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Illuminating the biochemical interaction of
antimicrobial few-layer black phosphorus
with microbial cells using synchrotron
macro-ATR-FTIR†
Z. L. Shaw, a Samuel Cheeseman, b Louisa Z. Y. Huang,b Rowan Penman,b
Taimur Ahmed, ac Saﬀron J. Bryant, b Gary Bryant, b
Andrew J. Christoﬀerson, b Rebecca Orrell-Trigg, b Chaitali Dekiwadia,d
Vi Khanh Truong, b Jitraporn Pimm Vongsvivut, e Sumeet Walia *af and
Aaron Elbourne *b
In the fight against drug-resistant pathogenic bacterial and fungal cells, low-dimensional materials are
emerging as a promising alternative treatment method. Specifically, few-layer black phosphorus (BP) has
demonstrated its eﬀectiveness against a wide range of pathogenic bacterial and fungal cells with studies
suggesting low cytotoxicity towards healthy mammalian cells. However, the antimicrobial mechanism of
action of BP is not well understood. Before new applications for this material can be realised, further indepth investigations are required. In this work, the biochemical interaction between BP and a series of
microbial cells is investigated using a variety of microscopy and spectroscopy techniques to provide a
greater understanding of the antimicrobial mechanism. Synchrotron macro-attenuated total reflectionFourier transform infrared (ATR-FTIR) micro-spectroscopy is used to elucidate the chemical changes
occurring outside and within the cell of interest after exposure to BP nanoflakes. The ATR-FTIR data,
coupled with high-resolution microscopy, reveals major physical and bio-chemical changes to the
phospholipids and amide I and II proteins, as well as minor chemical changes to the structural
polysaccharides and nucleic acids when compared to untreated cells. These changes can be attributed
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to the physical interaction of the BP nanoflakes with the cell membranes, combined with the oxidative
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interaction of BP nanoflakes with microbial cells, allowing for a better understanding of the antimicrobial

stress induced by the degradation of the BP nanoflakes. This study provides insight into the biochemical
mechanism of action that will be important for the next generation of applications such as implant
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coatings, wound dressings, or medical surfaces.
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The rise of drug-resistant bacteria and fungi is an increasing
issue within the medical and healthcare industries.1–4 The
World Health Organisation (WHO) predicts that by 2050, over
10 million deaths will occur as a result of drug-resistant
microbes.3,4 These microbes develop resistance due to the
continued over-prescription and misuse of antimicrobial drugs,
paired with rapid evolutionary adaptation.5,6 To this end, the
development of next-generation antimicrobial treatments has
gained the attention of the scientific community.7–10
With recent advancements in fabrication techniques, a
range of nanomaterials and nanoparticles have been investigated as potential antimicrobial treatments.7–11 Of these nanomaterials, numerous low-dimensional materials have demonstrated
antimicrobial properties, including graphene and graphene
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oxide,12,13 molybdenum disulphide,12,14 zinc oxide,15,16 and more
recently black phosphorus (BP).17–19 Both two-dimensional (2D)
and low-dimensional BP have demonstrated promising antimicrobial activity towards a broad spectrum of bacteria20,21 and
fungi.22 One important antimicrobial mechanism is thought to
be cellular oxidative stress induced by the generation of reactive
oxygen species (ROS), namely superoxides, hydroxides, and
peroxides, at the BP-cell interface;17,23 however, the precise
biochemical interactions of BP with microbial cell membranes
is still not fully understood. Moreover, the pathway of ROS
species production and the chemical identity of oxides remains
somewhat understudied.22 This is an important gap that needs to
be further investigated for BP, particularly at the bio-interface.
Measuring the chemical interactions of nanomaterials at
the bio-interface remains a challenge, especially for microorganisms. One technique that can be used to investigate these
chemical changes is Fourier transformed infrared (FTIR)
imaging.24,25 For this, biological molecules are illuminated with
infrared light, varying wavenumbers of which are absorbed
depending on the chemical bonds present in the molecules.
The resulting spectrum is reflective of key functional groups and
bonds present in biological samples, such as phospholipids,
proteins and polysaccharides which have well-defined IR-induced
vibrational modes.26 However, conventional benchtop FTIR is
limited in resolution, meaning that it cannot probe sub-cellular
phenomena in smaller biological systems, such as bacteria
and fungi.
In this work, the physical and biochemical interaction of
few-layer BP with model pathogenic microbial cells was investigated using a range of microscopy techniques combined with
the synchrotron-based macro attenuated total reflection
FTIR (ATR-FTIR). The Gram-positive methicillin-resistant
Staphylococcus aureus (MRSA) and Gram-negative Pseudomonas
aeruginosa were used as model bacterial species, along with the
fungal species Candida albicans. Scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and confocal
laser scanning microscopy (CLSM) were used to visualise the
physical interaction of BP nanoflakes with the cellular
membrane. Spatially-resolved ATR-FTIR measurements were
then used to interrogate the microbial-material interface with
high-resolution. The subcellular bio-chemistry of control and
treated cells were mapped across a population of microbes via
high-resolution ATR-FTIR spatial hyperspectral imaging, which
revealed distinct changes between systems.27,28 Specifically, the
resulting atomic vibrations within the methylene (3000–2800 cm 1),
amide I and II (1705–1500 cm 1) and fingerprint for nucleic
acids and polysacharides (1200–950 cm 1) spectral regions were
used to spatially resolve subcellular biochemistry.24,29,30 Vibrational peaks within the methylene regions are often associated
with the cell phospholipid membrane, and the chitosan within
fungal membranes.24,28 The amide I and II bands are used
to identify the presence of microbial cells, as this vibration
band corresponds to proteins.30 Within the fingerprint region,
there are two ranges of interest. The nucleic acid region (1200–
1075 cm 1) which is associated with cell’s DNA and RNA,
and the polysaccharide bands (1150–900 cm 1) which can be
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attributed to structural polysaccharides, such as peptidoglycan,
found through the cell and cell wall.29,31 The similarities and
variations between the untreated and treated cell spectral maps
were identified using principal component analysis (PCA). The
absorbance bands with the greatest variation were used to assess
the chemical changes occurring within the microbial cells in the
presence of BP nanoflakes, highlighting the main cellular components affected during treatment. The changes appear to be the
result of cellular degradation, including phospholipids breaking
down, membrane damage, or amide proteins denaturing under
oxidative stress. This investigation provides a better understanding of the antimicrobial mechanisms of BP than previously
reported.

