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Antibiotic resistance poses a critical threat to human healthcare, largely driven by bacterial biofilms.
These biofilms resist the immune system and antibiotics, rendering enclosed microbial cells 10-1000
times more antibiotic-resistant than planktonic cells, leading to severe infections. Therefore, there is an
urgent need to develop innovative tools for investigating biofilm regulators and devising novel antibacte-
rial strategies. In this study, we developed Cy-NEO-PA, a near-infrared (NIR) fluorescent probe responsive

Keywords: to penicillin G acylase (PGA), with bacteria-targeting ability. This probe was designed to visualize the
Penicillin G acylase influence of environmental factors on biofilm formation in Acinetobacter baumannii (A. baumannii). Our
Phototherapy findings demonstrated that glucose suppressed PGA production, leading to enhanced biofilm formation,
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whereas phenylacetic acid (PAA) stimulated PGA production and inhibited biofilm formation in A. bau-
mannii. These observations highlight the remarkable capability of Cy-NEO-PA to accurately measure PGA
dynamics, shedding light on the critical role of PGA in biofilm development. Additionally, Cy-NEO-PA ex-
hibited excellent biocompatibility, potent reactive oxygen species (ROS) generation, efficient photothermal
conversion, and bacteria-targeting abilities, making it a promising agent for combating bacterial infections
and promoting wound healing through photothermal (PTT)/photodynamic (PDT) therapy. These discover-
ies emphasize the significant role of PGA in antibacterial therapy and offer valuable insights for the design
of effective strategies targeting PGA to combat biofilm-associated infections.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acinetobacter baumannii (A. baumannii), a critical Gram-negative
strain among the ESKAPE pathogens (Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species), presents a sig-
nificant public health threat due to its robust biofilm-forming ca-
pabilities, which enhance persistence and virulence [1-3]. The ex-
tracellular polymeric substance matrix within the biofilm acts as a
protective barrier, impeding antibiotic penetration and resulting in
heightened resistance [4-6]. Although antibiotics are the primary
treatment, the emergence of multidrug-resistant (MDR) strains ne-
cessitates the exploration of alternative approaches. Therefore, un-
derstanding the regulatory mechanisms of A. baumannii biofilm
formation and developing innovative therapeutic strategies are cru-
cial to achieving successful treatment outcomes. Antibacterial pho-
totherapy (APT), especially the combination of photodynamic (PDT)
and photothermal (PTT) therapy, has emerged as a promising ap-
proach due to its precise spatiotemporal control, non-invasiveness,
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low resistance, and minimal systemic toxicity [7-15]. However, the
development of phototherapeutic agents (PTAs) with bacterial bio-
target specificity remains a scientific challenge. Ideally, PTAs should
self-regulate reactive oxygen species (ROS) production and pho-
tothermal conversion, exhibiting low activity in normal tissue but
strong activation at the site of bacterial infection, enabling selective
and efficient phototherapy. Such advancements would enable the
development of highly selective and efficient phototherapy tech-
niques to combat bacterial infections, effectively targeting drug-
resistant bacteria and disrupting the formation of biofilms.
Penicillin G acylase (PGA, EC 3.5.1.11) has been widely uti-
lized in pharmaceutical production for over 50 years, enabling eco-
friendly synthesis of key intermediates for B-lactam antibiotics
[16-19]. Recently, PGA has also been studied for its applications in
the site-selective functionalization of insulin [20]. Despite the well-
established knowledge of its enzyme structure, physicochemical
characterization, and industrial applications, the physiological roles
of PGA in bacterial signaling and pathogenesis have often been
overlooked [21]. Recent investigations have revealed the efficient
hydrolytic activity of acylase enzymes derived from Gram-negative
bacteria on N-acyl-homoserine lactones (AHLs), the quorum
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sensing signal molecules, resulting in reduced virulence during
biofilm formation [22,23]. In A. baumannii, AHL signaling molecules
play a crucial role in cell-to-cell communications, which signifi-
cantly impacts its biofilm formation [24-27]. As a result, it is hy-
pothesized that PGA may have a significant role in this process.
However, the specific contribution of PGA to A. baumannii biofilm
formation remains unclear and further research in this area would
provide valuable insights.

