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Abstract

Background: Multidrug-resistant (MDR) gram-negative bacteria-related infectious diseases have
caused an increase in the public health burden and mortality. Moreover, the formation of biofilms
makes these bacteria difficult to control. Therefore, developing novel interventions to combat MDR
gram-negative bacteria and their biofilms-related infections are urgently needed. The purpose of
this study was to develop a multifunctional nanoassembly (IRNB) based on IR-780 and N, N’-di-sec-
butyl-N, N’- dinitroso-1,4-phenylenediamine (BNN6) for synergistic effect on the infected wounds
and subcutaneous abscesses caused by gram-negative bacteria.

Methods: The characterization and bacteria-targeting ability of IRNB were investigated. The bac-
tericidal efficacy of IRNB against gram-negative bacteria and their biofilms was demonstrated by
crystal violet staining assay, plate counting method and live/dead staining in vitro. The antibacterial
efficiency of IRNB was examined on a subcutaneous abscess and cutaneous infected wound model
in vivo. A cell counting kit-8 assay, Calcein/PI cytotoxicity assay, hemolysis assay and intravenous
injection assay were performed to detect the biocompatibility of IRNB in vitro and in vivo.
Results: Herein, we successfully developed a multifunctional nanoassembly IRNB based on IR-
780 and BNNB6 for synergistic photothermal therapy (PTT), photodynamic therapy (PDT) and nitric
oxide (NO) effect triggered by an 808 nm laser. This nanoassembly could accumulate specifically
at the infected sites of MDR gram-negative bacteria and their biofilms via the covalent coupling
effect. Upon irradiation with an 808 nm laser, IRNB was activated and produced both reactive
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oxygen species (ROS) and hyperthermia. The local hyperthermia could induce NO generation,
which further reacted with ROS to generate ONOO™, leading to the enhancement of bactericidal
efficacy. Furthermore, NO and ONOO~ could disrupt the cell membrane, which converts bacteria
to an extremely susceptible state and further enhances the photothermal effect. In this study, IRNB
showed a superior photothermal-photodynamic-chemo (NO) synergistic therapeutic effect on the
infected wounds and subcutaneous abscesses caused by gram-negative bacteria. This resulted
in effective control of associated infections, relief of inflammation, promotion of re-epithelization
and collagen deposition, and regulation of angiogenesis during wound healing. Moreover, IRNB
exhibited excellent biocompatibility, both in vitro and in vivo.

Conclusions: The present research suggests that IRNB can be considered a promising alternative
for treating infections caused by MDR gram-negative bacteria and their biofilms.

Key words: Photothermal therapy, Photodynamic therapy, Nitric oxide, Synergistic, Boronic acid, Multidrug-resistant gram-negative

bacteria

Highlights

* IRNB showed a superior photothermal-photodynamic-chemo synergistic effect on the infected wounds and subcutaneous

abscesses caused by gram-negative bacteria.

* IRNB could specifically accumulate at the infected sites of MDR gram-negative bacteria and their biofilms, enhancing

bactericidal efficacy and decreasing side effects to surrounding healthy tissues.

Background

Bacterial infection-related diseases pose a significant public
health burden that increases healthcare expenditures and
mortality. Studies of inpatient data revealed that multidrug-
resistant (MDR) gram-negative bacteria, including Pseu-
domonas aeruginosa (Pa), Acinetobacter baumannii (Ab) and
Klebsiella pneumoniae (Kp), are listed as urgent and severe
threats [1-4]. These pathogens are intrinsically resistant to
most available antibiotics, making the treatment challenging.
Drug resistance evolves primarily because of the selection
pressures imposed by antibiotics for the treatment of the
targeted pathogens and bacterial biofilms [5,6]. Spatially
structured biofilms are heterogeneous bacterial aggregates,
and can survive in various unfavorable conditions compared
with planktonic bacteria. Moreover, the formation of biofilms
is a significant contributor in approximately 80% of all
bacterial infections, including chronic infected wounds, such
as cystic fibrosis, endocarditis, osteomyelitis, Crohn’s disease
and the development of some cancers [7,8]. Therefore, it is
crucial to develop novel interventions for combating MDR
gram-negative bacteria and their biofilms.

Recently, phototherapy has been considered as an
innovative and promising strategy to combat MDR bacterial
infections, which includes photodynamic therapy (PDT) and
photothermal therapy (PTT) [9-13]. In PDT, photosensitizers
can produce reactive oxygen species (ROS) under irradiation
at a specific wavelength. In PTT, photothermal agents can
generate localized hyperthermia with laser illumination.
ROS generated by PDT could damage most biomacro-
molecules, such as proteins, lipids and nucleic acids and kill
cells and demonstrated its killing efficacy against various
bacteria, fungi and viruses [14-17]. Similarly, the elevated

temperatures generated by PTT could prompt bacterial
protein denaturation, crosslinking of DNA, disruption of the
bacterial cell membrane and ablation of biofilms [18,19]. A
growing tendency has also been emerging that a combination
of PDT and PTT could trigger the simultaneous production of
hyperthermia and ROS upon laser irradiation, and thus exert
synergistic effects resulting in the inactivation of bacteria. So
far, various phototherapeutic nanomaterials for bactericidal
applications, including pyridyl-porphine-based nanopar-
ticles [20], phenothiazine dye-based nanoparticles [21],
carbon-based nanomaterials [22], metal nanomaterials [23]
and polymeric nanomaterials [24] have been investigated. Of
these, heptamethine cyanine dyes (e.g. indocyanine green, IR-
780, IR-808 and IR-825) have attracted increasing interest
based on the integration of PDT, PTT and fluorescence
imaging [25,26]. Notably, IR-780, a typical heptamethine
cyanine dye, has strong absorption properties in the near
infrared (NIR) spectrum and generates thermal and 'Oj
upon NIR laser radiation, thereby demonstrating the ideal
PDT/PTT efficacy [27]. Moreover, IR-780 promptly emits
fluorescence following illumination, exhibiting its excellent
in vivo fluorescence imaging ability [28]. Nevertheless, the
major limitation of IR-780-based antibacterial PTTs/PDTs is
that the insufficient specificity of the phototherapeutic agents
toward pathogenic cells or infected sites may damage healthy
tissues. High heat may also induce undesirable inflammation
via excessive heat diffusion. Furthermore, monotherapy is far
less effective for MDR bacteria and biofilm infections than
combination therapies [29]. Therefore, there is an urgent
need to develop target-specific nanoplatforms and synergistic
therapies to reduce side effects and optimize treatment
efficacy.
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In recent years, physiologically active gases, such as nitric
oxide (NO), carbon monoxide, sulfur dioxide, hydrogen
sulfide and hydrogen have drawn increasing attention
for antibacterial applications [30-34]. The ultrasmall gas
molecules can freely permeate biological membranes and
exert their therapeutic effects. Among them, NO has been
the most extensively investigated antibacterial agent. NO is
an endogenously produced gaseous molecule that induces
cell damage at high concentrations (>1 uM) [35,36] and
regulates normal physiological processes at low concentra-
tions (*nM) [37-39]. Moreover, its derivatives containing
nitrite and nitrate ions exert antimicrobial properties via
nitrosative and oxidative stress, contributing to the disrup-
tion of fundamental cellular functions or structures [35].
Additionally, NO can react with ROS to generate reactive
nitrogen species (RNS), including peroxynitrous acid and the
peroxynitrite anion ONOO™ [40], which exhibit a stronger
bactericidal activity than ROS by virtue of free radical
peroxidation [41,42]. Particularly, NO stimulates wound
healing by facilitating the de-adhesion and proliferation of
epidermal stem cells as well as enhancing myofibroblast and
collagen production [43]. Therefore, combining NO with
phototherapy may enhance the bactericidal efficiency with
additional benefits. In comparison with short-wavelength
laser, NIR laser (780-1100 nm) achieves deeper tissue
penetration and causes less damage on ambient normal tissues
[44]. However, the development of new NIR-laser-triggered
NO-releasing platforms is still in its initial stages.

Boronic acid (BA) is composed of a boron center and
three hydroxyl groups, which can bind to diol-containing
saccharides by forming covalent boronic esters. As the cell
wall of gram-negative bacteria and biofilm matrix are rich in
diol-containing polysaccharides, BA and its derivatives have
been utilized as specific targeting components in antibacterial
nanomaterials [45,46]. Until now, the aforementioned unique
targeting ability, low toxicity, stability and ease of assembly
have made BA and its derivatives appealing for the develop-
ment of bactericidal materials.

