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Order—disorder interfaces in a graphitic carbon
nitride-nanoclay composite for improved
photodynamic antibiotics

Dongyue Wang', Qihang Zhao%34, Aidong Tang?3* & Huaming Yang® 2348

Antibiotic-resistant microorganisms are a threat to human health. Despite efforts to treat
bacterial and fungal infections with photodynamic therapy, it suffers from low light absorption
and low singlet oxygen yield. Here, we observe order-disorder interfaces in graphitic carbon
nitride (g-C3N4) modified by kaolinite nanoclay via polar interactions, decreasing the band
gap of g-C3N4. The polar interactions originate from interactions between the basic amine
surface moieties and hydrogen-bonding motifs of g-CsN4 and the hydroxyl groups on the
nanoclay surface. Surface free energy theory demonstrates that the electron-acceptor dis-
played by the nanoclay surface could form a couple with g-C3N, due to its nucleophilic
property. The polar interactions accelerate electron transfer, and the nanoclay surface
functions as an electron sink due to its polar surface and free energy. This promotes spin-
orbit coupling and intersystem crossing resulting in a higher singlet oxygen yield, even in the
dark. The graphitic carbon nitride-kaolinite composite showed improved and faster would
healing in rat animal models.
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human health!. Traditional methods such as antibiotics can

prevent and treat infection?~4, but antibiotics may induce
cytotoxicity and side effects. Overuse of antibiotics leads to bac-
terial drug resistance. Recent developments in antibiotic-free
strategies provide new opportunities to address drug resistance.
To better treat bacterial infections, various antibacterial drugs and
materials have been developed>°. However, a completely effective
and affordable solution is lacking’. Therefore, combatting bac-
terial drug resistance remains an active research area. In contrast
to chemotherapy and radiotherapy, photodynamic therapy, and
other light-activated antibacterial therapies rely on photo-
sensitizers (PS) and light®?; they are more attractive than con-
ventional therapies because they are less invasive with fewer side
effects on normal cells!?. Photodynamic therapy has been used to
treat bacterial and fungal infections for more than three
decades!!. Despite their intrinsic advantages, photodynamic
therapy still faces challenges and shortcomings, which limit
widespread applications in medicine, e.g., challenges of synthesis
and storage, low light absorption, and low yield of triplet and
singlet oxygen of PS!2. The incorporation of a heavy atoms into
organic molecules can promote intersystem crossing (ISC) to the
triplet state!3-1°, but these materials are difficult to synthesize and
are expensive. There are also toxicity issues and the use of rare
and non-renewable precursors!®. Therefore, alternative materials
with similar or even better properties are needed.

Graphitic carbon nitride (g-C;N4) is a metal-free polymeric
photocatalyst that is electron-rich with abundant hydrogen and
nitrogen atoms for hydrogen-bonding!”. Furthermore, g-C;N,
has physicochemical and thermal stability, high efficiency for
visible light absorption, good biocompatibility, and low cost!®18,
Thus, it has been widely utilized and has gained more attention in
research!9-21. However, g-C3N, has yet to reach its full potential
and suffers from high charge recombination, low charge mobility,
poor crystallinity, and limited absorption of visible light?2.
Numerous efforts have been conducted to overcome these
drawbacks to further enhance its applications and performance?3.
Molecular functionalization strategies via noncovalent interac-
tions originating from the functional groups are based on
uncondensed amine moieties (-NH,) and -C=N groups. These
strategies can tune the electronic structure and network of
g-C3Ny.  Therefore, molecular interactions via noncovalent
interactions can effectively modify the electron structure and
enhance its photodynamic performance.

Natural minerals have been extensively utilized due to their
stable physical-chemical properties?4. For example, kaolinite is a
two-dimensional material with the chemical composition of
AlLSi,05(0H), and is formed by stacking Al-O octahedral and
Si-O tetrahedral structures. Clay has been widely applied to
adjust functional materials due to its low cost, large surface area,
high stability, abundant hydroxyl groups, and permanent negative
charge of kaolinite?>. Moreover, the nature of surface O vacancies
and the number of —OH groups can both be tuned by dehy-
droxylation. Oxygen vacancies on the kaolinite surface can be
formed by removing hydroxyl groups and which can lead to more
reactive sites20-28, Therefore, hydroxyl groups on the surface of
kaolinite can produce/maintain interactions between the polar
functional groups of g-C;N, while simultaneously generating
oxygen vacancies on the kaolinite surface to enhance the photo-
dynamic properties?®. The abundance of hydroxyl group and O
vacancies on the clay surface can be adjusted and this strategy can
enhance its performance and broaden its applications.