Materials and methods
Black phosphorus exfoliation and preparation
Black phosphorus (BP) nanoflakes were produced by grinding
5 mg of bulk BP crystal into a powder and suspending in 10 mL
of dimethyl sulfoxide (DMSO). The suspension was then probe
sonicated for 5 hours (130 W) in an ice water bath. BP suspensions undergo photo-oxidation under ambient light conditions,
so the samples were prepared and enclosed in dark, UV
protected conditions.32 Prior to microbial testing, the BP
solution was washed with N2 bubbled MilliQ water to remove
excess DMSO, then resuspended in the N2 bubbled MilliQ water
to a final concentration of 500 mg mL 1. For material characterisation, the BP in DMSO solution was drop cast onto the
relevant surface, dried on a hot plate at 90 1C, then dried using
a flow of N2 gas to remove any residual DMSO.33 BP was drop
cast onto holey carbon grids for TEM, and silicon wafer for all
other characterisation.
Bacterial strains and growth conditions
The two bacterial strains, methicillin-resistant Staphylococcus
aureus ATCC 700699 and Pseudomonas aeruginosa ATCC 27853,
were obtained from the American Type Culture Collection.
These species were selected as model Gram-positive and
Gram-negative bacteria. For each experiment, the bacterial
cultures were grown on Luria-Bertani (LB) agar (B.D., USA)
overnight at 37 1C. Bacterial cells were collected from the
culture using an inoculation loop, suspended in LB broth,
and grown overnight at 37 1C under static conditions. For all
bacterial experiments, the cells were washed, then resuspended
in phosphate buﬀered saline (PBS) and the density adjusted to
OD600 = 0.2  0.03, after collection on the logarithmic stage of
cell growth.
Fungal strain and growth conditions
The fungus Candida albicans clinical isolate was obtained from
South Australia Pathology Laboratory. The fungal cells were
cultured on potato dextrose (PD) agar plates for 2 days at 25 1C,
then suspended in PD broth overnight at 25 1C under static
conditions. The fungal cells were washed and resuspended in
PBS and the density was adjusted to OD600 = 0.4  0.03.
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AFM characterisation
AFM images were obtained using both a Cypher ES AFM
(Oxford Instrument, Asylum Research, Santa Barbara, CA,
USA) and a JPK nanowizard 4 (JPK BioAFM Business, Am Studio
2D, 12489 Berlin, Germany). All images were obtained under
ambient, partially covered conditions. The same cantilevers,
AC240 cantilevers (Oxford Instrument, Asylum Research, Santa
Barbara, CA, USA, nominal spring constant kc = 2 N m 1), were
used for all measurements. When operated in AC mode,
imaging forces were minimised via a setpoint ratio (Imaging
Amplitude (A)/free amplitude (A0)) of 40.7. The JPK instrument was operated in QI mode. All cantilevers were tuned prior
to use using the thermal spectrum method in combination
with inverse level sensitivity (InVOLs) as measured by force
spectroscopy.
Raman characterisation
The Raman spectra for the BP nanoflakes were obtained using a
Horiba LabRAM HR Evolution Micro-Raman system equipped
with a 532 nm laser source (50 objective).
Confocal imaging and cell viability analysis
A combination of confocal laser scanning microscopes (CLSM)
(A fluoview FV1200 inverted microscope, Olympus, Tokyo,
Japan, and a ZEISS LSM 880 Airyscan upright microscope,
Oberkochen, Germany) were used to determine the cell viability
of each microbial species with and without BP nanoflakes. The
bacterial samples were dyed using a LIVE/DEADs BacLightt
Bacterial Viability Kit, including SYTOs 9 and propidium
iodide (PI) (Molecular Probest, Invitrogen, Grand Island, NY,
USA). The SYTOs 9 permeates the cellular membrane and
binds to nucleic acids, and under 485 nm wavelength laser
illumination it will fluoresce green. PI is a membrane nonpermeable dye and can only bind to the nucleic acids of
damaged (dead) cells and fluoresces red when excited by
561 nm wavelength laser. Fungal cells were dyed using a
LIVE/DEADs Yeast Viability Kit including FUNs 1 and Calcofluors White M2R (ThermoFisher). FUNs 1 penetrates both
metabolically active and inactive cells. In metabolically active
cells FUNs 1 binds to the cell vacuoles and fluoresces red when
excited with a 561 nm wavelength laser. FUNs 1 fluoresces
yellow-green when interacting with cells with an intact
membrane when illuminated with a 488 nm wavelength laser,
and the absence of previously mentioned red fluorescence
indicates the cells are metabolically inactive. Calcofluors
White M2R will bind to all fungal cell membranes and fluoresces blue when excited with a 405 nm wavelength laser.
Microbial suspensions were stained according to the manufacturer’s protocol.34 Importantly, fluorescence overlap between
green (485 nm or 488 nm) and red (543 nm or 561 nm) was
avoided to ensure that there was minimal discrepancies in
viability assessment for the microbial cells. Photobleaching
was minimised by limiting the intensity of the laser, and the
duration of illumination with the laser light. The ratio of viable
(active) and non-viable (dead) cells was quantified using Cell-C
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(https://sites.google.com/site/cellcsoftware/), providing a meaningful assessment of the antibacterial activity.35,36
TEM characterisation
TEM images of BP nanoflakes were obtained with a JEOL 2100F
microscope (JOEL, Musashino, Akishima, Tokyo, Japan) equipped
with a Gatan Orius SC1000 CCD camera and operated at an
acceleration voltage of 80 keV. TEM images of the microbial cells
were obtained with a JEOL 1010 microscope (JOEL, Musashino,
Akishima, Tokyo, Japan) equipped with a Gatan Orius SC1000
CCD camera and operated at an acceleration voltage of 80 keV.
Prior to TEM imaging, the microbial cells were chemically fixed,
initially with a solution of 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buﬀer pH 7.4, then
with a 1% osmium tetroxide and 1.5% potassium ferrocyanide in
MilliQ water. The samples were then dehydrated with a series of
ethanol concentrations then suspended in acetone. The cells were
then infiltrated with Spurs resin.37 After polymerisation the
resulting resin blocks were sectioned at 90 nm thickness using
a Leica ultramicrotome UCT ultracut onto carbon formvar TEM
grids (300 mesh copper, Proscitech). Images were processed and
analysed using Digital Micrograph 2.31.
SEM characterisation
Scanning electron micrographs were obtained using a fieldemission scanning electron microscope (FE-SEM). A FEI Verios
SEM (VP, Oberkochen, BW, Germany) at 3 kV was used to image
the systems using methods previously described.11,22,38 Prior to
SEM imaging, all samples were chemically fixed, using a 3%
glutaraldehyde and 3% formaldehyde in sodium cacodylate
buﬀer pH 7.4 solution (ProSciTec, QLD, Australia), followed
by fixing with 1% osmium tetroxide in MilliQ water. The fixed
samples were dehydrated with a series of ethanol concentrations and air-dried. Dehydrated samples were further coated
with a thin film of iridium prior to imaging.
Synchrotron sample preparation and operation
Synchrotron ATR-FTIR microspectroscopy analysis of the
microbial cells was performed at the Infrared Microspectroscopy (IRM) beamline at the Australian Synchrotron using a
Bruker Hyperion 2000 FTIR microscope equipped with a liquid
nitrogen-cooled narrow-band mercury cadmium telluride
(MCT) detector, coupled to a VERTEX V80v FTIR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany). The spatially
resolved distribution of the chemical functional groups present
in the MRSA, Pseudomonas aeruginosa, and Candida albicans
cells with and without BP nanoflakes were imaged in ATR-FTIR
mapping mode.24,28,39 An in-house developed macro ATR-FTIR
device equipped with a 100 mm diameter facet germanium (Ge)
ATR crystal (nGe = 4.0) and a 20 IR objective (NA = 0.60;
Bruker Optik GmbH, Ettlingen, Germany) was used. The
unique combination of the high refractive index of the Ge
ATR crystal and the high NA objective used in this device,
when coupled to the synchrotron-IR beam, allowed the surface
characterisation of the concentrated microbial cell samples to
be performed at a high spatial resolution o1 mm.
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The microbial samples were grown in nutrient broth overnight before being centrifuged down into a pellet and fixed
using 4% formaldehyde in 0.1 M sodium cacodylate buﬀer pH
7.4. The samples were then drop cast onto silicon wafers, airdried, mounted on an aluminium disc and placed into the
sample stage of the macro ATR-FTIR unit. The Ge ATR crystal
was brought to the focus of the synchrotron-IR beam, and a
background spectrum was recorded in air using 4 cm 1 spectral
resolution and 256 co-added scans. The samples were then
brought into contact with the sensing facet of the Ge ATR
crystal, and a synchrotron macro ATR-FTIR spectral map was
acquired. Every spectrum was collected with a beam defining
aperture providing a nominal measurement area of 3.13 mm
diameter per pixel, at 0.5 mm step intervals. For each pixel,
the synchrotron macro ATR-FTIR spectrum was recorded over
a spectral range of 3900–950 cm 1 using 4 cm 1 spectral
resolution and 8 co-added scans. Blackman–Harris 3-Term
apodisation, power-spectrum phase correction, and a zerofilling factor of 2 were set as the default acquisition parameters
using the OPUS 8.0 software suite (Bruker), which was also used
for the initial data analysis. Prior to analysis, the spectra were
smoothed (25 points), the baseline was then corrected using a
concave rubber band correction (10 iterations and 64 baseline
points), and the spectra were normalised using min-max vector
normalisation. Chemical maps were generated from the
embedded spectra by integrating the area under the relevant
peaks using the OPUS 8.0 software.

