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The construction of an efficient photothermal antibacterial platform is a promising strategy for the
treatment of drug-resistant bacterial infections. Herein, through the introduction of excited-state
intramolecular proton transfer to promote the photothermal effect, N-(2,4-dihydroxybenzylidene)-4-
aminophenol (DOA)—polyvinyl alcohol (PVA) systems (DPVA) can reach 55 °C within 10 s under irradia-
tion. They show superior antibacterial behavior against drug-resistant bacteria and a therapeutic effect
on infected skin wounds with only 100 s of irradiation, much faster than those of reported photothermal
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antibacterial wound dressings for treating bacteria-infected wounds, greatly contributing to the design
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Introduction

The contamination from bacteria and microbes is one of the
biggest public health problems, on which, scientists have been
working for many years."™ However, traditional antibacterial
drugs or therapies are heavily dependent on the use of anti-
biotics with the mutations of bacteria, resulting in drug
resistance.” ® This dilemma has prompted scientists to develop
more effective antibacterial materials and protocols, including
antibacterial peptides, photodynamic therapy, photothermal
therapy (PTT), and so on.” "® Among the various photothermal
antibacterial materials, antibacterial hydrogels have received
increasing attention in biomedicine, due to their unique phy-
sicochemical properties, excellent biocompatibility, and wide
range of adaptability.”'® Moreover, the thermal effect can only
be produced in a wound dressing with PTT hydrogel reagents
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and applications of photothermal antibacterial platforms.

under irradiation, which exhibits less damage to the surround-
ing healthy tissue."®?® Generally, in vitro diagnosis and treat-
ment can be achieved using hydrogel acting dressings, which
are mainly composed of photothermal reagents and polymer
substrates.

For photothermal reagents, the thermal effect via non-
radiative transitions of excited states has emerged recently
(Fig. 1A).>' Since it is considered as a negative effect on the
luminescence properties of organic materials, some strategies
can be borrowed from luminescence materials to promote the
photothermal effect, including introduction of molecular
rotors and flexible alkyl chains, and the dispersion of photo-
thermal agents in liquid media.?***?%73* Generally, the photo-
thermal effect can be improved by the accelerated molecular
motions at the excited states. Excited state proton transfer
(ESIPT) is a photochemical process which has high time-
domain resolution, proceeding in picosecond time scales
(<10 s71) (Fig. 1A).>*° The proton transfer rate (kpy ~
10" s7") is at least one order of magnitude higher than that
of the vibrational relaxation of the chromophore, e.g.,, C=C
stretching of the phenyl ring (k, ~ 10" s').***' Taking
2-hydroxybenzylideneaniline (OA) as a typical example, the
extremely low quantum yield (1.08-3.40%) indicated severe
non-radiative transitions under photoexcitation (Table S1,
ESIT).**"*® It was mainly due to the rapid ESIPT and trans—cis
isomerization, contributing to the promoted photothermal
effect. Apart from the antibacterial agents with the photothermal
effect, the substrate is also crucial to the antibacterial activity.
Among various hydrogels, the polyvinyl alcohol (PVA) hydrogel
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Fig. 1 Schematic illustration of design and fabrication of DPVA hydrogel and its application as a photothermal antibacterial platform for wound dressing.
(A) Mechanisms of excited-state intramolecular proton transfer (ESIPT) and cis—trans isomerization of N-salicylidene aniline. (B) The molecular structures
of OA (module molecule) and DOA (target molecule), and energy barrier from the enol to the cis—keto form. (C) The fabrication of the DPVA hydrogel and
interactions between the DOA and the PVA matrix. (D) The application of the DPVA hydrogel as a photothermal antibacterial platform for wound dressing.

has become the most widely used polymer for hydrogel dressings,
because of its low cost, non-toxicity, high water absorption,
and excellent biocompatibility.*”>° Moreover, plentiful hydroxyl
groups can interact with antibacterial agents through van der
Waals forces, hydrogen bonding, etc., which can avoid the possi-
ble phase separation and benefit the building of supramolecular
assemblies in the corresponding doped systems.

