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Layered Black Phosphorus Nanoflakes Reduce Bacterial
Burden and Enhance Healing of Murine Infected Wounds

Emmeline P. Virgo, Hanif Haidari, Zo L. Shaw, Louisa Z. Y. Huang, Tahlia L. Kennewell,
Luke Smith, Taimur Ahmed, Saffron J. Bryant, Gordon S. Howarth, Sumeet Walia,

Allison J. Cowin, Aaron Elbourne, and Zlatko Kopecki*

Current treatment modalities of cutaneous wound infections are largely
ineffective, attributed to the increasing burden of antimicrobial resistance. S.
aureus, a commonly wound-associated pathogen continues to pose a clinical
challenge, suggesting that new alternative therapeutic materials are urgently
required to provide optimal treatment. A layered allotrope of phosphorus
termed Black Phosphorus nanoflakes (BPNFs) has emerged as a potential
alternative antibacterial material. However, wider deployment of this material
requires extensive biological validation using the latest pre-clinical models to
understand its role in wound management. Here, the antibacterial potential of
BPNFs against wound pathogens demonstrates over 99% killing efficiency at
ambient conditions, while remaining non-toxic to mammalian skin cells. In
addition, in vivo validation of BPNFs using a preclinical model of S. aureus
acute wound infection demonstrates that daily topical application significantly
reduces infection (3-log reduction) comparable to ciprofloxacin antibiotic
control. Furthermore, the application of BPNFs also accelerates wound
closure, increases wound re-epithelization, and reduces tissue inflammation
compared to controls, suggesting a potential role in alleviating the current
challenges of infected cutaneous wounds. For the first time, this study
demonstrates the potential role of BPNFs in ambient light conditions for
clearing a clinically relevant wound infection with favorable wound healing
properties.

1. Introduction

The wound infection “epidemic” is be-
coming increasingly problematic, with an-
tibiotic resistance mechanisms spreading
widely and rapidly.l') The impact of antimi-
crobial resistance has been predicted to re-
sult in excess of 10 million deaths by 2050,
alongside significant clinical expenditure.[?!
Currently, = 70% of bacteria have developed
resistance to at least one common class
of antibiotic, suggesting a desperate need
for the development of new alternative an-
timicrobial therapeutics for clinical wound
management.’]

Clinical infection arises when wounds
are colonized with invasive microorgan-
isms, in particular gram-positive Staphylo-
coccus aureus (S. aureus) which accounts for
over 65% of chronic wound infections.!*]
Multidrug-resistant S. aureus-induced in-
fection is becoming a significant clinical
challenge which increases the risk of pa-
tient morbidity and mortality.’] S. aureus
infected wounds are highly resistant to
common therapeutics requiring prolonged
treatment regimens and higher doses,
which contribute to further bacterial resis-
tance and host mammalian cell toxicity.”]
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The resulting infection complicates normal healing where
antibiotic-resistant bacteria release adhesion, virulence, and an-
tiphagocytic factors and induce neutrophil lysis, favoring further
biofilm formation and ongoing inflammation.l’’ The combina-
tion of these complications significantly increases the burden on
patient well-being, hospital readmissions, healing outcomes, and
overall healthcare costs.[®”] Currently, available treatment options
for antibiotic-resistant bacteria are becoming scarce, with poor
antimicrobial stewardship and only five new classes of antibiotics
discovered since 2000, highlighting the urgency to develop new
alternative therapies to maintain gold-standard patient care.[]
Additionally, current wound dressings are commonly impreg-
nated with antibiotics, antimicrobial agents, and growth factors
and can create a sealed anaerobic environment, which favors
mature biofilm formation and contributes to impaired wound
healing.l’!

Nanotechnology involves materials sized within the nanoscale
range of 1-100 nm.[') Nanoparticles (NPs) have been success-
fully exploited in a wide range of biomedical industries includ-
ing wound management.''12] Additionally, attractive customiz-
able properties of NPs allow for a wide range of synthesis meth-
ods, including both metallic and non-metallic materials for the
treatment of localized wound infection.''] Among all, silver
NPs (AgNPs) have been previously demonstrated as effective
antimicrobial agents for both gram-negative and gram-positive
organisms.['%l AgNP’s antibacterial application is influenced by
their physicochemical properties, release mechanism as well as
delivery mode."31* Although AgNPs are widely used in clinical
wound management, the dressings have clear limitations includ-
ing the lack of consistent antibacterial activity, low stability, high
toxicity toward mammalian cells, and short therapeutic applica-
tion time.[1%1>16] Therefore, current research is focused on the
development of biocompatible, antimicrobial nanomaterials with
synergistic wound healing-promoting properties for wider clini-
cal application.

Black Phosphorus a 2D material has recently been identified as
an attractive antimicrobial agent with potential roles in promot-
ing key phases of wound healing.!'”] The material’s layered flake-
like morphology often termed Black Phosphorus nanoflakes (BP-
NFs) can be synthesized using many exfoliation techniques.!*”]
BPNFs are characterized by a distinct honeycomb lattice struc-
ture, with a pair of lone phosphorus atoms allowing for extreme
air sensitivity."¥! BPNFs are composed of nanosheets that are
held together in the vertical direction by weak van der Waals
forces.[1%2% These unique structural features have previously per-
mitted its application in electronic devices, however, the use of
BPNFs in medical applications particularly as an antimicrobial
agent has not been greatly explored to date. Indeed, no studies
to date have investigated the role of BPNFs in wound applica-
tions, particularly wounds that are infected with drug-resistant
pathogens.

