
Journal of Musculoskeletal Surgery and Research • Volume 8 • Issue 1 • January-March 2024  |  59 

Original Article

Advancing joint disease diagnosis: Molecular profiling 
and biomarker identification in synovial fluid using 
Raman spectroscopy
Ahmed K. Al Ghaithi, MD1, Sultan M. Almaskari, MD1, Mohammad M. Almutani, MD1, Atika M. Al Bimani, MSc2,  
Zaaima AL-Jabri, PhD2, Khoula S. Al Badi, MD1, John Husband, PhD3

1Department of Surgery, Division of Orthopedic, 2Department of Microbiology, College of Medicine, 3Department of Chemistry, College of Science, Sultan 
Qaboos University, Muscat, Oman.

INTRODUCTION

Synovial fluid (SF) is a viscous fluid found in joint cavities providing lubrication and nourishment 
to the joints. It is produced by the joint synovial membrane and acts as a lubricant for joints 
reducing surface friction and facilitating movement.[1] The SF is a product of ultra-filtration of 
blood plasma mainly consisting of water, hyaluronic acid, collagenase, lubricant, and proteinase. 

ABSTRACT
Objectives: Synovial fluid (SF) analysis is crucial for diagnosing various joint diseases. This research delved into 
using Raman spectroscopy (RS) as a primary method for molecular profiling of SF and identifying significant 
biomarkers. The findings from this research have the potential to expand the utility of RS in diagnosing a diverse 
range of joint conditions.

Methods: The SF samples were collected from patients undergoing knee joint surgeries and analyzed using RS 
coupled with a video microsampling system. Various strategies were implemented to minimize background 
fluorescence interference, a common challenge in biofluid RS analysis.

Results: The spectral characteristics of fresh and overnight dry SF samples were compared revealing a reduction 
in background fluorescence in the dried samples. However, certain important signals were found to be absent due 
to overlap between Raman bands. The analysis showed distinct spectral features associated with hyaluronic acid, 
glycosaminoglycans, collagen, and proteins, highlighting their potential as biomarkers for joint diseases.

Conclusion: Our study highlights the effectiveness of RS as a promising non-invasive method for analyzing SF. 
We have pinpointed specific biomarkers critical for joint health and disease paving the way for RS to potentially 
revolutionize the diagnosis and monitoring of joint pathologies. Despite the focus on osteoarthritis, the 
implications of this research extend to other complex joint diseases necessitating further investigation to enhance 
diagnostic precision and patient care.
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During the joint pathological course, SF ultra-structure 
undergoes chemical and biochemical changes due to protein 
composition and proteomic profile alterations.[2,3] The SF’s 
cytological and biochemical analysis has demonstrated 
its diagnostic value for several decades, particularly in 
the early detection of joint diseases such as inflammatory 
and infectious conditions.[3] Therefore, researchers 
employed various diagnostic modalities to analyze SF, 
starting with gross visual inspection of aspirated fluid to 
comprehensive laboratory investigation. These diagnostic 
modalities encompassed immunoassay, chromatography, 
mass spectrometry, and the promising emerging Raman 
spectroscopy (RS) technology.[3-5]

The RS is a non-destructive analytical technique based 
on the principle of light scattering.[6,7] It has shown its 
potential in the field of biomedical sciences, particularly 
in the examination and analysis of biological fluids. The 
RS involves directing a laser beam onto a sample for 
examination purposes. Then, light scattered is gathered 
and analyzed. During this process, a phenomenon known 
as Raman scattering takes place wherein the photons 
interact with the molecules in the sample.[8] As a result, the 
molecules’ energy levels experience a change or shift. This 
energy shift generates a spectrum that resembles a unique 
fingerprint enabling the identification and analysis of the 
molecular components within the sample.

However, RS analysis of biofluids encounters a notable 
obstacle in the form of background fluorescence. Background 
fluorescence in biofluid RS pertains to undesired signals 
that arise from the fluorescence emitted by the sample or 
surrounding components during Raman measurements.[6,9] 
As a result, this phenomenon poses a substantial challenge 
when analyzing signals. Consequently, effective background 
fluorescence management and reduction play a pivotal role 
in biofluid Raman analysis. These measures are essential 
for enhancing the sensitivity and specificity of Raman 
measurements ultimately enabling precise analysis of the 
desired target analytes of interest.[6]

This research delved into using RS as a primary 
method for molecular profiling of SF and identifying 
significant biomarkers. The study targets individuals 
with osteoarthritis due to its commonality and detailed 
characterization serving as an ideal model for testing RS 
diagnostic capabilities. Establishing RS benchmarks with 
this uniform patient group facilitates later application to 
more complex conditions. Human SF samples collected 
from knee joints during joint surgeries were employed for 
this purpose. The samples were subjected to systematic 
scanning using a Raman spectroscope coupled with a video 
micro-sampling system. Various measurement strategies 
were implemented to minimize background fluorescence 
interference.