Herein, we show that these polar interactions originate from
interactions between the basic amine surface moieties and
hydrogen-bonding motifs of g-C3N, and the hydroxyl group of
nanoclay surface. The polar interactions between g-C;N, and
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nanoclay can adjust the morphology and electron structure,
which in turn decrease the g-C;N, bandgap. In addition, the polar
interactions accelerate the electron transfer as a “bridge”, and the
nanoclay surface functions as an “electron sink” due to its polar
surface free energy (yAB) to promote spin-orbit coupling (SOC)
and intersystem crossing (ISC) and thus reduce the singlet-triplet
energy gap (AEst). This in turn results in a higher yield of singlet
oxygen, even in the dark. Moreover, the g-C;N, and nanoclay
composites exhibit much better wound healing effect and showed
the faster healing in vivo wound healing on rats.

Results and discussion

Interactions between graphitic carbon nitric and kaolinite.
Graphitic carbon nitride g-CsN, (CN) and graphitic carbon
nitride-kaolinite (g-C;Ng4/kaolinite, CNK) composites were pre-
pared through the calcination method (see “Experimental
Section”)30. Urea could interact with hydroxyl groups on the sur-
face of kaolinite during the calcination process (Fig. 1a). In addi-
tion, the surface free energy could be adjusted simply by
hydroxylation through calcination. The structure of the resulting
samples was characterized by X-ray diffraction (XRD). The CNK
samples exhibit similar and main phase structures for C3N, in the
XRD patterns (Fig. 1b and Supplementary Fig. 1). All samples
exhibit two typical diffraction peaks located at 13.1 and 27.3 and
are assigned to the (100) and (002) planes, thus representing the in-
plane structure of tris-triazine (heptazine) units and interlayer
stacking sheets of g-C3Ny. The peak diffraction of (001) CNK450
and (002) g-C;N, become more intense, indicating that the inter-
planar structure of CNK450 was affected significantly, and that the
interlayer stack became less firm3!. These data illustrate interac-
tions among the interlayer between the surface of g-CsNy4 and the
surface of kaolinite. The molecular structures of samples were
further characterized by Fourier transform infrared (FTIR) spectra.

The band near 810 cm™! corresponds to the out-of-plane
structure of heptazine rings (Fig. 1c) while the peaks located
between 900 and 1800 cm~! are ascribed to the stretching
structure of C-N. The band near 2200 cm~! originates from the
stretching mode of CN. Additionally, the broad peaks from 3000
to 3500 cm™! are assigned to the N-H stretching vibrations!”.
These observations imply that the CNK samples have similar
functional groups compared to g-C;N,. Furthermore, the FTIR of
CNK exhibits hydroxyl groups near 912 cm~!, which originate
from the kaolinite surface. These data suggest that rich hydroxyl
groups from kaolinite and N-H groups from g-C;N, will
promote polar interactions between the kaolinite surface and
g-C;N, (Supplementary Fig. 2). However, only the structure of
g-C3N, is significantly affected by the interactions between
g-C;N, and the kaolinite surface.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to analyze the interactions. The binding energy of Al,
Si, and O all shifted to higher binding energy (Fig. 1d and
Supplementary Fig. 3), suggesting that the coordination environ-
ment became less stable. The binding energy peak of C and N also
shifts to a higher binding energy, demonstrating that the
electronic structural perturbation leads to different interactions
at their interface. The XPS spectrum of C 1s is divided into three
distinct peaks around the binding energies of 284.1, 285.6, and
287.5 eV. These correspond to the C=C/C-C, C-N, and N-C=N
species on the g-C;N, respectively. In the N 1s spectrum, the
binding energies of 398.6 eV are assigned to C-N=C, and the
peak at 399.5 eV corresponds to the N (N-(C)3) groups. The peak
at 400.0 eV represents the N-H functional groups. While the N 1s
peak of CNK450 shifts to lower binding energies versus other
samples, indicating a strong interaction between g-C;N, and the
surface of kaolinite.
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Fig. 1 Characterization of different samples. a Schematic of the sample preparation. b XRD patterns. ¢ FTIR spectra. d Al, Si, O, C, and N XPS spectra of
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The surface free energy was determined to investigate the
formation of interfacial interactions according to the van
Oss—Chaudhury-Good theory (Supplementary Fig. 4 and Sup-
plementary Table 1). The total surface free energy y is composed
of two parts: the non-polar part y'W (i.e., Lifshitz-van der Waals)
and the polar part yAB (i.e., Lewis acid-base)32-33. The non-polar
dispersive component is mainly attributed to the orientation force
(Keesom), the induction force (Debye), and the dispersion force
(London forces). The polar component (Lewis acid-base interac-
tions) is mainly associated with the electron donor-acceptor (i.e.,
vy~ and y*) or the 7 systems interactions (m-interactions)34-37.
The value of the total surface free energy (Fig. le) and the polar
surface free energy of CNK450 (Fig. 1f) were higher, while the
value of van der Waals surface free energy of CNK450
(Supplementary Fig. 4) is lower than CNK500 and CNKS550.
This indicates that the surface free energy of CNK450 contributes
to the polar interactions between g-C;N, and kaolinite surface.
The H-bonding motif and Bronsted basic functional groups of
g-C3Ny could benefit the polar interactions with the polar surface
of kaolinite. This is attributed to the Lewis basic and its
nucleophilic characteristics. Moreover, the Lewis acid surface
free energy y™T results illustrate that kaolinite has a better electron
acceptor and could promote electron transfer between g-C;Ny4
and kaolinite surface because the surface can accept donated
electrons to due to its strong ability of electron acceptor (Fig. 1g).
In addition, g-CsN, has polar functional groups that further
promote the formation of polar interactions between g-C;N,4 and
the surface of kaolinite. Therefore, the dominant interactions
were the polar interactions between kaolinite and g-C;Ny, in
CN450. Non-polar interactions exist in other samples. Scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) were used to further investigate the effects of
interactions on the morphology of samples. The SEM and TEM
images of CN show obvious wrinkles while the CNK450,
CNK500, and CNK550 have a planar structure on the surface
of kaolinite due to interactions between g-C;N, and the surface of
kaolinite (Fig. 1h, i and Supplementary Fig. 5). In addition, the C
and N elements are distributed uniformly over all the samples.