Although several small molecule fluorescent probes have been
reported for detecting PGA activity and screening natural in-
hibitors, few of them are suitable for bacteria imaging and an-
tibacterial treatment [28-33]. In this study, we developed a
novel bacteria-targeting near-infrared (NIR) fluorescent probe, Cy-
NEO-PA, for real-time detection of PGA activity in A. baumannii
(Scheme 1). The probe allowed visualization of how environmental
factors influence PGA activity and impact biofilm formation in MDR
A. baumannii. Glucose was found to suppress PGA production, lead-
ing to enhanced biofilm formation, while phenylacetic acid (PAA)
stimulated PGA production and inhibited biofilm formation. These
insights highlight the intricate relationship between PGA activity,
environmental cues, and biofilm formation.

Additionally, Cy-NEO-PA exhibited targeted activation at the
site of bacterial infection, leading to potent ROS generation and
efficient photothermal conversion, making it a promising agent
for combating bacterial infections and promoting wound healing
through photothermal/photodynamic therapy. The PGA-responsive
probe holds significant potential as a highly promising therapeutic
approach for addressing bacterial infections.

PGA has demonstrated promising potential in AHLs degrada-
tions, leading to the attenuation of virulence associated with
Gram-negative bacterial biofilm formations [34,35]. In order to
visualize and gain insights into how various environmental fac-
tors influence PGA activity and its subsequent impact on biofilm
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Scheme 1. Schematic diagram of the application of PGA responsive probe: (A) II-
lustration of PGA-responsive fluorescent probe, Cy-NEO-PA. (B) The influence of en-
vironmental factors on PGA activity and biofilm formation. (C) Synergistic PTT/PDT
therapy under NIR light irradiations.
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formation in MDR A. baumannii, we developed a novel PGA-
responsive NIR probe, Cy-NEO-PA, based on PGA’s hydrolase prop-
erties (Scheme 1). Recently, we successfully devised an efficient
molecular design strategy for constructing analyte-activated PA
probes utilizing heptamethine cyanine (Cy7) fluorophore [36]. By
substituting Cy7 with p-aminophenyl (Cy-NEO-NH;), we achieved
a remarkable enhancement in non-radiative relaxation and pho-
tothermal efficacy. The selective incorporation of a phenylacetyl
group, recognized and hydrolyzed by PGA, effectively inhibited
the excited-state photoinduced electron transfer (a-PeT) process,
leading to fluorescence recovery. Furthermore, we strategically in-
tegrated neomycin, a Gram-negative bacterial lipopolysaccharide-
targeting moiety, into the probe to enhance water solubility and
facilitate precise bacterial targeting [37-39]. Cy-NEO-PA exhibited
robust initial fluorescence, which was subsequently quenched upon
PGA interaction, resulting in the formation of Cy-NEO-NH, (Fig.
S3 in Supporting information). Comprehensive synthetic routes and
characterization data for Cy-NEO-PA and its product Cy-NEO-NH,
were provided in the supporting information.

We conducted a comprehensive investigation into the pho-
tophysical properties of both Cy-NEO-PA and its product, Cy-
NEO-NH,. Both probes exhibited similar absorption spectra with
a maximum peak observed at 770nm (Fig. 1A). However, a sig-
nificant difference was observed in their fluorescence spectra. Cy-
NEO-PA displayed a robust fluorescence emission peak at 787 nm,
whereas Cy-NEO-NH, showed negligible fluorescence emission
(Fig. 1B). Furthermore, we determined the molar absorption coeffi-
cient and fluorescence quantum yield (Fig. S2 in Supporting infor-
mation), revealing a remarkable 40-fold higher fluorescence quan-
tum yield for Cy-NEO-PA (®;=23.96%) compared to Cy-NEO-NH,
(®¢=0.61%), with minimal variation in the molar absorption coef-
ficient.

