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Despite significant advances in diagnosis and therapy over the past 20 years, cancer remains
one of the leading causes of death. Patients treated by conventional strategies commonly
suffer from frequent relapses and metastases and experience severe side effects shortly after
treatment. For example, doxorubicin hydrochloride (DOX), one of the most well-known
cytostatic chemotherapeutic agents used in the treatment of a wide variety of cancers is often
associated with severe suppression of hematopoiesis, and gastrointestinal and cardiac toxicity
when it is administered in vivo directly.?! In order to enhance the therapeutic outcomes and
reduce side effects of anticancer drugs, different types of drug carriers, including liposomes, !

polymeric micelles,*®  polymersomes,/”® carbon nanotubes,®%

mesoporous  silica
nanoparticles,™*?! and polymeric nanoparticles™™ have been extensively studied to improve
therapeutic outcomes. Hollow polymeric capsules that are engineered through the layer-by-
layer (LbL) deposition of polymers onto a sacrificial template have also become of interest for
drug delivery due to their controllable physicochemical and biological properties, including a

broad suite of capsule materials, tunable size, selective permeability, and stimuli-responsive

functionality for controlled release and degradation.**"! Effective carriers should be able to
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encapsulate and release loaded therapeutic agents. To this end, capsules that respond to
intracellular stimuli such as pH, temperature, redox potential, and enzymes to initiate cargo
release are of particular interest.™® pH-responsive drug delivery systems have been mostly
exploited for triggered drug release at the tumor site and/or inside tumor cells, due to the pH
gradient between tumor tissues (pH 5.7-6.8) and extracellular fluids (pH ~7.4) as well as the
acidic environment inside endosomal (pH 5.5-6.0) and lysosomal (pH 4.5-5.0)

compartments.[*%2

Recently, we introduced one-step assembly of phenolic-based thin films as a rapid and simple
alternative technology for template-mediated capsule preparation.”? We reported that
complexation between tannic acid (TA), a polyphenolic ligand, and metal ions, form robust
nano-scaled films on various templates, affording hollow, metal-phenolic network (MPN)
capsules following template removal.[?**!! Herein, we report the assembly of drug delivery
systems that are engineered from these MPN coordination complex films and exhibit
controllable pH-dependent degradability and intracellular drug delivery. The preparation of
the drug-loaded capsules that incorporate the pH-responsive release mechanism is
demonstrated in Scheme 1. As a proof-of-concept, poly(styrene sulfonate) (PSS)-doped
calcium carbonate (CaCO3) particles were easily prepared by co-precipitation in the presence
of CaCl, and Na,CO3.”®! By simply mixing the PSS-doped CaCO3 with DOX, large amounts
of DOX could be deposited into the porous interior of the CaCO3 templates.?**” Electrostatic
interaction,®® hydrogen boding interaction,’®**! and hydrophobic interaction™ stabilize the
PSS-DOX complexes. Stable metal-polyphenol coordination films were then rapidly formed
around the DOX-deposited CaCO3 templates simply by vortexing TA and metal ions in pH
8.0 buffer solution. Monodisperse DOX-loaded MPN capsules were subsequently obtained
after dissolution of the template. The fabrication process was carried out in a rapid process

with mild condition. As many types of anticancer drugs, such as irinotecan and topotecan
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(topoisomerase inhibitors), as well as other drugs in combination with anticancer drugs, such
as verapamil (a multidrug resistance modulator) possess both benzyl groups and amine groups
in their structure (Figure S1), we have also obtained MPN capsules loaded with irinotecan,
topotecan or verapamil through this fabrication method (Table S1). By taking advantage of
the diverse chelation ability of phenolic materials to form coordination complexes with
different metal ions, the DOX-loaded MPN capsules can be functionalized by coordination
with manganese (Mn) and gadolinium(Gd) for potential theranostic applications (Figure
52)."1 Due to the presence of the large excess of reactive phenolic hydroxyl groups on the
capsule surface, the drug-loaded MPN capsules are also expected to undergo a variety of
surface modifications through catechol-thiol reaction,®2*! metal coordination,’*"! and boronic

acid—catechol complexation'® for more specific applications.
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Scheme 1. Schematic of the fabrication process of DOX-loaded MPN capsules and release
mechanism of DOX from MPN capsules.