The ordered and disordered structure of g-CsN, at the inter-
face. Small-angle X-ray scattering (SAXS) was employed to
characterize the morphology and nanostructure of g-C;N, after
interactions between g-C3;N4 and the kaolinite surface to confirm
the order-disorder properties at the interface3$3. According to
SAXS (Fig. 2a), the scattering intensity of the samples increases
with interactions increasing, thus indicating that the morphology
of the g-C;N, was affected by the interactions. The Kratky scat-
tering plots were utilized to further characterize the samples’
structure. The Kratky plots shift to the lower q value, thus sug-
gesting greater dimensions and a higher cross-sectional zone
(Fig. 2b). In addition, the Kratky plot of CNK450 exhibits higher
scattering intensity*(, suggesting that the interactions of CKN450
result in lower dimensions and a lower cross-sectional zone of
g-C3N, versus CN.

Guinier plots were performed to investigate the cross-sectional
structure of g-C3N, and further confirm the zone dimensions of
g-C;N, morphology induced by the interactions. Rc can be
calculated by fitting published equations*142, which represent the
radii of g-C5N, of the composites (Fig. 2c). Meanwhile, the average
size of the g-C;N, composites can be analyzed and characterized by
the cross-sectional radius Rc. The Rc of CNK450 is higher than
those of other samples, thus indicating that the cross-sectional
radius of g-C5N, of CNK450 is higher than those of other samples
(Supplementary Fig. 6a). The results are consistent with the pore
size evaluated by BET (Supplementary Figs. 6b, 7 and 8).

The scattering intensity of CN and CN450 were fitted
according to a generalized empirical three-region Guinier-Porod
model with two Guinier regions#0. This method models the form
factor for the non-spherical structure of samples; Rg, and Rg, are
the characteristic length for the short and overall sizes of the
scattering samples®®. The rough surface structure can be
represented by the surface fractals where the value of surface
fractals lies between 3 and 4 (Fig. 2d, e). CNK450 exhibits higher
Rg; (34.1) and Rg, (224) than those of CN with Rg; of 22.4 and
Rg, of 196, thus suggesting that the cross-sectional radius of
CNK450 is higher than that of CN. The surface fractals of
CNK450 are 2.34 while the surface fractals of CN are 2.4, thus
indicating that CN has a high roughness compared with CNK450.
The morphology characteristics of CN and CNK450 are
illustrated in Fig. 2f. The interactions between g-C;N, and
kaolinite surface can adjust the cross-sectional radius of g-C5N,
and surface fractals. Moreover, the SEM and TEM images
(Fig. 2g, h) also show that CN has obvious wrinkles while the
CNK450 has a planar structure on the surface of the kaolinite;
this again confirms the interactions between g-C;N, and kaolinite
surface.

To further confirm the effects of interactions on the
photoelectrical properties, the UV-vis absorption spectra, photo-
luminescence (PL) spectra, and photocurrent curves of time of
CN and CNK450 were performed. UV-vis spectroscopy shows
that CNK450 exhibits greater optical absorption of light and has a
redshift in the visible wavelength range versus CN. CNK450 has a
reduced bandgap versus CN (Fig. 2i, Supplementary Fig. 9).
Additionally, CNK450 composites show a broad PL spectrum
with higher intensity from 400-450 nm (Fig. 2j). The peak
intensity of CNK450 is lower than CN, indicating that the
recombination of photo-generated electron-hole pairs in the
CNK450 composites can be effectively hindered. Furthermore,
the prompt fluorescence originates from the radiative decay of
singlet excitons. The remarkable decrease in PL intensity clearly
demonstrates that the singlet excitons relax. Photocurrent
response measurements also indicate that the mobility of charge
carriers in CNK450 is higher than that of CN (Fig. 2k), thus
implying that interactions improve the charge separation and
electron transfer versus CN.

