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ABSTRACT: Next-generation catalysts are urgently needed to tackle the
global challenge of antimicrobial resistance. Existing antimicrobials cannot
function in the complex and stressful chemical conditions found in bioﬁlms,
and as a result, they are unable to inﬁltrate, diﬀuse into, and eradicate the
bioﬁlm and its associated matrix. Here, we introduce mixed-FeCo-oxide-based
surface-textured nanostructures (MTex) as highly eﬃcient magneto-catalytic
platforms. These systems can produce defensive ROS over a broad pH range
and can eﬀectively diﬀuse into the bioﬁlm and kill the embedded bacteria.
Because the nanostructures are magnetic, bioﬁlm debris can be scraped out of
the microchannels. The key antifouling eﬃcacy of MTex originates from the
unique surface topography that resembles that of a ploughed ﬁeld. These are
captured as stable textured intermediates during the oxidative annealing and solid-state conversion of β-FeOOH nanocrystals. These
nanoscale surfaces will advance progress toward developing a broad array of new enzyme-like properties at the nanobio interface.
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INTRODUCTION
In the post-antibiotic era, bacterial bioﬁlm growth on various
biotic/abiotic surfaces poses a serious global threat.1,2 Bioﬁlms
possess enormously complex phenotypic traits emerging from
the bacterial communities adapted and well-protected inside an
intricate biofortress of dense extracellular polymeric substances, which are impervious and resistant to conventional
antibiotics.2 Inspired from the bactericidal eﬀects of natural
enzymes, defensive reactive oxygen species (ROS)-producing
metal/metal oxides and other nanomaterials have been
attempted for antimicrobial actions.3−7 These platforms are
associated with several drawbacks, including pH-dependent
activity, poor/no regeneration, and insuﬃcient exposure of
redox metal active sites.8 Therefore, such catalysts exhibit
feeble eﬃcacy and often require complex formulations with
abiotic acidic conditions, multiple enzymes, or applications of
photothermal eﬀects, photosensitizers, and other physical
methods9−13 to function in the complex and stressful chemical
conditions found in bioﬁlms.14,15 The catalytic activities of
nanocrystals (NCs) can be improved by controlling the NC
shapes/sizes,16 compositions,17 facets,18,19 heterointerfaces,20
and surface ligands.21,22 Conventional NCs are still far inferior
to the ingeniously evolved enzymes, and control of their
intricate surface features for optimal exposure of active sites is
quite challenging.23,24 Transition-metal oxide NCs (TMONCs) have a wide range of applications in drug delivery,
bioimaging, catalysis, energy conversion/storage, and environmental remediation.25−28 The critical properties of TMO-NCs
© XXXX American Chemical Society

depend on the high-index facets consisting of unsaturated
metal coordination sites present mostly at the hard-to-reach
hollow interiors.29−32 Moreover, high-temperature-induced
calcination, a common crucial step for generating ligand-free
catalytic surfaces, can unavoidably induce sintering of NCs and
loss of their surface nanocharacteristics, yielding thermodynamically stable but less reactive smooth NC surfaces. The
capture of intermediate structures with optimally mixed and
exposed reactive metal sites on the ligand-free catalytic surface
is quite challenging during such solid-state NC conversion.33−35 Here, we introduce mixed-FeCo-oxide-based surface-textured NCs (MTex) as highly eﬃcient magneto-catalytic
platforms. These systems can produce ROS over a broad pH
range and can eﬀectively diﬀuse in bioﬁlm via ROS-fueled
autonomous motion and eﬃciently kill the embedded bacteria.
Because the MTex nanostructures are magnetic, bioﬁlm debris
can be scraped out of the microchannels. The key thermal
solid-state NC conversion process for synthesizing MTex
(Scheme 1) involves transient conﬁnement of β-FeOOH NC
in an organic polymeric envelope that directs the dehydroxylative phase transition of the NC. This transition locally
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Scheme 1. Synthetic Scheme and Bactericidal Action of Surface Textured Mixed-Metal-Oxide Nanocrystals