Based on all the above considerations, we developed a
new nanoassembly with the NIR dye IR-780 and the heat-
sensitive NO donor N, N’-di-sec-butyl-N, N’- dinitroso-1,4-
phenylenediamine (BNNG6). These were further modified with
lecithin and DSPE-PEG-phenylboronic acid (PBA) on the
nanoassembly surface (Figure 1a). As shown in Figure 1b, the
constructed IR-780/BNN6-PEG-PBA (IRNB) can selectively
bind to the cell walls of gram-negative bacteria and the
biofilm matrix. The B-OH bonds of PBA ligand can target
bacterial polysaccharides and form covalent boronic esters.
This effect can significantly enhance bactericidal efficiency
and decrease side effects to surrounding healthy tissues. Upon
illumination with the 808 nm NIR laser, IRNB can release
ROS and induce hyperthermia that subsequently induces
controlled NO release. NO can react with ROS to produce
RNS, thereby enhancing the efficiency of PDT. Furthermore,
ROS and NO can also destroy the integrity of the bac-
terial cell membrane, leading to a heat-sensitive bacterial

phase, which will further enhance the photothermal effect.
Furthermore, the fluorescent and photothermal properties of
IR-780 make IRNB favorable for fluorescent and thermal
imaging of infected tissues. The present study aims to inves-
tigate the PTT, PDT and NO effects, the bacteria-targeting
ability and the PTT/PDT/NO synergistic antibacterial effect
against MDR gram-negative Pa, Kp and Ab, as well as eradi-
cation effects on bacterial biofilms both iz vitro and in vivo.

Methods

Materials

IR-780 iodide was purchased from J&K Scientific Ltd (Bei-
jing, China). BNN6 was synthesized by Shanghai Nayuansu
Biochemical Technology Co., Ltd (Shanghai, China). Lecithin
and  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] (DSPE-PEG-2000)
were purchased from Xian Ruixi Biochemical Technol-
ogy Co., Ltd (Xian, China). 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000]-phenylboronic acid (DSPE-PEG-PBA) was synthe-
sized by Xi’an Qiyue Biochemical Technology Co., Ltd
(Xi’an, China). 1,3-Diphenylisobenzofuran (DPBF), 2/,7’-
Dichlorodihydrofluorescein ~ diacetate (DCFH-DA) and
Dihydrorhodamine 123 (DHR 123) were purchased from
MedChem Express, LLC (Shanghai, China). The Griess assay
kit and Calcein/PI cytotoxicity assay kit were purchased from
Beyotime Biotechnology Co. (Shanghai, China). 4-Amino-5-
methylamino-2/,7’-difluorofluorescein diacetate (DAF-FM
DA) and rabbit monoclonal antibody platelet endothelial
cell adhesion molecule-1 (CD31) were purchased from
Abcam (Cambridge, UK). The SYTOY/PI live/dead bacterial
and biofilm viability kit was purchased from Invitrogen
(Carlsbad, CA, USA). The crystal violet (CV) dye was
purchased from Sigma (St. Louis, MO, USA). A Cell Counting
Kit-8 (CCK-8) and modified Masson’s trichrome stain kit
were purchased from Beijing Solarbio Science & Technology
Co., Ltd (Beijing, China). Rabbit monoclonal antibody
interleukin-6 (IL-6), rabbit mAb tumor necrosis factor (TNF)-
a, anti-rabbit IgG (H+L) and F (ab’)2 Fragment (Alexa
Fluor 647 Conjugate) were purchased from Cell Signaling
Technology (Danvers, MA, USA). MDR Ab, Kp and Pa
samples were clinical isolates sourced from the Institute of
Burn Research, Southwest Hospital, Army Medical University
(Chongging, China). Luria—Bertani (LB) agar was purchased
from Hopebiol Co., Ltd (Qingdao, China). Dulbecco’s
Modified Eagle Medium (DMEM, high glucose) and fetal
bovine serum (FBS) were purchased from Gibco (New York,
USA). NIH 3 T3 fibroblast cells were provided by the Chinese
Academy of Sciences (Shanghai, China). BALB/c mice (male,
20-25 g, 6-8 weeks) were obtained from the Experimental
Animal Department of the Army Medical University. All the
animal experiments complied with the ethical principle of the
Institutional Animal Care and Use Committee of the Army
Medical University.
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Figure 1. Schematic diagram of the preparation and antimicrobial mechanism of IRNB. (a) Schematic illustration of the preparation of IRNB. (b) The
antimicrobial mechanism of IRNB in vivo. IRNB IR-780/BNN6-PEG-PBA, BNN6 N,N’-di-sec-butyl-N,N’-dinitroso-1,4-phenylenediamine, DSPE-PEG-PBA 1,2-

distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]-phenylboronic acid, LPS lipopolysaccharide, NIR near infrared laser, PDT
photodynamic therapy, PTT photothermal therapy
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Preparation of IR-780-PEG NPs, BNN6-PEG NPs

and IR-780-BNN6-PEG NPs (IRN)

To prepare NPs, we dissolved 5§ mg IR-780 iodide in 1 mL ace-
tonitrile (CH3CN) solution. Lecithin and DSPE-PEG-2000
(200uL, 20 mg/mL in ethanol) were then dissolved in 6 mL
deionized water (DI water) and stirred at 1200 rpm for
30 min at 60°C. The IR-780 iodide/CH3CN solution was
then dripped into 6 mL of the preheated solution, and the
solution was stirred at 1200 rpm for 2 h at 25°C. The original
IR-780-PEG NP suspension was centrifuged at 3000 rpm for
10 min, then dialyzed with an 8 kDa molecular weight cut-off
(MWCO) dialysis bag for 4 h in DI water to remove CH3CN,
free IR-780, free lecithin and DSPE-PEG-2000. The remaining
solution contained the successfully synthesized IR-780-PEG
NPs. The BNN6-PEG and IR-780-BNN6-PEG NPs were also
prepared by this method.

Preparation of IR-780-BNN6-PEG-PBA NPs (IRNB)

To prepare the IR-780-BNN6-PEG-PBA NPs, we first
dissolved 5 mg IR-780 iodide and 5 mg BNN6 in 1 mL
CH3CN solution. Lecithin and DSPE-PEG-PBA (200uL,
20 mg/mL in ethanol) were dissolved in 6 mL DI water
and stirred at 1200 rpm for 30 min at 60°C. The IR-780
iodide/BNN6/CH3CN solution was then dripped into 6 mL
of the preheated solution, which was stirred at 1200 rpm
for 2 h at 25°C. The original IR-780-BNN6-PEG-PBA NP
suspension was centrifuged at 3000 rpm for 10 min then
dialyzed with 8 kDa MWCO dialysis bag for 4 h in DI water
to remove CH3CN, free IR-780, free BNNG®, free lecithin
and DSPE-PEG-PBA, and IR-780-BNN6-PEG-PBA NPs were
successfully synthesized.

Characterization

The sizes and morphologies of IR-780-PEG NPs, BNN6-
PEG NPs, IRN and IRNB were determined using hydrody-
namic particle sizing (Zetasizer Nano ZEN5600, Malvern
Instruments, UK) and transmission electron microscopy
(TEM) using the JEOL JEM-1400 TEM analyzer, Japan,
respectively. UV-Vis and fluorescence spectra were analyzed
by a spectrophotometer (UV-3600, Shimadzu, Japan).
Finally, Fourier transform infrared (FTIR) spectra between
400 and 4000 cm™' were recorded using a Nicolet 6700
FTIR instrument (Thermo Fisher, USA). The hydrodynamic
stability of IRNB was investigated after incubation with DI
water, phosphate-buffered saline (PBS) and PBS containing
10% FBS at 4°C for 7 days. The variation in hydrodynamic
diameter was recorded by a particle sizing instrument.

Release profiles of IRNB

IRNB nanoassembly (5 mL, 2 mg/mL) were dialyzed against
200 mL PBS at 37°C with NIR laser or kept in the dark
with constant shaking at 250 rpm. For a specific time period,
2 mL of the dialysis solution was removed and 2 mL of fresh
PBS was added. The concentrations of IR-780 and BNN6
were analyzed by a UV-Vis spectrophotometer at 786 nm and
367 nm, respectively.

Photothermal properties of IRNB

The photothermal effect of IRNB was measured and
analyzed under the illumination of an NIR laser (808 nm,
0.5-1.0 W/cm?, 0-660 s). The photothermal effects of IRNB
at various concentrations (0, 50, 100 and 250 ug/mL) and
at various power densities (0.5, 0.75 and 1 W/cm?) were
investigated. The temperature was documented at 30 s
intervals using a digital thermometer. Next, temperature
curves were plotted, followed by the calculation of pho-
tothermal conversion efficiency () to assess the photothermal
stability of IRNB. The photothermal stability of IRNB was
investigated with repeated on/off NIR laser illumination
cycles. IRNB was illuminated with five successive laser cycles
(100 pg/mL, 0.75W/cm?, 10 min on and 10 min off). The
temperature was documented at 30 s intervals using a digital
thermometer.

Detection of ROS, NO and ONOO generation of IRNB
DPBE, a Griess assay kit, and DHR 123 were used to detect
IRNB generation of ROS, NO and ONOO™, respectively,
following laser illumination. IRNB was illuminated with an
NIR laser (808 nm, 0.75 W/cm?) for a specific time period,
and DPBF/Griess reagent/DHR 123 were added to the aque-
ous solution. Absorbances were then measured at 410 nm,
540 nm and 525 nm, respectively.