Excitonic effects at the order-disorder interface. Next, steady-
state fluorescence was performed to study the fluorescence life-
times to further understand the effects of the order-disorder on
the exciton*3. Time-resolved fluorescence spectra (Fig. 3a) show
that CN has a distinctly slower decay in the time-resolved spectra
and all the lifetimes of components prolonged (Supplementary
Fig. 10) versus CN450. By fitting the decay kinetics, the calculated
average time of CN (6.27ns) is higher than that of CN450
(5.14 ns). The decrease in multiple lifetime components originates
from processes such as exciton diffusion, triplet-triplet annihila-
tion, and Forster resonance energy transfer?44>, As the radiative
decay of singlet excitons could result in the prompt fluorescence,
the lowered PL intensity reveal that the population of singlet
excitons reduce remarkably. Also, there is a notable decrease in
lifetime, thus further indicating that the population of singlet
excitons reduced considerably. The results of remarkable intensity
and lifetime difference demonstrate that the exist of process that
acceleration of nonradiative intersystem crossing promotes more
effective conversion from singlet to triplet excitons*®. Thus, a
decrease in lifetime arises from the ordered structure of g-C5N,
and the polar interactions between g-C;N, and kaolinite surface.
In this case, the analysis demonstrates high triplet-exciton har-
vesting and markedly enhanced singlet exciton dissociation in
CNK450. These features are attributed to the ordered interface
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Fig. 2 Structural of g-C3N4 samples and their photoelectrochemical behaviors. a SAXS curves. b Kratky plots of the SAXS scattering profiles. ¢ Cross-
sectional Guinier plots of the SAXS profiles. Fitted SAXS patterns along with schematic representations of the fractal network of CN (d) and CNK450 (e).
f Schematic illustration of g-C3N4 morphology. g SEM images of CN and CN450 and h TEM images of CN and CN450. i UV-vis absorption spectra of CN
and CN450. j Photoluminescence (PL) spectra of CN and CNK. k Photocurrent curves over time of CN and CNK. The yellow line represents the

morphology of CN and CNK.

arising from polar interactions and trap states, which also pro-
mote SOC and reduce AEgr*748. The photoluminescence spectra
of these materials were studied to further confirm charge transfer
and the maximum peak near 380 nm~! was assigned to the

delocalized m-m* transition*. The CNK450 exhibits a slight
redshift to 380 nm~! versus CN (Fig. 3b), indicating that the
intramolecular charge transfer of CNK450 was stronger than that
of CN. The intensity of the peak redshift also suggests an
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change. j Samples’ bandgap.

intramolecular charge transfer from donor to acceptor®. The
analysis above demonstrates that the polar interactions improve
the charge transfer, which agrees with the surface free energy
analysis, PL spectra, and photoelectrical properties. The quantum
yields of CN and CNK450 are 4.63% and 3.83%, respectively, thus
indicating that the singlet excitons effectively transfer to triplet
excitons for CNK450. To further explore the m-m* transitions,
electron paramagnetic resonance (EPR) measurements were used
because the EPR was related to the lone pair electron (Fig. 3c-e).
A gvalue of 2.003 was observed for all samples and was attributed
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ates (DOS) of g CN and h CNK450. i lllustrations of the samples’ structural

to the lone pair electron®®?!, Compared with CN, CNK450
exhibits similar EPR signal intensity in the dark, thus revealing
the well-established electronic band structure of g-C;N,. How-
ever, CNK450 has a much stronger EPR signal intensity than CN,
suggesting that the electrons trapped in the kaolinite surface act
as a charge-carrier and have shallow trapping states.

The mechanism of the charge transfer process from singlet to
triplet is illustrated in Fig. 3f. Density functional theory (DFT)
was conducted to calculate the unit structures and electron
structures to further illustrate the influence of polar interactions
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on the bandgap and charge behavior>2. The limitations of DFT
cause the calculated bandgap value to differ from the experi-
mental value, however, the results of calculations still illustrate the
changing trend of bandgap and electron structure®3. Figure 3g, h
shows that the bandgap narrowed from 2.018 eV for CN to
1.86eV for CNK450, thus indicating a change in g-C;N,
morphological structure induced by polar interactions; this plays
a key role in the electron structure. The electron density of states
(DOS) calculations show that the valence band maximum and
conduction band minimum are located at the G point for CN and
CNK450 in the Brillouin zone. Furthermore, the electron density
of the N states dominates the valence band maximum and
conduction band minimum, indicating polar interactions between
the -NH, functional groups of g-C;N, and the hydroxyl groups
of kaolinite surface. This interaction can promote charge transfer
as a bridge function. Accordingly, CNK450 presents the stronger
adsorption of visible light due to the narrowing bandgap.
Figure 3i, j shows the change of g-C;N, structure and bandgap
after the polar interactions between the g-C3N, and kaolinite
surface based on DFT calculations (Supplementary Fig. 11).