The response of the probe Cy-NEO-PA to PGA was investi-
gated by analyzing its optical properties in the presence or absence
of PGA. Optimal fluorescence signal difference was observed un-
der physiological conditions, at approximately pH 7.4 and a tem-
perature of 37 °C (Fig. S4 in Supporting information). Fluores-
cence spectra were measured across various concentrations of PGA
(Fig. 1C), revealing gradually notable differences in fluorescence in-
tensity with increasing PGA concentrations. The relationship dis-
played linearity within the range of 0 to 0.8 U/mL (Fig. 1D), with
a detection limit of 0.041 U/mL. Calculated values for the Michaelis
constant (Kp) and maximum reaction rate (Vmax) of the Cy-NEO-
PA probe towards PGA were 4.24 pmol/L and 0.0066 pmol L1 s—1,
respectively (Fig. S5 in Supporting information). The specificity of
Cy-NEO-PA towards PGA was confirmed, as various biological an-
alytes did not cause significant changes in fluorescence intensity
(Fig. 1E). Additionally, the near-infrared fluorescent (NIRF) signals
were recovered, when the PGA inhibitor (100 mmol/L penicillin)
was added, further confirming the probe’s high selectivity towards
PGA (Fig. 1F).

The biocompatibility of the probe is crucial for its imaging ap-
plication in living cells. Hence, we evaluated the cytotoxicity of
both Cy-NEO-PA and Cy-NEO-NH, on HepG2, U343, and BIU-87
cell lines using the cell counting kit-8 (CCK-8) assay. At the con-
centration of 10 pmol/L, which is used for live cell imaging, both
the probe and its product had minimal impact on cell viability, in-
dicating low cytotoxicity and good biocompatibility (Fig. S6 in Sup-
porting information). Next, we explored the potential of the Cy-
NEO-PA probe for real-time sensing of endogenous PGA activity
in living bacterial cells using confocal laser scanning microscopy
(CLSM). As depicted in Fig. 2, minimal fluorescence was observed
in A. baumannii (ATCC 19606) and MDR A. baumannii (Bio-53272)
when the probe was applied. However, fluorescence recovery was
observed when the probe was applied to the bacteria in the pres-
ence of a PGA inhibitor, penicillin (100 mmol/L). CLSM investiga-



Y. Liu, L. Zhang, K. Liu et al.

Chinese Chemical Letters 35 (2024) 109759

12000 O S ST
A 064 — cyNEOPA B — Cy-NEO-PA CA
—— Cy-NEO-NH, 3 — Cy-NEO-NH, z
8 £ 8000 e
% 3 B 0.2 UimL
(3
é g e £ -6000- — 0.4U/mL
T I — 0.6 U/mL
95004 — 0.8 U/mL
0.f T T T T T T T T
400 600 800 800 850 900 780 800 820 840
Wavelength (nm) Wavelength (nm) Wavelength (nm)
D E
15000 - " i 30000
Yz 1284°X +10907 0 — Cy-NEO-PA
= X 3 4
3 R?=0.9912 2 — 25000 —~ PGA
L -
;10000 2 -4000- %20000- — PGA + Inhibitor
= ]
2 5 G 15000-]
7] T §
€ 5000 < -8000- £ 10000
[ 4 =
% 5000
; ; . ) 12000 T 0
NES
00 02 04 06 08 S \;ﬁgyﬁ-‘;ﬁ;& "«%’;‘;@‘%0‘“ 800 850 900
Concentration (U/mL) o VVQ&‘ Wavelength (nm)

