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Abstract

Objectives: Osteomyelitis, marked by bone inflammation due to microbial infection, presents
significant healthcare challenges. While the protective role of biofilm in bacterial immunity
and persistence is well-documented, its direct impact on bone degradation in osteomyelitis
remains inadequately characterized. This study aims to comprehensively examine the direct
effects of biofilm-forming pathogens on human bone, providing new insights into the
mechanisms of bone destruction in osteomyelitis. Methods: Bone sections were collected
from patients undergoing total knee replacement surgery between January 2021 and
December 2022 for this study at Sultan Qaboos University Hospital. Then samples were
inoculated with Staphylococcus aureus to simulate in-vitro bone infection. We then used
Raman spectroscopy and Scanning Electron Microscopy (SEM) for detailed analysis of the
bacterial interaction with bone tissue. Results: SEM images depicted trabecular destruction
caused by biofilm. Biofilm-forming pathogens contribute directly to bone exhibited by SEM
images with marked trabecular destruction. Raman analysis showed a significant increase in
the carbonate-phosphate ratio in inoculated samples (619%) compared to controls (47%).
Mineral content decreased in inoculated samples, and the carbonate-to-amide I ratio reduced
by 47% in inoculated and 80% in controls. The inoculated samples exhibited an 82% shift in

collagen crosslinking compared to 72% in controls. Conclusion: This research enhances our
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comprehension of the mechanisms behind bone destruction in osteomyelitis and underscores
the intricate role of biofilm in the disease's development. These findings highlight the
importance of biofilm in bone degradation and its potential implications for managing
infections.

Keywords: Biofilm, Osteomyelitis, Bone and Bones, Raman Spectroscopy Microscopy,

Electron, Scanning, Infection Control

Advances in Knowledge

- Using Raman spectroscopy and Scanning Electron Microscopy, we've unveiled direct
impact of biofilm-forming pathogens on bone degradation in osteomyelitis.

- This knowledge challenges existing assumptions and could lead to more precise diagnostic

and treatment strategies for osteomyelitis.

Application to Patient Care
- Our findings offer insights into the direct role of biofilm in bone deterioration, with

potential implications for improving infection management approaches.

Introduction:

Osteomyelitis (OM) is an inflammatory condition of the bone caused by microbial infection,
which can lead to bone necrosis and degradation. Typically, bones are sterile and resistant to
bacterial colonization; however, trauma, surgery, or hematogenous spread of pathogens can
compromise this integrity, resulting in infection'. Due to the varied manifestations of OM,
many researchers have investigated its origins and developed systematic approaches for
study, focusing on infection-related data such as blood tests, imaging, tissue examination, and
bacterial cultures*™*. While some studies have examined the immune response's role in bone
degradation, there has been limited focus on biofilm formation and its impact on bone

damage’.

Most OM pathogens can adhere to and proliferate on bone surfaces, joints, and implants,
causing bone resorption. The precise mechanisms by which bacteria induce bone resorption
remain unclear, though some evidence suggests that bacterial molecules on cell surfaces and
secretions can trigger bone degradation*. Research has largely centered on the indirect effects
of biofilms through host immune responses, with less attention on the direct impact of

biofilm secretions on bone deterioration®¢. The biofilm hypothesis, proposed in 1978, posits
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that bacteria can thrive in surface-bound communities, shielded from host defenses and
antimicrobials’®. This theory suggests biofilm-forming pathogens may directly damage
tissues, although the clinical significance of direct bone resorption remains poorly

understood.

Adam et al. proposed that virulent planktonic bacteria adhere to bone surfaces, form biofilms,
and secrete extracellular matrices that promote bacterial adhesion, ultimately leading to bone
cavitation and fragment detachment®. In chronic OM, avascular bone can harbor pathogenic

biofilms, causing further bone lysis and cavitation®.

This study aimed to explore the effects of biofilm-forming pathogens on human bone in an ex
vivo setting, allowing us to investigate the impact without interference from the host immune
response. This approach could enhance our understanding and inform more targeted OM
treatments. Raman spectroscopy and Scanning Electron Microscopy were employed to

achieve our research objectives.