Journal of Materials Chemistry B

Results
Characterisation of the black phosphorus nanoflakes
Few-layer black phosphorus (BP) is an allotrope of phosphorus
composed of stacked BP nanosheets held together by weak van
der Waals forces (Fig. 1A). BP nanoflakes have a carrier mobility
in the order of 1000 cm2 V 1 s 1 and size dependent bandgap
between 0.3 eV and 2.0 eV.44 Another key property of BP
nanoflakes are their degradation under ambient conditions
(see Fig. 1B and G).45 SEM images of the nanoflakes were taken
before (Fig. 1C) and after exposure to ambient conditions
(Fig. 1G) to show the resulting degradation. Energy-dispersive
X-ray spectroscopy (EDX) of the nanoflakes (Fig. 1D–F) shows
that the surface of the flakes is mainly phosphorus with some
oxygen, which is attributed to the formation of an oxide layer
on the surface in air (Fig. 1B).46,47 The BP nanoflakes were
charactered using high resolution TEM (HRTEM) (Fig. 1H),
which showed a lattice spacing of 0.48 nm and 0.35 nm
(Fig. 1I), consistent with that known for BP.45 Corresponding
diffraction patterns are shown in Fig. 1I (insert) and are in
agreement with the expected lattice parameters. Further characterisation was conducted using Raman spectroscopy (Fig. 1J).
The three peaks of interest, the A1g (361 cm 1), B2g (438 cm 1)
and the A2g (465 cm 1), are signature peaks for BP
nanoflakes.48,49 The size of BP nanoflakes was determined
using AFM, and the majority of the flakes had a lateral size
range of 200 to 500 nm, with thicknesses in the range 20 to
160 nm (Fig. 1K–M).

