationalized that increasing the solution stability
of the QB-Dox colloidal suspension by attaching PEG resi-
dues to the capsid may promote solution stability and pre-
vent this behavior. Based on previously published®"! analyses
of PEG-coated VLP surfaces, which show that short chain
PEGs form mushroom-shaped domains that rise above the
surface of VLPs, we reasoned it would be unlikely that the
PEG chains would impede the photolytic activation and
release of the Dox from the surface bound ligands. Beyond
the practical issues we were facing with precipitation, func-
tionalization of PEG would allow us to create stealth parti-
clesP!l that can evade immune recognition. We thus needed
a means of distributing the PEGs across the surface of Qf.
One option would be to simply sacrifice a percentage of the
surface bound amines for PEGylation by first functionalizing
the exposed lysines with substoichiometric amounts of Dox
and then attaching PEGs to the remaining lysines. While pos-
sible, this strategy is undesirable, as it would sacrifice valuable
surface exposed lysines to make way for PEGgylation thus
reducing Dox loading. We thus sought a means of attaching
surface ligands to Qp using the solvent exposed disulfides, yet
in a way that did not sacrifice the capsid’s stability.

2.2. Functionalization of Disulfides on Qf

As previously discussed, each of the 180 identical coat proteins
possesses two cysteine residues—Cys 74 and Cys 80—which
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Figure 4. Optical photographs showing precipitation of 30 x 107¢ m
Qp-Dox in (A) the MCF-7 cell culture and (B) an aqueous solution. Small
punctate particles are precipitates.

form a disulfide bridge to a neighboring coat protein. Cys 74
of one protein monomer connects to Cys 80 of an adjacent
monomer and daisy chains to form
either a cyclic hexamer—colored brown
in Figure 1—or a pentamer—colored
purple in the same Figure. We sought to
use these solvent exposed disulfides as
sites for bioconjugation but we did not
want to lose all of the thermal stability
afforded by the disulfide bridges,['!] which

& ==
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The disulfides can be quantitatively reduced using five eq
of tris(2-carboxyethyl)phosphine (TCEP) per disulfide at
ambient temperature in 30 min. Reduction was monitored
by nonreducing SDS-PAGE (Figure 6a). A small amount
of dimer persists because of strong hydrophobic interaction
between proteins.[!”] Interestingly, samples of Qf capsid that
are spectroscopically pure by fast protein liquid chromatog-
raphy (FPLC) analysis show lower order oligomeric protein
subunits on nonreducing SDS-PAGE, suggesting that not
all the disulfides on Qp are oxidized following expression in
E. coli. This does not present a problem for our chemistry,
since the disulfides must be reduced prior to functionaliza-
tion anyway.

Because analysis of PEGylation—an uncharged, largely
inert, and colorless polymer—tends to be indirect, we
wanted to ascertain the efficacy of this disulfide function-
alization reaction using a simple small molecule conjugate.
To that end, a dibromomaleimide-fluorescein derivative
(DB-MF) was synthesized and used to functionalize Qf
nanoparticles—Qp(MF)—which were analyzed by UV-vis
spectrum (Figure S1, Supporting Information), nonreducing
SDS-PAGE and visualized by fluorescence (Figure 6) and
Coomassie blue staining. The fluorescence signal observed
in the SDS-PAGE primarily belonged to the hexamer and
pentamer bands with faint signal from the lower-order subu-
nits. Quantification of the reaction was done using solution-
state UV-vis spectroscopy, which gave an overall yield of
98%—nearly 180 copies of fluorescein per particle. These
data strongly indicate that DB-MF is bound covalently to
the subunits and largely reforms the hexamer and pen-
tamers following reduction using TCEP. We were further
able to confirm that the rebridged substrates were stable
in the presence of moderate amounts of TCEP, though the
reaction readily undergoes an anti-Michale addition in the
presences of dithiothreitol (DTT), in accord with Baker and
Caddick’s early findings.l*’l The integrity of these fluorescent

would happen if we simply reduced them
to the free thiols and then functionalized Br, JBr

the discrete sulfhydryl groups. Instead, Ol:&O

we opted for a strategy using a reagent
recently described®! by Baker and Cad- . O
(]

dick that would allow us to “rebridge” a
reduced disulfide using a dibromo-func-
tionalized maleimide (Figure 5). While
this reagent has proven effective in cross-
linking disulfides on the same peptide or

