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ABSTRACT: Mesoporous metal—organic networks have attracted widespread interest owing to their potential applications in diverse
fields including gas storage, separations, catalysis, and drug delivery. Despite recent advances, the synthesis of metal-organic net-
works with large and ordered mesochannels (>20 nm), which are important for loading, separating, and releasing macromolecules,
remains a challenge. Herein, we report a templating strategy using sacrificial double cubic network polymer cubosomes (Im3m) to
synthesize ordered mesoporous metal—phenolic particles (meso-MPN particles) with a large pore (~40 nm) single cubic network
(Pm3m). We demonstrate that the large pore network and the phenolic groups in the meso-MPN particles enable high loadings of
various proteins (e.g., horseradish peroxidase (HRP), bovine hemoglobin, immunoglobulin G, and glucose oxidase (GOx)), which
have different shapes, charges, and sizes (i.e., molecular weights spanning 44—160 kDa). For example, GOx loading in the meso-
MPN particles was 362 mg g, which is ~6-fold higher than the amount loaded in commercially available SiO: particles with an
average pore size of 50 nm. Furthermore, we show that HRP, when loaded in the meso-MPN particles (486 mg g ), retained ~82%
activity of free HRP in solution and can be recycled at least 5 times with a minimal (~13%) decrease in HRP activity, which exceeds
HRP performance in 50-nm pore SiO: particles (~36% retained activity and ~30% activity loss when recycled 5 times). Considering
the wide selection of naturally abundant polyphenols (>8000 species) and metal ions available, the present cubosome-enabled strategy
is expected to provide new avenues for designing a range of meso-MPN particles for various applications.

INTRODUCTION

Porous materials are of widespread scientific and industrial in-
terest and find applications in fields including catalysis and drug
delivery.!? Topological features, such as pore size and pore
connectivity, play a central role in the design of porous materi-
als, as they not only modulate the efficiency of mass transport,
but also can screen and capture targets of interest.>> Notably,
the presence of large ordered mesopores, particularly those
larger than 20 nm, can reduce the diffusion barrier of small mol-
ecules, functional biomacromolecules, and nanoparticles into
the particles.®” As a class of porous material, metal-organic net-
works have attracted considerable attention owing to their tun-
able porous structure and unique physicochemical properties
originating from their constituent metal and organic building
blocks.®® However, the porosity within metal-organic networks
is generally restricted to the microporous regime, which limits
their application in various fields (e.g., protein and gene deliv-
ery). To this end, efforts have been made to generate mesopo-
rosity within metal—-organic networks via the use of extendable
ligands,'® mixed ligands,"" and etching.!” These approaches
generally result in irregular pore architectures and/or limited
pore size expansion. Templating methods have emerged as an
alternative means to generate regular mesopores, where the

porosity generally stems from the ordered assembly of the
metal-organic networks intergrown throughout the template.'*-
15 However, significant challenges remain in templating meso-
porous metal-organic networks, for instance, achieving ade-
quate interaction between the mesopore-generating template
and the metal-organic replicate, and maintaining the stability of
the replicated metal-organic network during template removal.
Polymer cubosomes, arising from the inverse bicontinuous
mesophase of block copolymers, have been reported with or-
dered mesopores and selective solubility.'®?! A recent study
confirmed the feasibility of using cubosomes as templates for
constructing replica inorganic (SiO2 and TiOz) particles;** how-
ever, there still remains a need to establish cubosome synthesis
routes to enable their use to template more complex materials,
such as metal-organic systems.

Recently, our group introduced metal-phenolic networks
(MPN), a class of naturally derived low-toxicity and stimulus-
responsive metal-organic networks, which can replicate diverse
templates with high fidelity using the coordination between
metal ions and phenolic ligands.”*** MPNs have been applied
in various fields including bioimaging,?* drug delivery,”’ and
heavy metal
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Scheme 1. Schematic of the preparation of the meso-MPN particles using PCs as templates.