Co(II)-TA-GO-FeOOH estimated the metal oxide component
to be ∼75% (Figure S5), and the inductively coupled plasma
(ICP) analysis estimated the Fe/Co ratio to be 1:0.11 (Table
S1). As visualized by HAADF-STEM and energy dispersive Xray spectroscopy (EDS)-based elemental mapping, line
proﬁling, and point analysis (Figures 1d and S6), Co and Fe
started mixing during the surface texturization and were
homogeneously distributed in the case of MTex-700 (Figure
S7). The time-course study on the surface-texture evolution on
MTex-500 (Figure S8) revealed the emergence of thin
dendritic branches and small pores (ca. 5 nm) at a very early
stage [time (t) = 1 h] of annealing. After t = 5 h, the size and
density of the branches changed only slightly, but the small
pores merged together to form large cavities (ca. 10 nm). After
t = 24 h, most of the resulting hollow tubular structures
consisted of a single large cavity and fewer dendrites on the
surface (than those occurring at shorter annealing times).
Separately synthesized β-FeOOH NCs that were annealed at
500 °C after direct mixing with Co(NO3)2 underwent
complete sintering within 1 h (Figure S9). Furthermore,
annealing a mixture of presynthesized β-FeOOH NCs with
GO, TA, and Co(NO3)2 resulted in porous spheroidal
nanorods without dendritic texture (designated as sMTex)
(Figure S10). In addition, presynthesized β-FeOOH NCs
wrapped with poly-TA-Co(OH)2 also gave similar results.
Annealing of the composite consisting of in-situ synthesized βFeOOH NCs on poly styrene nanospheres (replacing GO),
poly-TA, and Co(NO3)2 protected the NCs from sintering but
did not result in dendritic texture (Figure S11). The results of
these control experiments revealed the crucial role of transientconﬁnement strategy toward NC conversion and texturization.
The in-situ synthesized β-FeOOH NCs remained tightly
conﬁned on the 2D-GO template with the aid of poly-TA-glue,
which hindered the proximal interparticle contacts during the
initial stage of annealing.29 Further, the poly-TA evaporated
and acted as a structure-guiding agent for the secondary metal
supply/exchange during the solid-state dendritic growth and
texturization, while the backbone β-FeOOH NC underwent an
oxidative dehydroxylation-mediated phase transition.35,37 This
strategy allowed isolation of a stable nanostructure with an
intermediate phase proceeding to thermodynamically stable

supplies the secondary metal ions required for capturing and
isolating a stable mixed TMO-intermediate NC phase. This
phase of NC exhibits unique surface topography that resembles
that of a ploughed ﬁeld. On the NC surface, the fewnanometer branches and grooves possess optimally exposed
and mixed catalytic Co(II/III) and Fe(II/III) reactive sites.
For potentially broad applications, this work opens avenues
toward augmenting and controlling the exposure of active sites
due to surface nanotexturization, rendering high catalytic
activities of nanostructures, distinct from the conventional
thermodynamically stable smooth-surface spinel forms.