DB-MF

O

TCEP(Seq) ly‘\ SH
RT, 30min ‘ﬁ? SH
DB-MF
RT, 8 hr
i o) OH-
LRI <
i QpMF) Y |

in the dimerization of two antibodies,>")
the ability to effectively “restich” five or
six coat protein monomers back into their
respective cyclic oligomers outwardly
appears entropically uphill.
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Figure 5. Rebridging disulfides on Qf with fluorescein-functionalized dibromomaleimide
(DB-MF). The disulfides on Qf are reduced using five eq. of TCEP at room temperature (RT)
within 30 min. The free sulfhydryl functions are then rebridged over the course of 12 h
following addition of DB-MF in buffer at RT.
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Figure 6. Characterization of QB (MF) conjugate. A) Nonreducing SDS-
PAGE shows intact protein subunits. Though the capsid is pure by FPLC
analysis, small amounts of lower order oligomers exist. M: protein
marker. B) Native agarose shows electrophoretic mobility of the
intact capsid and shown are the (left) Coomassie stained and (right)
UV image of the same gel. The greater mobility of the fluorescently
functionalized QB (MF) conjugate arises from its increased negative
charge.
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rebridged nanoparticles was confirmed by native agarose gel
electrophoresis (Figure 6b). At the running buffer pH (9.0),
QpB(MF) traveled faster toward the positive electrode, since
it carries more negative charge than the native Qf particle.
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The fluorescent conjugate nanoparticle could be visualized
well under UV illumination.

Finally, the apparent melting temperature of the con-
jugate nanoparticle was evaluated using far-UV circular
dichroism (CD) spectroscopy following an established pro-
tocol for QB.5 The thermal stability (Figure S15, Supporting
Information) of the secondary structure in the QB(MF) con-
jugate was compared to the unmodified (1) oxidized and
(2) reduced Qf and we found these structures to denature
at 87.0 £ 0.24 and 61.0 = 1.03 °C, respectively, inline with
previous reports.>>!l The QB(MF) conjugate was then tested
and a T, of 73.7 £ 0.15 °C was calculated—midway to the
native structure (Figure S11 and S12, Supporting Informa-
tion). These results gave us confidence that the disulfides that
line the pores of the Qf could be used to further function-
alize the surface of the nanoparticle in potentially high yields
without significantly compromising the integrity of the VLP.

2.3. Synthesis and Cytotoxicity Assay of Q8 (MPEG)-Dox

Having worked out a general procedure to functionalize the
disulfides of QP in good yield, we synthesized PEG-1000
and 2000 functionalized dibromomaleimides (DB-MPEG
1K and DB-MPEG 2K) and conjugated them to Qp to form
either QB(1K) or QB(2K) in accordance to Scheme 2. SDS-
PAGE results shown in Figure 7 and 8 make it clear that the
pentamer and hexamer bands of Qf exhibit a slight posi-
tion change similar to those observed®! in other systems,
indicating covalent attachment with DB-MPEG 1K or DB-
MPEG 2K. Further, we know the reemergence of the hex-
amer and pentamer bands does not occur because of simple
reoxidation of the disulfides, as TCEP cannot rereduce these
PEGylated structures to the monomer. Indeed, very high
concentrations of DTT, which readily reduces disulfides,
was only partially successful in removing the maleimide via
an anti-Michale addition to the maleimide functionalized
capsid (Figure 8). Analysis of thermal stability of the PEG
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Scheme 2. Synthesis of QB(1K)-Dox or QB(2K)-Dox: The disulfides on Qp are reduced using five eq of TCEP at RT in 30 min. The free sulfhydryl
functions are then rebridged following addition of dibromomaleimide-functionalized PEG compounds (DB-MPEG 1K or DB-MPEG 2K). The doxorubicin
was ligated to QB(1K) or QB(2K) using the same procedure as that for QB-Dox. QB(1K) or QB(2K) were reacted with compound 1 (7-azidoheptanoic
acid N-hydroxysuccinimide) to affix azide groups to the surface of the capsid followed by reaction with 3 (doxorubicin-nitroveratryl derivative) via

CuAAC reaction.
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Figure 7. Nonreducing SDS-PAGE of QB PEG conjugates and dual-
functionalized Qf PEG-azide conjugates.

