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Porphyrin covalent organic nanodisks (CONs) were synthesized by
exfoliating covalent organic frameworks (COFs) in acidic aqueous
solutions at pH 4. The synthesized CONs showed remarkable bacte-
ricidal activity against Escherichia coli owing to enhanced generation
of singlet oxygen upon visible light irradiation.

Developing disinfectants is an important endeavour.” Anti-
microbial materials have been developed to act against a variety
of targets.*® In particular, photoinactivation using photofunc-
tional materials, such as photosensitizers, is one of the most
promising methods for inactivating biological targets.” Among
them, photofunctional organic materials, such as small mole-
cules and polymers, are often employed as photosensitizers.'**>
Among polymeric materials, covalent organic frameworks
(COFs) are promising photocatalysts for inactivating biological
targets, and thus further material development is warranted for
their practical application.®*™

We have been studying COFs-derived organic nanomaterials
such as nanodisks, and the effect of exfoliation on their pho-
tocatalytic activities in various processes, such as hydrogen
production under anaerobic conditions.'®'” As a result, we
found that exfoliation occurs and photocatalytic activity is
enhanced by simply stirring the material in water up to its
boiling point for 20 h.'® Recently, several groups have reported
that exfoliation of imine-bound COFs is enhanced under acidic
conditions such as pH 1 in organic solvents.'®' However,
exfoliation at moderate pH in the aqueous phase has not been
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investigated. Additionally, inactivation of biological targets by
exfoliated nanomaterials is sparsely investigated. In this study,
covalent organic nanodisks (CONs) were synthesized in
aqueous solutions under moderately acidic conditions to
enhance their exfoliation and their photocatalytic performance
during antimicrobial inactivation.

We designed CONs using porphyrin chromophores and
imine linkers (Fig. 1a and b).*® Porphyrins are one of the most
promising chromophores for the photochemical inactivation of
biological targets, specifically through the action of reactive
oxygen species (ROS) generated upon light irradiation.
Therefore, in this study, the porphyrin unit was selected as the
chromophore, and the imine linker was selected to form the
layers in COFs, stabilized by hydrogen bonds (“locked”,
Fig. 1¢).>** To rapidly exfoliate the porphyrin COFs into nano-
disks and to improve the catalytic activity of the CONs, the
liquid phase was acidified (Fig. 1b). Because the pK, of aromatic
imines ranges from 5 to 7, which is sufficient to protonate the
imine, protonation of the C=N bond should occur at pH 4,
causing interlayer repulsion and disrupting hydrogen bonds in
the flat plate to promote exfoliation (“twisted”, Fig. 1c).*

Various techniques were used to characterize the structure of
the synthesized nanodisks. The crystallinity of the CONs was
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Fig. 1 (a) Synthesis scheme and chemical structure of DhaTph. (b)

Synthesis scheme of N-CONs (pH 7) and A-CONs (pH 4). (c) Structures
around the imine (top) and protonated imine (bottom) linkers.
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determined using powder X-ray diffraction (PXRD) patterns
(Fig. 2a).After 2 h reaction in 0.2 M HAc/NaAc buffer at pH 4 (A-
CONs), the intensity of diffraction peak at 26 = 3.5° decreased
by 23% (A-CONs). In contrast, this peak decreased by 10% after
2 h in an unbuffered aqueous solution at neutral pH (N-CONs).

The surface area and porosity of the CONs were investigated
using N, adsorption and desorption experiments. Based on
adsorption/desorption isotherms, Brunauer-Emmett-Teller
(BET) surface areas were determined from adsorption/
desorption for isotherms (Fig. S1t). The BET surface areas
were 374 m® g~ ' DhaTph, 392 m* g " for N-CONs and 361 m”
g~ ! for A-CONs. The isotherms exhibited a type II behaviour and
H4 type hysteresis loop, indicating that the pore structures were
well preserved compared with that of DhaTph like slit type
pores. The size and thickness of individual CONs were evalu-
ated using atomic force microscopy (AFM, Fig. 2b, S2 and Table
S17). A-CONs were 58.9 & 20.1 nm in diameter and 1.3 £ 0.8 nm
in thickness. The diameter and thickness of A-CONs were
respectively 20% and five times smaller than those of N-CONs
(5.5 £ 7.3 nm in thickness), indicating that the acid promoted
exfoliation.