Synchrotron ATR-FTIR data processing and analysis
Multivariate data analysis was performed using CytoSpec
v. 1.4.02 (Cytospec Inc., Boston, MA, USA) and the Unscrambler
X 11.1 software package (CAMO Software AS, Oslo, Norway).
The hierarchical cluster analysis (HCA) functioned as a quality
control test, with HCA clusters chosen for further analysis
based on two criteria (1) low signal-to-noise ratio and (2)
prominent peaks in the amide I region (1705–1600 cm 1).
HCA was carried out with Ward’s algorithm, and cluster
imaging was carried out with the processed second derivative
spectra by assigning five clusters to be generated. Spectral
wavenumbers covering 1755–910 cm 1 and 3035–2780 cm 1 were
chosen for analysis as these regions contain the molecular information most relevant to the microbial samples,24,28,40 in particular the
protein, lipid, polysaccharide and nucleic acid signals.
The selected clustering from HCA was imported into
Unscrambler software to perform principal component analysis
(PCA). The second (2nd) derivative was performed using the
Unscrambler software using 9 data points and a polynomial
order of 3, by a Savitzky–Golay algorithm which removed the
broad baseline offset and curvature.41 In addition, the final
spectra were further analysed by the extended multiplicative
scatter correction (EMSC). The EMSC algorithm removes lightscattering artefacts and normalises the spectra accounting for
pathlength differences.24,42,43 After the EMSC correction, the
PCA was performed using the Unscrambler X 11.1 software
package. The first three principal components (PCs) were used
to compare the untreated and treated samples.
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Antimicrobial activity of the BP nanoflakes
The antimicrobial eﬃcacy of the suspension of BP nanoflakes
against 3 model microbial species was established. The species
used were the Gram-positive bacteria MRSA, Gram-negative
bacteria P. aeruginosa, and the fungal species C. albicans. The
relative percentage of live vs. dead cells was determined using a
diﬀerential staining technique and confocal laser scanning
microscopy (CLSM). Bacterial cells were stained with SYTOs
9 (green colour) and propidium iodide (PI, red colour). The
green colour indicates both intact and damaged cells, while red
cells represents damaged cells.11 Fungal cells were stained with
Calcofluors White M2R (blue colour) and FUNs 1 (yellowgreen colour). In metabolically active (healthy) cells, red spots
appear in the cell’s vacuoles or membrane, while nonmetabolically active (unhealthy) cells with intact membranes
appear green. The membrane for both healthy and damaged
cells fluoresce blue, however, completely dead cells can appear
just blue.50 The percentage of dead cells in the untreated group
was 24.82%, 15.23% and 7.50% for MRSA, P. aeruginosa and
C. albicans, respectively. Seperate bacterial and fungal solutions, respectively, were then exposed to BP nanoflake solution
for 6 hours. In these treated samples the proportion of dead
cells was substantially higher at 94.53% for MRSA, 81.54% for
P. aeruginosa and 82.83% for C. albicans (Fig. 2) when compared
to controls. These results are consistent with that previously
reported.20,22
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Fig. 2 CLSM analysis of the antimicrobial activity of BP nanoflakes. CLSM
images of (A) untreated and (B) treated MRSA, P. aeruginosa and C. albicans
cells after 6 hours of exposure to BP nanoflakes. For MRSA and P. aeruginosa
the green represents live cells, and the red represents dead cells. For
C. albicans the blue represents the cellular membrane, green appears within
cells with intact membranes and red indicates metabolically active (healthy)
cells. The white scale bar represents 10 mm. (C) Corresponding percentages
of dead cells for untreated and treated for each species.

Physical interaction of black phosphorus nanoflakes with
microbial organisms

Fig. 1 Characterisation of BP nanoflakes. (A) Pristine BP nanoflake structure
and (B) the degradation of BP in the presence of oxygen. (C and D) SEM
images of BP nanoflakes and EDX showing (E) phosphorus and (F) oxygen
atoms. (G) SEM of nanoflake after exposure to ambient conditions showing
the degradation. (H) TEM images of BP nanoflakes and (I) HRTEM of the
lattice spacing of the BP nanoflake with the corresponding diﬀraction
pattern (insert). (J) Raman spectra of the exfoliated BP nanoflakes
deposited on a silicon substrate. (K) Representative AFM scan of the
nanoflakes used to determine the (L) lateral size and (M) thickness of the
flakes in the solution.

This journal is © The Royal Society of Chemistry 2022

The physical interaction of BP nanoflakes with MRSA, P. aeruginosa
and C. albicans was visualised using SEM and TEM (Fig. 3). Fig. 3A
shows SEM and TEM images of untreated cells. Notably in the SEM
their surfaces appear smooth and intact, and the morphology is
spherical for MRSA, rod shaped for P. aeruginosa, and oblong for
C. albicans, which is expected for healthy, living cells. Similarly, in
TEM images, which show the cellular cross-section, the cells,
and cell walls of the untreated cells appear intact, and the overall
native morphologies are maintained. After 6 hours of BP exposure
(Fig. 3B), the cell appearance changes dramatically. In the SEM
images, the cellular membranes/cell-walls appear misshapen, and
the overall structure of the cells is deflated and distorted, indicating
cellular damage. The BP nanoflakes can be seen entering the cell
membranes/walls in the TEM images for MRSA and C. albicans,
and the cells are slightly distorted. The morphology of the
P. aeruginosa cells are more transparent and distorted, indicating
the cells have ruptured and deflated, similar to the SEM images.
Chemical interaction of black phosphorus nanoflakes with
microbial organisms
High-resolution synchrotron macro ATR-FTIR spectral maps
were acquired to investigate the biochemical interaction of BP
nanoflakes with the bacterial and fungal cells.28 Specifically,
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Fig. 3 SEM and TEM images of MRSA, P. aeruginosa and C. albicans observed for both (A) untreated (control) cells and (B) BP-treated cells. The red
arrows indicate cellular damage or the BP nanoflakes interacting with cells.