extraction.?® In addition, MPNs are stable in a wide range of
solvents, making them suitable for the design of mesoporous
metal-organic networks. Herein, we report a templating strat-
egy for fabricating ordered mesoporous metal-phenolic net-
work particles (meso-MPN particles) with a single cubic net-
work (Scheme 1, Figure S1). Inspired by the sophisticated self-
assembly of natural systems (e.g., ordered smooth endoplasmic
reticulum),?® we first assembled polymer cubosomes (PCs)
from linear polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) and then used these PCs as templates for the synthesis of
the meso-MPN particles. The PCs possess bicontinuous triply
periodic minimal surface structures,*® in which two non-inter-
secting large water-channel networks are weaved in a long-
range cubic crystalline order. The meso-MPN particles with
single networks (Pm3m) were then replicated by the in situ for-
mation of MPNs and subsequent dissolution of the PC tem-
plates by tetrahydrofuran (THF). Different phenolics (e.g., (—)-
epigallocatechin gallate (EGCQ) and gallic acid)) and various
metal ions (Fe**, Cu?*, and Zr*") were used to design different
types of meso-MPN particles. We examine the ability and ca-
pacity of the meso-MPN particles as supports for loading di-
verse biomacromolecules and as recyclable bioreactors.

RESULTS AND DISCUSSION

The cubosomes were assembled from simple and easy-to-syn-
thesize linear PS-b-PEO diblock copolymers, thereby affording
a simple fabrication process and potentially extending the prac-
tical applications of the meso-MPN particles. Similar to lipo-
somes or other surfactant assemblies, the structure of the poly-
mer assemblies is mainly determined by a packing parameter
p.'63132 Therefore, a long hydrophobic block and a mixed sol-
vent were selected to ensure a suitable p value (p > 1) for the
formation of cubosomes. PS»17-b-PEO4s with a well-defined
block length and narrow molecular weight distribution was syn-
thesized via atom transfer radical polymerization (Figures S2—
S4). PCs with a double primitive cubic network were subse-
quently self-assembled by a cosolvent method using water and
a dioxane/dimethylformamide mixture.'® Importantly, the PCs
were stable in aqueous solution and readily dissolved in THF,
and therefore could serve as templates for metal-organic mate-
rials that are stable in organic solvents.

The morphology of the PCs was examined prior to MPN tem-
plating (Figure la—c). Scanning electron microscopy (SEM)
showed the near-spherical morphology of the particles with an
average diameter of 2.4 £ 0.6 um (Figures 1a, S5a) and uniform
pores with a diameter of ~15 nm distributed tetragonally on the
surface of the PCs (Figures 1b, S6). Transmission electron mi-
croscopy (TEM) revealed bicontinuous internal structures, with
a typical [100] direction of Im3m cubic lattice (Figure 1c). The
internal structure of the PCs was further investigated using syn-
chrotron small-angle X-ray scattering (SAXS). The SAXS pat-
tern of the PCs (Figure S7a) displayed three characteristic peaks
with a scattering vector () ratio of 2:4:6, corresponding to the
[110], [200], and [211] reflections of the Im3m cubic struc-
ture.>* Cross-sectional SEM images of fractured PCs further
confirmed that the internal bicontinuous porous structure was
maintained along the [110] directions of the primitive cubic sur-
face (Figure S7b), highlighting the potential of the PCs for tem-
plating ordered MPNs.

The meso-MPN particles were obtained by the infusion of small
phenolic ligands (i.e., EGCG) into the pores of the PCs and sub-
sequent in situ coordination with Fe3*, followed by etching of
the PC templates in THF. The template suspension changed
from milky white to blue-black upon formation of the MPN
coating on the PCs (Figure S8). The average diameter of the
MPN-coated PCs (before template removal), i.e., PCs@MPN
particles (2.4 £ 0.7 um), was similar to that of the PCs, while
the pores on the surface of the PCs@MPN particles appeared to
be significantly blocked (Figure 1d,e). However, TEM analysis
of PCs@MPN (Figure 1f) revealed an interconnected pore
structure, thus indicating that only one set of channels was open
to the surroundings and therefore the channels were filled by
the MPNs.?23* Removal of the PC templates with THF led to
the formation of ordered meso-MPN particles (Figure 1g—i).
SEM analysis demonstrated uniform tetragonally distributed
pores on the surface of the meso-MPN particles and pore sizes
of ~40 nm (the solid walls of the PC templates become the pores
of the replica particles) (Figure 1h). High-angle annular dark-
field (HAADF) and energy-dispersive X-ray spectroscopy
(EDX) mapping results reveal the presence of elements C, O,
and Fe that were uniformly distributed throughout the meso-
MPN



