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ABSTRACT: Understanding the dynamics of biofilm formation and its elemental
composition is crucial for developing effective strategies against biofilm-associated infections.
In this study, we employed scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) to investigate the morphological changes and elemental compositions of
Staphylococcus aureus biofilms. SEM images revealed distinct stages of biofilm development,
from initial aggregation to the formation of mature and aged biofilms. EDS analysis
consistently showed elevated levels of sodium (Na), oxygen (O), and phosphorus (P) in the
biofilm matrix, indicating its high negative charge and the presence of anionic biopolymers.
The incorporation of extracellular DNA (eDNA) into the biofilm matrix, leading to
significant retention of sodium ions, underscored the importance of electrostatic interactions
in biofilm formation and stability. Our findings highlight the potential of EDS analysis in
quantifying elemental compositions and elucidating the role of anionic biopolymers in biofilm
development.

■ INTRODUCTION
Staphylococcus aureus is the leading Gram-positive pathogen
associated with nosocomial infections related to biofilm
formation.1 Biofilm-embedded bacteria are protected from
environmental threats, including antimicrobial agents, making
them difficult to eradicate and serving as reservoirs for
recurrent infections. For instance, S. aureus biofilms on an
indwelling catheter can translocate to prosthetic devices,
implants, cardiac valves, bones, and joint replacements.2

These biofilm-related secondary infections are challenging to
treat with conventional antimicrobial chemotherapy, as
bacteria entrenched within the biofilm are intrinsically resistant
to antibiotics.3 Especially, biofilm-related infection by multi-
drug-resistant S. aureus (MRSA) poses an extreme challenge,
often requiring surgical removal of implants. Therefore,
inhibiting biofilm formation and sterilizing mature biofilms
are of critical clinical importance.
Biofilm formation involves multiple stages: attachment,

maturation, and detachment.1 Planktonic bacteria initiate
biofilm formation by attaching to biotic or abiotic surfaces
through van der Waals, electrostatic, and hydrophobic
interactions.4 In addition, bacteria can target the host matrix
proteins through receptor-mediated protein interactions.1

These surface proteins are anchored to the cell wall5 and
play significant roles in these processes. Surface proteins on the
bacteria include microbial surface-recognizing adhesive matrix
molecules (MSCRAMMs),6 S. aureus surface protein G,7

extracellular matrix binding protein,8−10 protein A,11 fibri-
nogen-binding proteins,12 and biofilm-associated proteins

(BAP).13 In S. aureus, of the twenty-one known surface
proteins containing LPXTG motif,14 targeting signal for sortase
A,15 11 are known to be involved in cell attachment, clumping,
and biofilm formation.16 During biofilm maturation, extensive,
sortase A-mediated protein attachment occurs at the C-
terminus of the cell wall’s pentaglycine bride units of un-cross-
linked peptidoglycan. Solid-state NMR analysis of S. aureus
strain SA113 has shown that in planktonic bacteria,
approximately 20% of pentaglycyl bridges are un-cross-linked.
These are the sites for sortase A-mediated surface protein
attachment. While none of the un-cross-linked bridge units in
planktonic bacteria have surface proteins attached, in mature
biofilms, about 25% of these sites have covalently attached
surface proteins,17 indicating substantial cell surface deco-
ration.
In addition to proteins, biofilms are held together by

extracellular polymeric substances,18 including polysaccharides
like poly-N-acetyl glucosamine (PNAG)19 and wall teichoic
acids (WTA) and extracellular DNA (eDNA).20 PNAG is a
positively charged polysaccharide found with approximately
20% deacetylation in S. aureus.20,21 In contrast, WTA is an
anionic polymer consisting of repeating polyribitol-phosphate.
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WTA is covalently bonded to the C6 hydroxyl of MurNAc in
the peptidoglycan of the cell wall. In S. aureus, WTA is
abundant, constituting approximately 60% of the dry cell wall
mass.22 WTA plays an essential role in biofilm formation, as
WTA-deficient S. aureus has a reduced ability to form
biofilms.23,24 Additionally, charge modification by the attach-
ment of ester-linked D-Ala to the ribitol of WTA is critical for
biofilm formation. The ester-linked D-Ala to ribitol neutralizes
the negatively charged phosphate in WTA by introducing a
positively charged amine group. A mutant impaired in ester-
linked D-Ala attachment WTA fails to form biofilms and
exhibits diminished virulence.23,24,24−26 Another important
anionic polymer found in S. aureus biofilms is extracellular
DNA (eDNA).27,28 The incorporation of eDNA into the
biofilm matrix contributes to the overall structural stability of
the biofilm by interacting with other polysaccharides and
proteins to form a polymer network20,29,30 resembling a grid-
like structure.31

