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Ab s t r Ac t
Background: Isolation of the causal microorganisms in osteomyelitis presents a major challenge for treating clinicians. Several methods have 
been proposed to rapidly and accurately identify microorganisms. There has been an increasing interest in using Raman spectroscopy in the 
field of microbial detection and characterisation. This paper explores the use of Raman spectroscopy identification as one of the most difficult-
to-isolate microorganisms causing osteomyelitis.
Methods and results: Fresh healthy human bone samples were collected from patients undergoing a total knee replacement. These samples 
were then inoculated with fresh overnight Pseudomonas aeruginosa (PAO) cultures. Bacteria growth and bone ultrastructural changes were 
monitored over a period of 6 weeks. The experiment demonstrated ultrastructural bony destruction caused by osteolytic PAO secretions. Raman-
specific spectral signatures related to the cellular membranes of PAO structures were spotted indicating survival of bacteria on the bone surface.
Conclusion: This study showed the promising ability of Raman spectroscopy to identify the presence of bacteria on the surface of inoculated 
bone samples over time. It was able to detect the osteolytic activity of the bacteria as well as ultrastructure specific to PAO virulence. This method 
may have a role as an aid to existing diagnostic methods for fast and accurate bacterial identification in bone infection. 
Keywords: Biofilm, Infection, Osteomyelitis.
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In t r o d u c t I o n
Several diagnostic modalities are available for the evaluation of 
bone infection. The isolation of the causal microorganisms by 
direct bone or blood culture is currently used for decisions in 
definitive management. However, bacterial growth from obtained 
samples usually takes days and unfortunately, failure to isolate is 
common.1 Other diagnostic methods have been proposed for fast 
and accurate identification of microorganisms, e.g., fluorescence 
immunoassay, mass spectroscopy, polymerase chain reaction, 
flow cytometry, and vibrational spectroscopic methods viz., 
Raman.2 Raman spectroscopy is an evolving technology in the 
field of microbial detection and characterisation. It is based on 
a light-scattering technique where the light is generated by a  
high-intensity wavelength laser light source that focuses on 
the object of interest. The scattered light is then recorded as 
a wavelength change by sensors. Light scattering results from 
particle vibrations from the interaction of light with chemical bonds 
within the material examined. Recorded light scattering provides 
detailed information on the molecular structure, crystallinity, and 
polymorphism which, in turn, gives a unique fingerprint for each 
molecule. Researchers have been able to perform a non-destructive 
real-time single bacterium identification assay using Raman 
spectroscopy.3 Hamasha et al. were able to discriminate between 
pathogenic from nonpathogenic strains of Escherichia coli.4  
Raman spectroscopy has the ability to evaluate the presence of 
different pigments produced by the organisms in culture. It can 
provide definite discrimination of various intracellular pigmentation 
without the need for complex processing.5 In vitro experimental 
work on Raman spectroscopy has shown its potential to pick up 
bacterial osteomyelitis. It has demonstrated bone destruction 
caused by Staphylococcus aureus with characteristic spectral shift 
of the S. aureus carotenoid pigment.6
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Osteomyelitis caused by Pseudomonas aeruginosa (PAO) 
presents significant challenges to treating clinicians compared to 
other bacterial osteomyelitis.7 It is associated with greater risks 
of treatment failure and recurrence due to the high resistance to 
antibiotics.8 Under-reporting of PAO osteomyelitis can be attributed 
to culture failure or due to heavy growth of skin flora.7 The aim of 
this study is to explore fast identification of the PAO bacteria and 
examine osteolysis-related activity through the use of vibrational 
Raman spectroscopy. 