Detection of intracellular ROS and NO

DCFH-DA and DAF-FM DA were utilized to demonstrate
the ROS- and NO-releasing properties of IRNB in MDR Ab,
Kp and Pa cells, respectively. First, Ab, Kp and Pa bacte-
rial suspensions (1 x 10® CFU/mL) were treated with PBS,
BNNG6-PEG, IR-780-PEG, IRN and IRNB for 30 min at
37°C, respectively. To completely remove free nanomateri-
als, the resulting suspensions were centrifuged (6000 rpm,
5 min) and rinsed three times with sterile PBS. Next, the
sediments were resuspended in 1 mL PBS following irradi-
ation with an 808 nm NIR laser (0.75 W/cm?, 10 min). Then,
DCFH-DA and DAF-FM DA were used to stain bacteria fol-
lowing the manufacturer’s instructions. Finally, the bacteria
were observed through a confocal laser scanning microscope
(CLSM; Olympus Corporation, Tokyo 163-0914, Japan).
The intracellular ROS was quantitatively measured based
on previous studies [47]. The resulting bacteria suspensions
were diluted to the concentration of 10° CFU/mL and the
fluorescence emission spectra were recorded by a fluoropho-
tometer (LS-55, Perkin Elmer, USA, excitation wavelength:
488 nm). Bacteria suspensions were treated with 4 mM H, O,
and PBS to set as the positive and negative control. The
photomultiplier tube voltage was 700V.

Culture of bacteria and their biofilms

MDR Ab, Kp and Pa were cultured in 4 mL Luria—Bertani
(LB) broth (Hopebiol, Qingdao, China) and shaken at
230 rpm at 37°C overnight. The resultant bacteria—in
the logarithmic phase—were then centrifuged (6000 rpm,
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5 min) and washed three times with sterile PBS. The
bacterial sediments were then resuspended in PBS. The optical
densities were measured at a wavelength of 600 nm using a
spectrophotometer (SmartSpec 30, Bio-Rad, California, USA)
to adjust the bacterial concentration to 1 x 10®* CFU/mL.

A total of 100 uL LB medium and 10 uL bacterial sus-
pension in the logarithmic phase with an OD600 of 0.5 were
added to a 96-well plate. The plate was incubated at 37°C.
After 12 h, LB medium was carefully and gently removed,
and fresh LB medium was added. After 48 h, LB medium
was removed and the biofilms were carefully rinsed three
times with sterile PBS to wash off the suspended bacteria.
Thereafter, biofilms at the bottom of the well were harvested.

Interactions between IRNB and bacteria in vitro

The bacteria-targeting ability of IRNB was assessed using
the infrared thermographic camera and scanning electron
microscope (SEM). Briefly, 900 uL of bacterial solution
(10° CFU/mL) was coincubated with 100 uL of prepared
BNNG6-PEG/IR-780-PEG/IRN/IRNB (1 mg/mL) under dark
conditions at 37°C for 30 min, respectively. Next, the
bacterial solutions were centrifuged (6000 rpm, 5 min)
and rinsed three times with sterile PBS to remove free
nanomaterials. Then, the pellet was resuspended in 1 mL
PBS following illumination with an NIR laser (808 nm,
0.75 W/cm?, 10 min). An infrared camera (FLIR-E49001,
Estonia) was used to determine the temperature with
an accuracy of 0.1°C. Subsequently, SEM (Crossbeam
340, Zeiss, Germany) was used for recognizing bacterial
morphological alterations. Following bacteria incubation
with the nanomaterials, washing and resuspension in PBS,
10 pL bacterial solution was dropped onto a cell climbing
slice. Then, 2.5% glutaraldehyde was used to fix the product
overnight at 4°C. Next day, the specimens were rinsed with
sterile saline for 10 min and dehydrated in a sequence of
ethanol solutions (30%, 50%, 70%, 95% and 100%) ending
with tert-butanol. After gold spray treatment, bacterial
products were viewed using SEM.

Antibacterial experiments in vitro

The plate counting method, live/dead staining and TEM
morphological observation were utilized for antibacterial
testing. Initially, 900 uL bacterial solution (OD 0.5) were
coincubated with 100 uL of prepared PBS/BNN6-PEG/IR-
780-PEG/IRN/IRNB (1 mg/mL) under dark conditions at
37°C for 30 min, respectively. Next, the bacterial suspensions
were centrifuged (6000 rpm, 5 min) and rinsed three times
with sterile PBS to wash off free nanomaterials. The pellets
were then resuspended in 1 mL PBS following illumination by
an NIR laser (808 nm, 0.75 W/cm?, 10 min). Groups without
NIR laser irradiation were set as controls.

For the plate counting method, the bacterial solution was
sequentially diluted, then 50 uL of the resultant bacterial
solution was smeared evenly on a nutrient agar plate. After
growth for 18 h in a 37°C incubator, colonies were calculated
and photographed with an automatic colony enumeration
instrument (Supcre, Shineso, Hangzhou) [48].

For live/dead staining, the bacterial solution was cen-
trifuged (6000 rpm, 5 min) and resuspended in 1 mL sterile
PBS. Then, 1 uL STYOO9 and 1 L PI (live/dead staining kit,
Invitrogen, USA) was used to stain bacteria and then kept
in the dark for 15 min. Thereafter, bacteria were rinsed and
resuspended in 1 mL PBS. Next, 10 uL bacterial suspension
was added dropwise onto a glass slide. The prepared slides
were viewed under a research slide scanner (SLIDEVIEW
VS200, Olympus).

For TEM morphological observation of the bacteria, bac-
terial solutions were centrifuged (6000 rpm, 5 min) then
rinsed with 1 mL sterile PBS, after which the bacterial sus-
pensions were centrifuged (10000 rpm, 10 min). Next, the
PBS supernatant was carefully blotted off and replaced with
1 mL 2.5% glutaraldehyde and left overnight. The fixed
bacteria were rinsed three times with sterile PBS for 15 min
and fixed with osmic acid for 2 h. Then, the specimens were
washed three times with sterile PBS for 15 min following
dehydration in a sequence of graded acetone (50, 70, 90 and
100%) and then transferred to epoxy resin solutions for 3—
4 h (acetone/epoxy resin = 1/1, v/v, 500 uL). Subsequently, the
samples were embedded in resin solution for 4 h and cured in
a resin embedding module for 48 h. Finally, cured samples
were sectioned into 70 nm-thick slides and placed on copper
grids for TEM observation.

Anti-biofilm experiments in vitro

After the biofilms were formed and washed with PBS, 100 uL
PBS/BNN6-PEG/IR-780-PEG/IRN/IRNB were coincubated
with biofilms for 30 min at 37°C, respectively. The biofilms
were then rinsed three times with PBS and illuminated
with an NIR laser (808 nm, 0.75 W/cm?, 10 min). The
groups incubated with PBS/nanomaterials without NIR laser
irradiation were set as controls.

For crystal violet (CV) staining assay, the biofilms were
fixed with methanol (100%) and stained with 100 uL of CV
(0.2%) dye at room temperature for 30 min. The biofilms
were then rinsed three times with PBS. Thereafter, 200 uL of
ethanol (95%) was added to dissolve the dye. The remaining
biofilms were quantified by measuring optical density at
590 nm with a microplate reader [49].

For the plate counting assay, the biofilms were mixed
and the suspensions were diluted sequentially. The resultant
50 uL bacterial solutions were spread evenly on nutrient agar
plates. After 18 h of growth in a 37°C incubator, colonies
were calculated and photographed by an automatic colony
enumeration instrument.

For live/dead staining, the biofilms were incubated with
100 pL stain solution (composed of 1 mL PBS, 1uLSTYO9
and 1 uL PI) and kept in the dark for 15 min. Thereafter, the
biofilms were washed three times with 100 uL sterile PBS.
Finally, the biofilms were observed under a CLSM [50].

Evaluation of biocompatibility in vitro

The cytotoxicity of IRNB was evaluated by CCK-8 and Cal-
cein/PI cytotoxicity assays. Briefly, 3T3 cells were cultured in
a clear bottom 96-well plate (5 x 10° cells per well) containing
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150 L. DMEM with 10% FBS and 1% penicillin/strepto-
mycin. The plate was incubated (37°C, 5% CO,, 24 h) for cell
attachment. The resulting medium was aspirated and replaced
with a medium containing a series of IRNB concentrations
(50,100 and 500 pug/mL). A 10 uL. CCK-8 solution (Solarbio,
Beijing, China) was added to each well after the indicated
incubation time points. Subsequently, plates were incubated
for 3 h at 37°C, and the absorbance at 450 nm was measured
using a microplate reader (Thermo Varioskan Flash, USA).
After incubation for 48 h and 72 h, the old medium was
aspirated. Then 100 uL working solution (prepared from
1 mLPBS, 1 uL Pland 1 wL CalceinAM; Beyotime, Shanghai,
China) was added according to the manufacturer’s instruc-
tions. After incubation for 30 min at 37°C, the cells were
rinsed with PBS and observed using a CLSM. To estimate the
blood compatibility of IRNB, a hemolysis activity assay was
performed. First, 500 uL of mouse blood was acquired by
removing the eyeballs and centrifuged at 3500 rpm for 5 min.
After carefully blotting off the supernatant, the red blood cell
precipitates were washed three times and resuspended in 5 mL
sterile PBS. Next, a series of IRNB concentrations (50, 100
and 500 pug/mL) were mixed with 1 mL of red blood cells
at 37°C for 4 h. Additionally, the DI water and PBS were
included as positive and negative controls, respectively. All
blood suspensions were then centrifuged at 3500 rpm for
5 min, and the absorbance of the supernatant was detected
at 545 nm using a microplate reader. The hemolysis ratio was
calculated using the following formula:

Hemolysis (%) = (Ag—-AN) / (Ap-AN) x 100%

where Ap, AN and Ap represent the absorbance of the
experimental well, negative control well and positive control
well, respectively.