BPNFs possess antimicrobial properties mediated by two ma-
jor bacteria-killing mechanisms with unique nano-bio interface
interactions.[?!] The first mechanism is attributed to the physi-
cal characteristic of the nanoflake, known as the “nanoknife” ef-
fect where the sharp edges of the flake come into physical con-
tact with the bacterial membrane triggering the damage and leak-
age of cytoplasmic content and subsequently bacterial death.[*!]
The second major antimicrobial mechanism arises from a photo-
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oxidative reaction which produces singlet oxygen ('O,), hydroxyl
(OH™), and a superoxide (O, ) moiety, also known as reactive oxy-
gen species (ROS).[1*22] Numerous studies to date have shown
that ROS are produced through light-activated mechanisms,
which is reflected in the use of near-infrared radiation (NIR) in
all current in vivo studies with Black Phosphorous, compensating
for the multi-layered structure.['®23-29] Most of the current under-
standing of BP materials are associated with the use of nanohy-
brid combined with zinc oxidel*”! or silver nanoparticles!?*! or
achieving synergistic effects through photothermal treatment.[?’]
Among them, a study has focused on BP-zinc oxide nanohybrid
coated on a titanium surface to disinfect bacteria when activated
with photothermal treatment, where they have demonstrated that
98% bacterial reduction can be achieved only when a high NIR
light irradiation (A = 808 nm; 5 min at 65°C) is used.3!! This
not only presents low specificity, however, also the unwanted risk
of in vivo toxicity, damage, and severe inflammation of tissue.*?
The current study for the first time reveals that layered BPNFs can
mediate biological activity independent of NIR or similar light
sources. Here, the ROS-mediated biological activity is induced
under ambient light conditions offering flexibility, simplicity, and
a wide range of application practicality Scheme 1.

In this study, we investigate the safety and efficacy of lay-
ered pristine-BPNFs using in vitro and in vivo preclinical in-
fected murine wound models under ambient light conditions.
The in vitro antibacterial activity of the developed BPNFs was
tested against gram-positive and gram-negative bacteria, show-
ing superior bacterial killing without causing any adverse effects
on mammalian skin cells. Additionally, the efficacy of the de-
veloped BPNFs was tested using preclinical models of murine
wound infection using S. aureus (Xen29) Scheme 1. This study
showed promising potential in eliminating clinically relevant
wound infections, while simultaneously promoting cutaneous
wound healing as indicated by accelerated wound closure, re-
epithelization, and a higher degree of neutrophils in the wound
bed compared to both controls and industry standard. Excitingly,
this study for the first time reveals that pristine BPNFs can per-
form independently of a light source to eliminate drug-resistant
infection and promote the healing of clinically infected wounds,
offering exciting avenues for future developments. In addition,
the BPNFs can be synthesized at a scalable range with added flex-
ibility to be integrated into wound dressings and formulations for
topical applications.

2. Results and Discussion

2.1. Material Characterizations

BPNFs are allotropes of phosphorus that has an orthorhombic
structure (Figure 1a) and their layers are held together by weak
van der Waals forces.[**] The BPNFs solution was prepared using
liquid-phase exfoliation in dimethyl sulfoxide (DMSO).[1%3* The
BPNFs were characterized using a combination of spectroscopic
and microscopic techniques following established protocols.1934]
In the Raman spectrum (Figure 1b), three distinct peaks cor-
respond to the signature BPNFs peaks, A', (361 cm™), B?,
(438 cm™), and A’, (465 cm™').’5*] The flakes were visual-
ized using transmission electron microscopy (TEM) showing
a size of 850 nm (Figure 1c) which is closely supported by
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Scheme 1. Schematic illustration of BPNFs biological application and its role to eliminate wound infection while concurrently improving healing out-

comes.

scanning electron microscopy (SEM) measurements of 900 nm
flake size (Figure 1d). Further characterization was done us-
ing energy-dispersive X-ray spectroscopy (EDS) (Figure 1df). The
EDS maps show the BPNFs are composed of primarily phos-
phorus atoms, with some oxygen atoms present. This oxygen
can be attributed to the formation of an oxide layer.’”*8] The
size distribution of the BPNFs was determined using atomic
force microscopy (AFM) (Figure 1g). The average flake thick-
ness was 41+33 nm (Figure 1h) and the average lateral size was
259+179 nm (Figure 1i). Additionally, further characterizations
of selected bulk samples of different batches were measured to
ensure consistency with the primary characterizations. The ad-
ditional data of Raman spectra (Figure S1, Supporting Infor-
mation), EDS Maps (Figure S2, Supporting Information), SEM
(Figure S3, Supporting Information), TEM (Figure S4, Support-
ing Information) and AFM images (Figure S5, Supporting In-
formation) of the BPNFs can be found in the supporting infor-
mation, all showing similar functionality, morphology, and thick-
ness which are consistent to Figure 1.

2.2. Cytotoxicity Evaluation

To optimize the concentration of BPNFs that was safe for use
on mammalian skin cells, a dose-response experiment was per-
formed. First, the cell viability was assessed using the Live/Dead
assay by selecting low (1000 pg mL™') and high (1500 ug mL™")
BPNFs concentrations. Fluorescent microscopy images con-
firmed that both treatment groups exhibited a high degree of
green fluorescence and displayed normal HaCaTs and HFFs
morphology comparable to the saline control (Figure 2a,b). Fol-
lowing quantification of bacterial viability, both human skin
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cells demonstrated > 98% cell viability after 24 h of BPNFs
treatment (Figure 2c), proposing a high degree of biocompat-
ibility for clinical applications in wound management. These
findings are in agreement with previously published studies,
where the “nanoknife” effect had limited impact on mammalian
cells, attributed to their difference in size compared to bacte-
rial cells.[**] In addition, cell metabolic activity was determined
following treatment in a dose-dependent manner using a re-
sazurin assay. As shown in Figure 2d,e, concentrations of BP-
NFs < 1250 pg mL~! demonstrated > 70% metabolic cell viability
in both mammalian cell types suggesting a clinically acceptable
level of active cell metabolism based on the industry standard of
testing ISO 10993-5:2009, Biological Evaluation of in vitro cyto-
toxicity. However, BPNFs have the ability to absorb light at varying
wavelengths, particularly between 550 and 590 nm (weak light
absorption) and 250450 nm (strong light absorption).?*4%) As-
sessing cell viability using Live/Dead staining supported by mi-
croscopy images is the preferred way to measure cell viability and
functionality for these kinds of materials. This minimizes light
absorption during measurements providing more accurate mea-
surements of their overall viability. Therefore, BPNFs at the op-
timal concentration can be used for topical wound application
studies without negatively impacting mammalian skin cells.