MAt e r I A l s A n d Me t h o d s

Bone Samples Preparation
The study was approved by the institutional ethical committee  
at College of Medicine, Sultan Qaboos University, Muscat, Oman 
(REF. NO. SQU-EC1039114). Following informed consent, sterile 
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cancellous bone pieces measuring 1–2  cm2 were obtained 
from patients undergoing total knee replacements for primary 
osteoarthritis. An absence of a history of infection or surgery 
in the affected knee was an inclusion criterion. The specimens 
were stored under sterile conditions in normal saline (0.9% 
NaCl solution, pH 7.4) at –20°C until the day of bone samples 
preparation. Sterility was maintained and confirmed by culture 
swabs taken prior to sample inoculation. Further corroboration 
was obtained from a record of none of the patients developing 
an infection subsequently. Bone samples were added to a 
bacterial inoculum which was prepared from a fresh overnight 
PAO culture (bacterial concentrate range of 1 × 106 to 1 × 107 
colony-forming units per millilitre was mixed with sterile normal 
saline). The control bone samples were soaked in sterile normal 
saline. Each mixture contained 12 bone pieces. Both groups were 
incubated for 6  weeks at 37°C to allow bacterial growth and 
multiplication. Culture swabs were taken every week to ensure 
the sterility of the control specimens and bacterial viability in 
the inoculated group.

Bacterial Growth and Bone Raman Examination
Raman Measurement and Spectroscope Setting
One of the major challenges in analysing Raman spectra of biological 
tissues is the low signal-to-noise ratio due to the spectra overlapping 
with the background fluorescence produced by the examined 
sample.9 Strong background fluorescence results in increasing 
errors in signal identification and intensity measurement. Several 
approaches have been developed to minimise the fluorescence 
background, such as laser excitation wavelength, acquisition time, 
and photobleaching.7,8 In this experiment 1064 nm excitation laser 
(I-Raman Ex spectrometer, BWTek, Newark, USA) was used as it 
offers significant advantages over other commercially available 
lasers (e.g., 532 or 785 nm) in dealing with background fluorescence9 
and spectral measurement was taken in a spectral range of 200–
2000 cm−1 using a –20o TE cooled CCD camera (BWTek, Newark, 
USA). Signal measurements were taken from five different spots 

for each examined sample. Acquisition time was also increased to 
30 seconds. These measures have minimised the fluorescence in 
the acquired signal.

Data Analysis and Representation 
BWSpec® software (BWTek, Newark, USA) was used for analysis 
of the obtained spectra. The software allowed automated signal 
baseline correction that minimises background signal for a low 
noise signal. Statistical analysis was carried out using the Statistical 
Package for Social Sciences 2020 (SPSS) (IBM Corporations, New 
York, USA). A significant difference was set at a p <0.05.

re s u lts

Bone Micro-architectural Changes
Figure 1 shows a comparison of the average readings between the 
two groups after 6 weeks of incubation while Figure 2 shows normal 
human bone spectra along with the band assignment.10 The spectral 
readings of the inoculated samples showed differences in mineral 
crystallinity, collagen cross-linking ratios, and depolarisation ratios 
of mineral and collagen fibril.

The mineral content of the bone has dropped over time 
as suggested by a decrease of the mineral to matrix ratios of 
phosphate 958 cm–1 to amide 1660 cm–1 (a ratio of 1.61 at week 1 
and a ratio of 0.40 at week 6) and carbonate 1070 cm–1 to amide 
1660 cm–1 (ratio of 5.28 at week 1 and ratio of 0.51 at week 6). This 
was as a result of an alteration of bone crystallinity (phosphate 
958 cm–1 was substituted by carbonate 1070 cm–1) as represented 
by the increase in carbonate to phosphate ratio in the inoculated 
group compared to control over the 6 weeks (week 1: 0.30; week 
6: 0.79) (Table 1).

Bacterial Growth Detection
To investigate secondary spectral changes associated with PAO 
bacterial infection, signals related to bacterial pigmentations, 
metabolic products, and bone sample response were studied.  