Animal models for antimicrobial treatments in vivo

BALB/c mice (male, 20-25 g, 6-8 weeks of age) were obtained
from the Animal Experiment Center of the Army Medical
University (Chonggqing, China). Animal experiments were
conducted following the guidelines of the Animal Experiment
Ethics Committee of the Army Medical University. To evalu-
ate the antibacterial effect of IRNB iz vivo, we established
a murine-infected full-thickness skin-defected wound model
and a subcutaneous abscess model. First, mice were anes-
thetized by intraperitoneal injection with pentobarbital (1%,
0.01 mL/g), and the dorsal hair was shaved. The next day, the
dorsal skin was sterilized with 75% (v/v) ethanol. To estab-
lish the murine-infected full-thickness skin defected wound
model, two symmetrical circular wounds (diameter: 6 mm)
were created on both sides of the dorsum using a biopsy
punch. Next, a silicone ring (inner and outer diameters: 8 mm
and 12 mm, respectively) was stitched to the margin of each
wound. The two symmetrical skin wounds were then infected
with an MDR Pa bacterial suspension (1 x 10 CFUs/mL,
50 uL). After 24 h of management, the infected wounds were
successfully established. For the subcutaneous abscess model,

an MDR Pa bacterial suspension (1 x 10® CFUs/mL, 50 uL)
was administered to the left and right back sides (subcu-
taneous tissue) of each test mouse, respectively. After 24 h
of management, subcutaneous abscesses were successfully
established on both sides of the dorsum at the injection sites.

Detection of bacteria-targeting ability of IRNB in vivo
After anesthetization and shaving as described above, each
test mouse was subcutaneously injected with an MDR Pa
bacterial suspension (50 uL) into the right side of the back,
whereas 50 uL of sterile PBS was injected into the left side.
After 24 h of management, a subcutaneous abscess was estab-
lished on the right side of the back, and a sham subcutaneous
abscess was established on the left side. To determine the
bacteria-targeting ability of IRNB in vivo, the subcutaneous
abscess was injected with 100 L IRNB (100 ug/mL) in the
right infected and left sham control sites. Next, live animal
fluorescence imaging was applied at predefined time points
(0,6,12,24 and 36 h) using ex vivo optical imaging (AniView
100, China, excitation/emission wavelength: 730/820 nm).
Furthermore, each mouse back was irradiated with an NIR
laser (808 nm, 0.75 W/cm?, 10 min) at the aforementioned
time points, and an infrared camera was utilized to record the
temperature. The test mice were also intravenously injected
with IRNB (100 uL, 100 pug/mL) into the tail vein. Subse-
quently, live animal fluorescence imaging and infrared imag-
ing were carried out as previously mentioned.

To investigate the biodistribution of IRNB, the subcuta-
neous abscess model mice were intravenously injected with
IRNB (100 uL, 100 pug/mL) and sacrificed at the predeter-
mined time points (days 1, 3, 7 and 28) after injection. Tissue
samples, including the heart, liver, spleen, lung and subcuta-
neous abscess tissues were collected and photographed using
a live animal fluorescence imaging system (AniView 100,
China, excitation/emission wavelength: 730/820 nm).

Antimicrobial therapy in vivo

The mice were randomly subdivided into 10 groups (n=3):
PBS, BNN6-PEG, IR-780-PEG, IRN, IRNB, PBS+ NIR,
BNNG6-PEG + NIR, IR-780-PEG + NIR, IRN + NIR and
IRNB + NIR. For the murine-infected full-thickness skin
defected wound model, each infected wound was locally
inoculated with 100 L of BNN6-PEG, IR-780-PEG, IRN
and IRNB (100 pug/mL) or PBS on day 1. After 6 h inocu-
lation, the wounds were illuminated with a laser (808 nm,
0.75 W/cm?, 10 min) or kept in the dark according to the
groups described above. The infected wounds were observed
and photographed at the indicated time points. Wound area
was estimated by Image ] software. The following formula
was used to calculate the wound healing rate:

Wound healing rate (%) = (W0 — WR) /W0 x 100%

where WO indicates the wound area on day 0, and WR
indicates the residual wound area on days 1, 3, 5, 7, and
9, respectively.
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Nine days later, wound tissues were cut and homogenized
for bacterial burden counting and harvested for histological
analysis (Hematoxylin and eosin [H&E] staining, Masson
staining, and IL-6, TNF-« and CD31 immunofluorescence
staining).

For the subcutaneous abscess model, 100 L. BNN6-PEG,
IR-780-PEG, IRN and IRNB dispersions (100 ug/mL), IRNB
dispersion (200 pg/mL), or PBS was injected into the sub-
cutaneous abscess, respectively. Six hours post-injection, the
subcutaneous abscess site was irradiated with a laser (808 nm,
0.75 W/cm?, 10 min). After 10 days of treatment, the subcu-
taneous abscesses were biopsied and photographed. Similarly,
the abscess tissues were collected for bacterial colony count-
ing and H&E staining. All the above slides were scanned using
a slide scanner (SLIDEVIEW VS200, Olympus).

Toxicity evaluation of IRNB in vivo

BALB/c mice (n=3) were utilized to evaluate the toxicity
of IRNB in vivo. After injection of 100 uL sterile PBS or
IRNB dispersions (50, 100 and 500 ng/mL) into the tail vein,
the mice were sacrificed on day 9. Tissue samples, including
the heart, liver, spleen, lung and kidney were collected for
H&E staining. Histological slides were scanned using a slide
scanner. In addition, blood specimens were collected for blood
and biochemistry analysis on day 9.

Statistical analysis

The data were presented as mean =+ standard deviation, and
the statistically significant difference between the groups was
analyzed using one-way or two-way analysis of variance with
SPSS statistics 22.0. Tukey’s post hoc test or Dunnett’s T3
post hoc test were used for multiple comparisons. The sta-
tistical significance was set as follows: *P < 0.05, **P < 0.01,
and ***P < 0.001.

Results

Synthesis and characterization of IRNB

The IR-780 and BNN6 molecules are hydrophobic; therefore,
the IRNB NPs could be synthesized according to the solvent
exchange method described previously [51]. Briefly, IR-780
iodide and BNN6 were dispersed in CH3CN to form a stock
solution. Lecithin and DSPE-PEG-PBA were then dissolved
in DI water and vigorously stirred (60°C, 30 min). Next, the
IR-780 iodide/BNN6/CH3CN solution was dripped into a
preheated solution, followed by magnetic stirring for another
2 h. The original IRNB NP suspensions were centrifuged
(3000 rpm, 10 min) and dialyzed using an 8 kDa MWCO
dialysis bag for 4 h in DI water to remove free CH3CN,
IR-780, BNNG, lecithin and DSPE-PEG-PBA. At this point
the IRNB NPs had been successfully synthesized. Other NP
counterparts (IR-780-PEG, BNN6-PEG and IRN NPs) were
also prepared based on the above method. As shown in
Figure 2a, the FTIR spectrum of IRNB presented a C-CI
stretch at 720 cm™!, CN stretch at 1176 cm™ and C=C

stretch at 1550 cm™', indicating the character of IR-780. In
addition, a peak at 1377 cm™! indicated the deformation of
N-N=0O, manifesting the successful loading of BNN6. The
peak at 1450 cm™' indicated C-B vibration, verifying the
presence of PBA. The morphological features, size distribu-
tions and optical features of IRNB were characterized by
TEM, DLS and UV-Vis spectra, respectively. TEM charac-
terization revealed that IRNB NPs were monodispersed and
spherical in morphology with diameters ranging from 200-
250 nm (Figure 2b). In addition, the hydrodynamic sizes
of IRNB (peak: 220.194 nm), IRN (peak: 190.137 nm),
IR-780-PEG (peak: 164.183 nm) and BNN6-PEG (peak:
220.194 nm), suggested that they were well-dispersed and
had similar sizes in water (Figure 2c). In addition, we also
found that IRNB was negatively charged (—14.83 +1.35 mV)
according to its zeta potential (Figure 2d). Furthermore, the
hydrodynamic stability of IRNB was evaluated by measur-
ing the hydrodynamic diameter under different conditions.
As shown in Supplementary Figure Sla, the hydrodynamic
diameter changed from 217.1 £2.51 nm to 247.6 + 8.68 nm,
222.074+3.07nmt0270.53 £ 8.33 nm,and 212.3 £ 1.97 nm
t0 227.2 £4.26 nm in DI water, PBS and PBS containing 10%
FBS at 4°C within 7 days, respectively.

Release profiles of IRNB

To study the activity of IRNB under NIR laser or kept in
the dark, the in vitro release test was carried out. As shown
in Supplementary Figure S1b, c, the standard curves of IR-
780 and BNN6 were drawn by a UV-Vis spectrophotome-
ter. Then the concentrations were determined based on the
standard curve. As shown in Supplementary Figure S1d, e,
IR-780 and BNN6 were slowly released from IRNB and
reached 19.41+4.31% and 16.19+3.59% at day 7 when
protected from light. In contrast, IR-780 and BNN6 were
quickly released from IRNB and reached 82.11+6.6% and
69.81+5.77% within 12 h after NIR laser irradiation.

