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Nanostructures Hot Paper

Modular Metal-Quinone Networks with Tunable Architecture and
Functionality

Qi-Zhi Zhong, Joseph J. Richardson, Yuan Tian, Haijiang Tian, Jiwei Cui,* Stephen Mann,
and Frank Caruso*

Abstract: Nanostructured materials with tunable struc-
tures and functionality are of interest in diverse areas.
Herein, metal ions are coordinated with quinones
through metal-acetylacetone coordination bonds to gen-
erate a class of structurally tunable, universally adhesive,
hydrophilic, and pH-degradable materials. A library of
metal-quinone networks (MQNs) is produced from five
model quinone ligands paired with nine metal ions,
leading to the assembly of particles, tubes, capsules, and
films. Importantly, MQNs show bidirectional pH-re-
sponsive disassembly in acidic and alkaline solutions,
where the quinone ligands mediate the disassembly
kinetics, enabling temporal and spatial control over the
release of multiple components using multilayered
MQNs. Leveraging this tunable release and the inherent
medicinal properties of quinones, MQN prodrugs with a
high drug loading (>89 wt%) are engineered using
doxorubicin for anti-cancer therapy and shikonin for the
inhibition of the main protease in the SARS-CoV-2
virus.

Introduction

The controlled synthesis of tunable nanomaterials requires
the spatial and temporal confinement of components
capable of demonstrating diverse interactions with their
surrounding environments; this has significant implications
for interfacial assembly,[1–3] as well as practical applications
in lithography,[4–6] separations,[7] self-cleaning,[8,9] cell
adhesion,[10,11] and drug delivery.[12–15] The supramolecular
metal-organic toolbox is a promising platform to construct
functional materials with tunable properties owing to the
rich choice of building blocks and the hybrid physicochem-
ical properties and interactions imparted by the organic and
metal components.[16–21] However, the spatial confinement
and positioning of specific metal-organic components can be
challenging but can be achieved using components that
exhibit universal adherence to themselves and to other
substrates. To date, this spatial positioning has been
achieved, for example using metal-phenolic networks
(MPNs),[22–24] where adhesion is derived from the catechol
and gallol moieties in the phenolic ligands that can generate
different interactions with molecules and substrates. These
interactions include hydrogen bonding (e.g., with
poly(ethylene glycol), PEG), metal coordination (e.g., with
Fe3+), π-π interaction (e.g., with graphene oxide), and
hydrophobic interaction (e.g., with aliphatic side
chains).[25–30] While the affinity of the catechol moieties to
metal ions offers the possibility to tune the disassembly
kinetics via the choice of metal ions,[31] the use of different
ligands does not significantly change the disassembly
kinetics.[32] Therefore, engineering metal-organic materials
with high control over disassembly (temporal positioning)
while maintaining their versatile adhesion (spatial position-
ing) characteristics provides a pathway to unlock the
potential of tunable metal-organic nanomaterials with inher-
ent functionalities derived from their metal and organic
building blocks.
Herein, we present a coordination-driven assembly

strategy to engineer functional metal-organic materials with
tunable bidirectional pH responsiveness using a library of
quinones and metal ions. Quinones are promising natural
molecules with particular promise in the medical field. For
example, several anticancer drugs containing quinone mo-
tifs, e.g., daunomycin, doxorubicin (DOX), mitomycin C,
and mitoxantrone, have been approved by the US Food and
Drug Administration (FDA) for clinical use. Furthermore,
natural quinone compounds, such as cribrostatin, streptoni-
grin, and β-lapachone, are being studied for their anticancer
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activities. Streptonigrin and β-lapachone are already being
used as experimental drugs owing to their various pharma-
cophores and electron transport chains involved in cellular
metabolism.[33–35] The quinones were chosen to contain 1,8-
naphthoquinone moieties because of: (i) the similar distance
between oxygen atoms (0.26 nm) to that of catechol moieties
(0.27 nm) for the generation of hydrogen bonding, coordina-
tion, and other interactions with substrates and the environ-
ment (Figure 1a); (ii) their weaker affinity to metal ions