Figure 1. Representative SEM and TEM images of the (a—c) PCs, (d—f) PCs@MPN (MPN-coated PCs before template removal), and (g—i)
meso-MPN particles. (j) High-angle annular dark-field (HAADF) and energy-dispersive X-ray spectroscopy elemental mapping of the meso-

MPN particles.

particles, confirming the metal-organic nature of the particles
(Figure 1j). Notably, no coordination cluster aggregates were
observed on the surface of the meso-MPN particles.

TEM further revealed that a bicontinuous porous structure was
present in the meso-MPN particles, along with the typical [100]
direction of the Pm3m cubic lattice (Figure 1i). The SAXS pat-
tern of the meso-MPN particles displayed three characteristic
peaks with a @’ ratio of 1:2:3, corresponding to the [100], [110],
and [111] reflections of the Pm3m cubic structure (Figure
S9).3% The average unit cell parameter of the meso-MPN parti-
cles was 60 nm, almost identical to that of the PCs (62 nm),
suggesting a conformal replica. SEM and TEM images of frac-
tured meso-MPN particles showed the typical structure of the
Pm3m cubic network with six-fold junctions from the [100] di-
rection (Figure 2a—c), which originates from the primitive cubic
lattice of the PCs. Electron tomography and computer-gener-
ated three-dimensional (3D) visualization of an internal section

of the meso-MPN particles revealed the cubic mesophases of
the meso-MPN particles (Figure 2d). These results indicate that
the meso-MPN particles possess a Pm3m single cubic network
rather than a double network structure, suggesting that the
MPNSs only filled/coated one set of pores in the PCs.3

Various characterization methods were used to confirm that the
meso-MPN particles were composed of MPNs. Fourier trans-
form infrared (FTIR) spectroscopy revealed that the carbonyl
group (C=0) stretching of EGCG shifted from 1689 to 1651
cm™!' in PCs@MPN, which indicates strong hydrogen bonding
between the PCs and EGCG. In addition, in the FTIR spectrum
of the meso-MPN particles, the broadening of the absorption
bands at 3349 and 3471 cm™' (corresponding to HO—C stretch-
ing), which were originally distinct in the FTIR spectrum of
EGCQG, suggests the formation of coordination bonds between
the phenolic groups and metal ions (Figure 2¢). The UV—vis ab-
sorption
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Figure 2. Structural analysis of the meso-MPN particles. (a, b) SEM and (c) TEM images of a fractured meso-MPN particle. (d) Representa-
tive internal slice of a meso-MPN particle characterized by (i) electron tomogram and (ii) computer-generated 3D visualization. (e) Fourier
transform infrared spectra of the PCs, EGCG, PCs@MPN, and meso-MPN particles. (f) UV-vis absorption spectra of the PCs, EGCG, Fe?*",
PCs@MPN, and meso-MPN particles. (g) pH-Dependent disassembly kinetics of the Fe**-EGCG meso-MPN particles at different pH.

spectra of the meso-MPN particles showed a characteristic lig-
and-to-metal charge transfer (LMCT) band at ~565 nm,*” which
is absent in the spectrum of PCs or EGCG (Figure 2f). The pres-
ence of the LMCT band suggests that the meso-MPN particles
are composed of bis- and tris-state MPN complexes, where the
bis-state is dominant. The peak at ~712.3 eV in the X-ray pho-
toelectron spectroscopy survey spectrum of the meso-MPN par-
ticles further confirmed the presence of Fe*" in the particles
(Figure S10). The MPN component of the meso-MPN particles
are amorphous, as confirmed by X-ray diffraction (Figure S11).
Of special interest is the versatility of this templating strategy,
as we demonstrate for the preparation of various MPNs contain-
ing different metal ions (e.g., Cu**, Zr*") and polyphenols (e.g.,
gallic acid) (Figures S12—-S15). In addition, the meso-MPN par-
ticles exhibited pH-responsive disassembly owing to the dy-
namic coordination between the phenolics (EGCG) and metal
ions (Fe**, Figure 2g, Figure S16). At pH 7.4, 10% of the meso-
MPN particles disassembled after 96 h, whereas approximately
80% of the meso-MPN particles disassembled at pH 4.0 after
96 h.