Optical and photothermal properties of IRNB

As a typical heptamethine cyanine dye, IR-780, demonstrated
near-infrared absorption, a fluorescent nature and a pho-
tothermal effect, showing promising prospects for use in
treating preclinical cancer and infectious models [52,53].
Furthermore, an 808 nm NIR laser is widely applied in IR-780
mediated therapies owing to its excellent absorption property
in the NIR spectrum [54,55]. As a result, the optical absorp-
tion of free BNNG6, free IR-780, BNN6-PEG, IR-780-PEG,
IRN and IRNB were analyzed using a UV-Vis—-NIR spectrom-
eter. As shown in Figure 2e, free BNNG, free IR-780, BNN6-
PEG, IR-780-PEG, IRN and IRNB exhibited absorbances of
0.048, 0.12, —0.038, 0.503, 0.517 and 0.756 at 808 nm,
respectively. As shown in Supplementary Figure S1f, the nor-
malized fluorescent spectra of IRNB confirmed its fluo-
rescence nature. In order to investigate the PTT efficiency
of IRNB, temperature changes (0-250 pg/mL) under laser
illumination (808 nm, 0.5-1.0 W/cm?, 11 min) were recorded.
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Figure 2. Characterization of IRNB. (a) FTIR spectra of free IR-780, free BNN6, synthesized IR-780-PEG, BNN6-PEG, IRN and IRNB. (b) TEM images of IRNB
nanoparticles (Scale bar: 500 nm and 200 nm). (¢) and (d) Hydrodynamic diameter and ¢ potential of IR-780-PEG, BNN6-PEG, IRN and IRNB in PBS buffer measured
by DLS. (e) UV-Vis absorption spectra of free IR-780, free BNN6, synthesized IR-780-PEG, BNN6-PEG, IRN and IRNB. (f), (g) and (h) Temperature evolution curves of
IRNB with different concentrations (0-250 g/mL) under 808 nm NIR irradiation at 0.5, 0.75 and 1 W/cmZ. (i) UV-Vis absorbance spectrum of IRNB co-incubated
with DPBF under 808 nm NIR irradiation at 0.75 W/cm? for different time periods. (j) NO release profile of IRNB under different laser irradiation conditions.
(k) DHR 123 UV-Vis absorbance spectrum after various treatments. FTIR fourier transform infrared spectroscopy, BNN6 N,N’-di-sec-butyl-N,N’-dinitroso-1,4-
phenylenediamine, /RN IR-780/BNN6-PEG, /RNB IR-780/BNN6-PEG-PBA, TEM transmission electron microscopy, PBS phosphate-buffered saline, DLS dynamic
light scattering, NIR near infrared laser, DPBF 1,3-diphenylisobenzofuran, NO nitric oxide, DHR 123 dihydrorhodamine 123, UV-Vis ultraviolet-visible

As shown in Figure 2f, g and h, PBS was a blank control and t029.2°C (1 W/cm?) after 10 min. Under the power density of
we observed a slight temperature change from 20.5°C to 0.5 W/em?, 0.75 W/ecm? and 1.0 W/cm? for 10 min, the tem-
25.3°C (0.5 W/cm?),20.7°C to 27.4°C (0.75 W/cm?), 20.9°C peratures of the 100 pug/mL IRNB increased from 19.45°C to
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42.03°C,19.8°C t0 49.5°C, and 20.7°C to 56.03°C, demon-
strating a concentration- and time-dependent temperature
enhancing pattern. Besides, the n was measured based on
the previously reported method [56]. As shown in Supple-
mentary Figure S1g, h, IRNB exhibited n value of 26.75%,
making it a promising PTT agent. Furthermore, as shown
in Supplementary Figure S1i, good photostability of IRNB
was observed after 5 cycles of ON/OFF laser irradiation. To
avoid surrounding tissues receiving undesirable burns result-
ing from high temperature (>55°C), 100 ug/mL IRNB with
0.75 W/cm? laser was selected for antibacterial treatment for
subsequent experiments.

Photodynamic effect of IRNB

IR-780 can generate 'O, upon irradiation with an NIR laser
[57]. The depletion of DPBF was utilized to illustrate the 'O,
generation based on the previously reported method [15,58].
Typically, the characteristic absorption at 410 nm of DPBF
can decrease with the presence of 'O,. As shown in Figure 2i
and Supplementary Figure S1j, after the incubation of DPBF
and IRNB, the absorbance intensity at 410 nm decreased
by 68.335% following NIR laser illumination, suggesting an
excellent photodynamic effect.

Controllable NO release of IRNB

A Griess kit was utilized to investigate the production
of NO, which would convert into NO?*~ in an aqueous
solution. NO?*~ reacted with the Griess reagent and the
concentrations were calculated based on a standard curve.
As shown in Figure 2j, for IRNB without laser irradiation,
there was approximately 0.59+0.29 uM production of
NO gas after 40 min. However, IRNB revealed a total
18.374+0.45 uM NO gas production after being irradiated
with a continuous NIR laser. These results revealed that laser
irradiation of IRNB prompted the release of NO gas in
a photothermal-dependent manner, as previously reported
[15,59]. In addition, NO release under intermittent laser
irradiation was observed. When the laser was turned on for
5 min, IRNB released 4.01 £ 0.42 uM NO gas. Nevertheless,
IRNB released 0.14 +0.49 uM NO gas when the laser was
turned off for another 5 min.

RNS generation and detection

RNS has been reported to generate free radical peroxidation
and is regarded as a more lethal oxidant [40]. In an aqueous
solution, reactions between NO and ROS could produce
peroxynitrite anions ONOO™, which belongs to one of the
major types of RNS [40]. Furthermore, DHR can be exclu
sively oxidized by ONOO~ and produce rhodamine 123,
which induced characteristic absorption at 505 nm [42,60].
As shown in Figure 2k, a significant absorption peak at
505 nm was measured in the IRNB group following NIR
laser irradiation, suggesting that ONOO~ was produced.
Conversely, almost no ONOO~ was observed in the IRNB

without laser group and PBS with laser group, considering the
relatively low absorbance at 505 nm. These results showed
that ONOO~™ could also be generated in the presence of NO
and ROS in the IRNB group following NIR laser irradia-
tion. Furthermore, the generation of ONOO™ might greatly
enhance the bactericidal effects of IRNB [15,42].

In vitro bacteria-targeting abilities of IRNB

Large amounts of lipopolysaccharide (LPS) are the main
structural cell wall component of gram-negative bacteria.
These can be effectively bound by PBA to form cyclic boronic
esters via the formation of a pair of covalent bonds [60-
62]. Accordingly, we speculated that IRNB could selectively
bind to gram-negative bacterial cells. Clinically isolated Ab,
Kp and Pa strains were selected as representative gram-
negative bacteria. After incubation with BNN6-PEG, IR-
780-PEG, IRN and IRNB for 30 min at 37°C, followed
by centrifugation and rinsing, the free nanomaterials were
removed. Following laser irradiation (808 nm, 0.75 W/cm?,
10 min), the interactions between bacteria and IRNB
were investigated via thermographic imaging. As shown
in Figure 3a, b, the temperatures of the IRNB-treated
groups were 48.6 +1.45°C (Ab), 48.93+0.55°C (Kp) and
48.23 +£1.00°C (Pa), respectively. However, the temperatures
in the control groups remained between 25~ 33°C. The
increased temperatures of the IRNB-treated groups were
primarily due to their high affinities toward gram-negative
bacteria. Additionally, SEM was employed to visually
investigate the binding capability of IRNB toward bacteria.
As shown in Figure 3c, almost all bacteria were closely
surrounded by IRNB. In contrast, no other nanoparticles
were found near bacteria in the control groups. These results
showed that IRNB could specifically target gram-negative
bacteria.

NIR-triggered ROS/NO generation in bacterial cells

In addition to the measurements of ROS and NO production
in the extracellular environment reported above, we also
measured ROS and NO production in the MDR Ab, Kp and
Pa bacterial cells via i situ imaging. DCFH-DA can be cleaved
intracellularly and subsequently react with ROS to produce
bright green fluorescent 2’,7'-dichlorodihydrofluorescein
[63], which was utilized to detect ROS. As shown in
Figure 4a, ¢ and Supplementary Figure S2, strong green
DCFH-DA fluorescence was observed in IRNB-treated
MDR Ab, Kp and Pa groups following irradiation with
an NIR laser, suggesting that the IRNB group shows
NIR laser-responsive ROS generation. Furthermore, as
shown in Supplementary Figure S3, the fluorescence spectra
quantitatively measured intracellular ROS. Upon NIR laser
irradiation, the IRNB group presented more ROS generation
in bacteria, which was consistent with the laser confocal
imaging results. Moreover, the relative ROS levels of IR-
780-PEG and IRN-treated MDR Ab, Kp and Pa groups
were 40% £5.04%, 41.36% £1.17%, 43.69% +4.72%,
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Figure 3. In vitro bacteria-targeting abilities of IRNB. (a) and (b) Thermographic images and the corresponding temperature measurements of MDR Ab, MDR
Kp and MDR Pa suspensions after incubation with PBS, IR-780-PEG, BNN6-PEG, IRN and IRNB under laser irradiation (808 nm, 0.75 W/cm?,10 min). Statistical
analysis: Mean & SD; n=3; #*%p < 0.001, *xp < 0.01, xp < 0.05. (c) Representative SEM images of MDR Ab, MDR Kp and MDR Pa after incubation with PBS, IR-
780-PEG, BNN6-PEG, IRN and IRNB (Scale bar: 1 um). BNN6 N,N’-di-sec-butyl-N,N’- dinitroso-1,4-phenylenediamine, /RN IR-780/BNN6-PEG, /RNB IR- 780/BNN6-
PEG-PBA, MDR multidrug-resistant, Ab Acinetobacter baumannii, Kp Klebsiella pneumoniae, Pa Pseudomonas aeruginosa, SEM scanning electron microscopy,

PBS phosphate-buffered saline

42.68% £ 5.36%, 44.06% £1.90% and 50.79% =+ 3.65%,
respectively. This might be because of the nonspecific binding
between IR-780-PEG, IRN and bacterial cells.