Characterization of biofilms has been challenging due to
their complexity, heterogeneity, and size, which are often
incompatible with conventional spectroscopic methods. Thus,
biofilm characterization heavily relies on genetics and imaging
methods.32−35 While these approaches have provided extensive

morphological insights, they lack detailed chemical and
structural insights at the molecular level. Investigation using
confocal laser scanning microscopy (CLSM) combined with
Raman spectroscopy30 has shown that biofilm chemical
composition is dynamic. Even in static conditions where
there were no detectable morphological changes in biofilms,
observed by CLSM, substantial changes in the biofilm’s
chemical composition were detected using Raman spectrosco-
py. As biofilms undergo morphological changes during
attachment, growth, maturation, and disassembly, under-
standing the chemical changes associated with these transitions
is crucial.
Two spectroscopic methods that provide elemental analysis

of biofilms are energy-dispersive X-ray spectroscopy (EDS)
and X-ray fluorescence (XRF). Briefly, EDS analysis involves
detecting X-ray emission from the atoms when a high-energy
electron beam is focused on a sample. The incident high-
energy electron displaces an inner-shell electron of an atom,
causing a secondary outer-shell electron to fill the inner-shell
vacancy, accompanied by X-ray emission. Elements are
identified by measuring the ionization energy of the emitted
X-rays against the known characteristic X-rays of the
transitions. Quantitative analysis can be carried out by

Figure 1. SEM images of S. aureus (SA113) grown under biofilm-inducing conditions. (A) Planktonic bacteria during the midexponential growth
phase. The enlarged image corresponding to the white box is shown in Figure S1. (B) Newly formed biofilm during the midexponential growth
phase. The enlarged image of the biofilm with encapsulated bacteria is shown in Figures S2−S5. (C) Biofilm at the beginning of the stationary
growth phase. The empty biofilm matrix, following bacterial detachment, displays porous and wrinkled structures (Figures S6−S9). (D) Biofilm
matrix after 12 h of incubation in the stationary growth phase. The mature biofilm shows detachment and dispersion of bacteria from the matrix
(Figure S10−S13). (E) Mature biofilm matrix after 24 h of incubation in the stationary growth phase (Figure S14−S18). (F) Aged biofilm matrix
after 48 h of incubation in the stationary growth phase (Figures S19−S22). The white boxes embedded within the figures represent magnified areas
where some of the EDS analyses were performed.
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measuring the X-rays’ ionization energies and their intensities,
enabling the detection of the elemental compositions. Like
EDS, XRF detects the X-ray emissions from elements for its
identification, but instead of the electron beam to eject inner-
shell electrons, XRF utilizes a high-energy X-ray to generate
the secondary X-ray. The XRF is highly versatile and has
greater sensitivity than EDS, but it has lower spatial resolution.
For EDS, an electron beam can be focused to nanometer
spatial resolution, whereas tens of micrometers can be focused
for XRF. Another key feature of EDS is that the penetration
depth of the electron beam can be adjusted to provide
elemental analysis of the surface, whereas in XRF, the
transmittance of X-ray provides the elemental composition of
the bulk sample.
In this study, we examine the SA113 biofilm formation on

poly(vinyl chloride) (PVC) substrate using scanning electron
microscopy (SEM) in tandem with energy-dispersive X-ray
spectroscopy (EDS). S. aureus readily forms a biofilm on the
surface of PVC, which is commonly used in medical devices
due to its flexibility, resistance to tears and scratches, ease of
sterilization, and biocompatibility. PVC-based medical devices
include disposable blood and biofluid-related products, such as
tubing for catheters, cannulae, endotracheal, dialysis, and
urethral catheters. The key advantage of combining is that
SEM provides high-resolution images of surface morphology,
while EDS offers elemental composition analysis at nanometer
resolution of the surface. Using Monte Carlo simulations of

electron trajectories in solids (CASINO),36 we optimized the
electron acceleration voltage for accurate surface analysis by
limiting the focused electron beam penetration depth to a
range of 0.6−1 μm. This ensured that the observed X-ray
emissions are from the surfaces of bacteria and the biofilm
matrix, not of the bulk sample. This combined SEM and EDS
approach enables us to characterize dynamic changes in the
elemental composition as S. aureus transitions from planktonic
bacteria to mature biofilms.