The morphology of the DOX-loaded AI"'-TA capsules (DOX-AI"-TA) prepared from TA

and Al""ions with D = 2.5 um templates was first characterized using differential interference
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contrast (DIC) microscopy, deconvolution microscopy (DM), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). As shown in Figure 1, DIC
microscopy indicates that the DOX-AI""-TA capsules were monodisperse and spherical. DM
images show that the core of the DOX-AI"-TA capsules has strong, red fluorescence
originating from the encapsulated DOX, while the green fluorescence signal originates from
the AI"-TA shell which is labeled with FITC-BSA. The three-dimensional (3D)
reconstruction derived from different focal planes further validated the loading of DOX in the
AI"TA capsules (Figure S3). The encapsulated DOX within the AI"-TA films was
visualized by TEM on ultra-microtomed sections (Figure S4). Furthermore, both SEM and
TEM showed that the AI"'-TA capsules were densely loaded with DOX and form a spherical
structure even after drying, which is significantly different than the appearance of unloaded
hollow MPN capsules. Without DOX, the AI"-TA capsule shell was observed by DIC
microscopy or DM (Figure S5). Both TEM and SEM showed folds and creases, typical
features of air-dried, free-standing capsules. Energy dispersive X-ray (EDX) mapping
analysis of DOX-AI"'-TA capsules demonstrated that the distribution patterns of nitrogen,
which is ascribed to the primary amines of DOX, matched well with the distribution patterns
of Al and O maps (Figure 1le) and high-angle annular dark-field images (HAADF) (Figure
S6). The DOX loading capacity was approximately 1.31 pg per capsule, and the drug loading
amount could be varied from 0.42 to 1.31 pg/capsule simply by controlling the weight ratio of
DOX to CaCOj3; template (Figure S7). By using submicron templates, DOX-loaded capsules

of ~800 nm could also be formed (Figure S8).
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Figure 1. Characterization of DOX-AI"'-TA capsules. a) DIC, b) DM, c) TEM, and d) SEM
images of DOX-AI"'-TA capsules. €) EDX elemental mapping of DOX-AI"-TA capsules.
Scale bars represent 2 um in a)-d), 0.2 um in the inset of ¢) and d), and 1 um in ¢).

The formation of coordination bonds between polyphenols and Al"' is pH dependent.*4 Our
previous study demonstrated that the capsule film formed from the coordination complex

between Fe'"

and TA exhibits pH-dependent disassembly.”*?) However, the narrow pH
range (3.0 — 4.0) of disassembly has made it difficult to achieve controlled and selective
release of therapeutic agents at relevant physiological conditions. Most recently, we observed
significant differences in the disassembly kinetics of MPN capsules prepared from different
metals in response to acidic conditions.?” To examine whether the Al"'-TA capsules prepared
from CaCO3 template undergo pH-dependent disassembly within a physiologically relevant
pH range, the degradation behavior of AlI"'-TA capsules was first studied at pH 7.4, 6.0 and
5.0, which mimic the environment of extracellular fluid, intracellular endosomes, and
lysosomes, respectively. As depicted in Figure 2a, the disassembly of Al"'-TA capsules was
highly pH-dependent, and the stability of the capsules generally decreased as the pH
decreased from 7.4 to 5.0. At pH 5.0, the capsules significantly degraded within 48 h, with

less than 20% remaining after 48 h incubation. At pH 6.0, the rate of disassembly was similar