Fig. 1. Optical spectra and the response of Cy-NEO-PA to PGA. (A) UV-vis-NIR absorption spectra and (B) fluorescence emission spectra of Cy-NEO-PA and Cy-NEO-NH,
(10 pmol/L) in Tris buffer containing 1.5% DMSO. (C) Relative fluorescence response of Cy-NEO-PA to different amounts of PGA (0.2 U/mL, 0.4U/mL, 0.6 U/mL, and 0.8 U/mL) in
Tris buffer at 37 °C. (D) The linear relationship between the PGA concentration and fluorescence intensity (Aex =740 nm, Aem =785 nm). (E) Relative fluorescence response of
Cy-NEO-PA upon the addition of PGA (1 U/mL) and other biologically important factors, cysteine (Cys, 1 mmol/L), dithiothreitol (DTT, 1 mmol/L), glutathione (GSH, 1 mmol/L),
arginine (Arg, 1 mmol/L), vitamin C (Vc¢, 1 mmol/L), glucose (10 mmol/L), H,0, (10 mmol/L), MgCl, (2.5 mmol/L), KCl (10 mmol/L), NaCl (10 mmol/L), MnSO4 (10 mmol/L),
leucine aminopeptidase (LAP, 0.06 U/mL), trypsin (Try, 25ug/mL), NTR (1pg/mL nitroreductase, 500 pmol/L NADH), B-lactamase (1U/mL) (lex =740nm, Aem =785nm).
(F) Fluorescence intensity for Cy-NEO-PA (10 pmol/L) upon reaction with PGA (1U/mL) in Tris-buffer saline with or without PGA inhibitor, penicillin (100 mmol/L) using
1.5% DMSO and 0.1% Kolliphor RH40 as co-solvent (pH 7.4), at 37 °C (Aex =740 nm, Aey =785 nm). Error bar: mean + standard deviation (SD) (n=3).
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Fig. 2. Confocal fluorescence images of (A) live A. baumannii (ATCC 19606, ODgpo =0.5) and (B) MDR A. baumannii (Bio-53272, ODggo = 0.5) visualized with Cy-NEO-PA (10
pmol/L) with or without PGA inhibitor, penicillin (100 mmol/L) in Tris buffer (pH 7.4, containing 1.5% DMSO and 0.1% Kolliphor RH40 as co-solvent).

tions indicated that Cy-NEO-PA was readily taken up by bacte-
rial cells and interacted with PGA, resulting in the generation of
the enzyme reaction product Cy-NEO-NH, and subsequent fluores-
cence quenching. In order to directly observe the targeted recog-
nition of probe molecules to bacteria, we explored the selective
labeling potential of Cy-NEO-PA by CLSM imaging of A. bauman-
nii after co-culture with mammalian Raw 264.7 cells (Fig. S7 in
Supporting information). The results demonstrated that Cy-NEO-
PA could accurately visualize A. baumannii in the co-culture system
with mammalian host cells. Moreover, these findings were proved
by enzyme-linked immunosorbent assay (ELISA) results (Fig. S8 in
Supporting information) and underscore the potential of Cy-NEO-
PA as an effective "turn-off” fluorescent sensor for PGA activity in
A. baumannii.

The biofilm formation process in Gram-negative bacteria is in-
fluenced by a variety of biological and environmental factors, in-
cluding KCI, MgCl,, CaCl,, glucose, galactose, glycine, glycerol, and
PAA [40-42]. To investigate the impact of these factors on PGA ac-
tivity and biofilm formation in A. baumannii, we utilized the probe
Cy-NEO-PA. Fig. 3A showed that glucose (Glu) and PAA have a sig-
nificant impact on PGA activity. Further investigations (Figs. 3B and
C) revealed that PAA played a crucial role as a potent promoter,
leading to a significant increase in PGA production when its con-

centration exceeded 0.03% (equivalent to 0.3 g/L). At a concentra-
tion of 0.05%, PAA induced a remarkable 140% increase in PGA ac-
tivity after overnight incubation. In contrast, glucose exhibited an
inhibitory effect on PGA activity, with concentrations ranging from
0.5% to 1%. Additionally, the biomass of A. baumannii biofilm was
evaluated using the crystal violet staining assay [43]. These results
demonstrated that the addition of 0.5% and 1% glucose significantly
enhanced biofilm formation in a concentration-dependent manner
compared to the control without glucose. Conversely, the presence
of PAA at concentrations of 0.03% and 0.05% suppressed biofilm
growth, resulting in a 20% reduction in biofilm mass at a concen-
tration of 0.05% compared to the control (Figs. 3D-F). These find-
ings strongly suggest a negative correlation between PGA expres-
sion and the biofilm formation process of A. baumannii. It is likely
that PGA’s ability to degrade AHLs plays a role in attenuating vir-
ulence through quorum quenching. These significant findings may
pave the way for the development of novel antibacterial strategies.

