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ABSTRACT

A size selective nanorattle was formed by encapsulating soybean peroxidase (SBP) within a ZnS mesoporous hollow sphere. Once encapsulated
within the mesoporous hollow sphere, the SBP remained active against molecules smaller than the 3 nm diameter of the mesopores in the
shell wall, while molecules larger than the mesopores, which could not pass into the hollow sphere, did not interact with the SBP. Specifically,
encapsulated SBP catalyzed the oxidation of Amplex Ultra-Red, a small fluorogen, in the presence of hydrogen peroxide, encapsulated SBP
was deactivated by sodium azide, and no reaction was observed between encapsulated SBP and a greater than 3 nm diameter protease.

Viruses are recognized as being highly developed responsive
nanocontainers and delivery vehicles. The cowpea chlorotic
mottle virus (CCMYV) capsid, for example, contains chemi-
cally responsive pores, which controllably release a payload
when triggered.! The selective permeability of the CCMV
viral capsid has been utilized to package both inorganic and
organic species, including iron oxide,? paratungstate,’ and
poly(anetholsulfonic acid).> A number of approaches to
synthetically mimic these fascinating structures have been
investigated. For example, with colloidal particles as a
starting point, hollow organic,* inorganic,>® or composite’
nanocontainers, including some which are responsive to
environmental stimuli, e.g., pH}*° ionic strength,’ and
temperature,'” can be produced.

Chemically functionalized mesoporous materials represent
another interesting class of materials that mimic the chemical
responsivity of viral capsids.!!"'? Mesoporous systems have
attracted considerable interest for a variety of potential
applications,'® in part because their characteristic pore size
can be defined over a size range similar to many important
biological macromolecules, and the pores can be chemically
functionalized to modify their properties. For example,
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nanovalves, formed by binding cyclobis(paraquat-p-phe-
nylene) to [2]pseudorotaxanes attached to mesoporous silica,
have been used to control the release of an entrapped
organometallic complex.'* One flexible route to synthesize
mesoporous materials, lyotropic liquid crystal templating, is
often used due to its simplicity, degree of control over the
structure of the product materials, and applicability to a broad
range of materials, including metals,'> oxides,'® and chal-
cogenides.!” Lyotropic liquid crystal templating takes ad-
vantage of a self-assembled structure formed by a mixture
of an amphiphile and water to control the structure of an
inorganic phase; typically the inorganic phase grows in the
hydrophilic domains of the liquid crystal, while the hydro-
phobic domains form the pores. Previously we combined
lyotropic liquid crystal templating with colloidal templating
in an approach we term “Double Direct Templaing” to form
mesoporous hollow spheres (MHS).'®!° In this approach, ZnS
is heterogeneously nucleated onto a sacrificial core colloid
within a lyotropic liquid crystal. After removal of the
sacrificial core, the result is a ZnS MHS.

Here we demonstrate that a biomacromolecule, soybean
peroxidase (SBP), can be encapsulated within a ZnS MHS
and utilize the fixed mesopore size to entrap the SBP and
regulate the transport of reactants through the shell. Small
molecules (e.g., H,O,, NaN3, and Amplex Ultra-Red) pass
through the mesopores and interact with the SBP, while
papain, a large protease, which can digest SBP, does not
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Figure 1. Procedure for encapsulation of soybean peroxidase (SBP)
within a mesoporous ZnS hollow sphere: (i) utilizing a reverse
emulsion, SBP is encapsulated within ca. 30 nm diameter SiO,
colloids; (ii) the SiO, colloids are then grown to ca. 500 nm in
diameter; (iii) mesoporous ZnS is mineralized onto the SiO, colloids
utilizing a lyotropic liquid crystalline template; (iv) the template is
then rinsed away; (v) the sacrificial SiO, template is etched, resulting
in free SBP encapsulated within a ZnS MHS.

enter the MHS. SBP was specifically selected for encapsula-
tion within MHS due to its size, thermal stability, activity
over a wide pH range, and remarkable robustness.?’?! SBP
has molecular dimensions of 6.1 x 3.5 x 4.0 nm,?> which
are greater than the MHS mesopore diameter (ca. 3 nm),"’
and maintains similar dimensions when physisorbed onto a
surface.?? The MHS host has the unique advantage that the
mesopores in the inorganic shell allow access to the
encapsulated functional species by a size-selected range of
reagents under a variety of environmental conditions. Ad-
ditionally, the synthesis of the MHS is performed at room
temperature with a mild chemical etching step, which is
compatible with many organic, inorganic, and biological
moieties. Moreover, the diameter of the sacrificial core can
be used to vary the size of MHS.