2.3. In Vitro Antibacterial Activity of BPNFs

The antibacterial activity of the BPNFs at different concentra-
tions was determined against gram-negative and gram-positive
bacteria including S. aureus (Xen 29 and MRSA) and S. epider-
midis, P. aeruginosa, and E. coli. These pathogens represent a high
clinical relevance in the wound infection continuum. First, the
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Figure 1. Characterization of Black Phosphorus nanoflakes. a) Structure of pristine BPNFs. b) Raman spectra of exfoliated BPNFs deposited on a silicon
substrate. ¢) TEM and d) SEM images of the BPNFs, and the corresponding EDS maps showing e) phosphorus and f) oxygen atoms. g) Representative
AFM scan of a cluster of BPNFs used to determine the h) thickness and i) lateral size of the BPNFs in solution.
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Figure 2. BPNFs had limited effects on skin cell viability. a,b) Representative images of HaCaTs and HFFs stained with Calcein AM (green) and dead
cells stained with EthD-1 (red) following 24 h of treatment with BPNFs_Low (1000 ug mI~") and BPNFs_High (1500 pug mI~"). c) The corresponding cell
viability after treatment for both skin cells at low and high concentrations compared to control. d,e) In vitro metabolic skin cell activity was determined
by a resazurin assay following 24 h of BPNFs treatment on HaCaTs and HFFs. Scale bar 50 um. Data is shown as mean + SEM.

minimum inhibitory concentration (MIC) of BPNFs against
gram-negative and gram-positive pathogens was determined us-
ing a microdilution dose-response assay. This study demon-
strates the antimicrobial properties of few-layered BPNFs
through oxidation in ambient light conditions, without expos-
ing the BPNFs sample to external light activation (i.e., NIR).
Generally, BPNFs require activation energy to mediate their
degradation causing ROS-mediated antibacterial killing. In this
study, the BPNFs were found to have a MIC in the range of
7501500 pg mL~" in indoor laboratory light conditions. The MIC
observed for S. aureus and P. aeruginosa was 1500 pg mL~! while
the MIC for S. epidermidis and E. coli was 750 pg mL~! (Figure S1,
Supporting Information). The effect of BPNFs on the MIC was
also confirmed using a luminescent strain of S. aureus (Xen29)
showed no detectable bacterial growth at 1500 pg mL~! as de-
noted by the absence of luminescence in the wells (Figure S6,
Supporting Information). The luminescent intensity was simi-
lar to that of sterile TSB confirming the near-complete inhibi-
tion of S. aureus treated with BPNFs at 1500 pg mL~'. The an-
tibacterial efficacy of most BPNFs is highly dependent on exter-
nal light sources to activate the ROS mechanism to mediate the
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antibacterial effect. We report an improved antibacterial activity
against resistant bacteria, primarily due to BPNFs unique struc-
tural arrangement supported with controlled degradation in am-
bient light conditions.

Further, the time-dependent bacterial killing using gram-
negative and gram-positive bacteria was also assessed using
Live/Dead bacteria staining. Bacterial growth after each treat-
ment was stained with a Live/Dead Baclight Viability kit (Thermo
Fischer Scientific) and imaged using confocal microscopy. The
kit contains SYT09/propidium iodide (PI) where the SYT09
stains intact membranes while the PI stains membranes that
are compromised representing bright red fluorescence. The con-
focal images show distinct differences in the fluorescent inten-
sity proportion between green/red. As shown in Figure 3ad, the
control group for S. aureus and P. aeruginosa showed the high-
est green fluorescence indicating minimal cell death within 24
h resulting in over 95% cell viability. However, S. aureus treated
with BPNFs showed a 62% loss of cell viability within 2 h, fol-
lowed by an 80% loss of viability after 6 h (Figure 3a,b). After 24
h, over 99% of bacteria were killed as also indicated by the con-
focal images showing red and yellow fluorescence representing

© 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 3. BPNFs in vitro antimicrobial effects against S. aureus and P. aeruginosa. a,b) Confocal images of time-dependent S. aureus and corresponding
bacterial viability (%). c,d) Confocal images of P. aeruginosa and corresponding quantitative analysis of viability (%). Scale bar 10 um. Data is shown as

mean + SD.

membrane-compromised cells. A similar trend was also observed
in response to P. aeruginosa resulting in over 80% bacterial death
after 24 h of treatment compared to the control (Figure 3d). This
time-dependent killing assay supports the notion that the BPNFs
could exert their antibacterial effect through physical contact, in-
ducing membrane damage and rapid bacterial killing efficiency
which could be highly useful for in vivo wound infection treat-
ment to ensure rapid infection clearance.