Photodynamic and antibacterial activity. The enhanced SOC
and reduced AEsr of the samples improve 'O, generation®>4,
ROS is responsible for the antibacterial activity of g-C;N,4 and the
antibacterial activity of CN and CNK450 was evaluated in both
light and dark. To further identify the singlet oxygen species and
photodynamic activity, the antibacterial evaluation and the elec-
tron spin resonance (EPR) spectra were conducted to analyze the
antibacterial activity and the production of reactive oxygen spe-
cies. The EPR spectra of all samples exhibit a typical EPR spec-
trum of three lines with the relative intensity of 1:1:1 in both dark
and light (Fig. 4a, b). Furthermore, the signal of CNK450 is
dramatically stronger than CN even in the dark, thus indicating
that more singlet oxygen species are produced from CNK450
than CN. CNK450 still has relatively higher intensities of singlet
oxygen than CN in light. Furthermore, the EPR results in dark
and light demonstrate the SOC and reduced AEgr of the samples
improve 10, generation, which agrees well with the structural
properties and excitonic effects attributed to polar interactions
(Supplementary Fig. 12). In addition, the fluorescence signal of
CNK450 exhibit significantly stronger than that of CN, which
further proved the strong ability of singlet oxygen production for
CNK450 (Supplementary Fig. 13a). Furthermore, the fluorescence
imaging studies demonstrate the generation of singlet oxygen,
which is the surface-bound reactive oxygen species (Supplemen-
tary Fig. 13b). The surface-bound nature of the ROS underlies its
selectivity against bacteria over mammalian cells. The surface-
bound ROS selectively kill bacteria over mammalian cells>.
The antibacterial activity of all samples was evaluated by
Escherichia coli (E. coli) because of the prevalence of this species.
Antibacterial efficacy against E. coli was notably higher in
CNK450 (66%) than it was in CN (28%) (Fig. 4c and
Supplementary Fig. 14). We next studied the antibacterial
mechanism underlying the photodynamic effect via electron
microscopy. The morphology and membrane integrity of bacteria
was investigated by SEM and TEM. When incubated with
samples, the bacteria adsorbed on the surface of the samples and
directly interacted with the samples. The samples interact with
the bacterial membrane and wrap the bacteria. This improves
delivery of more reactive oxygen species to the environment
around the bacterial membrane. The typical morphologies of E.
coli show a relatively smooth surface and rod-like shape (Fig. 4d,
e and Supplementary Fig. 15). However, the adsorbed bacteria
exposed to CNK450 show a deformed and wrinkled cell wall with
a ruptured cell surface. This demonstrates that the singlet oxygen

species were quickly and largely produced, which caused the cell
membrane to change and even collapse significantly. The
narrowed distance between the samples and bacteria increases
ROS efficiency due to the short lifetime of ROS. Therefore, the
singlet oxygen species combined with the interactions contributed
to the destruction of the bacterial membrane (yellow arrows in
Fig. 4e). The bacterial membrane was seriously and obviously
damaged when treated with CN450, however these changes were
considerably less evident with CN.

Live/dead assays were also performed with laser scanning
fluorescence microscopy to further investigate damage to the cell
wall. Calcein AM and PI were used to stain E. coli. Calcein AM is
a cell-permeable green-fluorescent staining the live bacteria, and
PI is a cell-impermeable red-fluorescent staining only cells with
dead bacteria of damaged membranes. Few dead cells were
observed with light relative to control (Fig. 4f). For CN450 in the
light-treatment group, many more dead cells were observed
relative to CN, and these staining results agree well with the CFU-
counting method. As expected, the treated bacteria exhibited
much more red fluorescence than CN treatments for CN450
treatment groups, indicating that CNK450 has higher disinfection
efficiency and bactericidal activity relative to CN. Taken together,
these results demonstrate that the CN450 composite exhibits
greater antibacterial activity than pure g-CsN, due to a higher
yield of singlet oxygen in CNK450.