■

RESULTS AND DISCUSSION
First, we synthesized a composite (designated as TA-GOFeOOH) consisting of β-FeOOH spheroidal nanorods
(average length = 100 ± 10 nm and width = 20 ± 2 nm) in
an envelope of graphene oxide (GO) and poly-tannic acid
(poly-TA) (ca. 2 nm) via a TA-assisted in-situ crystallization
strategy [see details in the Supporting Information (SI)]. TAGO-FeOOH was characterized by transmission electron
microscopy (TEM), UV−vis spectroscopy, and X-ray
diﬀraction spectroscopy (XRD) (Figure 1a and Figures S1−
S3).36 Further, treatment of TA-GO-FeOOH with Co(NO3)2
resulted in the deposition of tiny granules of Co(OH)2 on the
surface of β-FeOOH nanorods (Figures 1b and S3). Next, this
composite precursor [designated as Co(II)-TA-GO-FeOOH]
was subjected to the air annealing at diﬀerent temperatures
(Ta). The TEM and high-angle annular dark-ﬁeld scanning
TEM (HAADF-STEM) images of Co(II)-TA-GO-FeOOH
(annealed at 500 °C for 5 h) revealed the emergence of a
textured surface having small dendritic branches (ca. 5 nm)
and cavities (ca. 10 nm) on the NC backbone, with
polycrystalline patches, abundant edges, and crevices throughout the nanostructure (designated as MTex-500) (Figures 1c
and S4). The overall size and spheroidal nanorod shape of the
NC was maintained without any interparticle sintering. Upon
increasing the Ta to 600 °C, the nanorods with large cavities
having fewer dendrites were observed (MTex-600). At Ta =
700 °C, all the surface-textured NCs transitioned to smooth
and homogeneous nanorods having rounded ends (designated
as MTex-700). The thermogravimetric analysis (TGA) of
B
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Figure 1. (a) TEM images of the TA-Fe(III) coordination polymer on 2D-GO (i), undergoing nanocrystallization through TA-FeOOH nuclei [(ii)
black dots] to form polyTA-GO-wrapped-β-FeOOH (iii), followed by accumulation of Co(OH)2 on β-FeOOH (iv). (b) TEM images of Co(II)TA-GO-FeOOH annealed at increasing temperatures showing evolution of thin dendritic branches and pores on NCs after 1 h (i) and large cavities
(yellow dotted circles) after 5 h at 500 °C (ii), in addition to surface smoothening at Ta = 600 °C and Ta = 700 °C (iii−iv). (c) Low- and highmagniﬁcation TEM image of MTex-500 (yellow dotted curves show cavities and branches). (d) STEM images (i, ii), STEM-EDS elemental maps
(iii) and EDS-line proﬁling (iv) of MTex-500.

crystalline mixed-metal-oxide structures.38 Further, we also
obtained insight into the chemical bonding and functional
groups in MTex-500, using Fourier-transform infrared (FTIR)
and Raman spectroscopies (details in the SI; Figures S12 and
S13). Nitrogen adsorption/desorption isotherms and BJH pore
size distribution (Figure S14) of MTex-500 exhibited a
relatively high Brunauer−Emmett−Teller (BET) surface area
(158.347 m2/g) and Vpore (1.082 cm3/g), with a pore-size

distribution from 3 to 10 nm, compared to MTex-700 (surface
area = 56.464 m2/g and Vpore = 0.338 cm3/g).
Next, we analyzed the chemical species in MTex by X-ray
photoelectron spectroscopy (XPS) (Figure S15). In the case of
MTex-500, the deconvoluted Co 2p3/2 spectra revealed the
presence of Co3+ at 779.7 eV and Co2+ at 781.7 eV, and the
deconvoluted Fe 2p3/2 spectra contained the peaks for Fe2+ at
709.5 eV and Fe3+ at 711.7 eV. The estimated atomic ratios
C
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Figure 2. (a) Schematic for the catalytic activity of MTex for ROS generation. (b) Kinetics of TMB oxidation for diﬀerent catalysts at pH 7.4. (c)
The pH-dependent ROS production using diﬀerent catalysts. (d) ROS production at diﬀerent H2O2 concentrations using MTex at pH 7.4. (e)
Time-dependent ﬂuorescence spectra of terephthalate incubated with MTex-500. (f) Eﬀective diﬀusion coeﬃcient (Deff) of MTex-500. (g)
Average MSD of the MTex-500 before and after the addition of 2% H2O2, PBS buﬀer, and cell media, calculated from the tracking coordinates of
100 particles. (h) Velocity of MTex-500 in the presence of H2O2 in diﬀerent media.