2.4. In Vivo Antibacterial Effects of BPNFs

The in vivo antibacterial application of BPNFs was validated
using a preclinical mouse wound infection model with daily
treatment for 7 days. Once the S. aureus infection had devel-
oped, the mouse wounds were treated topically using either
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ciprofloxacin (antibiotic control), saline (negative control), or BP-
NFs (1500 pg mL1) daily. Following the Australian Code for the
care and use of animals for scientific purposes, mice were housed
in a controlled environment including an ambient light within
limits compatible with rodent health and well-being including a
12h light/dark cycle as varied light/dark cycles require for reg-
ulation of rodent breeding and circadian rhythm. As shown in
Figure 4a, there was a distinct difference in bacterial reduction
as indicated by the photon intensity, where the antibiotic and
BPNFs showed significantly decreased wound infection levels
compared to the saline control (Figure 4a). Quantitative analysis
of infection levels over time indicated that there was a consis-
tent reduction in bacterial infection in response to both antibi-
otic and BPNFs, while the infection in saline controls remained
relatively high up to day 7 of the experiment (Figure 4b). Addi-
tionally, both BPNFs and antibiotic treatments had comparable

© 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAEaID 3|qedljdde aup Aq peuenob afe sejonie VO ‘8sn Jo se|ni Joj Areiq1auluO A8]1/M UO (SUOTPUOD-PUE-SLLBY/W0D A8 | 1M ARIq | U [UO//:SANY) SUORIPUOD Pue swe L 8y} 88s *[£202/60/2T] Uo AriqiTauliuo A8 |IM BIRISNY YIN0S JO AISRAIUN AQ GE200£202 0IPe/Z00T 0T/10p/LL0o" A3 | 1M AReid|BulUo//:Sdny Wo.y pepeo|umoq ‘0 ‘28689962


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

(a)

BPNFs Ciprofloxacin Saline

e

Saline Ciprofloxacin BPNFs

(p/sec/cm?/sr)

www.advtherap.com

(b) 108+
—_ - Saline - Ciprofloxacin— BPNFs
K4
2107
o
°
-3 £
i &108_
- x
=
e
© 1054
> %
X105 b=

Radiance

(e)

Il Saline
W Ciprofloxacin
I BPNFs

=3
=3

@
°

o
-3

B
o

Bacteria Viability (%)
n
o

o

Figure 4. BPNFs significantly reduced infection in an acutely infected mouse model over 7 days. a) Representative images of IVIS bioluminescent signal
between treatment groups measured by Radiance (p/s/cm3/r). b) Bacterial burden quantified as average total flux (Photons s™'). c) Representative
images of plates displaying colonies formed after treatment with i) saline, ii) ciprofloxacin iii) BPNFs. d) Representative confocal images of Live/Dead
bacteria viability. e) Quantification of wound bacterial levels by assessment of colony counts (CFU g~ at day 7 post wounding. f) Quantitative analysis
of average bacteria viability from confocal images (%). Scale bar 10 um. Data are shown as mean + SEM. “denotes a statistically significant difference,
using a two-way ANOVA where *p<0.01 “*p<0.001, “**p<0.0001, n = 8 in each group.

effectiveness in clearing S. aureus infection with no significant
difference noted between the two groups on day 7 using IVIS
imaging (P = 0.9893) (Figure 4b). Further analysis of the S. au-
reus counts from the excised infected wounds using CFU and
Live/Dead staining confirms the high level of bacterial clearance
between the three treatment groups (Figure 4c,d). CFU plates
show a clear decrease in the number of viable bacterial colonies
for the BPNFs treatment group, compared to the saline con-
trol (Figure 4c). Importantly, BPNFs treatment resulted in an
average 3 log reduction in bacterial load compared to the non-
treated infected control, with no significant difference observed
between the industry-standard control (ciprofloxacin antibiotic)
(P = 0.9995) (Figure 4e). Lastly, analysis of bacterial cell via-
bility using Live/Dead staining demonstrated an overall reduc-
tion in the intensity of green fluorescence in response to BP-
NFs treatment compared to the saline control confirming BP-
NFs ability to eradicate bacteria in wound biofilms (Figure 4d).
Quantitative analysis of bacterial viability revealed 80%, 18%, and
27% bacterial viability following saline, ciprofloxacin, and BPNFs
treatment respectively. Hence demonstrating similar efficacy be-
tween BPNFs and the gold standard broad-spectrum antibiotic
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ciprofloxacin (Figure 4f). These results suggest that BPNFs are
effective at reducing the number of viable bacteria after daily ap-
plication over the 7 days. In contrast, previous in vivo studies have
required external near-infrared irradiation (NIR) to initiate oxida-
tion, promote ROS generation and therefore facilitate antimicro-
bial effects.?*] In those reports using thicker multi-layer BPNFs,
the removal of the NIR light source resulted in incomplete bac-
terial destruction and therefore was deemed ineffective for treat-
ment in vivo.[2+?72#11 This has been demonstrated in a previous
study where multi-layered Black Phosphorus demonstrated only
a 33% antimicrobial efficacy without NIR compared to 77% with
NIR excitation.[**]

Clinically, poor light specificity of an external laser can result in
undesirable temperature rises to the surrounding wound tissue,
further impairing wound healing outcomes.[*’l We speculate that
the combination of nanoknife effect and ROS-mediated activity
of BPNFs was vital to rapidly eliminate pathogens, with sustained
antibacterial effect. This unique interaction within the nano-
bio interface also diminishes the opportunity for bacteria to de-
velop resistance as also highlighted in a previous study.*?! There-
fore, BPNFs offer a unique, effective, easy-to-use, and clinically
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translatable approach for the treatment of wound infections
through oxidation in ambient light conditions without the need
for an external light source application.