to that at pH 5.0 within the first 24 h, but became slower from 24 h to 48 h. In contrast, the
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AI"-TA capsules were relatively stable at pH 7.4 compared to pH 5.0 and 6.0, with more than
80% of the capsules remaining after 48 h. The pH-dependent disassembly of AI"-TA
capsules is likely due to the decreased complex stability with decreasing pH.E* In view of the
major difference in degradation rate between pH 7.4 and 5.0, we further investigated DOX
release from DOX-AI""-TA capsules at these pH conditions. As shown in Figure 2b, DOX-
AI"-TA generally exhibited fast release of DOX at pH 5.0 and an intermediate release rate at
pH 6.0, with almost 62% and 53% of DOX released from DOX-AI"-TA capsules within the
first 48 h at pH 5.0 and pH 6.0, respectively. At pH 7.4, less than 30% of the total DOX was
released from the DOX-AI"'-TA capsules within 48 h, indicating some leakage of the DOX at
extracellular pH and salt concentrations. The difference in stability at extracellular
physiological pH and intracellular endo/lysosome pH conditions is favorable for the enhanced
intracellular release of cargo when combined with the pH-dependent stability of DOX-AI"'-
TA capsules. To determine whether the DOX release kinetics are associated with the capsule
degradation kinetics, we compared the disassembly and release kinetics between degradable

AI"TA capsules and relatively stable Fe'"

-TA capsules at physiologically relevant pH. As
indicated in Figure S9, there is a major difference in degradation rate between Al"'-TA and
Fe'-TA capsules at pH 5.0, although they are relatively stable at pH 7.4. The difference in
degradation kinetics was directly associated with the release profile of DOX, indicating that
DOX release from DOX-AI"-TA capsules is pH-dependent. Therefore, it is clear that the
degradation of DOX-AI"-TA capsules plays a major role in the release of DOX at simulated
intracellular pH. The permeability of the DOX-AI"-TA capsules (Figure S10) would allow
the diffusion of free DOX through their permeable shells, as a result of reduced hydrogen

bonding interaction between DOX and PSSP® and increased hydrophilicity of DOXE® at

lower pH.
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Figure 2. a) Degradation kinetics of Al"-TA capsules at pH 5.0, 6.0, and 7.4, as assessed by
flow cytometry. b) Time-dependent release of DOX from DOX-AI"'-TA capsules at pH 5.0,
6.0, and 7.4. All data are means £ SD (n = 3).

To explore whether DOX-AI"-TA capsules could be internalized by cancer cells, intracellular
trafficking of capsules and DOX release were visualized. DOX-AI"'-TA capsules were
internalized into both HeLLa and MB231 cell lines and accumulated in the periphery of the cell
nucleus (Figure 3a, b). The 3D-reconstructed fluorescence images further confirmed that the

DOX-AI"'-TA capsules were located within the WGA-stained cell membrane (Figure S11).

Most importantly, DOX distributed in the nucleus and cytoplasm, suggesting efficient capsule
7
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internalization and intracellular DOX release. This also explains the degradation of TA-
AlI" capsules mainly occurs in endosomal compartments, where the pH is low. As a result, the
released DOX in the endosomes can readily diffuse into the cytoplasm through the endosomal
membrane without endosomal disruption.®”8! These results prompted us to further explore
whether the DOX-AI"-TA capsules could induce effective cytotoxicity and apoptosis in these
cancer cells. As both HeLa and MB231 cells are sensitive to DOX treatment, we first
examined the cell viability of the treated cells by MTT assays. Figure 4a shows the cell
viability as a function of DOX concentration. Both DOX-AI""-TA capsules and free DOX
exhibited a dose-dependent cytotoxicity in both cell lines. DOX-AI"-TA capsules were found
to be more effective in killing HeLa cells in the range of 0.15 to 1.5 pg/mL when compared to
the equivalent concentration of free DOX under the same assay condition. In the case of
MB231 cell lines, DOX-AI"-TA capsules showed similar levels of cytotoxicity in the range
of 2.9x10 to 15 ug/mL as compared to the equivalent concentration of free DOX. The half-
maximal inhibitory concentration (ICsp) estimated from the MTT assay indicates the
enhanced cytotoxicity of DOX-AI"-TA capsules to the HeLa cell line from 0.84 pg/mL to
0.20 ug/mL (Table S2). The cytotoxicity of Al"'-TA capsules is almost negligible even at a
capsule to cell ratio of 500:1. (Figure S12). The apoptosis rate in HeLa and MB231 after the
treatment with DOX-AI"'-TA capsules or free DOX was also assessed at an equivalent DOX
concentration of 1.0 pg/mL at different treatment times. As shown in Figure 4b, the apoptosis
rate induced by DOX-AI"-TA capsules reached ~40% after 48 h treatment, which was
significantly higher than that of DOX-induced apoptosis. In the MB231 cell line, the DOX-
AI"TA capsules showed a comparable ability to induce apoptosis as compared with free
DOX. The key mechanism of DOX action is likely to be associated with the activation of p53,
which in turn promotes apoptosis of tumor cells.B**% Whereas free DOX could passively
diffuse into intracellular regions in both tumor cells, the cell type-dependent endocytosis of