(stability constant for Fe3+ is log K1�11 vs log K1�20 for
catechol moieties)[36,37] that allows the coordination (i.e.,
metal-acetylacetone) bonds to respond to stimuli (e.g., pH)
(Figure 1a); and (iii) their diverse functionalities in biology
and electrochemistry owing to their active pharmacophores
and electron transport chains.[33–35] Specifically, five quinone
ligands (naphthazarin (NZ), shikonin (SK), quinizarin (QZ),
anthrarufin (AR), and DOX) and nine metal ions (Al3+,
Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zr4+, Pd2+, and Eu3+) were

Figure 1. Strategies for the assembly of MQNs with versatile adhesion and controllable disassembly properties. a) Design principles of MQNs,
showing the similar distance of adjacent oxygen atoms in catechol and quinone moieties and the different stability constants of Fe3+ chelated to
catechols and quinones, respectively. b) Library of organic building blocks and metal ions examined in this study to engineer MQNs. c) Properties
of MQNs and their potential as prodrugs.
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used to create a library of metal-quinone networks (MQNs),
including particles, tubes, capsules, and films, in solution
and/or on various organic and inorganic substrates (Fig-
ure 1a,b). The MQNs were readily post-functionalized with
synthetic molecules (e.g., PEG), small natural molecules
(e.g., tannic acid (TA) and carboxymethyl chitosan (CCH)),
and proteins (e.g., trypsin and catalase). Importantly, the
MQNs showed bidirectional pH responsiveness, enabling
their disassembly in both acidic and alkaline solutions with
ligand-mediated kinetics. This subsequently allowed for the
controllable release of cargo in a one-step or stepwise
process (Figure 1c). Considering the medicinal functionality
of quinones, prodrugs comprising DOX (an approved
anthracycline drug) or SK (a clinically trialed drug candi-
date) were synthesized with a high drug loading (>89 wt%)
for the inhibition of tumor cell growth and the main
protease (Mpro) in coronaviruses, respectively. Our study
provides a paradigm for engineering tunable, universally
adherent metal-organic architectures with spatially confined
components, allowing for their controlled temporal disas-
sembly into functional molecules. These engineered materi-
als are expected to find specific applications in drug delivery,
separation membranes,[38] soft actuators,[39] and synthetic
life.[40]

Results and Discussion

Assembly of MQNs

We first describe the formation of MQNs between Fe3+ and
the relatively simple quinone ligand NZ. The NZ solution
transitioned from red to purple-black within 30 s after the
addition of an aqueous solution of Fe3+ (Figure S1). UV/Vis
spectroscopy analysis revealed a new absorbance peak
around 650 nm in the spectrum of the Fe3+-NZ suspension,
which indicated coordination bond formation (Fig-
ure S1).[41,42] Hollow Fe3+-NZ tubes were observed by trans-
mission electron microscopy (TEM, Figure 2a) and scanning
electron microscopy (SEM, Figure S2) after 2 h of incuba-
tion, whereas a longer incubation time (e.g., 48 h) led to the
formation of monodisperse nanoparticles (Figure 2b). This
transformation is likely caused by the etching of the needle-
like NZ crystals by free Fe3+,[43,44] leading to needle-like
tubes, followed by further etching into small aggregates (<
5 nm) of coordination complexes that subsequently assemble
and grow into particles (Figure S3). SEM images and
dynamic light scattering analysis revealed the uniform size (
�220 nm in diameter) and the polydispersity index (0.05) of
the Fe3+-NZ particles (Figure 2b, Figure S4). In addition,
Fe3+-NZ networks could form conformal films on polystyr-
ene (PS) particles (Figure S5), shifting the ζ-potential of the
PS particles from � 24 to 31 mV after coating. After removal
of the PS templates, Fe3+-NZ capsules with a single-wall
thickness of �89 nm were obtained (Figure 2c, Figure S6),
demonstrating the robust and interconnected nature of the
chelation networks. The Young’s modulus of the Fe3+-NZ
capsules was estimated to be �1.3 GPa by atomic force
microscopy (AFM) measurements (Figure S7), which is