The commercial NO fluorescence probe DAF-FM DA can
be cleaved intracellularly and react with NO*~ to generate a
green fluorescent DAF-FM triazole derivative. Here, DAF-FM
DA was utilized to detect intracellular NO levels [64,65]. As
shown in Figure 4b, d and Supplementary Figure S4, a strong
green fluorescence was observed in IRNB-treated MDR Ab,
Kp and Pa+NIR laser groups, demonstrating that IRNB
is associated with NIR-responsive NO generation. In addi-
tion, IRN-treated MDR Ab, Kp and Pa groups presented

relative NO levels of 46.40% +5.63%, 44.82% +4.52%
and 41.28% =+ 5.61%, respectively, which was also probably
caused by nonspecific binding between IRN and bacterial
cells.

In vitro antibacterial and antibiofilm activities of IRNB

The above in vitro experiments reveal that IRNB gen-
erated hyperthermia, ROS and NO following 808 nm
laser illumination. Thus, the antibacterial and antibiofilm
properties of IRNB were first investigated in wvitro. As
shown in Figure 5, the plate counting method was used to
quantitatively measure the antibacterial efficiency of IRNB
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Figure 4. NIR-triggered ROS/NO generation in bacterial cells. (a) and (¢) Confocal laser microscopy images and relative quantitative fluorescence intensity bar
chart of ROS generation in MDR Pa after receiving various treatments (Scale bar: 20 um). (b) and (d) Confocal laser microscopy images and relative quantitative
fluorescence intensity bar chart of NO generation in MDR Pa after receiving various treatments (Scale bar: 20 um). Statistical analysis: Mean+SD; n=3;
s*xp < 0.001, #xp < 0.01, *p < 0.05. NIR near infrared laser, ROS reactive oxygen species, NO nitric oxide, MDR multidrug-resistant, Pa Pseudomonas aeruginosa,
PBS phosphate-buffered saline, BNN6 N,N’-di-sec-butyl-N,N’- dinitroso-1,4-phenylenediamine, /RN IR-780/BNN6-PEG, /RNB IR-780/BNN6-PEG-PBA, DCFH-DA
2',7'-Dichlorodihydrofluorescein diacetate, DAF-FM DA 4-Amino-5-methylamino-2’,7’-difluorofluorescein diacetate

and its control counterparts (PBS, BNN6-PEG, IR-780-PEG However, upon NIR laser illumination (808 nm, 0.75 W/cm?,
and IRN) against gram-negative MDR Ab, Kp and Pa with or 10 min), the bacterial viabilities of the IRNB-treated groups
without NIR laser irradiation. In the absence of an NIR laser, were 0.52% +0.19%, 1.74% + 0.62% and 2.96% +0.45%
none of the groups showed an obvious antibacterial effect. for MDR Ab, Kp and Pa, respectively. These results revealed
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that more than 95% of planktonic MDR Ab, Kp and Pa
were eradicated by the IRNB + laser, which indicated a
potent bactericidal activity via the synergism of PTT, PDT
and NO. In addition, the PBS +laser and BNN6-PEG +
laser-treated groups also presented no obvious antibacterial
effect. The bacterial viability of the IR-780-PEG + laser-
treated MDR Ab, Kp and Pa groups was 53.97% +1.54%,
58.96% £3.62% and 57.71% +£2.51%, respectively. The
photothermal temperatures were 31°C~33°C for the IR-
780-PEG + laser-treated groups as described in Figure 3a, b,
which were too low to generate a bactericidal effect. In addi-
tion, Figure 4a, ¢ also revealed the presence of intracellular
ROS in some bacteria. Therefore, the bactericidal efficacy of
the IR-780-PEG + laser could be attributed to the nonspecific
binding between IR-780-PEG and the bacteria as well as the
NIR-responsive bactericidal effect of PDT. Meanwhile, the
bacterial viability of the IRN + laser-treated MDR Ab, Kp
and Pa groups was 30.32% +1.10%, 39.95% +4.33% and
29.51% £2.39%, respectively. Similarly, the IRN + laser-
treated groups revealed a photothermal temperature of
31°C ~ 34°C, and showed intracellular ROS and NO in some
bacteria, as indicated in Figure 4b, d. Hence, the bactericidal
effect of the IRN+laser could also be attributed to the
nonspecific binding capability of IRN toward bacteria and
the NIR-responsive bactericidal effect of PDT and NO [15].
These results manifested that BNN6-PEG, IR-780-PEG, IRN
and IRNB with NIR laser irradiation showed an increasing
trend in bactericidal efficacy. Particularly, IRNB + laser
treatment displayed the highest bactericidal efficiency toward
MDR gram-negative bacteria by virtue of its bacteria-specific
targeting ability and the synergistic effects of PTT, PDT and
NO gas therapy.

To further investigate the synergistic antibacterial effect
of IRNB, a live/dead staining was conducted. SYTO9
can enter all bacterial cells and stain bacteria with green
fluorescence, whereas PI is only allowed to enter into
bacterial cells via impaired cell membranes and stain dead
bacteria with red fluorescence [66]. As shown in Figure 6a,
the PBS/BNN6-PEG + laser-treated groups presented only
bacteria that were stained with green fluorescence. At the
same time, a gradually increasing trend was observed in
the red fluorescence intensities of the bacteria treated with
IR-780-PEG + laser, IRN + laser and IRNB + laser. The
corresponding quantitative analysis was carried out based on
the ratios of red/green fluorescent bacteria. As presented in
Figure 6b—d, the IR-780-PEG + laser-treated groups showed
bacterial viabilities of 47.73% +3.78%, 52.91% +2.44%
and 52.99% +4.21% for the MDR Ab, Kp and Pa (P < 0.01)
groups, respectively. Furthermore, the IRN + laser-treated
groups showed bacterial viabilities of 26.08% +2.40%,
34.15% +3.13% and 34.17% +3.28% for the MDR Ab,
Kp and Pa (P <0.001) groups, respectively. Finally, the
bacteria that received the IRNB + laser treatment exhibited
the lowest viabilities (1.67% £2.58%, 1.38% +1.23%
and 1.75% +0.39% for MDR Ab, Kp and Pa, respec-
tively; P <0.001). Overall, all the live/dead staining results

were consistent with the plate counting results reported
above.

To observe the interaction between IRNB and the MDR
Ab, Kp and Pa cells directlyy, TEM was used. As shown
in Figure 6e, intact bacterial cell walls and uniformly dis-
tributed cytoplasm were presented in bacterial cells from
the PBS/BNN6-PEG + laser-treated groups. Meanwhile, we
observed some incomplete bacterial cell walls and cytoplasm
leakage in the IR-780-PEG/IRN + laser-treated groups. How-
ever, for the IRNB + laser-treated group, the bacterial cell
walls were severely distorted and cracked. Several bubbles
emerged in the cytoplasm, with some cytoplasm distributed
loosely outside the cell walls, indicating permanent destruc-
tion of the interior structures.

After demonstrating the bactericidal effect of IRNB
against planktonic bacteria, the antibacterial properties
against refractory bacterial biofilms were analyzed by crystal
violet (CV) staining assay, plate counting method and
live/dead staining. As shown in Supplementary Figure S5,
the CV staining results suggested that IRNB could eliminate
biofilms efficiently with NIR laser illumination. As shown
in Figure 7a—c, all the groups without laser irradiation or
the PBS/BNN6-PEG + laser groups showed no obvious
antibiofilm effects. However, the bacterial viabilities of
the IR-780-PEG + laser-treated MDR Ab, Kp and Pa
biofilm groups were 76.09% +7.53%, 62.89% +3.30%
and 74.24% + 6.31%, respectively. The bacterial viabilities
of the IRN + laser-treated MDR Ab, Kp and Pa biofilm
groups were 58.00% £+3.68%, 42.75% +5.44% and
58.18% £ 5.99%, respectively. In contrast, following NIR
laser application (0.75 W/cm?, 10 min), IRNB could eradicate
~70% and~95% of biofilms at concentrations of 100
and 200 pg/mL, respectively (the bacterial viabilities were
27.48% +1.82% and 1.72% £ 0.60% for MDR Ab biofilms,
25.31% £2.30% and 2.00% % 0.69% for MDR Kp biofilms,
and 32.27% +2.20% and 2.78% +£0.45% for MDR Pa
biofilms, respectively). These results indicated that IRNB
+ laser treatment could effectively eradicate MDR gram-
negative biofilms, and that the biofilm ablation efficacy of
IRNB was enhanced in a concentration-dependent manner.
Furthermore, bacterial viabilities within the biofilms were
investigated by live/dead staining, and biofilm images were
assessed via 3D CLSM. As shown in Figure 7d, after NIR
laser irradiation, the IRNB group presented far more red
fluorescent spots compared to its counterparts (PBS, BNN6-
PEG, IR-780-PEG and IRN), and showed a concentration-
dependent bactericidal behavior. These results strongly
demonstrated that IRNB has great potential as an antimicro-
bial candidate against MDR gram-negative bacteria and their
biofilms.