Phototherapy is a promising treatment method widely used
in clinics for its localized application, minimal invasiveness, cost-
effectiveness, broad antimicrobial activity, and low side effects
[44-46]. The probe Cy-NEO-PA and the product Cy-NEO-NH;, show
potential for both photodynamic and photothermal synergistic
therapy as they can convert light energy into heat and, at the
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Fig. 3. Relative changes of PGA activity and biofilm formation in response to different environmental factors. (A) Effects of environmental factors on PGA activity and biofilm
formation. The relative PGA activity in the presence of different amounts of (B) glucose and (C) PAA. The survival rate of the biofilm was determined by crystal violet staining
in the presence of (D) glucose and (E) PAA. (F) Optical microscope photographs of residual biofilms after treatment with different incubation conditions, stained by crystal

violet. *P < 0.05, **P < 0.01, ***P <0.001, ****P <0.0001. Error bar: mean & SD (n=3).
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Fig. 4. Photothermal and photodynamic properties of Cy-NEO-PA and Cy-NEO-NH,. (A) Photothermal heating curves of Cy-NEO-NH; at different concentrations under NIR
irradiation (785 nm laser, 1.2 W/cm?). (B) The temperature increases of Cy-NEO-NH, under various intensities of NIR irradiation. (C) Photothermal effect of Cy-NEO-NH, under
laser irradiation for heating and cooling period (1.2 W/cm?). (D) The temperature changes of Cy-NEO-NH, during four cycles of heating-cooling processes under irradiation
at 1.2 W/cm?. (E) UV-vis absorbance spectra of Cy-NEO-NH, over four cycles of irradiation. (F) The fluorescence intensity of DCFH reacted with ROS generated by Cy-NEO-PA

and Cy-NEO-NH, under laser irradiation (785 nm, 1.2 W/cm?).

same time, produce ROS when exposed to light. The photothermal
characteristics of Cy-NEO-PA and Cy-NEO-NH, were systematically
evaluated. As depicted in Fig. 4 and Fig. S10 (Supporting informa-
tion), Cy-NEO-NH, demonstrated a higher temperature elevation
under NIR irradiation compared to Cy-NEO-PA. Notably, increas-
ing the concentration of the two compounds resulted in a corre-
sponding elevation in temperature under identical irradiation con-
ditions. Moreover, as the power density increased, the temperature
of both compounds exhibited a gradual rise. After careful optimiza-
tion, a medium probe concentration (10 pmol/L) and laser power
(785nm, 1.2 W/cm?2) were selected, resulting in a rapid 22 °C tem-
perature increase in the Cy-NEO-NH, solution. Further analysis of
the heating-cooling curves, incorporating the associated time con-
stant (ts), enabled the determination of the photothermal conver-
sion efficiency (1) of Cy-NEO-NH,, which was found to be 48.9%
[47]. To assess the photothermal stability of Cy-NEO-NH,, heating-
cooling curves were generated over four cycles of irradiation. Re-
markably, these curves revealed minimal temperature and UV ab-
sorbance decline, indicating a high resistance to photobleaching
for Cy-NEO-NH,. Then, the PDT study was carried out to assess
ROS production induced by NIR light using the dichlorodihydroflu-
orescein diacetate (DCFH-DA) assay [48]. Both Cy-NEO-PA and Cy-
NEO-NH, exhibited significant elevation in ROS levels upon NIR
irradiation (785nm, 1.2W/cm?) for 30s. These findings confirmed

the excellent photothermal performance and photodynamic capa-
bilities of Cy-NEO-PA and Cy-NEO-NH,, making it a promising
dual-mode agent for combined PTT and PDT therapy.
Subsequently, the in vitro antibacterial activity of Cy-NEO-PA
was assessed using both a plate counting assay and the calcein-
AM/propidium iodide (PI) dual fluorescence death-and-live stain-
ing method [49]. The MIC values of Cy-NEO-PA and Cy-NEO-NH,
for A. baumannii strains, including ATCC 19606 and MDR Bio-53272
strains, were determined. Without light irradiation, both com-
pounds exhibited negligible toxicity at 50 umol/L (Table S1 in Sup-
porting information). However, as shown in Figs. S11 and S12 (Sup-
porting information), Cy-NEO-PA-mediated phototherapy (785 nm,
1.2W/cm?) demonstrated a significant ability to disrupt both A.
baumannii and MDR A. baumannii. The employed staining method-
ology involved using Calcein-AM for green fluorescent staining of
live bacteria, while PI could selectively penetrate damaged mem-
branes, resulting in red staining of dead bacteria. Fig. S12 illustrates
that the Laser group predominantly exhibited green fluorescence,
whereas the Cy-NEO-PA + Laser groups for both A. baumannii and
the MDR strain displayed primarily red fluorescence. This obser-
vation suggests substantial bacterial cell death following Cy-NEO-
PA-mediated phototherapy. To elucidate the inhibitory mechanism
of the probe, we employed scanning electron microscopy (SEM),
which unveiled pronounced morphological alterations and disrup-