similar to that of Fe3+-TA films (�1.0 GPa).[22] Fe3+-NZ
films deposited on quartz slides had a thickness of �7.2 nm
and a root-mean-square roughness of �5.8 nm, as measured
by AFM (Figure 2d).
To evaluate the modularity of the assembly route, a

number of quinone ligands (i.e., NZ, SK, QZ, AR, and
DOX) and various metal ions (Al3+, Fe3+, Fe2+, Co2+, Ni2+,
Cu2+, Zr4+, Pd2+, and Eu3+) were used to synthesize
particles. These ligands were chosen for their different sizes
and structures, while the metals were chosen at random,
suggesting that a much wider array of ligands and metals
should be applicable to this approach. Incubation of SK,
QZ, AR, or DOX with Fe3+ for 8 h resulted in the
formation of particles with diameters of 173�15, 131�10,
128�9, and 251�15 nm (Figure 2e–h, Figure S8), respec-
tively. The combination of NZ and QZ with the other metal
ions was also examined and all resulted in the formation of
particles in bulk solution (Figure 2i–l and Figure S8) and
coatings on polyester fibers (Figure 2m). All metal ion
solutions changed color after the addition of NZ, and all
resulting mixed solutions featured new absorbance peaks in
their UV/Vis spectra (Figure S9, Figure S1), suggesting
coordination.[45,46] Energy-dispersive X-ray spectroscopy
(EDS) analysis indicated the homogeneous distribution of
the selected metal ions in the coatings (Figure 2m). These
results highlight that template-assisted MQN coatings and
capsules, as well as template-free MQN tubes and particles
can readily be synthesized from different quinone and metal
ion building blocks.

Chemistry and Chelation of MQNs

As observed from the powder X-ray diffraction (PXRD)
pattern in Figure 3a, the Fe3+-NZ films displayed a broad
amorphous hump at 20° with crystalline peaks, suggesting
that the MQNs can co-exist as amorphous and crystalline
states.[47] UV/Vis spectroscopy revealed that the absorbance
peak of the Fe3+-NZ films was around 650 nm (Figure 3b),
indicating that the MQNs had identical coordination bonds
to the Fe3+-NZ networks in suspension. X-ray photoelectron
spectroscopy (XPS) revealed that the dominant oxidation
state of iron in the films was Fe3+, as deduced from the
presence of Fe 2p3/2 peaks at 712 eV with a 2p peak
separation of �14 eV (Figure S10).[7] Further analysis of the
O 1s spectra indicated the presence of Fe� O bonds at
530.4 eV and Fe� OH bonds at 533.2 eV in the Fe3+-NZ
networks (Figure 3c).[40] Raman spectroscopy confirmed the
vibration of Fe� O in the networks owing to the bands
observed in the low-frequency regions of 550–650 and 380–
420 cm� 1 (Figure S11).[47] In addition, Fourier transform
infrared spectroscopy (FTIR) showed a shift in C=O
absorbance from 1621 to 1532 cm� 1 (Figure 3d), indicating
the chelation of C=O to Fe3+.[48] The increase in trans-
mittance at �3450 cm� 1 observed in the spectrum of the
Fe3+-NZ powders, relative to the transmittance of pure NZ
powders, can be attributed to the stretching of O� H in the
networks, suggesting the chelation of water/hydroxyl in the
complexes.[49] Furthermore, high-resolution mass spectrome-
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try analysis of Fe3+-NZ dispersions revealed the presence of
mono-, bis-, and tris-type Fe3+-NZ complexes in the net-
works (Figure S12), demonstrating that amorphous struc-
tures are dominant in the MQNs (a phenomenon that is
more common for amorphous metal-organic materials such
as MPNs).
The MQNs display a range of chelation possibilities