■ RESULTS
Morphology of Biofilms. SEM images of S. aureus

(SA113) growth under biofilm-inducing conditions reveal the
dynamic development of the biofilm over time (Figure 1).
During midexponential growth, a mixture of planktonic
bacteria (Figures 1A and S1) and an early biofilm (Figures
1B and S2) is observed. Enlarged views of the newly formed
biofilm (Figures S3−S6) show a dense, smooth matrix
encapsulating the bacteria. As the growth progresses into the
stationary phase, the biofilm surface becomes rough and
exhibits wrinkle-like appearances with visible holes (Figures 1C
and S6−S9). The biofilm appears partially digested, with some
bacteria detaching from the bottom (Figures S8 and S9),
indicating biofilm detachment. Some detached bacteria
aggregate to form clusters on the surface (Figure S9).
A mature biofilm, after 12 h poststationary growth phase,

shows a mix of empty matrix, detached bacteria, and newly

Figure 2.Monte Carlo simulations of electron trajectory analysis for a bacterial biofilm. The simulations were conducted for a bacterial biofilm with
the empirical formula C4H7O2N. A 20 nm thick Ir layer was sputtered onto the biofilm, which had a thickness of 500 μm and was placed on top of a
poly(vinyl chloride) (PVC) substrate. The simulation involved 20,000 electron trajectories with an SEM beam radius of 5 nm. The electron
trajectories were simulated for acceleration voltages ranging from 5 to 40 keV, as illustrated in panels (A) through (H). The red color represents the
trajectories of backscattered electrons. The absorbed electron trajectories are color-coded using a gradient from yellow (high energy) to blue (low
energy). The minimum electron energy for terminating the trajectory simulation was set at 0.05 keV. The corresponding heatmap depicting the
depth and lateral distribution of absorbed electrons can be found in Figure S23. Panel (I) displays the maximum penetration depths plotted as a
function of electron acceleration voltage for the X-ray emissions from 50% (open circles), 75% (gray circles), and 95% (closed circles) of the
simulated electrons.
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formed bacterial clusters (Figure 1D). Magnified images
(Figures S10−S13) reveal dispersed bacteria due to partial
biofilm degradation, with prominent wrinkled features on the
surface. SEM images after 24 h show various stages of biofilm
formation (Figure 1E and Figures S14−S18). The detachment
process results in a rough and porous appearance, primarily
composed of the matrix (Figure S15), while some planktonic
bacteria initiate reattachment and continue to grow (Figures
S16−S18).
An aged biofilm, 48 h after stationary growth phase, shows a

near absence of planktonic bacteria (Figure 1F). Instead,
visibly thick layers of branched biofilm layers are observed on
the PVC surface (Figures S19−S22). Additionally, large
spherical clusters of biofilms are found on the surface. We
speculate that shaking the culture at 60 rpm during incubation
caused bacterial aggregates to form spherical clusters without
surface attachment, whereas the branched biofilm likely
resulted from bacteria growing on the PVC surface. These
observations illustrate the complex and dynamic nature of
biofilm development in S. aureus over time, highlighting the

transition from planktonic bacteria to mature, structured
biofilms.

Monte Carlo Simulation of Electron Trajectory in
Solids (CASINO). CASINO36 was used to calculate multiple
electron trajectories for EDS under various biofilm config-
urations and electron beam energies. To represent iridium (Ir)
sputter-coated biofilm grown on a surface of PVC, three
sample layers were simulated: (i) a 20 nm Ir layer, (ii) a 500
μm layer of general microbial cells and biofilm represented by
an empirical formula C4H7O2N or C4H7O2NP, and (iii) PVC
substrate. Simulations were conducted for 20,000 electron
trajectories, using a focused electron beam radius set at 5 nm,
with an acceleration voltage varying from 5 to 40 keV for every
5 keV interval. The simulated electron trajectories for the
biofilm represented by the empirical formula C4H7O2N are
shown in Figure 2.
Heatmaps illustrating the depth and lateral distribution of

absorbed electrons are presented in Figure S23. The maximum
sample depth penetrations with 50, 75, and 95% of all electrons
are plotted against the acceleration voltage (Figure 2I). For
beam energies of 5 and 10 keV, nearly all electron energy losses

Figure 3. SEM images of planktonic S. aureus (A) and the biofilm (B) grown on a PVC slide during the midexponential growth phase. A white
arrow in panel B shows a smooth biofilm matrix that encapsulates the bacteria within the biofilm. EDS spectra were acquired from specific spots
marked by dotted squares with letter designations. Panel (C) presents the EDS spectra of the PVC slide (blue spectrum), and planktonic bacteria
(labeled B−E) are shown in panel (C). In panel (D), the EDS spectra of bacteria embedded within the biofilm matrix (purple spectrum) and the
biofilm matrix itself (red spectrum) are displayed.
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occurred within the sputtered Ir layer above the biofilm.
Increasing the energy to 15 keV did not substantially enhance
electron penetration into the biofilm, with approximately 75%
of the total energy losses occurring within the Ir layer. For 30
keV electron beams, 75 and 50% of energy losses occurred
within depths of 6 and 3 μm, respectively. With a 40 keV
electron beam, 75 and 50% of energy losses were within depths
of 16 and 10 μm, respectively. For electron beams with
energies of 20 keV, optimal electron penetrations with
approximately 75 and 50% of energy losses occurring within
depths of 2 and 0.9 μm were observed.
Additional CASINO simulations were performed for

samples containing elemental phosphorus, characterized by
the empirical formula C4H7O2NP of 500 μm in thickness. The
electron trajectories and corresponding heatmaps are illus-
trated in Figures S24 and S25, respectively. These simulations
revealed that the K-shell transitions of phosphorus dominate
the X-ray emissions, resulting in reductions in relative X-ray
emissions from carbons, oxygens, and nitrogens. The simulated
intensities of electron absorption as a function of depth
penetration for samples with empirical formulas C4H7O2N and
C4H7O2NP at an electron acceleration voltage of 20 keV are
shown in Figure S26. CASINO simulations showed that the
penetration depth of the focused electron beam was not
affected by the presence of phosphorus in the biofilm.