2.5. In Vivo Evaluation of Wound Healing

In the current study, BPNFs demonstrated enhanced wound
healing and tissue regeneration, evident at both a macroscopic
and microscopic level of analysis when compared to controls.
BPNFs treatment significantly increased the healing and regen-
eration process, with no evidence of erythema or maceration
at a macroscopic level of analysis (Figure 5a). An 80% wound
closure over a 7-day period was observed after daily BPNFs
treatment, with all quantifiable parameters suggesting that
the wounds were more advanced in the regeneration process
compared to the saline control or ciprofloxacin (Figure 5a,b).
Interestingly, ciprofloxacin had a bigger wound area compared
to saline control over the 7-day period and this is commonly ob-
served with antibiotic-based treatments delaying wound healing
responses in some instances. Furthermore, histological analysis
revealed that BPNFs treatment resulted in an improvement in
wound regeneration, demonstrated by a decreased wound size
and degree of tissue scabbing (Figure 5d). Additionally, BPNFs
improved the healing process compared to ciprofloxacin with
a significant decrease in wound length (P = 0.0381), reduced
wound gape, and an increased rate of wound re-epithelization
(P = 0.0186) and reduced wound penniculus gape (P = 0.0216)
(Figure 5eh). In most of these measurements, ciprofloxacin and
saline control showed a similar healing profile as demonstrated
by an increased wound length, gape, and decreased percentage
of re-epithelization compared to the BPNFs groups. Wound
re-epithelization is an important hallmark of tissue regeneration
attributed to the proliferative capacity of keratinocytes into the
epidermis and migration to form the new epidermis.[*** There-
fore, the high degree of biocompatibility with skin keratinocytes
and the observed improvement in the degree of re-epithelization
suggests that BPNFs promote wound healing stages even when
the wounds are clinically infected with a highly resistant S. aureus
bacteria.[*]

Despite BPNFs promising antibacterial application, the wound
healing properties are not well documented. No studies to date
have demonstrated the healing properties of few-layered BPNFs
in ambient light, however, similar effects on healing have been
established in other applications of multi-layered composite-
Black Phosphorus materials.>**1] A recent study demonstrated
the capacity of Black Phosphorus to act as an oxygen carrier with
hemoglobin through the application of microneedles in a diabetic
wound, where wound closure was evident within nine days.[*!]
Similarly, enhanced wound healing effects have been demon-
strated following the combined application of multi-layered Black
Phosphorus in conjunction with silver nanoparticles (AgNPs)
and laser irradiation.’*] This study attributed the enhanced
wound healing effects to the antimicrobial properties of the ma-
terial. A reduced bacterial burden in a wound has been proposed
to favor more rapid healing and tissue regeneration.l*) When
bacteria form mature biofilms, the development of neutrophil-
mediated killing resistance limits the ability of the host immune
system to fight and clear infection.l**] With the assistance of an-
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timicrobial therapies, including BPNFs, the reduction in local-
ized wound infection could enable wound healing to progress
past the inflammatory phase and proliferative phases and onto
the final re-modeling phase of tissue repair.[*’]

One possible direct mechanism of action of BPNFs could
be the effect of the byproducts on tissue repair. BPNFs have
previously been demonstrated to degrade into non-toxic phos-
phates, including phosphorous acid (H;PO;) and phosphoric
acid (H;PO,).[*®! The oxidation products of BPNFs are composed
of 48% H,PO, and 39% H,;PO, in water; and 77% H,;PO; and
23% H,PO, when oxidized in the air*®) This suggests that the
oxidation of BPNFs to produce acidic byproducts could be in-
fluencing the pH of the wound microenvironment and there-
fore directly contributing to the enhanced healing observed in
the current study. Literature suggests that the pH of the wound
significantly contributes to wound healing outcomes, with an
acidic wound environment favoring improved tissue healing.!*!
Specifically, pH influences enzyme and fibroblast activity, ker-
atinocyte proliferation, micro-organism growth, and immuno-
logical responses.l*"! To determine whether there were any sys-
temic effects of BPNFs or their byproducts extending to the ma-
jor organs in the body, H&E staining with tissue analysis was
performed. No toxicity, inflammation, tissue necrosis, or BPNFs
deposits were observed in the heart, kidney, liver, lung, or spleen
(Figure 6). This suggests that few-layered BPNFs were highly bio-
compatible for use in the treatment of wound infections; consis-
tent with previous in vivo applications demonstrating the safety
of BPNFs.[2426-28]

2.6. Inflammatory Response of BPNFs

Quantification of neutrophils and macrophage phenotype in the
wound bed was performed to determine the influence of treat-
ments on the local inflammatory response of locally infected
wounds. Analysis of NIMP-R14 positive neutrophils showed that
the BPNFs treatment resulted in a significant decrease in the
number of neutrophils in the wound bed (Figure 7a). Quantita-
tive analysis revealed an average 40% decrease in the number of
neutrophils compared to the saline control on day 7 of the trial
(P = 0.0121) (Figure 7b). While antibiotic treatment also had a
trend toward reduced neutrophil infiltration into the wound bed
this was not significantly different to either saline control. Infil-
tration of neutrophils into the wound bed is normally observed
during the inflammatory phase to clear micro-organism infec-
tion and other cellular debris and is required for healing and
host responses to localized wound infection.l*!>!] However, the
continual recruitment of neutrophils can prolong inflammation
and result in the formation of chronic non-healing wounds that
do not progress past the inflammatory stage.>!! Current findings
suggest that a decrease in neutrophils observed following BPNFs
treatment could favor the progression of healing from the inflam-
matory phase to the proliferative phase and the final remodel-
ing phase suggesting that these wounds have progressed further
along the healing pathway. This is in agreement with a previous
study that described similar effects on wounds from treatment
with composite-Black Phosphorus materials where significantly
fewer inflammatory cells were observed in a diabetic wound
when Black Phosphorus was delivered in a gel and irradiated with
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Figure 5. BPNFs enhance the healing rate of infected mice wounds over a 7-day period. a) Representative digital photographs and schematic traced
wounds demonstrating the rate of healing and wound closure. b,c) Wound area and wound gape measured as a % of day 0. d) Representative images
of H&E-stained wounds for each treatment group. The yellow line denotes wound length, the blue arrow denotes wound gape, and the red line denotes
wound re-epithelization (%). eh) Quantitative analysis of wound parameters including wound length (mm), wound re-epithelization (%), wound gape
(mm), and panniculus gape (mm). Data are shown as mean + SEM. * denotes significance between groups using a two-way ANOVA where *p<0.05,
*p<0.01, “*p<0.001, n = 10 in each group. Scale bar 1T mm.