owing to the 1,8-naphthoquinone moieties that can provide
binding sites to chelate multinuclear Fe3+ species by forming
Fe� O and Fe� C=O bonds (Figure 3e). NZ molecules can
act as bidentate ligands to generate mono-, bis-, and tri-type
complexes with Fe3+ (Figure S12). These multidentate

complexes provide bridges to form the coordination net-
works. In addition to NZ, water molecules and/or hydroxyls
can chelate to Fe3+ to form polymeric Fe species (e.g., μ-
oxo/hydroxo species) due to the hydrolysis of Fe3+ in
aqueous solutions. In contrast to the small number of
polymeric Fe species in MPNs, which are generally too few
to detect experimentally,[47] the presence of μ-oxo/hydroxo
species in MQNs may contribute to the responsiveness of
the metal-quinone coordination bonds owing to their access
to the surrounding solvent.[18] It is worth noting that other
interactions, such as hydrogen bonding and π-π interaction,
could also contribute to the formation of MQNs.

Figure 2. Synthesis of MQNs with various building blocks. a) TEM image of an Fe3+-NZ tube (obtained after incubation for 2 h), scale bar is
500 nm. b) SEM image of Fe3+-NZ particles (obtained after prolonged incubation for 48 h), scale bar is 300 nm. c) AFM image of Fe3+-NZ
capsules, scale bar is 3 μm. d) AFM image of a scratched Fe3+-NZ film on a quartz slide, scale bar is 1 μm. e)–h) TEM images of MQN particles
prepared with Fe3+ and various quinones, scale bars are 400 nm. i)–l) TEM images of MQN particles prepared with NZ or QZ and different metal
ions (incubation time 8 h), scale bars are 2 μm (i,j,l) and 500 nm (k). m) EDS images of MQN coatings on polyester fibers prepared with NZ and
various metal ions; the scale bar is 50 μm.
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Versatile Adhesion of MQNs

To evaluate the ability of MQN films to coat different
surfaces, Fe3+-NZ networks were used to coat a range of
substrates with different sizes, shapes, and compositions,
including polymers (polytetrafluoroethylene (PTFE),
poly(methyl methacrylate) (PMMA), PS, polycarbonate
(PC), polyvinyl chloride (PVC), and acrylonitrile butadiene
styrene resin (ABS)), noble metals (Au), metal plates with a
native oxide surface (stainless steel (SS), Cu/CuO, Al/Al2O3,
Ti/TiO2), and minerals (Si/SiO2 and quartz). After coating,
all studied substrates turned purple-black, suggesting suc-
cessful deposition of MQN films. The water contact angles
of the planar substrates changed to <30° (Figure 4a, b),
indicating the formation of hydrophilic coatings on the
substrate surface. The low water contact angle can be
attributed to both the increased roughness from the micro-
and nanoscale structures and the hydrophilic nature of the
metal ions (Figure S13) in the films.[50] SiO2 particles with
diameters of �1.3 μm could also be coated with Fe3+-NZ
films (Figure S14). The diverse interactions (e.g., hydrogen
bonding, π-π interaction, and cation-π interaction) that
enable deposition on different substrates are primarily

derived from the quinones.[51] For example, the distance
between the oxygen atoms of 1,8-naphthoquinone moieties
(0.26 nm) is reported to enable coordination interactions
with metal ions and hydrogen bonds with minerals (e.g.,
mica with a distance of adjacent O atoms of 0.28 nm)[52] (see
the discussion in the caption of Figure S15).
In addition to enabling deposition on surfaces, the

versatile adhesion of Fe3+-NZ networks allows for the
conjugation of various functional molecules to MQNs (Fig-
ure 4c). For example, amino-containing molecules (e.g., 4-
arm NH2-PEG) could couple covalently with quinone
molecules through Michael addition and Schiff base reac-
tions to form a PEGylated layer on the surface of Fe3+-NZ
particles (Figure 4d and Figure S16).[51] These PEGylated
layers endowed the Fe3+-NZ particles with good dispersi-
bility and colloidal stability in aqueous solutions (Figure 4e
and Figure S17). Besides synthetic molecules, small naturally
occurring molecules could readily be conjugated to Fe3+