Thus, the introduction of anils as antibacterial agents into
PVA hydrogels should be a good choice to achieve the rapid
antibacterial therapeutic effect. Moreover, based on the model
molecule of OA with the ESIPT effect, two additional hydroxyl
moieties have been incorporated into the formation of N-(2,4-
dihydroxybenzylidene)-4-aminophenol (DOA) as the target,
with the aim to increase interactions between photothermal
reagents and substrates using multiple hydrogen bonds (Fig. 1B).
Due to the electron-donating effect of hydroxyl units in DOA, the
lower energy barrier (Fig. 1B and Fig. S1, ESIt) for the ESIPT
process and higher molar extinction coefficient (Fig. S2, ESIt)
further promoted the photothermal effect,>>> which could be
partially proved by the lower photoluminescence quantum
yields (<4%) (Table S1, ESIf). Under light irradiation, the
temperature of DOA-PVA (DPVA) hydrogels increased from
room-temperature to 55 °C within 10 s, then to 73 °C within
100 s (Fig. 1C), much faster than those of the reported photo-
thermal materials (5-10 min), contributing to the rapid photo-
thermal antibacterial process (Table S2, ESIt). Accordingly, in vitro
antibacterial tests showed that DPVA hydrogel had broad-
spectrum disinfection capability with an antibacterial rate of
about 99% against Staphylococcus aureus (S. aureus) and Escher-
ichia coli (E. coli), as well as the ability to treat drug-resistant
bacteria against Methicillin-resistant Staphylococcus aureus (MRSA)
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and Enteroinvasive Escherichia coli (EIEC) with a bacterial survival
rate of only about 1%. Whole-layer wound healing experiments in
mice showed that MRSA-induced wound infections could be
effectively cured by the DPVA hydrogel within 100 s of irradiation
(Fig. 1D).

Results and discussion

The target molecule DOA was synthesized by a condensation
reaction and characterized by 'H NMR, *C NMR, and HRMS
spectroscopy and HPLC (Fig. S3-S6, ESIT). The ESIPT process of
DOA can be supported by the distinguishing photophysical
properties in protic and aprotic solvents (Fig. 2A and B). The
maximum absorption wavelengths in aprotic solutions (acetone
and acetonitrile) were around 345 nm, which was mainly
derived from the enol form. In protic solutions (methanol
and ethanol), the enol-keto equilibrium towards the keto form
can be obtained, because of the stronger intermolecular hydro-
gen bonding between the carbonyl group of the keto form and
protic solvents, than those between the phenolic oxygen of the
enol form and protic solvents.”*** Thus, the weak shoulders
around 415 nm emerged from the keto isomer. Accordingly,
only weak emission at around 420 nm could be observed in
aprotic solvents, while the dual fluorescence peaks at 420 nm and
520 nm can be detected in protic solvents, further confirming the
formation of the keto isomer.”**> The extremely low quantum
yields (1.17-5.67%) of DOA in these solvents indicated that the
excited state mainly decayed via a non-radiative pathway.
Moreover, it can be further confirmed by the higher non-
radiative transition rates (K,,) of DOA in protic solvents than

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Photophysical properties and in vitro photothermal effect of the
DPVA hydrogel. (A) UV-Vis absorption spectra and fluorescence spectra of
DOA in different solutions (excitation wavelength: 369 nm for ethanol
solution, 383 nm for methanol solution, 373 nm for acetone solution,
350 nm for acetonitrile solution). (B) UV-Vis absorption spectrum,
(C) fluorescence spectrum (excitation wavelength: 377 nm) and
(D) fluorescence decay of DPVA hydrogel. (E) Photothermal heating curves
of PVA and DPVA hydrogel under UV irradiation (average power density is
210 mW cm™?) for 100 s. (F) The light intensity in the UV region with/
without DPVA covered. (G) Statistical results of cytocompatibility evalua-
tion through contact with the L929 cells under different conditions.

those in aprotic ones under similar polarity conditions (Fig. S7
and Table S3, ESIt). For instance, K, of DOA in ethanol and
acetone solution with similar dielectric constants are 9.60 X
10® s and 8.55 x 10® s, respectively, and the larger K, value
in ethanol as the protic solvent is mainly due to the promoted
ESIPT process. It can also be confirmed by the larger K, value
of DOA in methanol (7.64 x 10% s™*) than that (6.17 x 10%s™?)
in acetonitrile solution. Once DOA is doped into PVA hydrogel,
the resultant DOA-PVA (DPVA) hydrogel with a thickness of
1.0 mm exhibited two main absorption peaks: the peak located
at about 350 nm was attributed to the enol form of DOA, while
that at 415 nm might be due to the keto form. Accordingly, the
severe non-radiative transitions of DPVA resulted in the low
quantum yields of 1.30% (Fig. 2C), short fluorescence lifetime
of 1.01 ns (Fig. 2D) and high K;,; of 9.77 x 10® s, contributing
to the promoted photothermal antibacterial activity. They were
mainly attributed to the rapid ESIPT process and cis-trans
isomerization at the excited state as molecular motions, which
could be further confirmed by the light-driven droplet move-
ment experiments (Fig. S8, ESIT).