NIR light.[?! The study attributed the low number of neutrophils 1+ (orange)) demonstrated distinct differences between the
to the excellent bacterial clearance of the material. treatment groups (Figure 8a). Notably, M2 anti-inflammatory

Wound inflammation was further analyzed using macrophage  macrophage expressing both F4/80/YM-1 was higher for the
phenotype. The macrophage infiltration and phenotype us-  ciprofloxacin and BPNFs. The ratio of the macrophage pheno-
ing markers of M1 (F4/80+ (green)) and M2 (F4/80+/YM-  type showed a significantly higher M2/M1 ratio in BPNFs-and
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Figure 6. Treatment with BPNFs did not result in any tissue inflammation, toxicity, or necrosis in the major organs of mice. Histological sections (H&E
stained) from five major organs of mice at 7 days post-wounding, including heart, kidney, liver, lung, and spleen. Scale bar 200 um.

ciprofloxacin-treated wounds compared to saline control how-
ever this was not significant for the antibiotic-treated group
(Figure 8a,b). These measurements are consistent with the neu-
trophil analysis showing reduced neutrophils in the wound area
suggesting resolved wound inflammation. Therefore, there is a
strong indication that BPNFs help to significantly reduce wound
inflammation by controlling neutrophil and macrophage popula-
tions within the wound bed to facilitate both infection clearance
and progression of the healing process. This also attributes to
improved wound healing outcomes observed. The current study

now highlights the role of BPNFs in clearing infection and pro-
moting wound healing in ambient light as indicated by acceler-
ated wound closure, re-epithelization, and controlled wound in-
flammation.

3. Conclusion

In conclusion, the current study demonstrated that novel BPNFs
can be developed to maintain a high degree of stability and biolog-
ical activity serving as a promising antibacterial agent for wound
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Figure 7. BPNFs decreased the number of neutrophils present in the wound bed on day 7. a) Representative images of the stained neutrophils in the
wound bed for the three treatment groups. “S” denotes scab region and “W” denotes wound bed. White arrows indicate the multilobulated nucleus of
neutrophil cells. b) Quantification of wound inflammation in S. aureus infected wounds by analysis of NIMP-R14+ve neutrophil cells in wounds of mice
treated with BPNFs, antibiotic or saline control. Data are shown as mean + SEM. * denotes significance using a one-way ANOVA where “p<0.05, n = 5
in each group. Scale bar 250 and 50 pm for the magnified images.
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Figure 8. BPNFs increase anti-inflammatory macrophage. a) Representative images of immunofluorescent macrophages by F4/80 (green) and YM-1 (or-
ange) staining counterstained with DAPI (blue) in wounds. b) The ratio of M2/M1 macrophage phenotype in wound bed of saline control, ciprofloxacin,
and BPNFs treatment. Data are shown as mean +SEM and the * denotes a significant difference compared to saline control (p < 0.05) using one-way
ANOVA followed by Dunnett’s multiple comparison test. ““*p <0.0001. Scale bar 100 and 50 um.

management applications. Importantly, when BPNFs were exfoli-
ated into a “few-layer” structure, the oxidation properties in ambi-
entlightincreased in vitro antibacterial effects against both gram-
positive and gram-negative pathogens, with negligible toxicity to-
ward mammalian skin cells. We demonstrate that BPNFs are also
highly effective against in vivo wound infection by demonstrating
successful reduction of S. aureus infection following daily topi-
cal application over a 7-day period. This demonstrates that few-
layered BPNFs can elicit in vivo antimicrobial effects through oxi-
dation in ambient conditions, without the assistance of NIR light
activation, enabling broader application of this material in clini-
cal wound management. Importantly, BPNFs had a significantly
positive impact on healing demonstrated by accelerated and en-
hanced wound closure, increased re-epithelization, and reduced
inflammatory responses, all contributing to favorable tissue re-
generation. These results provide an opportunity to progress
a few-layered BPNFs along the commercialization pathway to-
ward a novel, effective management option for the treatment of
wounds infected with antibiotic-resistant bacteria.

4. Experimental Section

Preparation and Exfoliation of BPNFs:  The BPNFs were prepared using
liquid-phase exfoliation similar to the previously reported approach.[1%:34]
The bulk Black Phosphorus crystal (130 mg) was mechanically ground into
a powder and resuspended in 20 mL of dimethyl sulfoxide (DMSO). The
Black Phosphorus suspension was then exfoliated using a probe ultra-
sonicator (ScientZ-11D) for 6 h (130 W). Before characterization, the BPNF
solution was twofold serial diluted in DMSO and drop cast onto the rel-
evant surface. The surfaces were then dried on a hotplate, then further
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dried under the flow of N, gas to remove any excess DMSO.[>2] The sam-
ples were then stored under vacuum for future experiments. For biological
applications, the BPNF solution was purified through a series of washing
processes with milliQ water to remove the excess DMSO and finally resus-
pended in milliQ water at the desired concentration. As Black Phosphorus
was light sensitive, all samples were prepared and stored under dark con-
ditions.

BPNFs Characterization: The solution of BPNFs was characterized
through a series of chemical and physical assessments using established
protocols.['>34] A Horiba LabRAM HR Evolution Micro-Raman system
equipped with a 532 nm laser source (50x objective) was used to ob-
tain the Raman spectra for the BPNFs. Scanning electron micrographs
of the BPNFs were obtained using a FEI Verios field-emission gun scan-
ning electron microscope (VP, Oberkochen, BW, Germany). Micrographs
were obtained using 3 kV. EDS maps of BPNFs were obtained using an
Oxford XMax30 EDX Detector using 15 kV. TEM A JEOL JEM-2100F TEM
equipped with a field emission gun operating at 200 kV was used to image
the BPNFs. The TEM instrument was equipped with a Gatan OneView 4k
camera. AFM images were obtained using a Cypher ES AFM (Oxford In-
strument, Asylum Research, Santa Barbara, CA, USA). All AFM measure-
ments were taken using AC240 cantilevers (Oxford Instrument, Asylum
Research, Santa Barbara, CA, USA, nominal spring constantk. =2 N m’1)
which were tuned using the thermal spectrum method. The AFM was op-
erated in AC mode using a set point ratio (Imaging Amplitude (A)/free
amplitude (A0)) of >0.7 to minimize imaging forces. The resulting height
profiles of the BPNFs were processed using Gwyddion.