Figure 1 outlines the procedure by which SBP was
encapsulated within the ZnS MHS. First, a reverse emulsion
was used to entrap the SBP within a sacrificial silica core.
An aqueous solution of SBP (0.5 mL of 3 mg/mL) was added
to a solution of 1.89 g of Triton X-100, 1.46 g of n-hexanol,
and 5.84 g of cyclohexane.?* To the reverse emulsion, 0.003
g of 3-triethoxysilylpropylamine (APTES), 0.094 g of
tetraethyl orthosilicate, and 0.054 g of ammonium hydroxide
(29%) was added to encapsulate SBP within SiO, colloids.
The resulting colloids were thoroughly rinsed with acetone
and ethanol via centrifugation and redispersion by sonication.
The SBP loaded colloids were determined to be ca. 30 nm
in diameter as measured by transmission electron microscopy
(TEM). These colloids were further grown to ca. 500 nm by
a seeded SiO, growth method based in a basic ethanolic
hydrolysis.?> Next, the colloids were functionalized with
APTES.?® The APTES functionalized SiO, (0.1% v/v) were
then dispersed into an aqueous solution containing 0.01 M
poly(acrylic acid) (MW = 2100 Da), which was bonded to
the amine groups using 4-(4,6-dimethoxy[1.3.5]triazin-2-yl)-
4-methylmorpholinium chloride hydrate.?” The core colloids
were then rinsed to remove excess poly(acrylic acid) and
dispersed (0.02% v/v) in an aqueous solution containing 0.1
M zinc acetate and 0.1 M thioacetamide. The aqueous
solution was then mixed with an equal weight of oligo(et-
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Figure 2. TEM images showing (a) a complete ZnS MHS
containing SBP at low magnification and (b) a thin ZnS MHS at
higher magnification where the mesopores are more evident.

hylene oxide) oleyl ether (Brij 97) to form the hexagonal
lyotropic liquid crystalline template. Upon aging, a meso-
porous ZnS shell heterogeneously mineralized onto the
surface of the SiO; colloids.'®!° Finally, the cores were etched
with 5% hydrofluoric acid (HF) in ethanol, resulting in free
SBP encapsulated within ZnS MHS. The MHS were then
thoroughly rinsed with ethanol and redispersed in a PBS
buffer (pH 7.4, 50 mM). TEM images of a ZnS MHS
containing SBP after core etching at both low and high
magnification, where the mesopore structure is evident, are
shown in Figure 2. The high magnification
image was taken from a particle with a thin, incomplete shell,
where the mesopore structure is easy to observe. A more
detailed analysis of the MHS mesostructure can be found in
ref 19.

The encapsulation efficiency of the reverse emulsion was
determined by UV —visible spectroscopy by comparing the
absorption of as-encapsulated SBP in SiO, with control
samples of known SBP concentration, Figure 3. The scat-
tering from the SiO, colloids was subtracted by matching
the long wavelength absorbance of the SBP-containing
sample with a control sample containing SiO, colloids. From
the scatter-subtracted absorption of the SBP at 404 nm, an
encapsulation efficiency of 10% was determined, which after
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Figure 3. Absorbance vs wavelength for encapsulated SBP in SiO,
(—— —). The SBP absorption (—) was calculated from the
difference between as-encapsulated SBP in SiO, (— — —) and the
scatter from a suspension of SiO, colloids (— ¢ —). Inset: plot of

the absorbance of known concentrations of SBP at a wavelength
of 404 nm.

SiO; core etching corresponds to approximately eight enzyme
molecules per MHS.

To verify the presence and catalytic activity of the MHS
encapsulated SBP, a fluorogenic substrate, N-acetyl-3,7-
dihydroxyphenoxazine (Amplex Ultra-Red), was utilized.
Amplex Ultra-Red exhibits high reaction specificity with
hydrogen peroxide in the presence of a peroxidase to form
the fluorescent dye resorufin.?®?° The activity of SBP after
exposure to 5% HF in ethanol was verified by mixing the
SBP powder with the ethanolic HF solution followed by
dialysis against PBS to remove ethanol and HF. After this
treatment, UV—visible spectroscopy confirmed SBP still
catalyzed the formation of resorufin from Amplex Ultra-Red
in the presence of hydrogen peroxide. Hydrogen peroxide,
Amplex Ultra-Red, and resorufin are all smaller than the 3
nm diameter mesopores and thus are expected to pass rapidly
through the MHS shell. A schematic of the peroxidase-
catalyzed oxidation of Amplex Ultra-Red to resorufin is
shown in Figure 4a(i). A fluorescence microscope was
utilized to view the resorufin formed by the SBP catalyzed
oxidation of Amplex Ultra-Red by exciting at wavelengths
between 540 and 580 nm and collecting emitted fluorescence
at wavelengths between 590 and 650 nm. ZnS MHS
containing SBP were deposited onto glass coverslips covered
with HybriWells (Grace Bio-Laboratories), and then the
reagent solution (0.5 uM Amplex Ultra-Red and 0.018% by
volume hydrogen peroxide in PBS) was injected into the
sample well. Individual MHS were then observed to fluoresce
(Figures 4b,c and 5). In the absence of SBP, fluorescent ZnS
MHS were not observed, which is strong evidence both that
active SBP is encapsulated and that ZnS does not catalyze
the conversion of Amplex Ultra-Red to the dye resorufin.