Porous particles are promising candidates for various applica-
tions including drug delivery and catalysis as they can load and
release high quantities of functional macromolecules,' and our
interest in these systems stems from our work on the encapsu-
lation and release of proteins/therapeutics for localized delivery
applications.*® We therefore examined the accessibility of the
pores within the meso-MPN particles using a range of proteins
with different size, shape, and surface charge. Loading of the
different cargos was conducted in phosphate buffer (pH 6). Re-
gardless of their physicochemical features, all the proteins were
successfully loaded into the meso-MPN particles. We were also
able to load DNA and inorganic nanoparticles into the meso-
MPN particles (Figure S17). To further investigate the protein
loading profile of the meso-MPN particles, their loading was
compared with that of different carriers (e.g., PCs and commer-
cial SiO2 microparticles with average pore sizes of 8, 20, and 50
nm; Figure S18) using model proteins with different molecular

weights (Figure 3a, Table S1), including horseradish peroxidase
(HRP, 44 kDa), bovine hemoglobin (BHb, 65 kDa), immuno-
globulin G (IgG, 153 kDa), and glucose oxidase (GOx, 160
kDa). The PCs exhibited negligible protein loading mainly due
to the antifouling properties of the PEO corona on the surface
of the cubosomes. In contrast, the meso-MPN particles exhib-
ited superior loading capacity across the whole range of proteins
studied, which is attributed to the high affinity that phenolics
exhibit for nearly any protein via hydrogen bonding, electrostat-
ics, and/or hydrophobic interactions.>**! The meso-MPN parti-
cles also demonstrated a significantly higher loading capacity
for high molecular weight proteins than the SiO: particles. For
example, the loading amount of HRP in the meso-MPN parti-
cles was 486 mg g !, which is ~3- and ~5-fold higher than the
amounts loaded in the SiO: particles with average pore sizes of
8 and 50 nm, respectively. HRP has a net positive charge at
physiological pH and therefore could potentially electrostati-
cally interact with the negatively charged surfaces of both SiO»
and the meso-MPN particles. We therefore also examined the
loading of a protein with a similar negative charge to the parti-
cles, and the loading of GOx in the meso-MPN particles was
362 mg ¢!, which is ~20- and ~6-fold higher than the amounts
loaded into the SiO» particles with average pore sizes of 8 and
50 nm, respectively. This suggested that the high loading capac-
ity of the meso-MPN particles across the various molecular
weights of proteins can be attributed to their unique chemical
nature and bicontinuous ordered porous structure. Loading
throughout the meso-MPN particles was confirmed from the
uniform distribution of fluorescence observed in confocal laser
scanning microscopy (CLSM) images. Figure 3b shows repre-
sentative CLSM images of fluorescein isothiocyanate-labeled
HRP (FITC-HRP)-loaded meso-MPN particles.

The meso-MPN particles were subsequently examined as an en-
zyme-integrated bioreactor, and the activity of the loaded HRP
was evaluated by assessing the enzymatic oxidation of amplex
red in the presence of H202.4*%
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Figure 3. (a) Protein loading amount (mg g!) in the meso-MPN particles, PCs, and SiO> with different pore sizes. Protein concentration
used for loading was 1 mg mL™'. (b) Cross-sectional z-slice CLSM images of a meso-MPN particle loaded with FITC-HRP from the top (1)
to the base (7) of the particle. (c) Time-course plots of the absorbance of amplex red oxidized by free HRP, meso-MPN particles, meso-MPN
particles/HRP, PCs/HRP, SiO2 (50 nm)/HRP in the presence of H202. (d) Recyclability of the meso-MPN particles/HRP, PCs/HRP, SiO2
(50 nm)/HRP, as measured from the relative activity of the loaded HRP after each assay cycle versus the first cycle of the meso-MPN