Mammalian Cell Cytotoxicity: Human Keratinocytes (HaCaTs) and Hu-
man Foreskin Fibroblast cells (HFFs) were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) (ThermoFisher Scientific, Australia) (supple-
mented with 20% Fetal Calf Serum (FCS), 1% PenicillinStreptomycin (PS)
at 37°C, 5% CO,. Cells were exposed to a twofold serial dilution of stock
solution of BPNFs (10 mg mL™") and further incubated for 24 h. The cells
were stained with 10% Resazurin solution (ThermoFisher Scientific, Aus-
tralia) and incubated for 2 h at 37°C. Fluorescence (540 nm/590 nm) was
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measured using the FLUOstar Optima Microplate reader (BMG Lab Tech,
UK, 2022) using standard protocols.[>3]

Live/Dead Mammalian Cell Viability: ~ Cell viability was quantified us-
ing the Live/Dead Viability/Cytotoxicity Kit for mammalian cells (Ther-
moFisher Scientific, Australia) following manufacturer's recommenda-
tions and previously published studies.>3] Human Foreskin Fibroblasts
and Human Keratinocytes were grown to 95% confluency on glass cover-
slips in a 24-well plate. Cells were stained with a combination of 2 pL of cal-
cein AM (component A) and 8 pL of ethidium homodimer-1 (component
B) combined with 4 mL of PBS. 200 uL was dispensed into each well and
incubated at room temperature (2025°C) for 30 min. Cells were imaged
using an Olympus 1X81 light microscope (Olympus, Tokyo, Japan) using
channels 494/517 nm (for component A) and 528/617 nm (for component
B). Cell viability was quantified using the software Image) (NIH, Bethesda,
MD, America) following established protocols.[>3]

In Vitro Antibacterial Assessments:  Minimum Inhibitory Concentration
(MIC)-The minimum inhibitory concertation (MIC) was determined us-
ing the microdilution method according to the previous protocols.l>4! S.
aureus (ATCC12600) (Xen 29) (Perkin Elmer, UK), S. aureus (ATCC 19606
(MRSA), Pseudomonas aeruginosa (PAOT), S. epidermidis (ATCC 35984)
and Escherichia coli (10P50) were sourced from frozen stock at —80°C and
grown on a tryptic soya agar (TSA). The S. aureus Xen 29 were grown on
a selective TSA plate supplemented with 200 ug mL~" kanamycin. The
overnight culture was grown by suspending a single colony into a selective
tryptic soya broth (TSB) medium and incubated at 37°C for 24 h. Briefly,
TSB and respective treatment at equal volumes were mixed using 96-well
plates. The treatments included the following: a twofold concentration of
BPNFs and controls, PBS, antibiotic kanamycin, growth control, and steril-
ity control. Bacteria (10 pL) was dispensed into each of the wells at a final
concentration of 5 x 10° CFU mL™" and returned to the incubator for 24
h. The MIC was measured using a microplate reader or quantified using
the Xenogen IVIS Spectrum Imaging system (Caliper Life Sciences, Mas-
sachusetts, America).

Time-Dependent Antibacterial Effect-The bacterial viability was quantita-
tively evaluated using the Live/Dead Baclight viability kit as per the manu-
facturer’s manual (Invitrogen, Thermo Fisher Scientific). An overnight cul-
ture of S. aureus and P. aeruginosa was cultured in TSB at 37°C and then
diluted to 1 x 10% CFU mL~". Aliquots of the bacterial suspension were
grown on a sterile glass coverslip and treated with BPNFs and the nega-
tive control after 2, 6, and 24 h of exposure. Then, the bacterial cells were
stained with SYTO9 and propidium iodide. The samples were incubated
in the dark for 15 min at 25°C, followed by a PBS wash. The glass cover-
slips were mounted on a microscope slide to be imaged via an Olympus
FV3000 confocal laser scanning microscope. The number of live and dead
cells was quantified using Image) software (Fiji) 1.52a.

Animal Ethics:  All experimental procedures and protocols were ap-
proved by the University of South Australia Animal Ethics Committee
(U03-22). All procedures abided by the Animal Welfare Act and the Prin-
ciples of the Australian Code for the care and use of animals for scientific
purposes.

Excisional Murine Acute Wound Infection Model: A well-developed pre-
clinical model of S. aureus acute wound infection was used in this study
as previously described.[*®] Briefly, on day 0, mice were administered a
pre-operative analgesic buprenorphine (0.1 mg kg=") 60 pL in 0.9% saline
subcutaneously 30 min prior to surgery. The animals were anesthetized
through inhalation of 2.5% isoflurane gas and 2/L O, in a sealed cham-
ber. The fur was removed with hair removal cream (Veet) for 1 min after
which the skin was sterilized with a betadine and 70% alcohol wash. An
excisional wound was created on the dorsal side of the animal using a
6 mm punch biopsy (Acu-Punch, Australia). Digital images of the wounds
were taken daily for macroscopic analysis of wound healing. Mice wounds
were inoculated with 10 pL of S. aureus bacteria 3 h post-wounding and
were baseline imaged using the Xenogen IVIS Spectrum Imaging system
to ensure equal wound inoculation of 5 x 108 CFU. The total photon emis-
sion from the region of interest (ROI) within the defined wound area was
quantified using living ImageR software (Perkin Elmer, UK). Wounds were
treated daily with topical application of 30 pL of the respective treatment
(BPNFs solution, saline control, or antibiotic ciprofloxacin control) and
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imaged using Xenogen IVIS Spectrum Imaging system to enable quantifi-
cation of bacterial load and treatment efficacy. The BPNFs concentration
used for in vivo studies was determined from the MIC assay. The highest
dose of BPNFs (1500 ug mL~") was applied in 30 pL equivalent to 45 pg
BPNFs per mouse wound. On day 7, the mice were humanely killed using
CO, asphyxiation and cervical dislocation. Wounds were excised, half of
the wound was processed for histology, a quarter for CFUs analysis, and a
quarter for analysis of biofilm biomass. Organs including the liver, kidney,
spleen, heart, and lung were removed from three mice from each group.
All collected tissues were placed into cassettes and fixed in 10% forma-
lin for 24 h, before being transferred to 70% ethanol the following day for
tissue processing and histology following established protocols.[*¢]