the main regions of interest were the methylene region (3000–
2800 cm 1) for lipids, amide region (1705–1600 cm 1) for
proteins, and fingerprint region (1200–950 cm 1) for polysaccharide and nucleic acid changes. Fig. 4 shows representative
spectral-maps of these regions of interest as a function of FTIR
adsorption intensity, generated by integration of the data over
the indicated spectral region.28,31,51 This provides a visual
representation of the spectral data in real space (x–y). The
overlap of high-intensity regions over the 3000–2800 cm 1
and 1705–1600 cm 1 spectral ranges, indicate areas rich in
lipids and proteins respectively, which is an indication of
regions with high concentrations of cells.24,29 The spectral
region of 1200–1000 cm 1 indicates the presence of polysaccharides, which are often present in the cell wall or can be
excreted by the cell. Indeed, inspection of the FTIR-maps
obtained via integration of the –CH and amide 1 reveal areas

of high-signal which are roughly cellular in shape (see Fig. 4).
This is important, as it highlights the resolution of the technique and establishes that sub-cellular spectral analysis can be
achieved.
The spectral maps provide information on the distribution
of spectral regions of interest. Comparison of the spectral
patterns could hint at possible changes in cellular composition
following exposure to the BP nanomaterial. For the untreated
samples of each diﬀerent cell type, the methylene and amide I
spectral maps appear to have similar, overlapping intensity
patterns. The polysaccharide maps show more variation but
have some overlap with higher intensity amide regions. While
the maps are normalised, an increase in lower absorbance
(blue regions) in the CH and amide I spectral regions can be
observed following exposure to BP nanoflakes. This may
be indicative of cellular breakdown, causing the leakage of

Fig. 4 Synchrotron macro-ATR-FTIR maps for MRSA, P. aeruginosa and C. albicans cells observed for both untreated cells (left) and BP-treated cells
(right). The CH2/CH3 stretching region represents lipid and protein compositions, while the amide I band is attributed to proteins. The spectral features in
the low wavenumber range (1200–1000 cm 1) represent vibrational modes associated with nucleic acids (DNA and RNA) and polysaccharides within the
cells. The white scale bars represent 5 mm.
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intracellular components such as lipids and proteins. This
interpretation is commensurate with that of the SEM and
TEM images, which show clear cellular breakdown following
exposure to the BP nanoflakes when compared to the untreated
systems (see Fig. 3).
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Hierarchical cluster analysis of the ATR-FTIR spectra
To statistically assess the diﬀerences in the spectral maps,
hierarchical cluster analysis (HCA) was used to group similar
spectra. The 2nd derivative of the spectra was used as it
represents the overall rate of change of the spectra, highlighting regions of interest where significant spectral signal is
observed. The resulting spectral maps were clustered into 5
distinct groups (Fig. S1, ESI†). To determine which cluster to
use for further analysis, both the resulting HCA map and
corresponding average spectra were compared. First, the spectral map for the amide region (Fig. 4) was compared to the HCA
map to identify any overlap. Then, the average spectra for each
cluster were compared to find the average with the lowest noise
ratio and the strongest amide peak. The amide region is used as
it is the clearest peaks that indicate the presence of cellular
material. These criteria were used to select a cluster that likely
contained cells, from which comparisons between the untreated
and treated samples could be made.24,52,53 The selected cluster for
each sample and corresponding spectrum are indicted by the
black arrow in Fig. S1 (ESI†).
Principle component analysis of the ATR-FTIR spectra
Using the selected clusters described above, principal component analysis (PCA) was conducted to identify distinct changes
in ATR-FTIR spectra between the treated and untreated
systems.54 The 2nd derivative of each average spectra were
processed using extended multiplicative signal correction
(EMSC) models prior to PCA.24,55 To evaluate the variation
between treated and untreated samples the PCA score values
for principal component (PC)-1 and PC-2 for each cell were
compared (Fig. 5). Further comparison of PC-1, PC-2 and PC-3
scores can be seen in Fig S2 (ESI†). For MRSA, the two samples
are more variable, with PC-1 describing 44%, PC-2 describing
14% and PC3 describing 5% of the variation between spectra.
A majority of the data for P. aeruginosa data is described by PC-1
(96%), with PC-2 and PC-3 describing 2% and 1% respectively.
Similarly, the C. albicans sample can mainly be described by

Paper
PC-1 (95%), and more minor changes described in PC-2 (2%)
and PC-3 (1%).
Comparing the first 2 PC for the MRSA, P. aeruginosa and
C. albicans PCA scores, there is clear variation between the
treated and untreated cells (Fig. 5). The PCA scores for the
untreated cells are clustered across PC-1 and PC-2, whilst
the BP nanoflake treated cells appear more scattered. PC-3 data
and three-dimensional maps of the first 3PCs are shown in
Fig. S2 (ESI†), to allow better visualisation of the variation
between systems. The clustering of the healthy cells can be
attributed to the similarities of the biochemical components of
the cells. There is some overlap between the untreated and
treated cells, which is expected as the cells are composed of the
same components; however, the treatment with BP has caused
biochemical changes and therefore considerable divergence in
the resulting spectra. The variation of the treated PC scores
show that these components are being chemically altered by
the BP nanoflakes. For the MRSA cells, most of the variation is
seen in PC-2 and PC-3 (Fig. S2, ESI†), indicating more minor
chemical changes are occurring. The diﬀerence between BP
treated and untreated cells is more distinct with P. aeruginosa.
Comparing the three PCs against each other, there is a clear
separation between the untreated and treated cells. This
separation and spreading across all three PCs implies that
there are more chemical changes occurring, likely due to the
diﬀerent chemical composition of the cells.
The larger fungal cells are composed of more complex
biomolecules compared to bacterial cells,28,56,57 so it is not
surprising that there is more spreading of scores within the
healthy cells. Further, C. albicans cells can exist as yeast and
hyphal cells, meaning that there are distinct diﬀerences
between cells within a population. After exposure to BP, the
clustered scores have some overlap, whilst also having some
variation from the untreated scores. This clustering shift could
be the result of the cells lysing and leaking intracellular
components after exposure to BP nanoflakes (see Fig. 3).
Within the scores plots, there appears to be the formation of
subplots for both the untreated and treated cells. This subclustering is likely the result of fungal cells being present in
diﬀerent stages of cellular growth (i.e. yeast, hyphal, budding,
and mature cells).
Following the divergence of PCA loading, peaks for PC-1,
PC-2 (Fig. 6) and PC-3 (Fig. S2, ESI†) were used to identify the