Methods:

Preparation of Bone Samples:

The approval of the study was obtained from Medical Research & Ethics Committee of the
College of Medicine & Health Sciences at Sultan Qaboos University (SQU-EC1039114)
Bone sections were collected from patients undergoing total knee replacement surgery
between January 2021 and December 2022 for this study. Informed written consent was
obtained from all participants prior to sample collection. Sterile cancellous bone samples,
measuring 1-2 cm?, were meticulously cut using bone nibblers. These samples were then
stored under sterile conditions in Normal Saline at a temperature of -20°C until the day of
inoculation. Rigorous aseptic precautions were maintained throughout the entire process of
bone sample handling. To ensure sterility, culture swabs were taken from the bone pieces and
plated on blood agar medium for a 48-hour period just prior to processing. None of the

samples displayed bacterial growth, nor did any of the patients develop subsequent infections.

Creation of Bacterial Inoculum:
A bacterial inoculum of Staphylococcus aureus was prepared from an overnight culture. A
sterile solution of normal saline was mixed with the bacterial concentrate, resulting in

concentrations ranging from 1 x 10”6 to 1 x 10"7 colony-forming units (CFU)/ml.
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Subsequently, the bone samples were introduced into the bacterial mixture. As a control
group, bone samples were immersed in sterile normal saline. Each mixture consisted of 12
bone pieces. The total of 24 samples were then incubated at 37°C to facilitate bacterial
growth and proliferation. Every week, two bone samples from each mixture were selected for
examination. Following the examination, the samples were disposed of in accordance with

the established protocols for human tissue disposal at our hospital.

Examination of Bacterial Growth and Bone Resorption:

Scanning Electron Microscopy Setup:

The bone samples were fixed in Karnovsky’s Electron Microscopy fixative, a solution
containing 2.5% glutaraldehyde at pH 7.2, for a duration of 4 hours. Afterward, they were
washed twice with a washing buffer for 10 minutes each time. The samples were then post-
fixed using 1% osmium tetroxide for an hour, followed by a dehydration process using
various concentrations of ethanol (25%, 75%, 95%, and 99.9%). The dried samples were
mounted on aluminium stubs using Autosamdri-815® (Rockville, MD, USA), and
subsequently coated with a layer of gold using the BioRad SEM coating system. Micrographs
were obtained using a JEOL JSM-5600LV scanning electron microscope (JEOL Ltd, Tokyo,
Japan).

Raman Spectroscopy Setup:

Raman spectra of the bone samples were acquired using a Raman spectrometer (I-Raman Ex
spectrometer, BWTek, Newark, USA) equipped with an excitation laser diode operating at
1064nm. Spectra were recorded within the range of 400-2000 cm™

Analysis of Spectra:

The obtained spectra were analysed using BWSpec® software (BWTek, Newark, USA). This
software facilitated automated baseline correction and signal averaging to enhance signal-to-
noise ratios. Key Raman bands were manually identified, and the impact of the bacterial
osteolytic process on various aspects of bone composition, including mineral content,
carbonate content, collagen cross-linking, and mineral and collagen fibril orientation, was

studied.
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Statistical Analysis:

Statistical analysis of Raman parameters from inoculated bone samples was compared to the
control group using Statistical Package for the Social Sciences 2016 (SPSS) (IBM
Corporations, New York- USA). This analysis aimed to determine any alterations in the
ultrastructure of the examined bone architecture. The threshold for significance was set at a P

value of < (.05, and a Paired T-test was employed.

Results:

Isolation of bacteria from analysed surfaces:

Bacterial biofilms that grew under the conditions described in the Methods section were
successfully isolated from the surfaces of the examined samples using swabs. These swabs
were cultured in blood agar medium for a duration of 48 hours. Over eight consecutive
weeks, cultured swabs from the inoculated samples showed positive results, in contrast to the
negative cultures from the control samples. The average bacterial count in the agar dishes

was measured at 5 x 10° CFU/ml.