In vivo wound healing. The ideal antibacterial materials should
exhibit the advantage of good biocompatibility, promoting wound
healing and anti-infection. Good biocompatibility is prerequisite
for wound-healing materials. The cytocompatibility results
in vitro are shown in Supplementary Fig. 16, the cell viability of
CNK450 reached almost 90 % within the testing time, even in
high concentration of 800 ugmL~! compared with the con-
centration of 15 ugmL~! of other antibacterial materials, con-
firming the nontoxic nature and good cytocompatibility of
CNK450. Therefore, the good cytocompatibility and antibacterial
activity make CNK450 a good candidate material for wound
healing. Furthermore, we evaluated further evaluated the in vivo
biocompatibility in a rat’s infected wound model. The healing
promoting property of CNK450 is evaluated using rat’s infected
wound model and CNK450 was used as the experimental group,
while the infected control group received no treatment. The
wound was covered with CNK450 sample and fixed by gauze
(Fig. 5a). The wound healing was evaluated on day 0, 2, 4, 8, and
14. The traumas are photographed on days 0, 2, 4, 8, and 14. The
wound area ratio was utilized to quantitatively evaluate the
wound healing rate of CNK450. In addition, wound trace figures
were drawn by Image] and PowerPoint software. As shown in
Fig.5b-d, the wound healing of CNK450 group was significantly
better that that of the control group. The experimental group
exhibit a faster healing compared with the control group after
4 days treatment (green rectangle). Furthermore, on day 4, the
control group still show the obvious inflammation response
because the wound size become much larger compared with
CNK450. On day 8, CNK450 displayed a smaller size and the
wound size decrease significantly than the control group as the
dash line indicated. On day 14, the infected wound in the
CNK450 group was almost healed completely (the wound closure
ratio was = 85%) while the control has wound area ratio of 76%.
The results remarkably reveal that CNK450 had much better
wound-healing effect than the control group and showed the
faster healing. The reason was that CNK450 has a higher yield of
ROS, which could kill the bacteria effectively and reduce the
inflammation response to promote crawling and proliferation of
fibroblastic cells.
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Hematoxylin and eosin (H&E) staining is performed to assess
the quality of the epidermis, inflammatory reaction and cell
proliferation on days 2, 4, 8, and 14. As shown in Fig. 5e, on day
2, obvious neutrophils (red arrows) appear from all the groups,
indicating a serious infection and inflammatory response.
Meanwhile, a large amount of loose connective tissues is
observed in the control group compared with the CNK450
group, indicating that the inflammatory response of the control
group was the most serious. On day 4 of HE staining, obvious
dermal fibroblasts (green arrows) and newborn blood vessels
(cyan arrows) filled with red blood cells are observed from the
CNK450 group. The control group still showed a large number
of inflammatory cells, indicating the control still exhibit a severe
inflammatory response. In sharp contrast, the group of CNK450
had the lightest inflammatory response, indicating the healing
effect of CNK450 is better. Meanwhile, the collagen (yellow
arrows) in the control groups distributed sparsely compared
with the CNK450 group. On day 8, the control group still
showed obvious inflammatory response (red arrows) while
epidermal healing was achieved for the CNK450 group. On day
15, a large number of tightly-connected fibroblasts are observed
for the CNK450 group. On the contrary, inflammatory cells still

existed in the control group, demonstrating that the wound was
not fully healed and the healing was insufficient. The results
revealed that the infected wounds in the CNK group could
reach a satisfactory healing. The healing speed of the CNK450
group was faster than that of the control group by accelerating
the formation of fibroblasts tissue. Additionally, Masson
staining was employed to evaluate the formation and deposition
of collagen in wounds of all groups at different time points
(Fig. 5f). On day 2, the deposition of collagen in all groups
distributed sparsely. On day 4, a lot of collagen fibers (blue)
were observed in the CNK450 groups and exhibited more newly
formed collagen. On day 8 and 14, the regenerated collagen
obviously increased for all groups. The CNK450 group showed
the highest amount of collagen compared with the control
group. These results of H&E and Masson staining suggested
that the CNK450 could facilitate the process of infected wound
healing by accelerating the fibroblasts tissue formation and
increasing collagen deposition. Furthermore, the histological
analysis of the major organs (heart, liver, spleen, lung, and
kidney) of mice does not indicate any abnormal effects or
damage after the day 14 treatment (Supplementary Fig. 17),
indicating that CNK450 is safe for wound healing.
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Conclusion

This work demonstrates polar interactions could adjust the order-
disorder structure at the interface of g-C;N, and kaolinites,
resulting from the affinity between the basic amine surface
moieties and hydrogen-bonding motifs of g-C;N, and the
hydroxyl group of nanoclay surface (Fig. 6). Surface free energy
theory further reveal that the affinity attributed to the electron-
acceptor displayed by the nanoclay surface could couple with
g-C3N, due to its nucleophilic property. The polar interactions
induce the changes of the zone dimensions and the cross-
sectional structure of the g-C3N, morphology and lead to that the
radius (Rc) of g-C;N4 in CNK450 is higher than other samples.
Therefore, the order-disorder interfaces of g-CsN, could be
adjusted by nanoclay via polar interactions, which could decrease
the g-C;N, bandgap. The polar interactions also accelerate the
electron transfer as a “bridge”, with the nanoclay surface func-
tions as an “electron sink” because its polar surface free energy
(yAB) promotes spin-orbit coupling (SOC) and intersystem
crossing (ISC) to reduce singlet-triplet energy gaps (AEgr). This
results in a higher yield of singlet oxygen even in the dark. The
above results showed that CNK composites can play a key role in
the healing of infected wound and could promote the production
of fibroblasts. Meanwhile, the healing of wounds was also accel-
erated. This work opens paths for photodynamic therapy and
may have implications in the fight against antibiotic-resistant
bacteria.