The morphology of the DPVA hydrogel showed a three-
dimensional laminar porous structure with homogeneous
round pores (Fig. S9, ESIt). The tensile stress of DPVA was
384 kPa with strain of 196%, and its compressive stress was
1.41 MPa at maximum compressive strain of 80% (Fig. S10,
ESIT). These results suggested that DPVA had an appropriate
mechanical strength, which could resist external forces without
damage. Moreover, the toughness and elastic modulus of DPVA
could reach to 465 k] m > and 62 kPa, respectively, indicating
good elasticity and malleability.

Subsequently, the photothermal properties of DPVA hydrogel
were investigated, and the corresponding changes of temperature

This journal is © The Royal Society of Chemistry 2023
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were recorded and shown in Fig. 2E. Under UV irradiation, the
temperature of DPVA hydrogel rose to 55 °C rapidly within 10 s,
and finally reached around 73 °C after 100 s. Since the pure
PVA hydrogel could only increase about 10 °C under the same
conditions, the photothermal effect of DPVA hydrogel was mainly
from DOA by rapid molecular motions. Since bacteria can be
killed when the temperature exceeds 50 °C, DPVA hydrogel should
possess efficient photothermal antibacterial activity. Before the
in vitro antibacterial experiments, in order to ensure the safety of
DPVA hydrogel as an antibacterial material under irradiation, the
light intensity in the UV region after passing through the DPVA
hydrogel was tested. As shown in Fig. 2F, the strong input UV light
became extremely low after passing hydrogel, indicating that the
UV light has been shielded by DPVA hydrogel for the strong
absorption capacity of DOA in UV region. Also, when the cells
treated with DPVA hydrogel under UV light, the 1929 cell viability
exhibited almost no difference with that at the initial state (Fig. 2G
and Fig. S11, ESIt), further confirming the safety of PTT treatment
using DPVA hydrogel.

The in vitro antibacterial activity of the DPVA hydrogel was
investigated by spreading plate experiments of Gram-positive
and Gram-negative bacteria after incubation of the DPVA
hydrogel at 37 °C. Lots of viable colonies appeared on all
Luria-Bertani (LB) agar plates of the blank groups, i.e., direct
treatments with PBS, PVA or DPVA hydrogel were almost non-
effective on S. aureus (Fig. 3A and Fig. S12, ESIY). After 100 s
of light irradiation, DPVA hydrogel showed more than 99%
bacterial inhibition against S. aureus (Fig. 3B). With the aim to
confirm the photothermal effect on antibacterial properties,
an ice bath was utilized to decrease the surface temperature of
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Fig. 3 Antibacterial activity of DPVA hydrogel against S. aureus.
(A) Pictures of S. aureus grown on agar plates and (B) the corresponding
inhibition percentage of S. aureus with different treatments. (C) Fluores-
cence microscope image and (D) corresponding proportion of S. aureus
with different treatments. (E) SEM photographs and (F) growth curve of
S. aureus with different treatments (red arrows: the wrinkles and holes of
bacteria) (scale bar = 1 um).
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DPVA hydrogel. Accordingly, the control group in the presence
of an ice bath, showed a very low inhibition rate (31.6%),
suggesting that the antibacterial effect decreased sharply
upon the elimination of the photothermal effect. Once DOA
was removed from DPVA hydrogel, the inhibition rate of PVA
hydrogel was less than 75%, which was mainly from UV
damage,*® as proved by the result of the PBS group with
irradiation (Fig. S12, ESIY), usually accompanied by DNA
lesions. However, for the treatment of DPVA hydrogel with
DOA, the UV damage can be shielded by the strong absorbance
of DOA in the UV region, which can ensure the safety of
antibacterial experiments. Thus, the DPVA hydrogel possessed
efficient photothermal antibacterial effect, together with UV
shielding properties. When the wound was covered with DPVA
hydrogel and irradiated for 100 s, extremely low E. coli survival
rate could be detected (~1%, Fig. S13, ESIt). Moreover, it
showed excellent antibacterial effects against MRSA (Fig. S14,
ESIt) and EIEC (Fig. S15, ESIf) with the antibacterial rate
reaching ~99%, as proved from the plate laying experiments,
demonstrating the broad-spectrum photothermal antibacterial
activity of the DPVA hydrogel.