Raman spectrometry analysis:

Utilizing Raman spectrometry, we conducted a comprehensive study of the micro-
architectural changes in the bone. The standard bone spectrum demonstrated distinct peaks
for phosphate (958 cm™) and carbonate (1070 cm™) in Figure 1A. The Raman bands at 851,
873, and 917 cm™ were indicative of the collagen and hydroxyproline matrix, while the band
at 1001 cm™ was characteristic of phenylalanine. The band ranging from 1210 to 1320 cm’!
corresponded to amide III. Figure 1B displayed the average Raman spectra collected from

both the control and inoculated samples after eight weeks of incubation.

The ratio of carbonate to phosphate serves as an indicator of bone mineral content, which
notably increased over time in the inoculated bone samples compared to the control group.
This points to a change in bone crystallinity, shifting from a hard matrix to a brittle one. The
control group's mean values ranged from 0.19 to 0.28 across different weeks, while
inoculated samples showed ratios varying from 0.21 to 1.51. In week 8 the increase in ratio
was significant at 61.9% in the inoculated samples, compared to 47% in the controls (P >

0.05, figure 2A).
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A progressive reduction in mineral content was observed in the inoculated samples when
compared to the control group. Phosphate-to-amide ratios in control samples varied over
weeks, peaking at week one (13.87) and dropping at week eight (6.25). Inoculated samples
followed a similar pattern, with the highest ratio at week one (13.20) and the lowest at week
eight (2.39). While the inoculated samples experienced an 82% reduction, the control group
showed a 55% reduction at week 8. However, this difference was not statistically significant

(P <0.05, figure 2B).

Control samples demonstrated variable carbonate-to-Amide I ratios, spanning from 0.04 to
0.0214 across the eight weeks. Inoculated samples also showed variation, with values ranging
from 0.06 to 0.0119 at week 8. The inoculated samples experienced a 47% reduction in these
ratios, whereas the control group exhibited an 80% reduction. However, the difference was

not statistically significant (P < 0.05, figure 2C).

The organic composition of the examined bone samples was assessed using the ratio of amide
I Raman band at 1660 cm™ to 1668 cm™!. Mean ratios in control samples ranged from 3.89 to
1.09 across different weeks, while inoculated samples displayed varying ratios from 3.149 to
0.56. An 82% shift in the amide band was observed in the inoculated samples compared to
72% in the control group. However, this difference was not statistically significant (P < 0.05,

figure 2D).

Scanning Electron Microscopy results:

In the critical stages of the sixth and eighth weeks of our experimental timeline, a significant
juncture was reached with the meticulous examination of bone samples utilizing scanning
electron microscopy (SEM). The SEM images unveiled a striking divergence between the
control and inoculated groups. In the control samples, the SEM images showcased the
characteristic appearance of cancellous bone, reminiscent of a honeycomb structure. This
familiar honeycomb trabecular pattern is a hallmark of healthy bone tissue and was faithfully
preserved in the control group. Conversely, the images from the inoculated specimens
revealed a profoundly altered landscape. Within these samples, the SEM unveiled a stark
departure from the organized trabecular architecture seen in the control samples. Instead, a
remarkable destruction of the trabeculae was observed. The detrimental impact of the
Staphylococcus aureus biofilm on the bone's internal structure was readily apparent.

Furthermore, the SEM examination allowed for a comprehensive analysis across various
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magnification levels. These different magnifications accentuated the extent of the trabecular
destruction caused by the biofilm. Figure 3 serves as a poignant representation of these

observations.

Discussion:

This study revealed discernible cavitation and disruption within the examined bone samples,
a phenomenon that was evident through the employed SEM. The outcomes of this
experimental investigation underscored the capacity of pathogenic biofilm to directly trigger
bone resorption, mirroring the clinical scenarios encountered in cases of osteomyelitis.
Notably, the efficacy of Raman spectroscopy in detecting these structural alterations was also

demonstrated.