particles. The results are shown as means + standard deviation (N

Throughout the course of the reaction, the HRP-loaded meso-
MPN particles (meso-MPN particles/HRP) maintained a high
reaction rate (Ve = 1.05 x 107* mM s7'), although a slightly
lower Ve was observed when compared with that of the free
HRP (Vrae = 1.28 x 10 mM s™") at a given concentration (Fig-
ure 3c). However, the catalytic rate of the meso-MPN particles
was higher than that of the HRP-loaded PCs (PCs/HRP; Viute =
7.14 x 1073 mM s ') and HRP-loaded mesoporous SiO: particles
with a pore size of 50 nm (SiO2 (50 nm)/HRP; Vrae = 4.63 X
1073 mM s™'; Figure S19).* The fast reaction kinetics displayed
by the meso-MPN/HRP particles suggest a low diffusion bar-
rier, likely due to the cubic network of large pore channels and
high permeability originating from the MPNs.?**5 Importantly,
the meso-MPN/HRP particles could be effectively recycled at
least 5 times with only a minimal decrease (~13%) in activity
(Figure 3d), and no significant changes in the UV—vis spectra
(Figure S15). In contrast, the mesoporous SiO2 (50 nm)/HRP
and PCs/HRP demonstrated enzymatic activity losses of 30%
and 70%, respectively. These results indicate that the meso-
MPN particles can effectively serve as high loading carriers for
the immobilization and recyclability of enzymes.

CONCLUSION

In summary, we developed a strategy to construct ordered
meso-MPN particles with a bicontinuous cubic network (40

=3).

nm) using PCs as templates and MPNs as the replica material.
We observed a structured replica transitioning from PCs with
double networks (Im3m) to meso-MPN particles with single
networks (Pm3m). Proteins of different size, shape, and com-
position were loaded at high amounts (~360—485 mg g-') into
the meso-MPN particles. The enzyme-loaded meso-MPN parti-
cles exhibited excellent catalytic activity (82% of the free en-
zyme) with recyclability (loss of ~13% activity over 5 cycles),
which are attributed to the multifaceted nature of the MPN and
bicontinuous ordered porosity. The judicious selection of metal
ions and naturally abundant polyphenols with different func-
tions (e.g., anticancer and neuroprotective effects) provide an
opportunity for designing diverse meso-MPN particles using
the current cubosome-enabled strategy for various applications.

EXPERIMENTAL SECTION

Synthesis of PS217-b-PEQ4s Block Copolymers. The PSzi7-b-
PEOQss block copolymer was synthesized by an atom transfer
radical polymerization method that involved two steps (Figure
S1).% The first step involved the synthesis of PEO-Br macroin-
itiator. Briefly, poly(ethylene glycol) methyl ether (average Ma
~2,000) (0.025 mol) was first dissolved in 200 mL of dichloro-
methane (DCM), followed by the addition of 10.1 mL of tri-
ethylamine (7.5 mmol). The resulting solution was cooled in an
ice-water bath. Then, 6.2 mL of a-bromoisobutyryl bromide



(0.05 mol) in 20 mL of DCM solution was added dropwise un-
der stirring. The reaction mixture was stirred for 12 h in an ice-
water bath. A filter membrane was used to remove the triethyl-
amine salt. The resulting solution was concentrated and precip-
itated in 500 mL of cold ether. The white precipitate was fil-
tered, washed with cold ether three times, and dried under vac-
uum at room temperature overnight. In the second step, 2 g of
PEQus-Br, 133 mg of copper(I) bromide (0.93 mmol), and 206
pL of N,N,N’,N’,N"-pentamethyldiethylenetriamine (1 mmol)
were introduced into a dried Schlenk flask. The flask was com-
pletely degassed with three freeze—pump—thaw cycles and re-
filled with N2 in three cycles to remove oxygen. Then, a known
amount of styrene was introduced into the flask via a syringe.
The resulting mixture was further deoxygenated by three
freeze—pump—thaw cycles. The flask was subsequently im-
mersed in an oil bath at 110 °C under stirring to polymerize sty-
rene. The reaction proceeded for 5 h before cooling to subzero
temperatures by liquid nitrogen. The gel-like product was dis-
solved in 50 mL of THF and then filtered through basic alumina
to remove copper complexes. The mixture solution then was
concentrated and added dropwise to 500 mL of methanol. The
resulting white precipitate was filtered and washed with metha-
nol three times. The final product was dried under vacuum at
room temperature overnight.