Methods

Materials and synthesis. The pristine g-C5N, sample was prepared via thermal
polymerization of urea. The 10 g of urea was put in a crucible with a cover, and
heated at 550 °C for 3 h. The samples were obtained by washing with ethanol and
deionized water three times. The g-C3Ny/kaolinite composite was prepared by
mixing 1 g kaolinite with 10 g urea with complete grinding. The g-C;Ny/kaolinite
composite was placed in a crucible with a cover and heated at different tempera-
tures (450 °C, 500 °C, and 550 °C) for 3 h at 10 °C/min. The samples were then
cooled and washed with ethanol and deionized water three times to obtain the
products denoted CN (g-C;N,), CNK450 (g-C;N,/kaolinite 450 °C), CNK500
(g-C;sNy/kaolinite 500 °C), and CNK550 (g-C;N4/kaolinite 550 °C).

Characterizations. Powder X-ray diffraction (XRD) measurements were recorded
on a Bruker D8 Advance operating at 40 mA and 40 kV with Cu Ka radiation.
TGA used a STA449C instrument at an airflow of 60 mL/min and a heating rate of
5°C/min. Fourier transform infrared (FTIR) spectroscopy of the samples used a
FTIR spectrophotometer (Scientific Nicolet 6700, Thermo Electron Corporation,
USA) between 4000 and 400 cm~!. SEM images were taken on a JEOL JSM-7001F
field emission scanning electron microscope (JEOL, Japan). HRTEM images and
elemental mappings were obtained on an JEM-ARM300F electron microscope
(JEOL, Japan). X-ray photoelectron spectroscopy (XPS) studies were carried out on
an ESCALAB 250 (Thermo Scientific) using an Al Ka mono chromate (hv =
1486.6 V) source. Spectra were analyzed using Thermo Scientific Avantage soft-
ware (Thermo Electron Corporation, USA). The binding energies were calibrated
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by the C 1s peak at 284.6 eV. UV-vis absorption spectra were recorded on a
Lambda1050 UV-vis spectrophotometer. The oxygen vacancy of solid samples was
measured by Bruker EMXPLUS electron paramagnetic resonance instrument
(EPR) (Bruker Scientific Technology Co. Ltd. Germany). N, physisorption mea-
surements evaluated the specific surface area and pore structure using the
Brunauer-Emmett-Teller (BET) method, and the pore size was determined by the
BJH method. Steady-state photoluminescence (PL) spectra were measured on a PE
LS55 (HITACHI, Japan) with excitation light at 400 nm. The transient photo-
current performance used a lock-in amplifier (SR 830, Stanford Research Systems,
Inc.) with a light chopper (SR540, Stanford Research Systems, Inc.). The scattering
patterns were recorded with SAXS from SAXSLAB/XENOCS. The X-ray source is a
D2-MetalJet (Excillum) with a liquid metal anode operating at 70 kV and 3.57 mA
with Ga-Ka radiation (wavelength A = 0.1314 nm). The beam was further focused
with a focal length of 55 cm using custom-made X-ray optics (Xenocs) to provide a
very narrow and intense beam at the sample position.

Electrochemical analysis. The transient photocurrent and electrochemical
impedance spectra were collected using catalysts coated on ITO glass via spin
coating. The measurements were conducted on a potentiostat CHI660E (Chenhua
Co. Ltd. China) via a three-electrode system where Pt wire was the counter elec-
trode, Ag/AgCl was the reference electrode, and a catalyst coated on ITO was the
working electrode. Slurry photocurrent measurements were performed in a three-
electrode system consisting of Pt wire, a graphite rod, and Ag/AgCl as the working,
counter, and reference electrodes, respectively.

Detection and visualization of singlet oxygen generation o the sample surface
and in Living Cells. The concentration of singlet oxygen (10,) was determined by
using an intracellular peroxide-sensitive fluorescent DCFH-DA probe. Bacterial
cells were treated with samples for 4 h. After treatment with samples, cells were
washed with PBS and then incubated with DCFH- DA (5 uM). The fluorescence
intensity was immediately measured at an excitation wavelength of 485 nm and an
emission wavelength of 520 nm using a spectrofluorometer PE LS55 (HITACHI,
Japan).

Antibacterial activities measurements. The antibacterial activity of samples was
assessed with Gram-negative (E. coli.,, ATCC 25922) bacteria. In brief, the pure

bacteria in LB were cultivated overnight in a rotating shaker at 37 °C. The bacteria
were diluted and spread on agar plates for CFU analysis after treatment for 4 h. In
this study, the MIC values were 8.02 mg/mL. Therefore, the dosing concentration
of 10 mg/mL was used to incubate E. coli for antibacterial activities measurements.

Morphological observation of bacteria. The glutaraldehyde solution (2.5%) was
used to fix the bacteria overnight, and the samples were sequentially dehydrated
with ethanol solutions (30, 50, 75, 90, 95, and 100%) and vacuum-dried. The
morphological images of the bacteria were acquired by SEM and TEM. Each group
contained three parallel samples, and at least two sets of images from each sample.