EDS Analysis of the Newly Formed S. aureus Biofilm.
SEM images of S. aureus harvested during the midexponential
growth phase display the presence of both planktonic bacteria
(Figure 3A) and the newly formed biofilm (Figure 3B). These
images are enlarged views of white boxes shown in Figure
1A,1B. Planktonic bacteria undergoing cell division show
rough cell surfaces with distinct features. In contrast, the
biofilm-embedded bacteria, visible only through occasional
openings in the biofilm (Figures S4 and S5), exhibit a smooth
surface and have sizes significantly less than 500 nm in

diameter. The surface of the newly formed biofilm is smooth
and featureless, contrasting the rough surfaces found in the
mature and aged biofilms.
The locations of the focused electron beam from which the

EDS spectrum was collected are each marked in the figure
using a dotted square with letter designations (Figure 3A
through D). Spot A focuses the beam on the PVC substrate;
spots B−E focus on various cell surface features of the
planktonic bacteria; spot F focuses on bacteria encased within
the biofilm matrix; and spot G focuses on the outer smooth
surface of the biofilm matrix. The corresponding EDS spectra
for each spot are presented in Figure 3C,D. As the bacteria
were cultured on the top of poly(vinyl chloride) (PVC), the
EDS spectrum of the substrate surface without S. aureus cells is
dominated by the chlorine X-ray emission observed at 2622 eV
(Figure 3C, spectrum A). A thin organic layer deposited on top
of the substrate also gives rise to low-intensity Kα1 X-ray
emissions from carbon (277 eV), nitrogen (392 eV), and
oxygen (525 eV). All EDS spectra of planktonic S. aureus on
the surface of PVC were normalized to the chlorine X-ray
emission intensity at 2622 eV (Figure 3C). For the EDS
spectra of the thick layered biofilm, spectra were normalized to
the carbon Kα1 X-ray emission intensity at 277 eV (Figure 3D).
Identification of the elements and their corresponding X-ray
emission assignments for spots E, F, and G are found in Figure
S27. Figure S28 shows a detailed inspection of the Ir X-ray
emissions at 1979.9 and 9175 eV, corresponding to the Mα1
and Lα1 transitions. The intensity of the Ir Lα1 transition is
weak and resolved from high intensities of phosphorus Kα1 and
Kα2 emissions at 2012.7 and 2013.7 eV. Therefore, the use of Ir
for sputter coating of biofilm does not interfere with the X-ray
emission assignment of phosphorus and other common
elements found in biological systems. Moreover, the Ir coating
provides an added advantage over the carbon-sputtered biofilm
for EDS analysis as the intensity of carbon X-ray emission can

Figure 4. SA113 biofilm at the onset of the stationary growth phase. During the early stages of the stationary growth phase, EDS spectra (A) were
collected from specific spots indicated by dotted squares with letter designations shown in the SEM image of the SA113 biofilm (B). The white
arrows indicate the bacteria emerging from the mature biofilm. The EDS spectrum of the bare PVC substrate is labeled as A (blue spectrum); the
spectra of planktonic bacteria are denoted as B and C (black spectra); and the EDS spectra of the biofilm matrix are identified as D and E (red
spectra).
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Figure 5. SA113 biofilm after 12, 24, and 48 h poststationary growth phase. In the SEM image (B) at 12 h poststationary growth phase, EDS
spectra (A−I) are collected from designated spots indicated by dotted squares and letters. The spectra include the bare PVC substrate (A and B,
blue spectra), planktonic bacteria (C, D, and E, black spectra), bacteria on the biofilm matrix surface (F), and the biofilm matrix (G, H, and I, red
spectra). In the SEM image (B) at 24 h poststationary growth phase, EDS spectra (A−E) are collected from spots marked by dotted squares and
letters. This newly formed biofilm exhibits a smooth surface with attached cell clusters. In the SEM image (F and G) at 48 h poststationary growth
phase, EDS spectra (A−G) are collected from designated spots indicated by dotted squares and letters. The white arrow in panel B marks a cluster
of planktonic bacteria that are beginning to form the biofilm as they are covered with an extracellular matrix. The yellow arrow in panel (D) marks a
smooth surface of the newly formed biofilm. The red arrow in panel F marks the aged biofilm.
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be utilized for normalization, whereas for carbon-sputtered
samples, similar normalization would not be feasible.
The EDS spectra of planktonic bacterial cell surfaces (spots