Self-Assembly of PS217-b-PEO4s Block Copolymers in Solu-
tion. Polymer cubosomes with the double primitive cubic net-
work were self-assembled by a simple cosolvent method. Typ-
ically, PS217-b-PEQ4s was dissolved in 2 mL of dioxane/dime-
thylformamide (v/v 92:8) mixture solution (1 wt%). The solu-
tion was stirred for 4 h at room temperature for complete disso-
lution of the copolymer. Water (50 wt%) was added at a con-
trolled rate (1 mL h™") to the organic solution of block copoly-
mers with stirring. The formed assemblies were collected by
rapidly adding a 10-fold amount of water. The cubosomes were
then purified by centrifugation (3000 g, 1 min) and washed with
water to remove residual organic solvent.

Synthesis of Meso-MPN Particles. Typically, aliquots (1 mL)
of EGCG (30 mM) and FeCl;.6H20 (30 mM) solution were se-
quentially added to 20 mL of the cubosome aqueous solution
(0.05% w/v). The suspension was vigorously stirred for 2 h to
ensure complete diffusion of the polyphenol and metal ions into
the cubosomes. The pH of the suspension was then raised by
adding 25 mL of 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer (100 mM, pH 6.5) solution. The reaction was
stirred for another 10 min. Unreacted supernatant was removed
by centrifugation (3000 g, 1 min) and washing with Milli-Q wa-
ter for three times. Dissolution of the polymer cubosomes was
accomplished by washing the pellets with THF three times
(3000 g, 1 min). The suspension was incubated with THF for
30 min under constant shaking (1000 rpm). The obtained or-
dered meso-MPN particles were washed with Milli-Q water
twice (3000 g, 1 min) and resuspended in 20 mM MOPS (pH
7.4). The meso-MPN particle dispersion was stored at 4 °C for
future use and used within 1 week of preparation.

Disassembly Experiments. The disassembly of the meso-MPN
particles was studied by monitoring the release behavior of iron.
Typically, an aliquot of the meso-MPN particles was dispersed
in 20 mM MOPS (pH 7.4), 20 mM sodium acetate (pH 5.0), or
20 mM sodium acetate (pH 4.0) and incubated in a shaker bath
at 37 °C for the desired time. The suspension was then centri-
fuged (3000 g, 2 min) to collect the supernatant. The iron con-
centration in the supernatant was determined by inductively

coupled plasma optical emission spectrometry. The initial iron
concentration of the meso-MPN particles was determined by in-
cubating the meso-MPN particles in 1 M HCI overnight. The
complete disassembly of the meso-MPN particles in 1 M HCI
was confirmed from the resulting transparent suspension ob-
tained and electron microscopy images.

Protein Loading Inside Different Carriers. Different carriers
(5 mg), including meso-MPN particles, PCs, or SiO> with an
average pore size of 8, 20, or 50 nm, were incubated with 5 mL
of protein stock solution (I mg mL™") in 50 mM phosphate
buffer (pH 6.0) for 5 h. The protein-loaded carriers were washed
three times with 50 mM phosphate buffer (pH 6.0). The amount
of protein loaded inside the particles was determined by UV—
vis spectroscopy by comparing the absorbance of the protein
solution before loading with the supernatant after loading. The
wavelength used to determine the loading amount of BHb,
HRP, IgG, and GOx was 280 nm.

Catalytic Activity Test. The activity of the loaded HRP was
evaluated according to the manufacturer’s specifications.
Briefly, free HRP, meso-MPN/HRP, PCs/HRP, or SiO2/HRP
particles were mixed with 50 mM phosphate-buffered saline
(PBS) solution (pH 7.4) containing 25 uM amplex red and 0.5
mM hydrogen peroxide. Changes in the absorbance of the red
oxidation product (resorufin) at 560 nm were monitored by
UV-vis spectroscopy. The reaction rate of HRP was calculated
from the extinction coefficient of resorufin (58,000 cm™ M™).
The catalysis rate was calculated from the first 100 s.

Recycling experiments were performed under the same condi-
tion as described above. After one cycle, particles were re-
trieved by centrifugation (3000 g, 2 min), washed with PBS,
and reused in the subsequent cycle.
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