The transmission electron microscopy (TEM) images
(Fig. S3at) showed that disk-shaped polymers formed. Fourier-
transform infrared (FT-IR) spectra of the CONs were measured
to analyse the C=N bond (Fig. 2c). The peak at 1613 cm "
showed no significant difference between A-CONs and N-CONSs.
These results confirmed that the diameter and thickness did
not decrease because of hydrolysis and bond dissociation. CHN
elemental analysis was also performed and showed no signifi-
cant difference among DhaTph, N-CONs, and A-CONs (Table
S2t). Time-dependent analysis of PXRD patterns showed no
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Fig. 2 (a) PXRD patterns of DhaTph, N-CONs and A-CONs. (b)
Thickness distribution of DhaTph, N-CONs and A-CONs measured by
AFM. (c) FT-IR spectra of DhaTph, N-CONs and A-CONs.
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significant crystallinity loss when the reaction time was
increased to 4 h (Fig S3bt). Therefore, we exfoliated the samples
under acidic conditions for 2 h. These results indicate that
nanodisks can be rapidly synthesized in an acidic solution
using a simple process.

As shown in Fig. 3a, the solid-state absorption spectra of
CONs contain a broad absorption peak in the visible-light
region. These results suggest that the newly synthesized CONs
can function as a photocatalyst upon visible-light irradiation,
such as for hydrogen (H,) generation as previously described.**
To investigate the photocatalytic properties of CONs, the H,
generation reaction was first analyzed.'® Synthesized CONs were
hybridized with reduced graphene oxide and platinum nano-
particles (CONs/RGO/Pt), and the CONs/RGO/Pt composites
were photoirradiated with a solar simulator under argon (Fig.-
S4at). We observed that the amount of H, produced with the
composite derived from A-CONs was twice that using the
composite derived from N-CONs (Fig. S4bt). Because electron
transfer reactions occur at the surface, this result suggests that
the surface area of the composite derived from A-CONSs retains
the increase surface area of A-CONs, produced via exfoliation
under acidic conditions.

The production of ROS, namely 'O,, hydroxyl radical, and
superoxide (O, "), by light irradiation under aerobic conditions
was examined to assess the bactericidal activity of the synthe-
sized CONs.”* Electron spin resonance (ESR) spin trapping was
performed to identify the ROS.** As spin-trapping reagents, 4-
hydroxy-2,2,6,6-tetramethylpiperidine (4-OH-TEMP) was used
for '0,, and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used
for the hydroxyl radical and O,'~ (Fig. 3b). A three-line spectral
signal corresponding to 4-hydroxy-2,2,6,6-tetramethylpiper-
idine-N-oxyl was clearly observed for 4-OH-TEMP, and this
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Fig. 3 (a) Normalized absorption spectra of DhaTph, N-CONs and A-
CON:s. (b) ESR spectra of radicals using spin-trapping reagents: 4-OH-
TEMP and DMPO. A-CONs were photoirradiated in the presence of
these spin-trapping reagents. (c) O, emission spectra from laser
excitation at 532 nm. (d) DPBF chemical probe assay experiment.
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signal was stronger than the DMPO signal. The formation of 'O,
was also confirmed by the observation of an emission peak at
1270 nm under aerobic and argon conditions (Fig. 3c).>* A-CONs
were dispersed in toluene-ig and excited with a nanosecond
laser (532 nm). The emission peak around 1270 nm was
monitored using single-photon counting, as we previously
described.”” We observed an emission band around 1270 nm
corresponding to 'O, under aerobic conditions, while no peak
was observed under argon conditions (Fig. 3c). The lifetime of
0, in toluene-hz under aerobic conditions was 29-31 ps, which
is comparable to recent results of Ogilby et al. (Fig. S57).>®