B−E) show emission lines from C, N, O, Na, P, and Cl (Figure
3C). A significant Cl emission originating from the PVC is also
visible, as the electron beam with an acceleration voltage of 20
keV can penetrate through a single layer of planktonic layers
and into the PVC layer (Figure 2I). The intensity of the
phosphorus X-ray emission, centered at 2013.7 eV, is
significantly less than that of C emission and overlaps with
the Ir emission at 1979.9 eV (Figure S28). The EDS spectrum
of the bacterium embedded within the biofilm (Figure 3D,
purple spectrum) shows an increase in the X-ray emissions
from O, Na, and P. In comparison, the EDS of the biofilm
matrix (Figure 3D, red spectrum) shows dramatic increases of
the emission of O at 525 eV, Na emissions (Kα1 and Kα2) at
1041 eV, and P emissions at 2014, 1013, and 2139 eV.
Emissions from Na and P have broader peaks due to multiple
transitions (Kα1, Kα2, and Kb1) with similar energies. Notably,
the relative emission intensity ratio of Cl to C is lower
compared to the planktonic and biofilm-encapsulated bacteria,
attributed to the increased depth of the biofilm elevated away
from the PVC substrate.
The X-ray emission ratios of C to O, C to Na, and C to P

increase from planktonic bacteria to bacteria encapsulated in
biofilms and to biofilm matrix. The phosphorus content of the
biofilm matrix is approximately 40 times greater than that of
planktonic bacteria, while bacteria embedded within the
biofilm matrix show phosphorus 6 times greater than that of
planktonic bacteria. Similarly, the oxygen content of the
biofilm matrix is approximately 77-fold greater and 8-fold
greater for bacteria embedded within the biofilm matrix,
compared to planktonic bacteria. Finally, sodium showed the
largest increase, being 180-fold greater in the biofilm matrix
and 16-fold greater in embedded bacteria relative to sodium
found in planktonic bacteria.

EDS Analysis of the Mature S. aureus Biofilm. S. aureus
harvested at the stationary growth phase shows a mature
biofilm with planktonic bacteria that are liberated from the
biofilm (Figure 4). SEM images of biofilm matrix surfaces,
unlike those in the midexponential phase, are rough and filled
with holes (Figures S6 and S7). Although the biofilm appears
empty, some encapsulated bacteria are visible near the surface
interface between the PVC and the biofilm matrix. Some of the
escaped planktonic bacteria form small clusters of aggregates
on the surface of the PVC substrate (Figures 4B and S8−S9).
EDS spectra were collected by directing the electron beam

to various regions of the mature biofilm matrix. Spot A is the
PVC substrate (background), spots B and C correspond to
planktonic bacteria clusters, and spots D and E correspond to
the biofilm matrix (Figure 4B). The EDS spectra of the mature
biofilm (Figure 4A, redline) for spots D and E show an
increase in X-ray emissions from O, Na, and P compared to
planktonic bacteria (Figure 4A, black lines).

EDS Analysis of the Aged S. aureus Biofilm. SEM
images and EDS spectra of S. aureus biofilms at 12, 24, and 48
h poststationary growth are shown in Figure 5. As the S. aureus
culture progressed beyond the stationary growth phase, it
exhibited a mix of aged biofilms with wrinkled and puckered
surfaces (Figures S14, S15, and S18), planktonic bacteria
(Figure S17), and the newly formed biofilm (Figure 5D). The
selected regions for EDS spectra were acquired and marked
with dotted boxes (Figure 5B,C).

Regardless of the biofilm’s age, the EDS spectra of all
planktonic cells, whether directly above the PVC substrate or
on top of the aged biofilm, closely resembled the EDS
spectrum of planktonic cells harvested during the midexpo-
nential growth phase (Figure 3C). Conversely, the EDS spectra
of the biofilm matrix, whether newly formed (Figure 2),
matured (Figure 4), or aged (Figure 5), all exhibited distinct
increases in the elemental compositions of O, Na, and P.