The observed fluorescence emanating from the SBP-
containing colloids is due to the production of resorufin in
the core of the MHS (Figure 4a(i)). Upon elution of the
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Figure 4. (a) Schematic representation of the interaction between
different molecular species and the mesoporous ZnS shell: (i) the
fluorogen, Amplex Ultra-Red, and H,O, (not shown) enter the MHS
and undergo a SBP-catalyzed reaction to form the dye resorufin;
(i) papain, a protease, was blocked from entering the MHS due to
steric exclusion; (iii) NaNj readily entered the MHS to irreversibly
inhibit SBP. Transmitted (top) and fluorescence (bottom) images
of ZnS MHS containing SBP exposed to (b) Amplex Ultra-Red
and H,0,, (c) Amplex Ultra-Red and H,0, after exposure to papain,
and (d) Amplex Ultra-Red and H,O; after exposure to sodium azide.
(All optical images are the same scale.)

Figure 5. Transmitted (a) and fluorescence (b) light microscope
images of ZnS MHS containing SBP in the presence of the
fluorogen Amplex Ultra-Red and H,O..

reagents with buffer solution, the MHS were observed to
remain fluorescent, which implies adsorption of resorufin
onto the ZnS shells. To verify that the observed fluorescence
is due only to the SBP catalyzed oxidation of Amplex Ultra-
Red, and not some other reaction, the fluorescence signal
was observed as each component of the reagent solution
(PBS, H,0, in PBS, and Amplex Ultra-Red in PBS) was
added individually to separate batches of the MHS containing
SBP. Each sample was then subsequently eluted with the
complete reagent solution. Fluorescence images were col-
lected at 2 s intervals over 40 s after the addition of the
individual components and for 40 s after elution with the
complete reagent solution; plotted in Figure 6 are the
fluorescence intensities of an individual MHS containing SBP
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Figure 6. Plot of the average fluorescence intensities after exposure
of MHS containing SBP to various reagent solutions. Initially, PBS,
PBS containing H,O,, or PBS containing Amplex Ultra-Red was
added to MHS containing SBP (black bars). The system was then
eluted with the complete solution containing Ampex Ultra-Red and
H,0, in the PBS buffer (gray bars). The error bars indicate one
standard deviation from the average fluorescence intensity over 40 s.

during each experiment. The error bars correspond to one
standard deviation of the fluorescence intensity over 40 s
for both the individual component and complete reagent
solutions.

To demonstrate the size selectivity of the mesopores,
papain, a cysteine protease, isolated from papaya latex, was
mixed with the ZnS MHS containing SBP, Figure 4a(ii).
Papain was chosen because it is larger than the meso-
pores,*®3! and it has high, nonspecific activity*? and well-
understood activation/inhibition behavior.***!** This protease
has molecular dimensions of ca. 5.0 x 3.7 x 3.7 nm® and
thus cannot fit through the 3 nm mesopores in the MHS.
The protease was activated with dithiothreitol**** and
incubated with both the MHS containing SBP and free SBP
in solution. The MHS were then thoroughly rinsed with the
buffer solution to remove the protease and any digested SBP.
Upon exposure to the Amplex Ultra-Red and H,O, reagent
solution, the MHS were observed to fluoresce (Figure 4c),
indicating that the MHS protected the SBP by sterically
excluding papain, while the protease digested any free SBP.
To conclusively demonstrate that small molecules can
permeate through the MHS shell wall, sodium azide (NaN3),
a known irreversible inhibitor for heme group containing
enzymes, such as SBP, was also incubated with the MHS
containing SBP (Figure 4a(iii)). Following incubation with
NaNj;, the MHS were thoroughly rinsed with the buffer
solution to remove excess NaNj; upon introduction of the
reagent solution, no fluorescence was observed in the sample
(Figure 4d).

In summary, we described a general strategy for the
encapsulation of an active biomolecular species within the
central cavity of ZnS MHS. Both the activity of the
encapsulated SBP and the size-selective transport through
the wall of the MHS were verified through the use of a
common fluorogen, hydrogen peroxide, and sodium azide.
Additionally, the protection of the SBP was shown through
size-selected blocking of papain. The mesoporous hollow
sphere system introduces size selectivity to catalyzed chemi-
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cal reactions; future work may include variations in pore sizes
and pore wall chemical functionalization.
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