MATERIALS AND METHODS

Samples preparations

Before commencing the study, all participants involved in the 
study provided written informed consent. All participants 
had the diagnosis of knee osteoarthritis primarily based on 
clinical presentation characterized by pain in the knee along 
with restrictions in the range of motion. In addition, knee 
radiographs were performed revealing joint degenerative 
arthritis changes with the presence of a definite osteophyte. 
The knee joints included in the study had radiographic 
severity of osteoarthritis ranging from 2 to 4 as assessed using 
the Kellgren/Lawrence grading criteria of osteoarthritis.[10]

The SF samples of 1–2 cc were obtained from 40 participants 
before undergoing total knee replacement or knee ligament 
reconstruction. Aseptic precautions were followed to 
ensure sterility, and fluid aspirations were performed using 
18-  or 20-gauge needles attached to a 20–60-mL syringe. 
The collected fluids were stored in sterile containers at a 
temperature of –20°C until the day of inoculation.

During the experimental day, the sample preparation involved 
using a pipette to carefully place 2 drops of SF (2–10 µL) onto 
various substrates such as a microscope slide with a cover slip, 
well slides microscope, fused silver mirror or microcuvette. 
The drops were then analyzed while they were still wet using 
a Raman spectroscope coupled with a video micro-sampling 
system. Subsequently, the drops were left to dry overnight at 
room temperature and re-examined afterward.

RS setup

The experimental setup consisted of an I-Raman Ex 
spectrometer® (BWTek, Newark, USA) equipped with 
a spectroscope and a 1064  nm excitation laser. The 
spectrometer was connected to a TE-cooled CCD camera 
operating at –200°C to capture Raman spectra. Each 
acquisition required a sample collection time (integration 
time) of 6  s/scan, and 20 scans were averaged to obtain a 
single spectrum.

For safety reasons and to avoid any damage to the samples, the 
laser powers were limited to 40% or lower. The spectroscopic 
wavelength range was set between 200 cm−1 and 2500 cm−1. 
The spectral data obtained from the spectrometer were 
processed using BWSpec® software (BWTek, Newark, USA), 
which facilitated the rendering and analysis of the spectra. 
The software also included baseline correction techniques to 
minimize background noise [Figure 1].

Background fluorescence management

We implemented several key strategies to manage 
background fluorescence effectively in our RS analysis. Our 
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primary approach involved selecting a 1064  nm excitation 
laser. This wavelength is known for its ability to reduce 
fluorescence interference compared to shorter wavelengths, 
which was crucial for our study. However, using this laser also 
meant accepting some trade-offs such as a decrease in overall 
Raman signal strength and a limited maximum Raman 
shift detection capability of up to 2500 cm−1. We carefully 
balanced these factors to optimize our setup for accurate and 
reliable spectral data collection. We encountered significant 
background fluorescence during the spectral analysis, 
particularly when using the standard microscope and well 
slides. This interference negatively impacted the accuracy 
and integrity of our data. To overcome this challenge, we 
experimented with alternative sample holders, namely, a 
fused silver mirror and a microcuvette. Both options showed 
a marked reduction in background fluorescence compared to 
traditional slides leading to clearer and more precise spectral 
readings.

The microcuvette from Hellima® (Chadds Ford Township, 
PA, USA), specifically a 160-mL quartz cuvette, was effective 
in minimizing fluorescence and allowed for easy fluorescence 
subtraction through reference scans. However, it presented 
practical difficulties in handling the highly viscous SF, 
especially in transitioning between wet and dry sample states 
and in its maintenance. On the other hand, the fused silver 
mirror from ThorLabs® (Newton, NJ, USA) offered several 
advantages. It demonstrated significantly lower fluorescence 
than microscope slides and enhanced our spectral signal 
quality by reflecting more light back to the detector. Although 
this increased reflection presented a limitation in detecting 
Raman shifts below 500 cm−1, the mirror’s design facilitated 
easier sample distribution and effectively accommodated 
both wet and dry samples.

After evaluating both options, we concluded that the 
fused silver mirror’s benefits outweighed the operational 
challenges posed by the microcuvette. As a result, 
we adopted the fused silver mirror as our primary 
sample holder ensuring better control over background 
fluorescence and improving the overall quality of our 
Raman spectroscopic data.