■ DISCUSSION
Biofilm Morphology. The S. aureus strain SA113 is known

for its robust biofilm-forming capabilities, especially in the
presence of excess glucose.37,38 To cultivate SA113 biofilm, we
placed a PVC microscope coverslip into a 50 mL conical
polypropylene centrifuge tube containing 10 mL of trypticase
soy broth (TSB) supplemented with 1% glucose. The culture
was incubated at 37 °C with a continuous slow circular motion
at 60 rpm. During the exponential growth phase (3 to 4 h of
growth), SA113 formed visible aggregates, resulting in large
particulate suspensions. Biofilms grown on the surface of the
PVC coverslip showed the attachments of both planktonic
bacteria and the newly formed biofilms. The newly formed
biofilm displayed a branching pattern (Figure 1B), likely due to
the sheer force from the shaking motions. A close examination
showed a smooth surface with occasional openings exposing
encapsulated bacteria deep within the biofilm (Figure 3B).
This smooth biofilm matrix, approximately 1 μm in thickness
(Figure 3B, white arrow), appeared to be devoid of bacterial
cells.
As growth progresses into the stationary growth phase

(Figure 4), the biofilm morphology evolved, losing its smooth
appearance and becoming uneven, rough, and wrinkled. Visible
holes in the matrix indicated biofilm degradation as bacteria
emerge from within. Some partially encapsulated bacteria
regained their normal size and shape as they emerged from the
biofilm (Figure 4b, white arrows). Escaped planktonic bacteria
clustered and attached to the substrate, initiating new biofilm
formation. Aged biofilms collected at 12, 24, and 36 h of
poststationary phase exhibited a mixed presence of clustered
planktonic bacteria, newly formed immature biofilm with
partial matrix formation (Figure 5B, white arrow), and aged
biofilm (Figure 5F, red arrow). Additionally, two distinct
shapes of biofilms were visible in mature and aged biofilms:
branching-patterned and spherical-shaped biofilms. The
branching-patterned biofilm shows extensive surface attach-
ment to the substrate, suggesting that this pattern results from
the continual growth of surface-attached bacteria. In contrast,
the spherical-shaped biofilm resulted from bacterial aggrega-
tion formed in suspension, without surface attachment, shaped
by the sheer force exerted by continual circular motion during
the growth.

CASINO Simulation to Optimize the Electron Beam
Penetration Depth. EDS analysis provides high spatial
resolution due to the electron beam’s ability to focus to a 5 nm
radius. However, a critical challenge in EDS analysis of biofilms
is ensuring that the electron beam does not penetrate too
deeply, which would result in a bulk composition that
combines the elemental compositions of both the biofilm
matrix and the bacteria. Our goal was to optimize the electron
acceleration voltage to limit the depth of electron beam
penetration to approximately 1 μm, the observed thickness of
the newly formed biofilm matrix shown in the SEM image of
Figure 3B (white arrow). To achieve this, we used CAINO
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simulations to model electron trajectories incident on the
biofilm sample. The simulated biofilm sample consisted of
three layers of different materials. The first layer was 20 nm of
iridium, corresponding to Ir sputtered on biofilm samples for
SEM imaging. The second layer, 500 μm thick, represented
microbial cells using an empirical formula C4H7O2N or
C4H7O2NP. The third layer was a PVC substrate with an
empirical formula C2H3Cl.
The optimal electron beam penetration depth was

determined for an electron acceleration voltage at 20 keV.
Under this condition, CASINO simulation showed that
approximately 50% of the electron absorption occurred within
0.9 μm of the surface. This was subsequently confirmed as
EDS spectra of a single planktonic bacterium placed directly on
top of the biofilm matrix (Figure 5G, spots C and B; Figure 5B,
spot F) at 20 keV showed an elemental composition consistent
with planktonic bacteria on PVC, with a minor contribution
from the biofilm matrix. Additionally, EDS spectra with the
electron beam focused on a cluster of bacteria, consisting of
only a few layers on the top of the biofilm matrix (Figure 5D,
spots C and B), were identical to those of planktonic bacteria
found on PVC. Therefore, at an electron acceleration voltage
at 20 keV, the electron beam did not penetrate significantly
beyond the depth of a single layer of bacteria. This
optimization ensures the accuracy of EDS analysis in
distinguishing between biofilm matrix and bacterial compo-
nents, providing valuable insights into biofilm composition and
structure.

EDS Analysis of Biofilms. Elemental analysis of the
biofilm surface was performed by using EDS with the electron
beam focused at 20 keV on various surfaces. These surfaces
included individual planktonic bacteria, aggregated bacteria
initiating biofilm formation without a visible biofilm matrix,
bacteria encapsulated within the biofilm matrix, newly formed
biofilm matrix with a smooth surface, and aged, puckered,
uneven, and empty biofilm matrix.
The EDS spectra of individual planktonic bacteria and

aggregated bacteria without a visible biofilm matrix revealed X-
ray emissions dominated by C and P, with minor emissions of
N, O, and Na. However, the appearance of the biofilm matrix
covering the bacteria increased the intensities of O, Na, and P
emissions more than eight, twenty-one, and 6-fold, respec-
tively. For biofilms, regardless of their age (new, mature, and
old), all exhibited dramatic increases in the intensities of X-ray
emissions from O, Na, and P by as much as 77-, 180-, and 40-
fold, respectively. These increases were consistently observed
across all biofilm matrices, independent of their morphology.
S. aureus Biofilm Contains a High Concentration of