Live/dead bacterial staining assay. A calcein AM/PI double stain kit was used.
Here, 20 uL of frozen E. coli was added to 20 mL LB medium for 15 h, and then
incubated with 0.01 g powdered sample at 37 °C and shaken at 150 rpm for 15 h.
After centrifugation at 3000 rpm for 5 min, the supernatant was removed, and the
bacterial precipitates were washed with PBS three times. Calcein AM/PI (5 uL) was
added to the bacterial suspension (200 puL) and incubated in the dark at 150 rpm for
15 min. The samples were then imaged with a fluorescence microscope (Olympus
FV1200).
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Computational details. Density functional theory (DFT) calculations were per-
formed with the Vienna Ab Initio Simulation Package (VASP)*. The Perdew-
Burke-Ernzerhof (PBE) functional was used to treat the exchange-correlation
energy, which is based on the generalized gradient approximation (GGA)*’. A
kinetic cutoff energy of 500 eV was employed to describe the ionic cores and
expand the plane wave. The width of the Gaussian smearing method for the partial
occupancies of the Kohn—Sham orbitals is 0.05 eV. The electronic structure
iteration was considered self-consistent when the energy change of the convergence
criterion was smaller than 107> eV. The geometry optimization was considered
convergent when the energy change was smaller than 0.02 eV/A. The Brillouin
zone was sampled by 4x4x4 for geometry optimization and 7 x 7 x 7 for static
calculation slab structure using a Monkhost-Pack scheme®3. The strain increment
for each deformation step was determined by the biaxial strains with a 10% level of
strain up to 30%.

Cytotoxicity testing via MTT assay. 1929 cells were grown at 37 °C with 5% CO,
in dimethyl sulfoxide (DMEM) for 2 days during their logarithmic phase. The cells
were harvested by centrifugation at 5000 rpm for 5 min. The cell concentration was
adjusted to 104-10° mL~! (counted with hemocytometers). Next, 100 pL cells were
added into every well of a 96-well plate and incubated for 2 h until all cells adhered;
the supernatant was then removed and replaced with fresh DMED media or with
DMED media with CNK450 (50 pg mL~!, 100 pg mL~1, 200 ug mL~1, 400 pg mL~!
and 800 ug mL~!). After 24 h, the supernatant was removed and replaced by 100 uL
of PBS. Next, 20 uL of MTT (5 mg mL~! in DMEM) was added into each well, and
the cells were incubated at 37 °C for another 4 h to form formazan. Finally, the
supernatant with MTT was removed again, and 150 uL of DMSO was added to each
well. The cells were incubated for 30 min to dissolve the formazan. The optical
density (OD) at 490 nm was monitored, and the cytotoxicity was calculated as the
ratio of the OD490 nm in the control experiment divided by the OD490 nm in
cytotoxicity experiments. The cytotoxicity enhancement was calculated as the ratio
of the cytotoxicity of the composite. Three parallel experiments with L929 cells were
performed independently for cytotoxicity testing to evaluate the average OD490 nm
and its standard deviation.

In vivo uninfected/infected wound-healing assay. The wound-healing efficacy
of the samples was evaluated in Sprague Dawley (SD) male rats weighing
250-300 g. All animal experiments were performed in accordance with the
National Institute of Health Guidelines under the protocols, approved by the
Animal Ethics Committee of Wuhan Myhalic Biotechnology Co., Ltd. The assigned
approval/accreditation number of the laboratory is HLK-20220516-001. All rats
were randomly divided into 2 groups: the infected and CNK450. Each group
contained 14 rats. The rats were anaesthetized by 10% chloral hydrate (30 mg/kg),
and one full-thickness round skin wounds (1 cm diameter) were created on the
dorsum of each rat. 100 pL of E. coli suspension (1.0 x 108 CFU/mL) was applied to
create infected wounds. The wounds became severely infected by 48 h after the
addition of the bacterial suspensions. The wound size was measured with Vernier
calipers on the 2, 4, 8, and 14-day. The wound closure rate was calculated as
follows: wound closure rate (%) = (original wound area - wound area at test time)/
original wound area x100%. The mice were sacrificed, and the wound tissues were
fixed in formalin for paraffin sections. H&E staining and Masson staining were
completed, and the samples were then observed and photographed. The major
organs including the heart, liver, spleen, lung, and kidney were harvested and
stained with H&E after the 14-day treatment.

Statistical analysis. Statistical analysis was carried out using SPSS 9.0 software,
and all data were presented as means + standard deviation (SD). The statistical
significance was obtained by one-way ANOVA with Tukey’s post hoc test. The
differences were considered to be statistically significant for a p-value <0.05
(*P<0.05, ¥*P<0.01, ***P<0.001).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study and plots within this paper are available
from the corresponding authors upon reasonable request.
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