RESULTS

Our analysis revealed distinct molecular signatures in SF 
samples from patients with severe osteoarthritis characterized 
by specific Raman peaks associated with biomarkers such as 
hyaluronic acid, glycosaminoglycans, collagen, and proteins. 
Notably, hyaluronic acid was identified at 1155 cm^−1 (which 
corresponds to C-O and C-C bonds), glycosaminoglycans 
like chondroitin sulfate around 1062 cm^−1 and 1126 cm^−1, 
collagen at 1541 and 1665 cm^−1 (amide I) and 1243 cm^−1 
(amide III), and proteins at 895 cm−1. Phenylalanine, a 
marker of osteoarthritis progression, was consistently present 
across all samples, indicated by a peak at 1005 cm−1.[11]

A comparison of dry versus wet samples indicated that 
drying reduces background fluorescence but may also 
obscure critical signals due to overlapping Raman bands. 
These observations suggest that while dry samples offer 
some analytical benefits, they may not capture the complete 
molecular profile present in wet samples. Figures  1 and 2 
provide visual representations of these findings displaying the 
differences in spectral characteristics between dry and wet 
samples and highlighting the impact of sample preparation 
on the quality of the Raman spectra obtained.

Table  1 presents the molecular profiling of SF and the 
identification of potential biomarkers that can be utilized 
for diagnosing joint pathologies. The table provides a 
comprehensive analysis of the molecular composition of 
SF and highlights specific biomarkers that hold promise for 
accurate diagnosis of various joint conditions.

DISCUSSION

Our research revealed specific carotenoid Raman bands in SF 
at wave numbers 1010, 1155, 1157, and 1512 cm−1, aligning 
with Bocsa et al.’s initial findings on SF.[14,16] Our results also 

Figure  1: Showcases two images captured using the video micro-
sampling system. The first image presents an overnight dry sample 
on an AG mirror slide, while the second image portrays a fresh 
synovial sample on an AG mirror slide.

Figure 2: Illustrates the captured Raman spectra from two samples 
on AG mirror slides before baseline correction. The first spectrum 
represents an overnight dry sample, while the second spectrum 
represents a fresh synovial sample. Notably, the dry sample exhibits 
considerably less background fluorescence in comparison to the 
fresh sample.
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show strong peaks indicating collagen at 1541–1665 cm−1 
(amide I) and 1243 cm−1 (amide III), echoing the diagnostic 
promise of RS for joint health assessment. The collagen-
specific Raman band at 1665 cm−1 (amide I), as utilized by 
Prokopi et al. to distinguish between normal and deteriorating 
knee joint menisci, showed a notably higher intensity ratio in 
healthy tissue.[24] This underlines RS’s potential in evaluating 
meniscus degeneration through collagen-specific bands and 
their polarization. Gamsjaeger et al’s work on identifying 
Raman bands for proteoglycans in bone and cartilage 
suggested the band near 1375 cm−1 as a proteoglycan 
marker. Our findings also agree with those on detecting 
glycosaminoglycans, specifically chondroitin sulfate at 
1062 cm−1 and a pyranose ring band at 1126 cm−1, reinforcing 
these bands’ reproducibility and diagnostic value.[22] The 
study by Elli et al. on structural glycosaminoglycan analysis 
provided parameters to quantify aggrecan in cartilage, which 
our findings support.[25] Our research expands on previous 
studies by quantitatively analyzing these bands in a larger 
osteoarthritis cohort suggesting a more direct correlation 
between band presence and disease severity. Furthermore, 
the detection of glycosaminoglycans, such as chondroitin 
sulfate, in our study lends additional support to their use as 
markers for cartilage health in OA patients.

Moreover, we found that SF contains a relatively constant 
component of (C = O) lipids at a wave number of 1440 and 

1745 cm−1. The Raman spectra obtained in this study are 
consistent with Czamara et al.’s review on RS of lipids. In the 
review, 35 lipids were analyzed, and the selected compounds 
for examination encompassed saturated/unsaturated fatty 
acids, triacylglycerols, cholesterol, cholesteryl esters, and 
phospholipids.[19] Timchenko et al. also used this lipid 
component as a reference point in calculating optical 
coefficients. These coefficients were employed to monitor 
changes in the SF during the development of osteoarthritis. 
Using (C = O) lipids as a denominator, they could effectively 
analyze the alterations occurring in the SF associated with 
this condition.[4] D’Acunto et al. conducted a study on human 
lipids as tumor markers where they identified medium 
intensity bands at 1313 cm−1 and 1346 cm−1, which were 
associated with the CH3CH2 twisting mode and CH3CH2 
wagging mode of lipids, respectively.[20] Our study extends 
this by confirming these lipid markers in a different patient 
population and underlines the utility of RS in tracking 
disease progression through lipid changes.