In vivo biodistribution of IRNB

Previous studies have suggested that IR-780 can be utilized as
an excellent agent for fluorescence imaging in vivo [28,52].
The fluorescent nature of IRNB was also confirmed in our
present study (Supplementary Figure S1f). To explore whether
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IRNB could gather at the site of bacterial infection, both in
vivo fluorescence imaging and thermal imaging were imple-
mented. As shown in Figure 8a—c, the right side contained
subcutaneous abscesses and the left flank was a sham abscess
on the dorsum of the mouse. Following intravenous injection
with IRNB, the fluorescence signal intensity of the sub-
cutaneous abscess elevated progressively, reaching a peak
24 h after injection. Nevertheless, no fluorescence signal was
measured in the sham abscess. Consistent with the in vivo
fluorescent imaging, the thermal images revealed that the
temperature in the subcutaneous abscess had also shown a
gradual increase with time, and reached a peak 24 h after
injection. In contrast, the temperature in the sham abscess was
unchanged.

As shown in Figure 8d—f, after local inoculation with
IRNB, the fluorescence signal intensity and hyperthermia of
the subcutaneous abscess increased progressively and peaked
at 6 h post-injection, whereas decreasing fluorescence inten-
sity and temperature were observed in the sham abscess.
Moreover, to observe the biodistribution of IRNB in organs
and infected sites, test mice were sacrificed at days 1, 3, 7
and 28 and the fluorescence signals were monitored by ex
vivo fluorescent imaging. As shown in Figure 8g, h, IRNB
accumulated at the infected site and decreased gradually over
time. Furthermore, IRNB was also distributed in the liver
and lungs, which could be attributed to phagocytosis of the
reticuloendothelial system [67,68].

Antibacterial activities in vivo and wound healing study
The antibacterial efficiency of IRNB was examined on sub-
cutaneous abscess and cutaneous infected wound model. Fol-
lowing the formation of subcutaneous abscesses or infected
wounds, infected sites were locally inoculated with 100 L
PBS (100 wpg/mL), BNN6-PEG (100 pug/mL), IR-780-PEG
(100 pg/mL), IRN (100 wpg/mL), IRNB (100 pg/mL) and
IRNB (200 pug/mL), respectively, and the infected tissues were
irradiated with an 808 nm laser (0.75 W/cm?, 10 min) at 6 h
post-inoculation.

As shown in Figure 9a, after 10 days, the mice in the IRNB
(200 ug/mL)+ laser group presented no apparent abscess
on the dorsal side, whereas subcutaneous abscesses were
still observed in the other control groups. Furthermore, the
mice were sacrificed and the subcutaneous abscess tissues
were homogenized followed by spreading on agar plates
and colony counting. The CFU counts were then normalized
and presented as percentages of those in the PBS control
group. As shown in Figure 9b, ¢, the PBS, BNN6-PEG, IR-
780-PEG, IRN, IRNB, TG, PBS + laser and BNN6-PEG +
laser could not kill the bacteria within the abscesses. In
contrast, the bacterial viabilities of the IR-780-PEG + laser
and IRN + laser treatment groups were 85.79% + 1.99% and
65.30% +3.90%, which may be attributed to nonspecific
aggregation of nanomaterials in the abscesses. However, the
bacterial viabilities of the IRNB (100 wg/mL) + laser group
and IRNB (200 pg/mL) + laser group were 40.22% +3.59%
and 4.60% £ 0.52%, respectively. Additionally, to further

evaluate the abscess eradication ability of IRNB, the infected
tissues of all the groups were excised for histological analysis.
As shown in Figure 9d, only the IRNB (200 ug/mL) + laser
group presented morphological changes similar to normal
skin and regression in inflammatory cells; whereas different
levels of tissue destruction and inflammatory cell infiltration
were evident in other groups.

As shown in Figure 10a, b, same size dorsal full-thickness
excisional wounds were created and inoculated with MDR
Pa on day 0, and different treatments were carried out on
day 1. On day 3, dry and clean wounds were found in the
IRNB + laser group. In contrast, various degrees of swelling
and purulent exudation were found in other groups. On
day 5, scabs occurred in the IRNB + laser group while
purulent exudates were observed in other groups. On day
9, the wounds were almost entirely healed in the IRNB +
laser group. The wound healing rates of the PBS, BNN6-PEG,
IR-780-PEG, IRN, IRNB, PBS + laser, BNN6-PEG + laser, IR-
780-PEG + laser, IRN + laser and IRNB + laser groups were
62.02% +10.03%, 63.16% +7.94%, 62.67% +8.42%,
63.13% +4.87%, 64.32% +7.24%, 60.14% £10.23%,
62.69% £10.27%,73.17% £2.24%, 81.76% £ 4.30% and
94.87% =+ 1.35%, respectively. The results indicated that NIR
laser-triggered IRNB had an excellent therapeutic effect on
MDR gram-negative bacteria infected wounds. Moreover, the
infectious wounds were excised and homogenized, followed
by spreading on agar plates and colony counting. As shown
in Figure 10c, d, the bacterial viabilities of the BNN6-PEG,
IR-780-PEG, IRN, IRNB and BNN6-PEG + laser groups
were similar to the controls (P > 0.05). In contrast, bacterial
viabilities drastically decreased to ~70%, ~40% and ~ 5%
in the IR-780-PEG + laser, IRN + laser and IRNB + laser
groups, respectively. Furthermore, the histological analysis by
HE and Masson’s trichromatic staining were also conducted.
As shown in Figure 10e, f, the IRNB + laser group presented
relatively normal skin histological structures and reduced
inflammatory cell infiltration, and the new epidermis length
was notably longer than the other control groups. As shown
in Figure 10g, h, a substantial amount of collagen was
deposited in the IRNB + laser-treated wound, suggesting
the ideal formation of dermis at the infected site.

To further explore the angiogenesis ability and anti-
inflammatory effect of IRNB in infectious wound healing,
the expression of CD31, TNF-« and IL-6 were analyzed via
immunofluorescence staining. As shown in Figure 11a,d,
robust angiogenesis (as represented by CD31) were observed
in the infected wounds of the control groups (the number of
vessels in the PBS + laser, BNN6-PEG + laser, IR-780-PEG
+ laser and IRN + laser-treated groups were 40.00 £ 2.00,
37.33+2.51, 32.00+£2.65 and 14.00+2.65, respectively),
whereas substantial neocapillaries were pruned back to the
normal density in the IRNB + laser group (the number of
vessels: 8.00£2.00). As shown in Figure 11b, ¢, substantial
TNF-a and IL-6-positive cells were observed in the wounds
of the PBS + laser, BNN6-PEG + laser and IR-780-PEG +
laser groups, whereas TNF-a and IL-6-positive cells were
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Figure 8. /n vivo biodistribution of IRNB. (a) Fluorescence images and thermographic images, (b) the corresponding fluorescence signal intensities and (c)
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rarely observed in the IRNB + laser group, which were
similar to normal skin. Specifically, as shown in Figure 11e, f,
the relative fluorescent intensities of TNF-a and IL-6 in
the PBS+laser, BNN6-PEG + laser, IR-780-PEG + laser,
IRN + laser, IRNB + laser and normal skin groups were
100.00% £ 12.6%, 100% +7.35%, 99.76% +12.27%,
98.79% +4.98%, 69.17% +11.56%, 67.60% +3.83%,
50.71% £2.14%, 51.02% £5.53%, 35.60% +1.22%,
40.81% +2.63%, 25.27% +4.67% and 13.78% +2.66%
(P <0.05), respectively.

In vitro and in vivo biocompatibility

It is very important to evaluate the biocompatibility of
INRB for future applications. A CCK-8 assay and Calcein/PI
cytotoxicity assay were first performed on 3T3 fibroblasts
to detect the in vitro cytotoxicity of IRNB. As shown in
Figure 12a, b, almost all cells were alive after coincubation
with IRNB (50, 100 and 500 pg/mL) for 48 h and 72 h.
Moreover, cell viabilities did not change significantly after
coincubation with IRNB (50 and 100 ug/mL) for 48 h
and 72 h, respectively. However, the cell viabilities of the
500 pg/mL IRNB group decreased by 16% and 21% at
48 h and 72 h after coincubation, respectively. In addition,
the hemocompatibility of IRNB was also investigated by a
hemolysis test. As shown in Figure 12c¢, after incubation with
IRNB (50, 100 and 500 ug/mL) for 3 h, photos of the test
revealed no evident hemolysis of murine erythrocytes, and the
positive control group exhibited complete hemolysis. More-
over, the hemolysis ratio was ~10% at high concentration of
500 pg/mL.