(Co2+/Co3+ = 0.98 and Fe2+/Fe3+ = 1.40) in MTex-500 were
considerably higher than those in MTex-700 (Co2+/Co3+ =
0.52 and Fe2+/Fe3+ = 0.47). Additionally, based on the
deconvoluted O 1s XPS spectra, the peaks at 529.7 and 531.5
eV were attributed as O-1 for metal−oxygen−metal bonds and
O-2 for metal−oxygen vacancies, respectively. The O-2 (O-2/
O-1−0.92) content of the MTex-500 was signiﬁcantly higher
than that of MTex-700 (O-2/O-1−0.28) (Figure S15b). This
indicated that, compared with those occurring in MTex-700,
more oxygen vacancies and a greater number of coordination
deﬁcient states of metal ions were created throughout the
textured surface in MTex-500.39,40 Near-edge X-ray absorption
ﬁne structure (NEXAFS) spectroscopy (Figure S16) revealed
that the Co L-edge XAS splits into L3 and L2 regions centered
at ∼780 and ∼795.6 eV, respectively, due to the orbital
splitting in the case of MTex as compared to spinel Co3O4. In
the L3 region, the peaks at 780.3 eV in both samples were
attributed to Co(II) in an octahedral environment [designated
as Co(II) Oh].41 Noteworthily, the shoulder peak occurring at
781.3 eV for MTex-700 [Co(III) Oh] was absent in the case of
MTex-500.42 Oxygen K-edge spectra of MTex-500, MTex-

700, Co3O4, and Fe3O4 NPs were compared (Figure S16b).
The pre-edge peak of MTex-500 occurred as a multiplet
(531.3−534.8 eV) (M 3d/O 2p) with a decrease intensity.
However, in the case of MTex-700, a pre-edge peak was
manifested as one major peak with a shoulder rather than a
well-resolved splitting of the peak. The mixing of Co
component interacted with the oxygens in iron oxide and
thereby induced a further multiplicity in its splitting, resulting
in the broadening and increased loss of resolution in the preedge peak features.43 Moreover, the surface imperfections and
strain anisotropies in the textured nanorods may have induced
distortion and site inequivalence in the oxygen octahedral sites
surrounding the metal cations, further increasing the degree of
multiplicity (state splitting) eﬀects.43 These resulted also
suggested that Co(II) ions mainly replaced Fe(III) at the
octahedral sites, resulting in an abundance of potentially active
Co(II) Oh sites on the textured surface of MTex-500.
Next, we tested the catalytic activity of MTex for ROSmediated oxidation of peroxidase-substrates [3,3,5,5-tetramethylbenzidine (TMB)] in the presence of H2O2 (500 mM) in
buﬀer solution (pH ∼ 3.5 and 7.4) at 37 °C and measured the
D
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Figure 3. (a) Number of viable bacteria calculated from CFU after treating with MTex-500 and controls. Data are expressed as means ± sd over
three separate experiments. Asterisks indicate signiﬁcant diﬀerences (**p < 0.01, ****p < 0.0001). (b) TEM images of bacteria exposed to saline
and MTex-500, showing the ruptured cell wall (right). (c, d) CLSM-based Z-stack images of bioﬁlms after treating them with ﬂuorophore-labeled
MTex-500, MTex-700, and Fe3O4. Sectional dimension = 200 × 100 × 1 μm3. (e, f) Bioﬁlm depth ﬂuorescence graph which indicates that MTex500 completely penetrates the bioﬁlm as compared to other controls. Data are expressed as means ± standard deviations over three separate
experiments (e-S. aureus, f-E.coli.).

progress of reaction by UV−vis spectroscopy (Figure S17).6,14
At pH 7.4, MTex-500 (5 μg/mL) exhibited impressive
catalytic activity by reaching the maximum absorbance value
at 652 nm (Figure 2b) within 15 min. In contrast, the
presynthesized surfactant-free Fe3O4 and Co3O4 NCs failed to
show any noticeable reaction (Figure 2c).4,8,17 Also, MTex500 exhibited high sensitivity to diﬀerent low concentrations of
H2O2, unlike the conventional nanocatalysts where high
amounts of H2O2 are typically required under acidic pH to
generate detectable ROS (Figure 2d).8 At pH 7.4, the ROS
generation by MTex-500 was found to be an impressive ca. 6
times higher than that of MTex-700 with an overall similar size
and [Fe] and [Co] contents. In another control experiment,
the activity of sMTex with smooth surface and internal cavities,
but without any dendritic surface texture, was ca. 3.5 times
lower than that of MTex-500. Furthermore, the separately
synthesized CoFe2O4 NCs (Figure S18) yielded only low (5%)
ROS generation. The high catalytic activity of MTex-500
could be attributed to the textured and defective surface where
coordinatively unsaturated Co(II) Oh and Fe(II) Oh active
sites are exposed. Moreover, such a process can be further
facilitated by eﬃcient molecular diﬀusion, substrate concentrations, and active-site−substrate interactions through the
nanoscale textured interstitial sites.44 MTex-500 was treated
with diﬀerent media [DI, PBS, cell growth media (10% FBS in