Macroscopic and Microscopic Analysis of Wound healing:  For macro-
scopic assessment of wound healing, daily digital images of wounds were
analyzed using ImageProPlus (Media Cybernetics, Inc., Bethesda, MD,
America). Macroscopic analysis of wound area wound gape and micro-
scopic histological analysis of wound length, dermal gape, panniculus
gape, and wound re-epithelization were performed using previously es-
tablished protocols.[”] Wound tissue and major organs were processed,
paraffin-embedded, and cut into 4 pm thickness using a Microtome (Leica
Biosystems, Victoria, Australia). The sections were stained for hematoxylin
and eosin (H&E) using previously established protocols.[*8] Images were
taken using an Olympus 1X81 light microscope (Olympus, Tokyo, Japan)
and ImageProPlus program used in wound healing analysis. Sections of
major organs were examined for microscopic particles or deposits of BP-
NFs and any pathological changes or tissue inflammation.

Assessment of Wound Inflammation: Collected tissue samples were
also immuno-stained for inflammatory markers within the wound bed us-
ing the previously described protocols.[®] Sections were deparaffinized
and subjected to antigen retrieval solution (TRS) in an Antigen Decloaker
(Biocare, Medical, USA) at 90°C for 10 min followed by a PBS wash
and enzymatic digestion using 0.0625 g of Trypisin (SigmaAldrich, Syd-
ney, Australia) dissolved in PBS and pre-warmed to 37°C. The sections
were washed in PBS and blocked using 3% blocking serum NGS for 45
min, followed by a primary antibody NIMP-R14, Rat Monoclonal Antibody
(0.5 pg mL™1, sc-59338, Santa Cruz Biotechnology, Dallas, TX, USA) F4-80
Rat anti (0.5 pg mL™', MCA497R Bio-Rad Laboratories) and YM-1 Rabbit
anti (0.37 pg mL™', 60130 Stem Cell Technologies) in a blocking buffer
(3% NGS in PBS) overnight at 4°C. Sections were washed for 2 min in
PBS three times and then incubated with Alexa Fluor 488, Goat-anti-Rat
1gG (5 pg mL™", Invitrogen, CA, USA) for 1 h in the dark at room tem-
perature. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI)
(Sigma Aldrich) at a 1:5000 dilution of T mg mL™" stock. Slides were
washed three times for 2 min in PBS to remove any unspecific binding and
mounted using a fluorescence medium (DAKO Corporation, Australia).
Slides were stored at —20°C and wound sections were imaged using an
Olympus IX81 epifluorescence microscope (Olympus, Tokyo, Japan). As-
sessment of neutrophil and macrophage infiltration into the wound bed
was analyzed using CellSens Imaging Software (Olympus, Tokyo, Japan)
quantified as fluorescence intensity per area. Negative controls were in-
cluded to demonstrate antibody staining specificity. All control sections
had negligible immunofluorescence.

In Vivo Antibacterial Assessments: Colony Forming Units (CFU)-CFU
counts were completed using infected wounds from day 7 of the mouse
experiment to verify the number of viable S. aureus bacteria in the wounds
and confirm infection quantification obtained by using IVIS biolumines-
cent imaging. Using the spot plate method under sterile conditions, one-
quarter of the tissue sample was resuspended in sterile PBS and ho-
mogenized by vortexing three times and a further 2-min sonication. Ho-
mogenates were further serially diluted in PBS (1:20 dilution) in a 96-well
plate and 20 pL spots for each dilution were dispensed in triplicate onto
selective TSA plates. After allowing the spots to completely dry for 5 min,
the plates were moved to a 37°C incubator. After overnight incubation,
visible colonies were counted manually.

Bacterial Viability (Live/Dead Tissue Staining)-Bacterial viability was eval-
uated using a Live/Dead Baclight viability kit (Invitrogen, Thermo Fisher
Scientific, Australia). Wound tissue was washed using PBS and then
stained using a 1:1 ratio of 3 uL mL~" of STYO9 (live cell stain) and with
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Propidium lodide (dead cell stain) in PBS. The STYO9 dye binds to nucleic
acids of intact cells, allowing it to fluoresce green under a 485 nm wave-
length laser. The Propidium lodide binds to the nucleic acids of dead cells
and fluoresces red under a 561 nm wavelength laser. After staining for 20
min in the dark, the tissue was placed on a glass coverslip and mounted on
a microscope glass slide. Images were taken using the Olympus FV3000
Confocal Laser Scanning Microscopy. Bacterial viability was quantified us-
ing Image] software following previously established protocols.!™3]

Statistical Analysis: ~ Statistical analyses were performed using Graph-
Pad Prism version 8.0 (GraphPad, Sacramento, California, America). Data
were analyzed with a one-way ANOVA or two-way ANOVA. Post hoc com-
parisons were completed using a Tukey post hoc test to see if significance
was present. Significance was denoted at p<0.05 and all data presented
as mean + standard error of the mean (SEM) unless otherwise noted.
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