Sodium Ions. The presence of sodium ions was detected by
monitoring the intensities of its emission lines (Kα1, Kα2, and
Kb1) at 1041 and 1071 eV. In planktonic bacteria, the intensity
of Na emission is low compared to carbon Kα1 X-ray emission
at 277 eV. This is a common observation in single-cell
bacteria,39 as the relative amount of Na in a bacterium is
significantly lower than the more abundant elements like
carbon. Additionally, the intensity of X-ray emission for each
element is highly dependent on the electron acceleration
voltage,39 indicating that the weak intensities of Na X-ray
emission do not necessarily imply the absence of Na ions in the
sample. Similarly, the intensities of X-ray emission from C and
N in an EDS spectrum do not directly correlate with their
relative abundances. For instance, while the empirical chemical
formula for general microbial cells represented as C4H7O2N

indicates a C to N ratio of 4:1, the observed X-ray emission
intensity for N is far smaller than a quarter of the carbon
intensity. To accurately measure relative changes in Na ion
content between samples, we kept the electron acceleration
voltage constant and normalized the spectra to the X-ray
intensity of the carbon.
Sodium ions were introduced during growth, as they were

present in the TSB at a concentration of 5 g/L and were
further introduced during the SEM sample preparation
process. In this process, samples were fixed in a 0.06 M
phosphate buffer for 90 min, followed by a phosphate-buffered
saline wash. Despite both planktonic cells and biofilms being
exposed to excess sodium ions, only the biofilm, regardless of
its age and morphology, showed significant retention of
sodium ions. The amount of Na bound to the biofilm was
approximately 180-fold greater compared to the Na bound in
planktonic cells. This significant retention of Na ions in the
biofilm matrix strongly indicates that the matrix is highly
negatively charged, whereas the planktonic cell surface remains
relatively neutral. The increase in salt concentration, including
sodium ions, has been shown to enhance S. aureus biofilm
formation40−42 and influence the mechanical properties of the
biofilm.20,43 The retention of sodium ions suggests that these
ions play an important role in biofilm formation and stability
by binding to the negatively charged biofilm matrix.

Increased Levels of Na, O, and P in S. aureus Biofilms
Are Indicative of the Presence of Anionic Polymers. The
EDS spectra of the SA113 biofilm revealed that the elevation in
sodium emission intensity was accompanied by prominent
phosphorus and oxygen X-emission lines, suggesting a
significant presence of phosphate group within the biofilm
matrix. Phosphate groups are key constituents of many
biopolymers, including WTA and DNA, both of which are
involved in biofilm formation. In S. aureus, WTA constitutes a
major component of the cell wall, accounting for as much as
60% of its dry mass.22 The highly negatively charged ribitol
phosphates in WTA bind to various cations and contribute to
cation homeostasis.44 Moreover, WTA is essential for the
attachment to abiotic surfaces24 and the host’s cells.45 Mutant
S. aureus lacking WTA not only exhibits reduced biofilm
formation23,24 but also shows an inability to colonize the host45

with attenuated virulence.46

However, the observed increase in the elemental composi-
tion of Na, O, and P in the biofilm is not due to enhanced
WTA production. Since WTA is covalently attached to the C6
hydroxyl of MurNAc in the peptidoglycan of cell walls, an
increase in WTA production should correspond to an increase
in Na, O, and P compositions in the EDS spectra of S. aureus,
which was not observed. Instead, the observed increases were
confined to the biofilm matrix. CASINO simulation assured
that EDS spectra of biofilm acquired using an electron
acceleration voltage of 20 keV prevented the contributions
from the bacteria that are buried deeply within the matrix.
Therefore, it is unlikely that the observed increases in Na, O,
and P in the biofilm matrix are solely due to WTA.
The most probable anionic biopolymer responsible for the

elevated levels of Na, O, and P in the biofilm matrix is DNA.
DNA is rich in phosphate, highly negatively charged, and
readily binds to sodium ions. Extracellular DNA (eDNA) is a
major component of the extracellular polymeric substance
found in the biofilm matrices of various bacterial species,31,47,48

including S. aureus.28,49,50 In biofilms, eDNA plays a crucial
structural role, forming an electrostatic network with positively
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charged proteins and other biofilm components.51 This
network creates a scaffold that provides mechanical stability
for the biofilm structure. Disrupting this charge network by
targeting eDNA or proteins can weaken the biofilm structural,
as SA113 biofilm has been shown to be highly susceptible to
DNase I20 and proteinase K37 degradation. Additionally,
endolysin (phage lytic proteins that target peptidoglycan in
cell walls)52 and sodium metaperiodate,37 which can oxidize
glycans, have been shown to disrupt extracellular polysacchar-
ides, leading to biofilm removal. Thus, the presence of Na, O,
and P in the biofilm matrix suggests the involvement of anionic
polymers, particularly eDNA, in S. aureus biofilm formation
and stability.