DMEM)] for diﬀerent times, and its activity was tested by
TMB assay (Figure S19). MTex-500 exhibited consistent
activity after long-time incubation in DI (up to 24 h); whereas,
in the case of PBS and cell growth media, the activity was
reduced upon longer incubation times (Figure S19). The
production of •OH as the primary ROS during the catalytic
reaction was also conﬁrmed from the selectively responsive
ﬂuorescence probe, terephthalic acid, showing a time-dependent increase in the ﬂuorescence emission around 435 nm
(Figure 2e).45 The high catalytic activity of MTex-500
produces large concentrations of ROS, converting to O2
microbubbles in the vicinity of the NC surface that can exert
autonomous propulsion of NC in the solution, facilitating
eﬃcient bioﬁlm penetration.46,47 We measured the eﬀective
diﬀusion coeﬃcient (Deff), mean squared displacement, and
velocity of MTex as the function of H2O2 concentrations in
diﬀerent media using a nanoparticle tracking analyzer (NTA);
MTex-500 showed the highest Deff (20 × 106 nm2 s−1) using
1% H2O2 (Figure 2f−h, Figure S20) (Movies S1 and S2).
Next, MTex-500 was tested for ROS-induced ablation of
bacteria. E. coli ATCC 25922 and Staphylococcus aureus ATCC
25923 were used as the examples of Gram-negative and Grampositive bacteria, respectively. After antibacterial treatment
with MTex-500 (details in the SI), SYTO9 (485/498 nm) and
propidium iodide (535/617 nm) ﬂuorescence-based assays
E

https://dx.doi.org/10.1021/acs.nanolett.0c03639
Nano Lett. XXXX, XXX, XXX−XXX

Nano Letters

pubs.acs.org/NanoLett

Letter

Figure 4. (a) The 3D-reconstructed CLSM images of bioﬁlms after diﬀerent treatments. (b) Statistical bioﬁlm thicknesses remained after treatment
with diﬀerent doses of MTex-500 with ﬁxed amount of H2O2 (1%). Asterisks indicate signiﬁcant diﬀerences (*p < 0.05, **p < 0.01, ****p <
0.0001). (c) Quantiﬁcation of the bioﬁlms that remained after treating them with MTex-500 with H2O2 (1%) and diﬀerent control conditions, via
crystal violet staining. Asterisks indicate signiﬁcant diﬀerences (***p < 0.001, ****p < 0.0001).

dose-dependent (50, 100, 500 μg/mL) manner (Figure 4b)
(89.2, 61.8, and 6.6 μm for S. aureus and 79.8, 60.9, and 6.8 μm
for E. coli) (Movies S3 and S4). The reduction in bioﬁlm mass
was quantiﬁed using a crystal violet assay (Figure 4c, Figure
S24); 85.2% removal was achieved for S. aureus (83.5% for E.
coli) biomass using MTex-500 and only 19.2% for S. aureus
(15.4% for E. coli) using Fe3O4 (also visualized by SEM; see
Figure S25). We quantiﬁed the MTex-500 concentrationdependent increase in ROS stress in the bacteria by
dichlorodihydroﬂuorescein diacetate (DCFH2-DA) assay
(Figure S26). Despite the short lifetime, the continuously
produced ROS killed the bacteria and eradicated the bioﬁlm as
long as MTex-500 reacted with low concentrations of H2O2.
Impressively, the catalytic activity of MTex-500 isolated back
after incubation with bioﬁlm remained minimally damaged, as
tested by TMB assay (Figure S27). Through the remote
operation of a magnetic ﬁeld, the combined high catalytic and
superparamagnetic properties (Figure S28) of MTex-500 can
potentially be applied to unclog and treat bacterial biofouling
in physically unapproachable microchannels.49 Two kinds of
common microﬂuidic channels (fabricated from glass) became
clogged after biofouling with E. coli, i.e., spiral (diameter = 700
μm, length = 15.4 cm) and straight joint-type (diameter = 300
and 700 μm; length = 1 cm). These clogged microchannels
were treated with MTex-500 (500 μg/mL), 1% H2O2, and
remote magnetic sweeping for ca. 3 min, resulting in bacteria
death and clear unclogging of the channels (Figures S29 and
S30, Movies S5 and S6). Notably, the control experiments,
with MTex-500 (no H2O2) and magnetic sweeping, with
MTex-500 (+ 1% H2O2) without magnetic scraping, and with
using only H2O2, resulted in only poor or no performance for
antifouling of microchannels (Figure S31).