All inoculated bone samples subjected to Raman testing exhibited noteworthy quantitative
and qualitative ultrastructural deterioration induced by the biofilm, distinguishing them from
the control samples. The selection of Raman spectroscopy was based on its ability to
meticulously analyse molecular changes within materials at an ultrastructural level.'>!
Notable differences between the two groups emerged in later time points, particularly in
factors like the phosphate-to-amide I ratio, carbonate-to-amide I ratio, and amide 1660-to-
1668 ratio. However, the pivotal finding remains that bacterial biofilm was accompanied by
marked and noteworthy bone degradation, particularly evident in the initial weeks. As the
experiment progressed, it is conceivable that bacterial counts began to decline due to
dwindling nutrient availability in the media, potentially leading to a reduction in osteolytic
activity during the later stages. Similar outcomes are observed when examining non-healthy
bone samples, indicating a deterioration in the ultrastructural composition of the bone.!”-!¥
Furthermore, this study highlights the fact that the occurrence of biofilm formation is not
limited solely to chronic osteomyelitis, as previously elucidated by Adam J et al. Their
comprehensive experiment unveiled the ability of diverse bacterial strains, to effectively
cultivate mature biofilms within a mere seven-day timeframe across various substrate
surfaces. Notably, this formation of biofilm was noticed regardless of the specific culture
media used for growing them, highlighting the strength and adaptability of these biofilm
structures. > This understanding emphasizes the necessity for carefulness in handling acute
infections, revealing the likelihood of biofilm formation in the early stages of the disease. It
underscores the complexities posed by biofilm structures, where bacteria within biofilms

exhibit antibiotic resistance levels ranging from 10 to 1000 times higher than their planktonic
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counterparts. '¢ This strategy is particularly crucial when managing infected surgical wounds
that involve metallic implants, as the decision to retain or remove the implant presents a
challenging dilemma. The presence of a biofilm on the implant surface can lead to persistent
infection and compromised healing, necessitating a comprehensive approach to disrupt the

biofilm and prevent its reformation.*!°

A primary and highly effective approach for addressing biofilm infections revolves around
physical removal, coupled with inhibiting biofilm reconstitution. Therefore, establishing an
effective management approach for bone infection necessitates exploring into the
etiopathogenesis of the biofilm formation. This entails acquiring a comprehensive
understanding of the complex molecular interactions that transpire not only among bacteria
themselves but also between bacteria and the host. The process of biofilm formation is
generally categorized into four primary stages'®-?’: initial bacterial attachment to a surface,
subsequent microcolony development, then progression towards biofilm maturation, and

eventual detachment, often referred to as dispersal. This detachment enables the released

bacteria to potentially colonize new surfaces and areas.?’

This is why, to enhance efforts of addressing the biofilm, novel strategies are being
investigated targeting these formation stages. These encompass preventing initial bacterial
attachment to surfaces, disrupting cell-to-cell signaling pathways, utilizing bacteriostatic or
bactericidal agents, and exploring the potential of anti-biofilm materials while using implants.
These emerging tactics hold substantial promise in addressing the complexities posed by
biofilm infections, offering the potential for more targeted and efficacious treatment
strategies. As an illustration, Caluss M. et al conducted a prospective nonrandomized
comparative study that encompassed 135 cases of lesser toe deformities. Their investigation
involved analyzing biofilm-related infections using sonication. The findings revealed a
diminished biofilm formation (load) on titanium K wires in contrast to stainless steel K wires.
Furthermore, employing titanium K wires yielded improved clinical outcomes compared to

their stainless-steel counterparts.?!

Conclusion:
This research enhances our comprehension of the mechanisms behind bone destruction in

osteomyelitis and underscores the intricate role of biofilm in the disease's development.
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These findings highlight the importance of biofilm in bone degradation and its potential

implications for managing infections.
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Figure 1: A: Typical Raman spectrum of healthy human bone with labelled waves’ peaks of
interest. B: Average Raman spectra collected from both control and inoculated samples at

eight weeks of incubation.
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359  Figure 2: (A) Shows an increase in carbonate to phosphate ratio in inoculated samples

360 compared to controls indicating changing bone crystallinity and transformation to a brittle
361 matrix. (B&C) shows the reduction in mineral content relative to the organic material in

362 inoculated samples compared to controls. (D) collagen crosslinking ratio shown as shift of the
363  Raman bands at 1660cm ! to 1668 cm ! in inoculated samples compared to controls

364  representing the destruction of collagen cross linkage.

365
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367 Figure 3: SEM images showing a divergence between the control and inoculated groups.