Y. Liu, L. Zhang, K. Liu et al.

ATCC 19606 Bio-53272

Cy-NEO-PA + Laser Cy-NEO-PA + Laser

Pl Calcein-AM

Merge

3
@
©
3
3
£
o
w
Z
>
)

Fig. 5. Antibiofilm activity study of Cy-NEO-PA under laser irradiation. (A) Calcein-
AM/PI dual staining fluorescence images of A. baumannii biofilm (green color, living
bacteria; red color, dead bacteria) without or with Cy-NEO-PA (10 pmol/L) under
laser irradiation (785 nm, 1.2 W/cm?). (B) SEM images of A. baumannii biofilm under
light irradiations without or with Cy-NEO-PA treatment.

tion of bacterial membranes in the Cy-NEO-PA treated group. In
the Laser group (without the probe), bacterial exhibited the char-
acteristic smooth and intact surfaces of both A. baumannii and
the MDR strain. In contrast, the Cy-NEO-PA-mediated photother-
apy group exhibited pronounced alterations in bacterial cell mor-
phology, with cells becoming rougher and fragmented, and even
experiencing severe collapse of the cell wall/membrane.

Notably, approximately 80% of persistent and recalcitrant
chronic infections can be attributed to the presence of biofilms.
Once a bacterial biofilm is established, it can adeptly evade the
host immune system and concurrently exhibit increased resistance
to antibiotic treatments. This presents a formidable challenge com-
pared to planktonic bacteria. In this work, we further evaluated the
antibiofilm potential of Cy-NEO-PA-mediated phototherapy. Crys-
tal violet staining results demonstrated a dose-dependent reduc-
tion in biofilm formation in both A. baumannii (ATCC 19606) and
its MDR strain (Bio-53272). Specially, pretreatment of A. baumannii
with the probe under irradiation significantly suppressed biofilm
formation, while A. baumannii exposed to light alone continued
to form biofilms under the same conditions. At a probe concen-
tration of 10 pmol/L, a noteworthy inhibition rate of up to 70%
was observed (Fig. S13 in Supporting information). The results of
calcein-AM/PI dual fluorescence staining shown in Fig. 5A verify
that the Cy-NEO-PA-mediated phototherapy could effectively elim-
inate the bacterial biofilm. The biofilms of the laser groups all
emitted bright green fluorescence which is indicative of live bacte-
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ria. On the contrary, the intense red fluorescence emitting from the
Cy-NEO-PA + Laser groups definitely indicate the elimination of the
bacteria as the result of the Cy-NEO-PA induced treatment. These
results were in good agreement with Crystal violet staining results.
Furthermore, scanning electron microscope studies corroborated a
substantial reduction in biofilm formations upon Cy-NEO-PA treat-
ment under irradiation (Fig. 5B). Typically, photothermal treatment
leads to the destruction of the outermost layer of the bacterial
cell wall, while the increased levels of ROS facilitate the penetra-
tion of the bacterial membrane, causing protein loss due to mem-
brane disruption and ultimately resulting in bacterial death [50].
These observations strongly support the hypothesis that Cy-NEO-
PA-induced photothermal/photodynamic synergistic therapy signif-
icantly enhances bacterial membrane permeation, ultimately lead-
ing to bacterial death and inhibition of biofilm formation.