indicated severe cell wall damage (Figure S21). To conﬁrm the
cell death, we performed quantitative antibacterial analysis
based on colony-forming units (CFU) (Figure S22). After
incubation with MTex-500 for 1 h, the bacterial biomass was
signiﬁcantly reduced, showing an impressive ∼5 log reduction
(99.999% reduction) for E. coli and S. aureus, while other
controls having Fe3O4 and 1% H2O2 showed only negligible
antibacterial eﬀects (Figure 3a). The morphologies of live and
dead bacteria can be clearly distinguished from the SEM
images (Figure S23). The high catalytic activity of MTex-500
at pH 7.4 produced suﬃcient ROS, which can damage the
bacterial membrane via extensive lipid oxidation reactions,
thereby severely aﬀecting the bacterial viability,48 as further
conﬁrmed by TEM (Figure 3b).
Furthermore, we studied the diﬀusion-mediated invasion of
S. aureus and E. coli bioﬁlms at pH 7.4 by ﬂuorophore-labeled
MTex-500 (Figure 3c−f) using confocal laser scanning
microscopy (CLSM)-based 3D Z-stack images. The bioﬁlm
(ca. 100 μm thick) localization of MTex-500 was aﬃrmed
throughout the deep interior (up to 96 μm) and was
considerably faster with 1% H2O2 treatment (within 10 min
incubation) than without H2O2. However, only a poor
penetration was observed for the control Fe3O4 and MTex700 NCs even after an extended incubation period (>30 min).
In the bioﬁlm eradication studies (Figure 4), the 3D Z-stacks
(300 × 300 × 100 μm 3 ) obtained through CLSM
demonstrated that the untreated bioﬁlms were conﬂuent
(Figure 4a) and remained similar to the control bioﬁlm
treated with 1% H2O2 (∼100 μm). The thickness of the
bioﬁlms was only partially reduced (∼87 μm for S. aureus, ∼82
μm for E. coli) in the case of MTex-700 and Fe3O4.
Nevertheless, the thickness of the bioﬁlms treated with
MTex-500 together with 1% H2O2 decreased in an NC
F
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CONCLUSIONS
In summary, we have demonstrated a strategy to control the
surface texture of NCs through the ability to snapshot and
isolate an intermediate amorphous phase of NC with unique
nanoscale surface features. Such enormously exposed surface
active sites with coordinatively unsaturated mixed-metal sites
and abundant oxygen vacancies yielded eﬃcient catalysis for
ROS generation at pH 7.4. Owing to its broad pH tolerance
during catalytic ROS generation coupled with autonomous
diﬀusion and magnetic functionality, MTex was highly useful
in eradicating prodigious bacterial bioﬁlms. The present work
oﬀers the possibility to controlling the surface-centric features
of NCs, beyond the conventional paradigm (which considers
only size and shapes), thereby allowing conceptual closeness to
the evolutionary complexities of natural enzymes. To improve
upon the design of the nanocatalyst, chemical formulations
devoid of any H2O2 with remotely switchable modality would
be even more useful.
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