Subsequently, fluorescence microscope imaging with live/
dead staining assay were performed on S. aureus (Fig. 3C and D
and Fig. S16, ESIt), to confirm the antibacterial effect of DPVA
hydrogel at the microscopic level. All bacteria were stained,
generally, with live S. aureus emitting green fluorescence, and
dead S. aureus displaying red fluorescence. As shown in Fig. 3C,
without light irradiation, all of them exhibited the green
fluorescence, indicating almost no sterilization ability. After
irradiation, DPVA hydrogel exhibited a significant antibacterial
effect, as confirmed by the almost red fluorescence imaging.
It is mainly from photothermal properties, as proved by the
much weakened antibacterial effect by the decreased surface
temperature in the presence of ice. Also, the UV damage could
be observed in PVA treatment, resulting in the partial red
fluorescence imaging. Live and dead assay analysis also demon-
strated the high antibacterial activity of DPVA hydrogel, which
was consistent with the results of colony-forming count mea-
surements (Fig. 3D). Moreover, the fluorescence microscope
image on E. coli exhibited similar phenomena, further confirm-
ing the efficient photothermal antibacterial effect of DPVA
hydrogel on various bacteria (Fig. S17, ESIT).

On account of the fact that photothermal ablation led
to amorphous and wizened change of the bacterial surface,
scanning electron microscopy (SEM) was utilized to visualize
the morphology of S. aureus (Fig. 3E and Fig. S18, ESI{) and
E. coli (Fig. S19, ESIf) with the different treatment. Without
irradiation, all of them showed an intact morphology and
smooth surface with almost no damage to bacteria. Under
irradiation, slight wrinkles and shrinkage could be observed
on the surface of S. aureus by the introduction of PVA and DPVA
(ice), which still maintained a sound cell structure, indicating
an insufficient bactericidal effect. However, in the presence of
DPVA hydrogel with irradiation, most of the bacteria showed
wrinkles and holes in the visual field, indicating that
the bacterial structure was completely disrupted due to the

5540 | J Mater. Chem. B, 2023, 11, 5537-5543
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generated high temperature. In addition, the growth curves of
bacteria were used to evaluate the proliferation inhibition
effect. As shown in Fig. 3F, after S. aureus was treated with
different hydrogels, the OD600 values increased rapidly within
the first 6 h, and then increased slowly into a platform stage,
which was similar to that of the control group with PBS
treatment (Fig. S20, ESIf). Once the light irradiation was
incorporated, the proliferation weakened to different degrees,
with the growth in the DPVA hydrogel hindered the most. The
arrival of exponential growth phase of S. aureus was delayed by
around 2 h with the treatment of PVA and DPVA (ice), while it
kept a bacteria-resistance condition for another 4 h by DPVA
hydrogel. Similar phenomena could be observed in the growth
curves of E. coli after different treatments (Fig. S21, ESIT). These
in vitro results exhibited that DPVA was able to inhibit the
growth of bacteria, due to the efficient photothermal effect.

Excellent biocompatibility is an important factor for prac-
tical application. Accordingly, in vitro blood tests were per-
formed to evaluate the biocompatibility of DPVA hydrogel.
The negative control (PBS) groups exhibited a clear light yellow
colour, while the positive control group (erythrocytes lysis
buffer) noticeably turned red, due to complete hemolysis
(Fig. S22, ESIf). The supernatants of PVA and DPVA were
observed similar to the negative control (PBS) groups. Also,
quantitative data visually showed a very low hemolysis rate for
PVA hydrogel (0.71%) and the DPVA hydrogel (3.74%), indicat-
ing the negligible hemolysis rate of the hydrogel. To further
evaluate the cytotoxicity of these hydrogels, direct contact tests
between L929 cells and the hydrogels were performed. There
was no significant difference in cell viability between PVA,
DPVA and PBS groups (Fig. S23, ESIT). It confirmed that DPVA
hydrogel was biologically hemocompatible and promising for
antibacterial wound dressing applications. Subsequently, the
in vivo wound healing by DPVA hydrogel was evaluated by using
infected wound models. Firstly, the photothermal effect of
hydrogels was tested on the epidermis of mice. As shown in
Fig. 4A and B, the surface temperature of PVA hydrogel could
only increase to 38 °C within 100 s under irradiation, similar to
that of the control group (PBS), indicating a weak photothermal
effect. Once the abscess area of the mice was treated using
DPVA hydrogel, the temperature increased rapidly, reaching
up to ~50 °C, which was deemed high enough to destroy the
bacteria. Moreover, no significant edema or burns were
detected in the infected area, indicating that the temperature
was appropriate for the skin.