Next, the in vivo potential toxicity of IRNB was inves-
tigated. As shown in Figure 12d, no obvious pathological
abnormalities in the heart, liver, spleen, lungor kidney were
observed at 9 days after intravenous injection of IRNB (50,
100 and 500 pg/mL). Furthermore, as shown in Supplemen-
tary Figure S6, routine examination of the blood (white blood
cells, red blood cells, blood platelets and hemoglobin), liver
function indicators (alanine transaminase, aspartate transam-
inase and albumin), kidney function indicators (urea nitrogen,
creatinine and uric acid) and cardiac enzymes (creatine kinase
and creatine kinase isoenzyme MB) were investigated and
were within the normal reference ranges, suggesting that
IRNB caused no apparent impairment to the hematopoietic,
hepatic, renal or cardiovascular systems.

Discussion

This study developed a novel nanoassembly IRNB composed
of IR-780, BNNG, lecithin and DSPE-PEG-PBA. IRNB exhib-
ited a synergistic antibacterial effect against MDR gram-
negative bacteria and promoted healing of cutaneous infected
wounds.

IRNB NPs were monodispersed, spherical in morphology,
and well-dispersed in water. IRNB NPs possessed relatively
high colloidal stability in various biological media. The in
vitro release results of IR-780 and BNN6 demonstrated the

controllability of IRNB release behaviors with or without
laser illumination. Upon irradiation of an 808 nm NIR laser,
IRNB NPs generate hyperthermia, ROS, NO and RNS in
a controllable manner, making it a promising option for
biomedical applications. Owing to the large amounts of LPS
in gram-negative bacteria cell walls, IRNB can effectively tar-
get bacteria and produce more ROS and NO compared with
the control groups via iz situ imaging, which was consistent
with previous study [69].

Hyperthermia, ROS, NO and RNS are broad-spectrum
antibacterial candidates based on the destruction of bacterial
cell structure, denaturation of components, lipid peroxida-
tion, DNA breaks and protein dysfunction [15,70]. Thus,
the antibacterial and antibiofilm properties of IRNB were
first investigated in vitro. Bacterial viabilities of the IRNB-
treated groups were 0.52% +0.19%, 1.74% +0.62% and
2.96% £ 0.45% for planktonic MDR Ab, Kp and Pa, respec-
tively. In addition, IRNB could eradicate ~95% of bacterial
biofilms. Overall, our findings suggest that upon illumination
with an 808 nm laser, IR-780 was activated and produced
ROS, thereby exerting a photothermal effect. Meanwhile,
local hyperthermia could cleave thermosensitive BNN6 to
generate NO gas, and further react with ROS to generate
ONOO", thus enhancing the structural and functional dam-
age to bacterial cell walls and their intercellular contents
[69,71]. Notably, ROS, NO and ONOO~ would place the
bacteria in an extremely susceptible state. These susceptible
bacteria were more vulnerable to the surrounding hyperther-
mal pressure. In other words, the photothermal effect was
enhanced. Therefore, IRNB exerted antimicrobial effects via
irreversible cell wall damage and disruption of cytoplasmic
contents.

To explore whether IRNB could gather at the site of
bacterial infection, both in vivo fluorescence imaging and
thermal imaging were implemented. The results suggested
that IRNB can specifically target and accumulate at the
infected sites in vivo. Then the therapeutic effect of IRNB was
examined on subcutaneous abscess and a cutaneous infected
wound model. IRNB demonstrated considerable anti-abscess
and anti-infected wound activity with ~90% reduction in
bacterial viability. Furthermore, HE and Masson’s trichro-
matic staining presented morphological changes similar to
normal skin, regression in inflammatory cells and substan-
tial collagen deposited in the IRNB + laser-treated groups,
suggesting an ideal restoration of cutaneous integrity at the
infected sites.

To further explore the angiogenesis ability and anti-
inflammatory effect of IRNB in infectious wound healing,
the expression of CD31, TNF-a and IL-6 were analyzed
via immunofluorescence staining. Substantial neocapillaries
were pruned back to the normal density in the IRNB + laser
groups compared to the controls. It is known that capillary
densities of wounds increase and reach 3—-10 times more than
normal skin tissue in the proliferative phase. However, these
new capillaries are abnormal in their structure and function,
as they present high tortuosity, high vascular permeability
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Figure 11. Evaluation of wound healing treated with IRNB by immunofluorescence. (a), (b) and (¢) Representative confocal images of CD31, TNF-« and IL-6 in
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Quantification of CD31, TNF-« and IL-6 in different treatment groups on day 9. Statistical analysis: Mean £+ SD; n=3; ##*p < 0.001, *xp <0.01, xp <0.05. IRNB
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endothelial cell adhesion molecule-1, TNF« tumor necrosis factor-«, /-6 interleukin-6, NIR near infrared laser
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Figure 12. In vitro and in vivo biocompatibility of IRNB. (a) Live/dead staining of 3T3 fibroblasts after incubation with various concentrations of IRNB at the
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and hemodynamic alteration. In the remodeling phase, most
vessels are pruned and residual vessels mature under the
regulation of antiangiogenic molecules [72,73]. Therefore, it
is easy to understand that the least number of vessels were
found in the IRNB + laser group in the remodeling phase
after treatment. In other words, the persistent infection and
inflammatory environment of the control groups may have
hampered the regression of neovessels in our present study.
TNF-a and IL-6 are biological cytokines that play important
roles in the inflammatory response. Immunofluorescence
staining results revealed that TNF-« and IL-6-positive cells
were rarely observed in the IRNB + laser group, which were
similar to normal skin. Taken together, these results suggested
that IRNB-based synergistic therapy was quite powerful
to control infection, relieve inflammation and regulate re-
epithelization, collagen deposition and angiogenesis in MDR
gram-negative bacteria infected wounds.

It is very important to evaluate the biocompatibility of
INRB for future applications. A CCK-8 assay, Calcein/PI cyto-
toxicity assay, and a hemolysis test were performed to detect
the in vitro cytotoxicity of IRNB. The results revealed that
IRNB could be considered to have no or negligible cytotoxic
potential at concentrations <500 pg/mL according to the
International Standard ISO 10993-5: 2009 and American
Society for Testing and Materials (ASTM F756-93, 74,75].
In vivo potential toxicity experiments indicated that IRNB
caused negligible influence on the structures of the internal
organs and no apparent impairment to the hematopoietic,
hepatic, renal or cardiovascular systems. Overall, the above
findings suggested that IRNB exhibited good biocompatibil-
ity both in vitro and in vivo and could be highly suitable for
biomedical applications.

Currently, researches have been carried out on PTT/PDT/NO-

based antimicrobial nanotherapies. In contrast with previous
research, the present study has these innovative following
points. First, unlike other nanomaterials (e.g. MXene [76],
metal nanoparticles [62], and metal-organic framework
[66]), the one-pot preparation procedure of IRNB is simple
with mild reaction conditions, which is suitable for large-
scale production. Second, the outer layer nanoassembly
of IRNB was wrapped by lecithin and DSPE-PEG, and
further decorated with PBA. The outer layer enhances
biocompatibility, prolongs circulation time and increases
infection-targeting efficacy. Third, compared with other
passive targeting stimuli-responsive (e.g. pH [45], enzyme
[42]) nanomaterials, the PBA ligand of IRNB actively
conjugated with bacteria and their biofilms, thus minimizing
damage to surrounding normal tissues and achieving robust
bactericidal efficiency [46,74]. Upon irradiation using an
808 nm laser, IRNB is activated and produces both ROS
and hyperthermia. Local hyperthermia can in turn induce
the generation of NO, and further react with ROS to
generate ONOQO™, thereby enhancing bactericidal efficacy
[42]. Furthermore, the generated ROS, NO and ONOO™ can
disrupt the cell membrane, which convert the bacteria to an
extremely susceptible state, and enhance the photothermal

effect. In addition to effectively controlling MDR gram-
negative bacteria and biofilm-associated subcutaneous and
wound infections, IRNB-based synergistic therapy can also
relieve inflammation, promote re-epithelization and collagen
deposition, and regulate angiogenesis during wound healing.
Finally, the inherent fluorescent nature of IRNB makes it
simple and convenient for exploring and tracking the biodis-
tribution using fluorescent imaging both iz vitro and in vivo.

Conclusions

In summary, we have successfully developed a multifunctional
nanoassembly (IRNB) based on IR-780 and BNN6 for syn-
ergistic PTT, PDT and NO effects triggered by an 808 nm
NIR laser. This bactericidal nanosystem could specifically
accumulate at the infected sites of MDR gram-negative bac-
teria by a covalent effect, showing a superior photothermal-
photodynamic-chemo (NO) synergistic therapeutic efficacy
toward infected wounds and subcutaneous abscesses. This led
to efficient control of associated infections, relief of inflam-
mation, promotion of re-epithelization and collagen deposi-
tion, and regulation of angiogenesis during wound healing.
Finally, IRNB showed good biocompatibility both iz vitro
and in vivo. Therefore, we conclude that the IRNB system
developed in this study can be considered a novel and promis-
ing option against MDR gram-negative bacteria-mediated
infections.
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