Furthermore, it is crucial to emphasize the importance of 
effectively managing and reducing background fluorescence 
in the context of RS for biofluid analysis. The presence 
of background fluorescence can significantly impact the 
accuracy and reliability of analytical results. Implementing 
measures to mitigate this issue is essential to enhance 
the sensitivity and specificity of Raman measurements 

Table 1: Assignment of raman vibrational shifts. 

Wavenumber (cm−1) Biological assignment Vibrational assignment References

895 Protein C-C stretch [12] 
937 Sulfated glycosaminoglycans [13]
1005 Phenylalanine [14,15]
1010 Carotenoid [16]
1062 Sulfated glycosaminoglycans [13]
1155 Hyaluronic acid (Carotenoid) C-O and C-C bonds [14]
1157 Carotenoid In-phase vibrations of the conjugated = C–C= [14]
1206 Phenylalanine [11]
1125 Glycosidic linkage C–C stretching [17]
1126 Pyranose ring С-С, С-О stretching [14]
1156 Carotenoid [16]
1235 Amide III In-phase combination of the NH bending and CN stretching [18]
1243 Amide I N-H bonds [18]
1313 Lipids CH3CH2 twisting [19,20]
1318  G ring breathing modes of the DNA/RNA [21]
1346 Lipids CH3CH2 wagging [19,20]
1375 Proteoglycans (Amide III) [22]
1440 Lipids CH2 and CH3 deformation [4,19]
1446 Proteins and lipids CH2 bending [4,19]
1512 Carotenoid [14]
1541 Amide III N-H bonds [23]
1574 Amide III Out-of-phase combination of the NH bending and the CN stretching [23]
1660–1665 Amide I C=O stretching vibrations out-of-plane C–N stretching [24]
1745 Lipids C=O [4,19]
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ensuring precise analysis of the target analytes of interest.[6,9] 
Several strategies can be employed to address background 
fluorescence in RS of biofluids. One approach involves 
utilizing excitation lasers with reduced fluorescence-inducing 
properties.

In addition, appropriate sample preparation techniques can be 
employed. These techniques may involve filtering the biofluid 
samples to eliminate large particles or utilizing methods such 
as centrifugation or dialysis to remove interfering components 
that contribute to fluorescence.[26] The present study employed 
several measurement strategies to address background 
fluorescence. It was observed that significant background 
fluorescence occurred when using a microscope slide with a 
cover slip and well slides for microscopy. Conversely, using 
a fused silver mirror and microcuvette as sample holders 
demonstrated reduced background fluorescence making 
them more suitable options. Although the microcuvette 
reading process presented challenges, the decision was made 
to continue with the fused silver mirror as the preferred 
sample holder due to its favorable characteristics and lower 
background fluorescence.

In addition, using overnight drying of SF to reduce background 
fluorescence proves ineffective, as it leads to the absence of 
crucial signals. Our findings corroborate the study conducted 
by Esmonde et al. We observed that the spectra obtained from 
the edges of the droplets predominantly consisted of protein 
Raman bands, which offered ample data for assessing the 
physiochemical composition of human SF. Although there was 
an overlap between Raman bands from glycosaminoglycans 
and lipids with certain protein bands, these components 
exhibited relatively weak Raman scattering properties.[23]

This study is limited to all samples used from patients with 
established osteoarthritis with varying degrees of severity. 

The complex nature of osteoarthritis may influence its 
manifestation and progression, which has the potential for 
significant differences in Raman spectral changes at different 
degrees of the disease. Our analysis of the acquired spectral 

Raman signals did not aim to establish a relationship with 
the osteoarthritis grade. However, while examining the 
acquired spectra, we note that the nature and extent of 
these spectral differences may vary between samples. In 
addition, the previous research has made some strides in 
exploring this topic.[27] Therefore, further work is needed to 
understand the relationship between Raman spectral signals 
and osteoarthritis classification grade comprehensively. This 
may improve our understanding of disease progression and 
contribute to the development of more accurate diagnostic 
tools as well as effective treatment strategies.

CONCLUSION

Our study highlights the effectiveness of RS as a promising 
non-invasive method for analyzing SF and detecting 
osteoarthritis. We have pinpointed specific biomarkers 
critical for joint health and disease paving the way for RS 
to potentially revolutionize diagnosing and monitoring 
joint pathologies. Despite the focus on osteoarthritis, the 
implications of this research extend to other complex joint 
diseases necessitating further investigation to enhance 
diagnostic precision and patient care.
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