Fig. 5 PCA score plots of the untreated and treated groups for each microbial cell. Comparison between PC-1 and PC-2 scores for MRSA, P. aeruginosa
and C. albicans cells. The blue dots are the untreated sample, and the red dots are the BP treated samples.
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Fig. 6 PCA loading spectra of the untreated and treated groups for each microbial cell. Loading peaks for (A) PC-1 and (B) PC-2 for MRSA, P. aeruginosa
and C. albicans. The peaks of interest and their assignments are shown in Tables S2–S4 (ESI†) and summarised in Table 1.

wavenumbers, and corresponding chemical component, that
had the greatest diﬀerence between untreated and treated cells.
The intensity of the loading peaks can indicate the degree of
diﬀerence, with the higher intensity showing the most variation. The key peaks are highlighted in Fig. 6, and the corresponding biochemical compound were assigned in Tables S2–S4
(ESI†) and summarised in Table 1. From the PC score distribution (Fig. S2, ESI†), there was not much variation between PC-2
and PC-3 scores (see ESI† for PC-3 analysis).

Table 1

The PCA loading peaks within PC-1 for MRSA, P. aeruginosa
and C. albicans cells had many common peaks (see Fig. 6B
and C), suggesting the interaction of BP nanoflakes with
microbial cells is consistent across multiple species. Within
the lipid region, there are two groups of weaker peaks, which
are associated with changes to the methyl/methylene groups of
the phospholipids within the cell membrane.31,60 These
changes are likely due to the rupturing of the cell membrane
in the presence of BP (see Fig. 3). A majority of the peaks within

Summary of key wavenumbers identified in the loading plots

Cell

PC

MRSA

1

2

P. aeruginosa

1

2

C. albicans

1

2

Wavenumber
(cm 1)

Assignment

2958–2854
1660–1616
1577–1507
1135
2960–2851
1637
1558–1508
1134
2958–2854
1660–1616
1577–1507
1181
2955–2808
1654–1642
1544
1132
2958–2854
1660–1616
1577–1507
1151
2932–2858
1641–1621
1522
1164–1068

C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (turn, coils and b-sheet)
Amide II protein structures (a-helix and b-sheet)
Polysaccharide (C–O stretching)
C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (b-sheet and helicies)
Amide II protein structures (a-helix and b-sheet)
Polysaccharide (C–O and PO2 stretching)
C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (turn, coils and b-sheet)
Amide II protein structures (a-helix and b-sheet)
Polysaccharide (C–H stretching)
C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (a-helix and b-sheet)
Amide II protein structures (a-helix)
Polysaccharide (C–O and PO2 stretching)
C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (turns, coils, a-helix and b-sheet)
Amide II protein structures (rings, a-helix and b-sheet)
Nucleic acid and glycogen (CO–O–C stretching)
C–H stretching of CH2 and CH3 groups in cellular proteins, nucleic
Amide I protein structures (rings and b-sheet)
Amide II protein structures (N–H)
Oxidative damage to polysaccharide or nucleic acid
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Ref.
acids and lipids

acids and lipids

acids and lipids

acids and lipids

acids and lipids

acids and lipids

31, 55 and 58
31 and 59
27, 31 and 55
31
31, 55 and 58
27, 31, 40 and 59
27, 31 and 60
27 and 31
31, 55 and 58
31 and 59
27, 31 and 55
31
31, 55 and 58
27, 31 and 58
27, 31 and 58
27 and 31
31, 55 and 58
31, 40 and 55
27 and 31
31, 55 and 60
31, 55 and 58
31 and 60
31 and 40
27, 31 and 55
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PC-1 loadings are in the amide I and amide II bands, indicating there are major changes happening to cellular protein
structure.31,40,58 There was some minor variations within the
polysaccharide regions for each cell, which could be due to the
various structural polysaccharides found within diﬀerent species,
as well as alteration of these biochemicals during BP exposure.
For MRSA, the PC-2 loading spectra also have key peaks
within the amide I and II bands,40,55,58,59 highlighting there are
more changes happening to the cellular proteins. The amide
peaks are prominent in all three PCs (see Fig. 6 and Fig. S2,
ESI†), indicating they are greatly impacted by the presence of
BP nanoflakes. Further, there is significantly more variation
within the polysaccharide and nucleic acid regions.27,31 Within
MRSA, polysaccharides are concentrated within the capsule
layer and cell wall (peptidoglycan layer).61 Changes to spectra
in the polysaccharide region following BP treatment suggest a
chemical change in the outer layers of the cell surface, which is
likely the first location of interaction as visualised by the
electron microscopy images in Fig. 3. The presence of ROS
has also been shown to cause oxidative stress to DNA, which
could be present as variation in the nucleic acid region.62,63
Overall, these peaks suggest that the main chemical interaction
is due to the rupturing of the cellular membrane, followed by
changes to the cellular protein structure.
For P. aeruginosa the loading peaks within PC-2 are mainly
in the protein and polysaccharide regions, with some weaker
peaks within the lipid region.31,40,58,59 These peak distribution
are consistent with the MRSA spectra, showing that both MRSA
and P. aeruginosa undergo similar chemical interactions with
BP nanoflakes. Notably, there are some minor diﬀerences, due
to the structural diﬀerences between the cells in general.
Similarly, the PC-2 loading peaks for C. albicans are similar
to the two bacterial cells, with some variation attributed to the