-NZ, including TA, phytic acid (PA), and CCH, which
shifted the ζ-potential of the Fe3+-NZ particles to approx-
imately � 35, � 19, and � 11 mV, respectively (Figure 4f). In
addition, Fe3+-NZ particles can adsorb a range of proteins
on their surface. For example, a trypsin corona with a layer

Figure 3. Characterization and structures of MQNs. a) PXRD spectrum of Fe3+-NZ capsules. The black and red lines represent the raw and
smoothed data, respectively. b) UV/Vis absorption spectrum of Fe3+-NZ films, insets are photographs of quartz slides before and after coating.
c) XPS spectra of NZ and Fe3+-NZ networks showing the presence of Fe� O and Fe� OH bonds in the networks. d) FTIR spectra of NZ and Fe3+-NZ
powders showing the presence of Fe� O=C and O� H bonds in the networks. e) Proposed schematic representation of the possible coordination
structures of MQNs.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202218021 (5 of 11) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202218021 by T

he U
niversity O

f M
elbourne, W

iley O
nline L

ibrary on [28/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



thickness ranging from 17 to 42 nm could be deposited on
Fe3+-NZ particles (Figure S18). Bovine serum albumin
(BSA, labeled with fluorescein isothiocyanate (FITC)) could
also coat the surface of Fe3+-NZ particles, yielding green
fluorescent rings when viewed by confocal laser scanning
microscopy (CLSM) (Figure 4g). The presence of these
protein layers altered the ζ-potential of the Fe3+-NZ
particles mainly depending on the isoelectric points of the

proteins and their interactions with MQNs (Figure 4f).[53]

This water-based adsorption process did not impede the
catalytic activity of the particles, as catalase-coated NZ
particles could decompose H2O2 to H2O and O2 (Fig-
ure S19). The pristine Fe3+-NZ particles without catalase
did not produce oxygen bubbles (data not shown).

Figure 4. Formation of MQN films on various substrates and their modification with functional molecules. a) Photographs of a PTFE surface
showing the water contact angle before and after Fe3+-NZ coating. b) Water contact angles of different planar substrates before and after Fe3+-NZ
coating. c) Schematic illustration of the modification of MQN particles with functional molecules. d) XPS spectra of Fe3+-NZ particles modified
with NH2-PEG; inset is a photograph of the particle suspension showing the Tyndall effect. e) TEM image of NH2-PEG-modified Fe3+-NZ particles;
the scale bar is 4 μm. f) ζ-Potential values of Fe3+-NZ particles coated with different molecules and proteins (TA, PA, CCH, trypsin, pepsin,
horseradish peroxidase (HRP), casein, catalase, BSA, and hemoglobin (Hb)). g) CLSM image of PS@Fe3+-NZ@BSA particles (BSA labeled with
FITC); the scale bar is 4 μm.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202218021 (6 of 11) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202218021 by T

he U
niversity O

f M
elbourne, W

iley O
nline L

ibrary on [28/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Controllable Disassembly of MQNs and Functional Molecule
Release

To demonstrate the dynamic nature of metal-quinone
coordination bonds, Fe3+-NZ networks were studied at
various pH. The color of the Fe3+-NZ network suspension
was dependent on pH: i.e., pink at pH�2, purple-black at
3�pH�9, and blue at pH�10 (Figure 5a). In contrast, NZ
solutions were red within the pH range of 3�pH�8
(Figure S20), suggesting the important role of the NZ� Fe
ion interactions within this pH range. UV/Vis spectroscopy
of the Fe3+-NZ networks in suspension further showed the
occurrence of the characteristic absorbance band at
�650 nm, of which the absorbance increased as the pH
increased from 2 to 9 (Figure 5b), confirming the coordi-
nated state of the networks. In contrast, the UV/Vis spectra
of the Fe3+-NZ suspension and NZ solution appeared
comparable at pH values below 2 and above 9 (Figure S21),
indicating that free NZ molecules are predominant (vs Fe3+