Fig. 1: A comparison of the average measured spectra after 6 weeks between the control bone samples and inoculated samples with PAO. The 
graph shows a drop of spectra intensity when comparing the control (red) to inoculated samples (blue). A close look at the phosphate signal 
at 958 cm–1 shows a significant drop can be noticed when comparing the groups indicating a loss of mineral content. The same applies to the 
matrix signal at 1660 cm–1. In addition, there is an evolving signal centered at 1302 and 1444 cm–1 related to C–C stretching and CH scissoring 
respectively. These signals are related to PAO structural content and secretions
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Fig. 2: This shows normal healthy bone spectra. The X-axis represents 
acquired mineral-matrix signals from the bone surface where the normal 
phosphate peak is centred at 958 cm–1, carbonate at 1070 cm–1, amide I 
at 1660 cm–1, and amide II 1684 cm–1. The Y-axis represents the intensity 
of the signal. The higher the intensity, the higher the presentation of 
molecule on the bone surface

Table 1: Shows the average ratios of bone quality as represented by the 
acquired spectra of matrix and mineral from the 10 samples

Average ratios

Weeks

1 2 3 6
Carbonate 1070 cm–1/Phosphate 958 cm–1

Inoculated 0.3 0.41 0.61 0.79
Control 0.23 0.14 0.13 0.16

Carbonate 1070 cm–1/Amide 1660 cm–1

Inoculated 1.61 1.08 0.90 0.40
Control 8.74 2.57 3.88 3.96

Phosphate 958 cm–1/Amide 1660 cm–1

Inoculated 5.28 2.62 1.46 0.51
Control 9.31 6.82 21.60 24.85

When comparing the inoculated bone samples to controls, there is a drop 
in bone quality

Fig. 3: The inoculated bone samples show intense Raman bands around 
1444 cm–1 (C–H stretching), it shows a continuous increase in signal 
intensity as the incubation period increased between week 1 in purple 
and week 6 in orange. The signal was almost tripled throughout the 
experiment period which linked to the changes in the lipid content of 
PAO biofilm, characteristic of biofilm maturation

Fig. 4: The inoculated bone samples show intense Raman bands 
around 1302.8  cm–1 (C–C stretching), which are linked to branched-
chain saturated fatty acid of 12-methyltetradecanoic acid expressed 
by PAO biofilm responsible for the virulent activity. The graph shows 
a continuous increase in signal intensity as the incubation period 
increased between week 1 in brown and week 6 in purple. The signal 
was almost tripled throughout the experiment period

observed vibrational displacement is the result of the loss of the strong 
collagen fibril intramolecular hydrogen bonds (carboxyl group).12 
The carboxyl group increases the mechanical stability of collagen 
triple-helix stability and contributes to the spacing of the structural 
network. Therefore, the inter-strand hydrogen bond loss causes 
network structure destabilisation by unfolding the helical collagen 
chains. This results in a loss of bone strength to withstand pressure 
and, subsequently, losing the compressibility of the bone matrix, and 
increasing the vulnerability to deformation.13

The results have shown a continuous increase in the peak 
around 1444  cm–1 as the incubation period progressed which 

The inoculated bone samples showed intense Raman bands 
around 1444  cm–1 (C–H stretching) which increased in signal 
intensity as the incubation period progressed (Fig. 3). The signal 
had almost tripled throughout the experiment. Another visible 
signal was detected at 1302.8 cm–1 linked to C–C scissoring which 
increased in intensity in the inoculated bone samples during 
the incubation. The signal intensity tripled during the 6 weeks 
period (Fig. 4).

dI s c u s s I o n
This experiment has demonstrated a gradual drop of both mineral and 
organic content on the surfaces of PAO inoculated bone samples as 
compared to the controls.11 The observed damage can be attributed 
to the virulent osteolytic secretions produced by PAO on the bone 
surface (e.g., pyocyanin). This can be demonstrated in the inoculated 
samples by the amide I band shift from 1660 cm–1 (hydrogen-bonded 
structure) to 1684 cm–1 (nonhydrogen-bonded structure) (Table 1). The 
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signals intensities, prohibiting potentially accurate identification 
of a given bacterial signal. However, with further experimental, 
animal, and clinical studies may have a role as an adjunct to 
existing diagnostic methods for fast and accurate bacterial 
identification. 

lI M I tAt I o n
The in vitro nature of this study does not reflect a real-life clinical 
scenario. The role of host immune response and the possibility of 
multiple organism infections have not been studied. Further work 
should be done at the in vivo level to study the contribution of 
these and other factors. 
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