Chemical probes were also used to evaluate the yields of 'O,
and O,"~ produced upon visible-light irradiation. 1,3-Dipheny-
lisobenzofuran (DPBF) (Fig. 3d and S6t) and cytochrome c (Cyt
c) (Fig. S6T) were used to probe 'O, and O,"~, respectively.?>*
For DPBF, the absorption peak at 410 nm decreased in intensity
in the presence of CONSs in air ([O,] = 2.1 mM in methanol)*
with increasing visible light exposure time. The apparent rate
constant (k.ps) of the reaction with A-CONs was approximately
twice as large as that with N-CONs (Fig. 3d). The ks of DPBF
oxidation and apparent quantum yields are shown in Table S3.7
The apparent quantum yields of O, from Cyt c assay under 1
atm of O, ([O,] = 1.27 mM in H,0)** was also determined. In the
presence of O, ", the absorption peak at 550 nm increased
when the Q-band shifted owing to the reduction of ferri-Cyt c to
ferro-Cyt c (Fig. S7at). Thus, the quantification of ROS, namely
10, and 0O,'”, indicated that 'O, was the main source of ROS
under aerobic conditions.

To demonstrate the antimicrobial activity of the synthesized
CONs against Gram-negative bacterium Escherichia coli (E.
coli),”® inactivation by light irradiation was evaluated. After
45 min of LED-light irradiation, a 10-fold reduction in the
survival rate of E. coli treated with A-CONs was observed (Fig. 4
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Fig. 4 (a) Representative plate photographs of E. coli before and after
45 min light irradiation with LED light in the presence of N-CONs and
A-CONs. (b) Corresponding quantitative bacteria viability tests in the
absence and presence of CONSs. (c) Representative SEM images of
bacteria after light irradiation in the presence of N-CONs and A-CONs.
Scale bar is 1 M. White arrows indicate the damaged area of individual
E. coli.
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and S8t). In contrast, there was no significant decrease in the
survival rate for E. coli treated with DhaTph and N-CONs as well
as untreated E. coli. The morphology of E. coli was examined
using scanning electron microscopy (SEM) (Fig. 4c and S8b¥).
Light-irradiated E. coli was fixed with aldehyde and gradually
dehydrated with different concentrations of ethanol. The
samples were then placed on a silicon plate and observed using
SEM. The results showed that E. coli treated with A-CONs was
damaged and morphologically altered. These results indicate
that the above viability test has a threshold that impairs critical
viability.

Porphyrins are among the most important molecules in
photodynamic therapy. When porphyrins are irradiated with
visible light, triplet excited states are generated and ROS are
produced by electron transfer or energy transfer. Considered
the main agent of biological damage, 'O, is produced by the
energy transfer to molecular O, with an energy level of
94 kJ mol ™" (type I1).** The triplet state of free base porphyrin is
138 kJ mol~ !, which is sufficient to excite O, molecules.*
Electron transfer and hydroxyl radical formation (type I) also
competes with type II oxidation, but the present results suggest
that type II is the dominant oxidation reaction under aerobic
conditions using A-CONs as the photocatalyst. Regarding the
bactericidal action of A-CONS, in the case of E. coli, 10, caused
fatal damage in the form of bacterial membrane rupture (Fig. S9
and Table S41). The detailed mechanism underlying the
primary cause of cell death will be elucidated in future studies.*

In summary, porphyrin nanodisks synthesized using an
acid-assisted method exhibited a ten-fold increase in antimi-
crobial activity upon photoirradiation than nanodisks synthe-
sized at neutral pH and original COFs.
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