-NZ network) at these pH values. The weaker presence of
Fe3+-NZ networks is likely because of the destabilization of
the coordination bonds occurring at low pH (e.g., pH<2)
owing to the protonation of the hydroxyl groups (Fig-
ure 5c).[22] At high pH (e.g., pH>9), disassembly and
precipitation of Fe complexes occur upon hydrolysis of Fe3+

because of the low stability constant and the μ-oxo bridged
polymeric Fe species,[41] resulting in the characteristic
absorbance of quinones at �620 nm and �570 nm. As for
Fe3+-NZ films, only �10% of the films disassembled after
120 h of incubation at pH 7.8, whereas �30% and 60% of
the films dissembled at pH 5.0 and pH 3.0, respectively
(Figure 5d, Figure S22). The films completely disassembled
within 5 min at pH 1.2 (Figure 5d). At higher pH values,
�50% of the films disassembled after 120 h at pH 10.0, and
the films completely disassembled within 3 min at pH 13.3.
This bidirectional pH-responsive disassembly feature

opens up the possibility to engineer asymmetric responses to
environmental stimuli. In particular, tuning the pH response
is an essential feature in applications such as drug delivery.
While metals have been shown to control the disassembly of
MPNs to some extent, ligands offer increased possibilities
owing to the richer choice of molecules available and
therefore would be more valuable for controlling disassem-
bly kinetics. To study the release of the ligands from MQNs,
we first chose pH 5.0 to match the acidic environment of the
endosomal and lysosomal compartments. We found that at
pH 5.0, nearly 100% of DOX was released from Fe3+-DOX
particles, whereas only �52%, 35%, 20%, and 4% of NZ,
AR, QZ, and SK were disassembled from their respective
MQN particles (Figure 5e, Figure S23). Additional chelation
sites (e.g., SK), π-π interactions (e.g., anthraquinone moi-
eties in AR and QZ), and ionic interactions (e.g., DOX)
likely influence the stability of MQN particles and therefore
allow for disassembly and ligand release in a tunable way.
For example, Fe3+-SK and Fe3+-SK@Fe3+-NZ coatings were
deposited on PS particles (denoted as PS@Fe3+-SK and
PS@Fe3+-SK@Fe3+-NZ, respectively); the resulting black
particles displayed ζ-potentials of 14 and 31 mV, respectively
(Figure 5f). After incubation at pH 3.0 for 24 h, the super-

natant was pink-orange due to the release of NZ, whereas
the pellets (e.g., PS@Fe3+-SK particles) remained black with
a ζ-potential of �15 mV (similar to that of the as-prepared
PS@Fe3+-SK particles). Further incubation at pH 2.0 for
24 h did not significantly change the color of the supernatant
or the ζ-potential of the particles, which suggests that the
Fe3+-NZ network coatings were completely disassembled,
whereas the Fe3+-SK coatings remained intact at pH 2.0.
Nevertheless, incubation at pH 1.2 for 24 h caused the Fe3+

-SK coatings to disassemble, leading to pristine white PS
particles, reverting to their original ζ-potential (� 25 mV),
and red SK in the supernatant. In addition to the stepwise
release achieved at lower pH values, a single burst release
could be triggered at higher pH values. Specifically,
incubation at pH 13.3 led to the rapid and complete
disassembly of both Fe3+-NZ and Fe3+-SK coatings in one
step within 10 min of incubation. These results demonstrate
the bidirectional pH-dependent and ligand-mediated dis-
assembly of MQNs, highlighting that functional molecules
can be released with temporal and spatial control.