DOX-AI"'-TA capsules resulted in a different level of capsule uptake between MB231 and
8
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HeLa cells (Figure S11), which may eventually lead to a different degree of p53 activation.

These results suggest DOX transported by AlI'"-TA capsules was able to induce effective

apoptosis in cancer cell lines at comparable or even lower DOX concentrations than free
DOX, and indicates that DOX-AI""-TA capsules may facilitate intracellular delivery of DOX

and thus enhance the therapeutic efficacy.
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Figure 3. Images of intracellular delivery of DOX-AI"-TA capsules in a) MB231 cells and b)
HeLa cells, acquired by deconvolution microscopy (DM) with a standard FITC/TRITC/DAPI
filter set. HeLa cells were incubated with capsules at a capsule-to-cell ratio of 20:1 for 24 h.
The blue nucleus stained with Hoechst 33342 was visualized with the DAPI filter, and green
cell membrane stained with wheat germ agglutinin Alexa Fluor® 488 was visualized with the
FITC filter. The inherent red fluorescence of DOX was observed with the TRITC filter. All
scale bars represent 10 um.

In conclusion, we have demonstrated that drug-loaded MPN capsules, which are based on the

I""ions, can be assembled and

formation of coordination complexes between tannic acid and A
used as pH-responsive carriers for drug loading and intracellular drug release. The MPN
capsules exhibited a high drug loading capacity (1.3 pg/capsule of DOX) and pH sensitivity,
which give rise to pH-enhanced drug release kinetics and enhanced effectiveness in killing

HelLa cells with ICsy value of 0.20 pg/mL. Moreover, this class of capsules is further expected

to be applied in various biomedical applications, such as theranostic nanomedicine, and
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multidrug co-delivery. Given the versatility of MPN materials, it is plausible that the
properties of these capsules can be further tailored; these include size, shape and surface
chemistry for the study of biodistribution and tumor targeting. This approach to fabricate
versatile and robust drug-loaded MPN capsules may open up new possibilities for exploring

carrier systems in biomedical applications.
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Figure 4. a) Cytotoxicity of DOX-AI"-TA capsules and free DOX as a function of DOX
concentration evaluated by MTT assay after 48 h incubation. The cell viability of untreated
cells was normalized as 100%. Data represent mean £ SD (n = 4). b) Percentage of apoptotic
cell HeLa and MB231 cells after treatment with DOX-AI""-TA or DOX at different dose for
48 h. All data represent mean = SD (n = 3, Student’s t-test, *P < 0.05, **P < 0.01).
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Experimental Section

Experimental details in preparation and characterization of drug-loaded MPN capsules,
capsule degradation and in vitro DOX release, intracellular drug delivery and cell viability

analysis are described in supporting information.

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

A new class of pH-responsive capsules based on metal-phenolic networks (MPNs) for
anticancer drug loading, delivery and release is reported. The fabrication of drug-loaded
MPN capsules, which is based on the formation of coordination complexes between natural
polyphenols and metal ions over a drug-coated template, represents a rapid strategy to
engineer robust and versatile drug delivery carriers.
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