functionalized nanoparticles by CD spectroscopy revealed
no apparent degredation of secondary structure even beyond
100 °C for the QB(1K) formulation, while the thermal sta-
bility was approximately the same as the unfunctionalized
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Figure 8. SDS-PAGE (w/DTT) of Q8 (MPEG-Dox) conjugates showing both
control and photolytically cleaved products (UV lamp: 4 W, 365 nm,
15 min). Image of Coomassie blue stain (top) and unstained fluorescent
gel (bottom). DTT performs an anti-Michael addition to the maleimide,
breaking the oligomers. Even at high concentrations of DTT, this reaction
appears inefficient with Qf (1K)-Dox.
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VLP for the QB(2K) conjugate (Figure S13-S17, Supporting
Information). This result is quite incredible, though similar
thermally protective affects attributed to PEG have been
previously reported for PEG-functionalized tobacco mosaic
virus.’?l SDS-PAGE band intensities were measured by den-
sitometry showing that DB-MPEG 1K attaches to the capsid
in =90% yield. In other words, about 162 1K PEG chains
attach to the capsid in total. Reactions using DB-MPEG
2K were difficult to quantify as the hexamer and pentamer
bands streaked together on the gel, rendering densitometry
analysis unreliable.”?! In any regard, it is obvious from band
shifts that covalent attachment of MPEG 2K occurred, likely
with an attenuated yield.

Dox was then attached to the PEGylated VLP Qp(1K)
or QB(2K) using the original procedure and characterized
by reducing SDS-PAGE (Figure 8). When the reaction is
performed in this order, the yield for Dox conjugation is
still about 500 Dox molecules per VLP (Qp(1K)-Dox:
499 + 52 Dox/Qf, QB(2K)-Dox: 515 + 64 Dox/Qp), a
result that supports earlier claims of a mushroom-shaped
configuration of PEG leaving the surface functions still
wide open for additional chemistry. Interestingly, when
we reversed the order of conjugation and attempted to
attach DB-MPEG 1K or 2K to Qf already functionalized
by Dox (Qp-Dox) we observed no attachment of PEG
at all. We speculate this may be attributed to several fac-
tors—the way the Qf-Dox sits on the surface may block
the disulfides or the observed precipitation likely affects
reactivity, for instance.

Though transmission electron microscopy (TEM)
micrographs show that both Qf(1K)-Dox and Qp(2K)-Dox
continue to aggregate (Figure S8-S10, Supporting Informa-
tion) when drop cast and dried onto a grid, they are more
solution stable than Qpf-Dox as shown by Zeta potential
(Figure S4, Supporting Information) and dynamic light
scattering (DLS) measurements (Figure S18-S20, Sup-
porting Information).’*>! The difference in aggregation
behavior was further illustrated during confocal microscopy
(Figure S22-S25, Supporting Information), which show sig-
nificant fluorescent aggregates in the Qpf-Dox experiments
and yet little to no aggregates in the QB(MPEG)-Dox
studies. Experiments looking at the relative critical coagula-
tion concentrations are ongoing. Cytotoxicity was again eval-
uated on MCF-7 cells using our QB(MPEG)-Dox (Figure 9
and Figure S5 and S6, Supporting Information). While this
new formulation shows the same cell-killing power upon
light activation, these samples showed much less cytotoxicity
in the dark compared to Qf-Dox and had a similar cytotox-
icity to controls without any Dox. This trend of improved cell
viability in the dark became more obvious at higher concen-
trations. While the unPEGylated Qf-Dox VLP has an ICy,
of 15 x 10 wm, the PEGylated formulation did not show
appreciable cytotoxicity over the range of our experiments.
As a result, the high stability of QB(MPEG)-Dox conjugates
in the dark confirms this system is photocaged and can be
highly controlled by photoirradiation for drug release. On
the other hand, in the presence of PEG, it still maintains the
ability to kill significant amount of cells following photolytic
uncaging of the Dox.
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Figure 9. MTT Assay showing the relative cytotoxicities of the
synthesized Qp-Dox conjugates compared to free doxorubicin at
different concentrations either as (A) activated or (B) photocaged
complexes. Displayed—in order and by color—Black: QB(1K)-Dox; White:
QB(2K)-Dox; White with dots: Q-Dox; White with bars: Free doxorubicin.
The depicted graphs show the (A) cytotoxicity of activate conjugates
and free Dox following exposure to 15 min of UV irradiation and (B) the
relative cytotoxicity of the conjugates and free Dox if left in the dark.

3. Conclusion

Photocaging therapeutics to VLPs offers an extensible plat-
form for high-drug loading and triggered release. Our initial
efforts to attach the photocaged doxorubicin, a large and
hydrophobic anticancer drug, to the surface of Qf VLP lead
to disappointing aggregation and precipitation at modest con-
centrations. We then developed methodology to modify the

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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surface exposed disulfide residues of the VLP without com-
promising the thermal stability of the quaternary structure.
Through the dual modification of the Qf VLP scaffold, we
were able to create a photocontrolled drug delivery system,
which shows negligible cytotoxicity when the anticancer
drugs are photocaged yet becomes quite cytotoxic following
activation by light. This proof-of-principle design demon-
strates the potential of not only the photocaging method-
ology but also the synthetic power of the disulfide rebridging
reactions on these VLPs.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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