MQN Prodrugs for Cancer Therapy and Inhibition of Viral Mpro

The MQN particles can be used therapeutically without the
need for any cargo. For example, DOX, an FDA-approved
anthracycline drug that is widely used to treat numerous
types of cancer,[54,55] was used to fabricate Fe3+-DOX nano-
particles. The drug (DOX) loading was �93.8 wt% (Fig-
ure 6a), which represents a considerably higher drug weight
percentage than the FDA-approved liposomal formulation
of DOX, DoxilTM (�11 wt% of DOX). The in vitro
cytotoxicity of the Fe3+-DOX particles was evaluated on
HeLa cells and murine mammary carcinoma cells (4T1
cells). The Fe3+-DOX particles exhibited a concentration-
dependent cytotoxicity against both cancer cell lines (Fig-
ure 6b, Figure S24). After incubation for 48 h, the Fe3+

-DOX particles showed a similar cytotoxicity to that of free
DOX.
MQN prodrugs are also promising for targeting other

diseases such as the inhibition of Mpro of SARS-CoV-2. Mpro

is a key enzyme of coronaviruses and plays a pivotal role in
mediating viral replication and transcription, making it an
attractive drug target for SARS-CoV-2 and similar viruses
(Figure 6c).[56] Recently, SK, an active ingredient in tradi-
tional Chinese and Japanese herbs as well as a clinically
trialed drug candidate for inflammation[57] has been shown
to inhibit Mpro.[58] The inhibition of Mpro by Fe3+-SK capsules
(diameter of �3.5 μm and a thickness of �76 nm, Figure 6d)
was then examined and monitored over time and at different
concentrations. At 1 mgmL� 1 Fe3+-SK capsules, �91% of
Mpro was inhibited after 4 h of incubation, whereas at
0.5 mgmL� 1 Fe3+-SK capsules, only �50% of Mpro was
inhibited (Figure 6e, Figure S25), indicating the controllable
release of SK for inhibiting Mpro.
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Figure 5. Bidirectional pH responsiveness and ligand-mediated disassembly of MQNs. a) MQN suspensions and b) their corresponding UV/Vis
absorption spectra at different pH values. c) Schematic representation of MQN states at different pH values. d) Plot of the remaining films as a
function of time; insets are images of MQN films on quartz slides before (left) and after (right) immersion in pH 1.2 or pH 13.3 solution (middle).
Shaded areas represent standard deviations of triplicates, with the mean represented by the data point. e) Percentage of quinones released from
MQN particles after incubation at pH 5.0 for 8 h. f) ζ-Potential of the particles before and after disassembly; insets are images showing the washed
pellets or pellets with supernatant containing released quinones after 24 h at pH 3.0, 2.0, and 1.2, and after 10 min at pH 13.3.
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Conclusion

We have demonstrated a coordination-driven strategy to
engineer metal-organic tubes, particles, capsules, and films
with universal adhesion and tunable disassembly properties.
The diverse interfacial interactions of quinones allow MQNs
to be engineered as hydrophilic coatings on a wide range of
substrates, as well as reactive platforms for functionalization
with molecules capable of fluorescence, enzymatic catalysis,
and increased colloidal stability. An important feature of
MQNs is that they display bidirectional pH responsiveness
(disassembly at pH<2 and pH>10) and ligand-mediated
disassembly features, which collectively allow for the con-
trollable release of multiple components in a single step or
in a stepwise manner. Moreover, as quinones are functional
molecules in themselves, Fe3+-DOX particles and Fe3+-SK
capsules can be engineered as prodrugs for cancer therapy
and Mpro inhibition. We anticipate that the present study will
open up avenues for generating complex and tunable
stimuli-responsive metal-organic films and particles for
various applications.
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Figure 6. Application of MQNs as prodrugs. a) Composition of different MQN particles. b) Viability of HeLa and 4T1 cells after incubation with free
DOX or Fe3+-DOX particles for 48 h (mean � standard deviation, n=5), *** indicates p<0.01 (one-way analysis of variance (ANOVA) test).
c) Proposed infection mechanism of SARS-CoV-2 as a model virus containing Mpro. d) AFM image of Fe3+-SK capsules (inset) and their
corresponding height profile; the scale bar is 2 μm. e) Inhibition rate of Mpro using Fe3+-SK capsules at different capsule concentrations and times.
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