Therefore, DPVA hydrogel was used as an antibacterial
wound dressing for the treatment of infected wounds over a
20 day period. On Day 7, the skin lesions of these mice were
measured by the area of wounds to investigate therapeutic
efficacy. Upon irradiation, the wound on the mice back with
DPVA treatment started healing with no visible pus, and the
area of the wound began to decrease, while those with PVA and
PBS were still covered by different degrees of pus and the area
of the wound was barely reduced (Fig. S24, ESIt). Subsequently,
the skin of the infected wound in each group was harvested,
and the number of bacteria extracted from the wound tissue

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 In vivo assessment of antibacterial properties of PVA/DPVA hydrogel. (A) Infrared thermal images and (B) the corresponding temperature
elevation at the wound sites in the PBS and hydrogel groups with/without UV irradiation. (C) Pictures of MRSA grown on agar plates and (D) the
corresponding inhibition percentage of the MRSA-infected wounds with different treatments at Day 7. (E) Photographs and (F) quantitative analysis of
lesion sites of MRSA-infected wounds with different treatments on Day 20 (scale bar = 0.5 cm). (G) H&E staining and (H) Masson's trichrome staining of
the skin tissues from the wound edges of MRSA-infected wounds with different treatments on Day 20 (purple arrows: area of inflammation, red arrows:

collagen fibers) (scale bar = 500 um).

supernatant was counted using a plate method to investigate
the antibacterial efficacy. As shown in Fig. 4C and D, the
number of bacteria decreased to different degrees using these
hydrogels under irradiation, and the highest antibacterial
efficacy was achieved by DPVA hydrogel with almost no colony
forming units, in line with the in vitro results, illustrating that
DPVA hydrogel was effective for in vivo experiment. Further-
more, the histological changes in the skin tissue were evaluated
to verify the above therapeutic results. As shown in the hema-
toxylin & eosin (H&E) stained images on Day 7 (Fig. S25, ESIt),
the edges of the wound were fully infiltrated by inflammatory
cells without irradiation, indicating almost no therapeutic
efficacy in these cases. Once irradiation treatment was intro-
duced, some reduction in inflammatory cells can be observed,
especially in the DPVA group, where no apparent inflammation
occurred and morphology of normal tissue cells was clearly
discernible (Fig. S25, ESIt). The same trends could be also
found in Masson staining (Fig. S26, ESIT).

The areas of the wounds by the treatment of hydrogels
further decreased on day 20, compared to those of the corres-
ponding group on Day 7. In particular, the wound treated using
DPVA hydrogel under irradiation was basically healed with the
smallest wound area (~0.01 cm™?), while those with PVA
and PBS treatment were about 0.09 cm™ > and 0.06 cm 2,
respectively (Fig. 4E and F). The recovery of the PBS group with
irradiation was much worse than that of DPVA hydrogel on Day
20, though there were few colony forming units and pus
covered on the wound on Day 7. It was presumably because
the continuous UV exposure damaged the skin tissues, greatly
hindering the recovery of the wound. This result could be

This journal is © The Royal Society of Chemistry 2023

further confirmed by the H&E staining (Fig. 4G). It could be
obviously observed that the skin treated with the DPVA hydro-
gel under irradiation was intact, and the new epidermal tissue
was obvious, while the deeper epidermal tissue with PBS
treatment was still not restored, no matter that the epidermal
integrity was recovered. A similar phenomenon could also be
observed in Masson staining (Fig. 4H). After irradiation, more
collagen fibres appeared in the DPVA group than in other
groups. Hence, the DPVA hydrogel is an excellent antibacterial
material to treat infection wounds, via a rapid photothermal
effect to kill bacteria, as well as for the prevention of possible
UV damage to skin.

Conclusions

In conclusion, we have successfully constructed an antibacter-
ial platform (DPVA hydrogel) for the efficient treatment of drug-
resistant bacterial infections in skin wounds rapidly, which is
mainly derived from the photothermal effect of DOA with the
increased temperature to 55 °C within 10 s under irradiation.
This is the first example in which an ESIPT process as non-
radiative transitions was utilized to promote the photothermal
effect, thus providing a new way to develop antibacterial
materials with rapid response and convenient fabrication.
Moreover, further research on photothermal antibacterial treat-
ment under Xe lamp or visible light is still on the way, which
could be realized by incorporation with the other extended
conjugated systems,”” > and the feasibility has been proved by
the primary experiments.
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