Encouraged by the promising in vitro phototherapeutic proper-
ties of Cy-NEO-PA, we conducted in vivo evaluations to combat
bacterial infections. All animal experiments were conducted in ac-
cordance with the guidelines of the Committee on Animals at the
Institute of Materia Medica, Chinese Academy of Medical Sciences
& Peking Union Medical College (Beijing, China) and were ap-
proved by the Ethical Committee (Approval number: 00005182). In
the mouse model of MDR A. baumannii (Bio-53272) skin infection,
time-dependent photothermal imaging was performed using hand-
held thermography. After injecting 50 pL of 20 pmol/L Cy-NEO-PA
at the wound site, the wound was irradiated with a laser (785 nm,
1.2W/cm?) for 5min at various time points: 0, 0.5, 1, 2, 4, and
6h post-injection. Under near-infrared laser irradiation, Cy-NEO-
PA exhibited excellent photothermal performance, with a temper-
ature increase of approximately 15 °C within 0.5h and reaching
45 °C, followed by a decline at later time points (Fig. S14 in Sup-
porting information). Furthermore, the antibacterial activity of Cy-
NEO-PA was evaluated by administering the probe via in situ in-
jection at a concentration of 20 umol/L in a volume of 50 pL for 4
days. The wounds were then exposed to laser irradiation (785 nm,
1.2W/cm?) for 5min (Fig. 6A). Wound healing was monitored over
time, and the Cy-NEO-PA + Laser group exhibited faster crust de-
tachment and the most rapid wound closure rates. By day 12, the
Cy-NEO-PA + Laser treated mice displayed a significantly reduced
wound area and more apparent scars, with an average wound clo-
sure rate of approximately 80%, while the other groups took longer
to heal (wound closure rate less than 40%) (Figs. 6B and C, Fig.
S15 in Supporting information). This demonstrated that photother-
apy mediated by Cy-NEO-PA significantly enhanced the healing of
skin wounds by effectively combating bacterial infections. Impor-
tantly, no significant weight loss was observed during the course
of phototherapy, indicating the treatment did not induce any ap-
parent toxicity (Fig. 6D, Fig. S16 in Supporting information). For a
better understanding of the wound healing process under different
treatments, hematoxylin and eosin (H&E) staining was performed
to evaluate the inflammation of the infected wound tissue (Fig.
6E). On day 12 post-phototherapy, the Cy-NEO-PA + Laser group
showed minimal infiltration of inflammatory cells and a normal
skin structure compared to the other groups, suggesting photother-
apy promoted skin tissue repair. These observations were consis-
tent with the wound healing results.

We have successfully developed a novel PGA-responsive near-
infrared fluorescent probe, Cy-NEO-PA, with significantly enhanced
fluorescence sensitivity, enabling precise visualization of PGA activ-
ity in A. baumannii. Using this probe, we investigated the impact of
environmental factors on PGA activity and biofilm formation, re-
vealing the regulatory roles of glucose and PAA in these processes.
Notably, glucose and PAA also exert similar regulatory effects on
PGA activity and biofilm formation in both Pseudomonas aeruginosa
and Escherichia coli (Fig. S9 in Supporting information). Further-
more, Cy-NEO-PA demonstrated high efficiency in ROS production,
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Fig. 6. NIR light-mediated photodynamic and photothermal synergistic therapeutics in mouse skin infection model. (A) The establishment of an in vivo MDR-AB skin infection
model and the treatment procedures: medication and laser administration were performed once per day for the initial 4 days of the experiments. (B) Images of skin-infected
wounds under different treatments. (C) The relative changes of wound area (n=6). (D) Body weights of mice during different treatments. (E) Microscopic images of the
infected tissue sections (H&E staining) in each group. ****P < 0.0001. Error bar: mean + SD (n=6).

photothermal conversion, and excellent biocompatibility, position-
ing it as a promising candidate for NIR-induced PTT/PDT synergis-
tic therapy against bacterial infections and biofilm formations. This
approach effectively enhances antibacterial efficacy by combining
heat-induced bacterial damage with ROS cytotoxicity. The devel-
opment of Cy-NEO-PA as a PGA-responsive near-infrared fluores-
cent probe provides valuable insights into environmental factors,
PGA dynamics, and biofilm formations, holding great promise as a
non-invasive, selective, and effective strategy for treating biofilm-
associated infections.
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