Paper
diﬀerent biochemical composition of the fungi. The major peaks
can be found within the amide and polysaccharide regions, and
minor peaks found in the lipid regions.40,55,58 Although the
loading peak patterns have some consistencies, the slight variations in the lipid, protein and polysaccharide regions between the
bacterial cells and C. albicans suggests a complex interaction
between the diﬀerent cell structures and the BP nanoflakes.
To further investigate the chemical changes identified from
the PCA loading peaks, the average spectra for the untreated
and treated cells were compared (see Fig. 7). Within the lipid
region (Fig. 7A), both double peaks are seen to decrease, along
with a slight peak shift (far right peak) for all cells types.
The decrease in the C. albicans spectra is less pronounced
compared to the changes seen in the bacterial cells, likely due
to the diﬀerent composition of fungal cell membranes (see TEM
images in Fig. 3). These variation in spectra are consistent with
the PCA loading peaks seen within the lipid region (Fig. 6 and
Table 1). The ragged cell structures observed in the SEM images
(Fig. 3), paired with the spectral changes between the treated and
untreated cells, suggests the breakdown of the cellular membrane
in the presence of BP nanoflakes.
Similarly, the changes highlighted by the PCA loading
spectra (Fig. 6 orange band) are also seen in individual spectra
extracted from the hyperspectral maps (Fig. 7B). These diﬀerences can
be seen in the decreased amide I and II bands, when compared to
controls. The amide I band also becomes slightly broader, while the
amide II band deforms and shifts slightly towards a lower wavenumber after interacting with BP nanoflakes. Like the lipid region, the
changes to the amide regions in the C. albicans spectra are less
prominent than the bacterial spectra, which could indicate innate
diﬀerences in the interaction of BP with bacterial and fungal cells.
The polysaccharide region has the most notable variation
after exposure to BP nanoflakes (Fig. 7C). The intensity of the

Fig. 7 Spectral comparison. Comparing the average spectra from HCA for treated and untreated cells. The blue spectra are the untreated samples and
the red spectra are the BP treated samples.
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peak at 1225 cm 1 decreased after treatment for all the microbial species. For the MRSA spectra, the peak at 1125 cm 1
greatly decreased, while it increased in the P. aeruginosa spectra
following BP exposure. The polysaccharide region of the
C. albicans has a broad peak between 1050 cm 1 and 1150 cm 1,
and a prominent peak at 1075 cm 1, which are both less
prominent in the spectra for the treated sample. Together, these
spectra reveal distinct cellular changes following BP nanoflake
exposure and starts to hint towards the mode of antimicrobial
action of the nanomaterial.
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Discussion
BP nanoflakes were successfully exfoliated in DMSO with a size
range between 200 and 500 nm, and a thickness between
20 and 160 nm (see Fig. 1I–K). The flakes were prepared using
a common liquid exfoliation technique and DMSO was selected
as the solvent as it allowed for the flakes to remain stable for up
to 2 weeks.20,33 The composition of the flakes was assessed
using HRTEM, EDX and Raman spectroscopy (see Fig. 1B–H).
The lattice spacing, diffraction pattern and Raman peaks were
consistent with the formation of BP nanoflakes.45,48,49 The EDX
images of the nanoflakes also confirms the presence of phosphorus atoms, along with some oxygen atoms on the surface,
indicating the BP nanoflakes had undergone surface level
oxidation under ambient conditions during preparation.46,47
Recently, BP nanoflakes have been shown to have a high
antimicrobial eﬃcacy against a range of bacterial and fungal
cells, including some with drug resistance (Fig. 2).20–22
Although there has been increased interest in the use of BP
nanomaterials in antimicrobial treatment, the understanding
of the mechanism of action is currently lacking.19,64,65 Much of
the current research exploring antimicrobial activity of BP
nanomaterials tends to focus only on the overall efficiency
and how this can be improved.17,66 By exploring the interactions occurring between the microbial cells and BP nanoflakes,
it is possible to provide a greater understanding of the complex
interactions, which can be used to guide future improvements.
The first mechanism of action investigated for BP nanoflakes is the physical interaction with the cellular membrane.21
It has been reported for multiple 2D and few-layer nanomaterials
that if the edge of nanoflakes are suﬃciently ‘‘sharp’’, the
physical contact with the cell can result in damage to the cellular
membrane.67,68 This damage to the cellular membrane can
cause the leakage of intracellular components, inducing cell
lysis and death. This interaction between BP nanoflakes and
cells was initially observed using SEM and TEM imaging (Fig. 3).
In both the SEM and TEM images, the untreated cells have
smooth, intact membranes with uniform morphology associated
with their cell type.22,56 In the presence of the BP nanoflakes, the
cells are deflated and misshapen. In the TEM images, the
cellular membranes appear to distort, and in some cases become
disrupted, when interacting with the BP nanoflakes. This
deforming of cells after BP exposure can also be seen in some
of the CLSM images (see Fig. 2) as some of the cells fluoresce red,
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indicating damaged and dead cells, and they can appear
misshapen. Visualisation of the cells both with and without
exposure to BP nanoflakes suggests that one key interaction
occurring is with the cellular membranes, resulting in the
breakdown of the phospholipids.15,21,68 This breakdown of the
lipid membrane is also supported by the PCA loading peaks (see
Fig. 6 top row). All cell types had some smaller variations within
all 3 PCs (Fig. S2, ESI†) which are associated with the phospholipids, consistent with the breakdown of the phospholipid
cellular membrane.53
Other proposed antimicrobial mechanisms for BP nanoflakes can be related to the material properties and tend
to involve complex chemical interactions with the cells. Under
light irradiation, BP nanoflakes have demonstrated size-dependent
photothermal properties. As the BP nanoflakes heat up, they are
known to deactivate cells by inducing heat stress.20,66 However, the
intensity of light required to elicit this response is much higher
than occurs under ambient light conditions, so this eﬀect was not
investigated in this study.
Another prominent proposed antimicrobial mechanism for
BP nanoflakes is ROS-dependent oxidative stress.21,22,63 BP has
been reported to undergo a photo-oxidative reaction, where the
material breaks down and releases hydroxyl ( OH), superoxide
( O2 ) and singlet oxygen (1O2) (see Fig. 1B and G).45,49,69 The
break down has primarily been linked to the presence of oxygen
in ambient moisture, in a combination with UV and visible
light irradiation, which has hindered its use in a range of
applications.32,70,71 However, to date, there have been limited
experimental or computational modelling studies conducted to
fully explore the BP degradation and ROS generation, and its
link to the antimicrobial eﬃciency.22
The exact interaction of the ROS with the microbial cells are
not clearly understood, although there has been some insight
into the eﬀects.22,72,73 High levels of ROS inside a cell, such as
produced by BP degradation, can induce oxidative stress to
cellular proteins, restricting the metabolic pathways of the
cells.62 ROS can also oxidise the base components of DNA,
resulting in broken strands and mutations, which are fatal if
not repaired.62,63 It is accepted that ROSs can damage both
microbial cell membranes and DNA, which leads to cell
death.72 The oxidation of the lipid membrane has also been
suggested to disrupt the function of the K+ ion channels and
other membrane proteins.73 The ability of ROS-producing 2D
materials to bypass the cellular membrane can have a great
influence on the antimicrobial eﬃcacy. Some ROS can only
oxidise the intracellular components when the membrane has
been compromised. However, membrane-penetrating ROS,
such as 1O2, are able to oxidise healthy, intact membranes,
which increases the antimicrobial activity.72 As BP nanoflakes
generate 1O2 as they degrade,22 this suggests the singlet oxygen
may initiate the oxidative stress and impair the microbial
membrane. This assertion is commensurate with the SEM
and TEM images of the microbes obtained in this study
(see Fig. 3), as some cells appear deflated with no noticeable
breaks in the membrane. After 1O2 has permeated the microbial membrane and induced oxidative breakdown, other ROS
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Scheme 1 Multifaceted antimicrobial mechanism of BP nanoflakes. The physical interaction (left) of the BP flake with the cellular membrane paired with
the oxidative stress (right) induced by generated ROS (red dots). ROS are generated as the BP breaks down under light irradiation, and in the presence of
oxygen.