■ CONCLUSIONS
In conclusion, the study utilized a combination of SEM and
EDS to investigate the dynamic changes in the morphology
and elemental compositions of S. aureus biofilms. SEM images
revealed distinct morphological transitions during biofilm
development, from smooth-surfaced early biofilms to uneven
and puckered mature biofilms, and finally to aged biofilms with
only the matrix remaining. EDS analysis in biological systems is
difficult due to the similar elemental compositions of biological
samples, which primarily consist of low atomic number
elements such as C, N, and O. Despite this challenge, by
limiting electron beam penetration to within 0.6 to 1 μm, the
analysis ensured accurate representation of the elemental
composition of biofilm matrix without contributions from
embedded bacteria. EDS analysis consistently showed elevated
levels of sodium (Na), oxygen (O), and phosphorus (P) in the
biofilm matrix, indicating its high negative charge and the
presence of phosphate-containing anionic biopolymers.
The increased presence of Na, O, and P was observed only

for the biofilm matrix but absent from all EDS spectra of
planktonic cells. Since WTA is covalently bound to the
peptidoglycan in the cell walls, this ruled out the possibility of
WTA being responsible for the observed changes, indicating
the role of eDNA in the biofilm matrix. The incorporation of
eDNA into biofilms led to the significant retention of sodium
ions, as much as a 180-fold increase. As an increase in salt
concentration has been shown to enhance S. aureus biofilm
formation40−42 and influence the mechanical properties of the
biofilm,20,43 eDNA interaction with Na ions underscores the
importance of electrostatic interactions in contributing to the
biofilm formation and maintaining its stability. Understanding
these mechanisms provides valuable insights into potential
strategies for disrupting biofilm formation and improving
treatment efficacy against biofilm-associated infections.

■ MATERIALS AND METHODS
Scanning Electron Microscopy of Biofilms. Starter

cultures of the strain SA113 were initiated by inoculating 5 mL
of trypticase soy broth (TSB) in a test tube with a single
colony obtained from a nutrient agar plate. These starter
cultures were incubated overnight at 37 °C with continuous
shaking at 200 rpm without aeration. Biofilm samples were
prepared by inoculating 10 mL of TSB enriched with 1%
glucose in a 50 mL conical polypropylene centrifuge tube
containing a disposable PVC microscope coverslip. The culture
was incubated at 37 °C with continuous slow circular motion
at 60 rpm. Biofilm formed on the microscope coverslip at the
midexponential growth phase was collected after 3.5 h of

incubation and stationary growth sample at 8 h of incubation.
Subsequent mature biofilm samples were collected after an
additional 12, 24, and 48 h poststationary growth.
To fix the biofilm attached to the disposable plastic

microscope coverslips (dimensions of 22 × 22 mm with 0.17
to 0.25 mm thickness), 2.5% glutardialdehyde in 0.06 M
phosphate buffer (pH 7.2) was used. This buffer was prepared
from sodium phosphate dibasic heptahydrate and sodium
phosphate monobasic monohydrate. The samples were fixed
for 90 min at room temperature, followed by four 10 min
washes in the buffer.
Samples were dehydrated through a graded series of acetone,

with two 10 min steps at each concentration (50, 70, 90, and
100%). After critical point drying using an EM CPD300 (Leica
Microsystems, Wetzlar, Germany), the specimens were
mounted on stubs and sputter-coated (EM ACE 600, Leica
Microsystems) with 20 nm of iridium. Observations were
made using a Versa 3D scanning electron microscope (FEI,
Hillsboro, OR).

Energy-Dispersive X-ray Spectroscopy of Biofilms.
Energy-dispersive X-ray spectroscopy (EDS) was conducted
using an Octane Pro silicon drift detector (EDAX, Mahawah,
NJ) at 20KV, with a spot size 7, and at a working distance of
10 mm. The energy of the emitted X-ray was measured by a
silicon drift detector (EDAX, Mahawah, NJ), which, by
measuring ionization energy, identifies the elements through
known characteristic X-rays.

CASINO. Monte Carlo simulations of electron trajectory in
solid were conducted using CASINO53 (v. 2.51). The
simulated sample consisted of a multilayered structure with
20 nm of iridium (Ir) sputtered onto a bacterial biofilm grown
on a PVC substrate. The chemical composition of bacteria was
empirically represented by C4H7O2N or C4H7O2NP, with a
thickness of 500 μm, while PVC was represented by C2H3Cl as
the substrate. The beam radius was fixed at 5 nm, and 20,000
electron trajectories were calculated for each acceleration
voltage, ranging from 5 to 40 keV. The minimum electron
energy for terminating the trajectory simulation was set at 0.05
keV.
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