generated may then be able to interact with the intracellular
components and damage the cellular DNA (see Fig. 6 and
Table 1).
The antimicrobial mechanism of BP may be multifaceted,
involving both physical and chemical interactions, as well as a
two-pronged, step-wise ROS interaction (Scheme 1). The first
prong is the physical damage caused by the nanoflakes rupturing
the cell membrane. As the BP nanoflakes degrade and generate
ROS, the induced oxidative stress is the second mode of action.
Comparing the diﬀerence in the spectral map intensity
patterns (Fig. 4) provides insight into any changes to the
chemical structure of the cellular membranes and intracellular
components.24,28 After treatment with BP nanoflakes, there are
some diﬀerences in the spectral maps, implying the cells
underwent chemical changes when interacting with the BP
nanoflakes. This is also reflected when comparing the average
spectra (Fig. 7), with the biggest variation occurring in the lipid
region.
Following this, PCA was conducted on the ATR-FTIR spectra
to further investigate the biochemical changes. The PCA scores
showed distinct separation between the untreated and treated
cells (see Fig. 5). This separation in the treated cell indicates
that the interaction with BP nanoflakes is inducing chemical
changes to the cells. The PCA loading peaks were then used to
identify the wavenumber, and corresponding chemical structures, that are being altered by the BP nanoflakes (Fig. 6 and
Table 1). The biggest variation between BP treated and
untreated spectra occur within the protein regions across all
three PCs. Most of these peaks were associated with amide I
and amide II structural components.31,40,55,58,59 This could be
the linked to the denaturing and damage to cellular proteins in
the presence of high levels of ROS.22,62 There are also peaks
associated with minor changes (PC-2 and PC-3) to the structural
polysaccharides and nucleic acids, which can also be damaged
by ROS.31,55,58,62

This journal is © The Royal Society of Chemistry 2022

Conclusion
Few-layer BP nanoflakes are a promising new antimicrobial
material. The complex biochemical interactions of BP nanoflakes with bacterial cells MRSA and P. aeruginosa, along with
the fungal species C. albicans, were explored using a range of
diﬀerent microscopic and spectroscopic techniques. After exposure to BP nanoflakes, microbial cells appear visually deflated
and misshaped when compared to their natural state. The
biochemical interaction was investigated using synchrotron
source high-resolution ATR-FTIR spectral maps. From these
maps PCA was conducted focusing on the lipid, protein, polysaccharide and nucleic acid regions. These highlighted the
breakdown of the cellular membrane, which is also seen in
the SEM and TEM images. There was also major chemical
change occurs in the amide I and amide II proteins, which
can be attributed to protein denaturation, likely due to ROS
generation as BP nanoflakes breaks down in ambient conditions. Finally, the PCA loading peaks indicated minor chemical
changes to the polysaccharide and nucleic acids within the cell.
This is also consistent with the reported damage caused
by high levels of ROS generated by BP nanoflakes. Overall,
Synchrotron source high-resolution ATR-FTIR was shown to
provide significant insight into the complex biochemical interaction between BP nanoflakes and microbial cells which can
help influence the development of next generation antimicrobial treatments.
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