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Abstract

Raman microspectroscopy (RMS) offers a powerful, non-destructive approach for in situ 

monitoring of dynamic biochemical processes within cells. However, the ability to reliably 

data-mine the spectroscopic signatures and their evolution and extract meaningful information 

can be challenging. Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) 

regression analysis is a powerful chemometric technique that can potentially address this 

challenge by deconvoluting the spectra into individual component spectra, each representing a 

specific biochemical species, and regressing the solutions against kinetic constraints.

In this study, MCR-ALS analysis was performed on spectral data of differentiation process of 

mesenchymal stem cells into chondrocytes, carried out on two different substrates, collagen 3-

dimensional hydrogel and the conventional 2-dimensional culture model at time intervals of 1-

7, 14, 21 days. The kinetic evolution of the chondrogenesis was modelled according to a 

phenomenological rate equation model, in an attempt to describe the biochemical evolution of 

the cell composition within the process. Moreover, the ability of the algorithm to faithfully 

extract the correct reaction rates and spectral profiles has been explored. The results indicated 

that the differentiation process originates in the nucleolar regions, subsequently extending to 
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the nuclear and cytoplasmic compartments and corroborated a more rapid differentiation rate 

in cell cultures grown on 3D collagen hydrogels compared to 2D substrates.

The combination of Raman microspectroscopy and MCR-ALS offers a powerful approach for 

elucidating the complex mechanisms underlying chondrogenesis and developing innovative 

strategies for regenerative medicine.

Keywords: Raman spectroscopy, mesenchymal stem cells, chondrogenesis, kinetic evolution, 

Multivariate Curve Resolution-Alternating Least Squares regression analysis

1. Introduction

Cell therapy is a rapidly emerging field of regenerative medicine that involves the injection or 

implantation of living cells into a patient to treat a variety of diseases and injuries [1]. By 

leveraging the body's inherent healing mechanisms, cell therapies aim to restore damaged 

tissues and organs. The development of cell-based therapies, particularly those employing stem 

cells, holds significant promise for regenerative medicine. However, to realise the full potential 

of these therapies, a comprehensive understanding of cellular behaviour and function is 

essential. This necessitates the development of robust monitoring methods that can track cell-

based therapies throughout their entire lifecycle, from initial cell isolation to clinical 

application. Such monitoring can enable researchers and clinicians to optimise culture 

conditions, ensure product quality, and assess safety and efficacy [1].

Within the context of stem cell-based therapies, a particular focus lies on chondrogenesis, the 

process of cartilage formation from mesenchymal stem cells (MSCs) [2]. Chondrocytes play a 

pivotal role in the maintenance of cartilage through the secretion of growth factors and enzymes 

that regulate its synthesis and extracellular matrix (ECM) [3]. Chondrogenesis is regulated by 

multiple complex signalling paths, and, during the first phase of intense growth, known as pre-

cartilaginous condensation, MSCs cluster together and become a flock of mesenchymal 

progenitor cells and nodules [3-5]. This pre-cartilaginous condensation is an extremely 
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important intermediate phase that provides the fundamental scaffold for the skeletal elements, 

and it is provoked by a reduction of intercellular distances and consequent increase of cell to 

cell contacts [3]. Within these densely packed cellular aggregates, the MSCs further 

differentiate into chondrocytes, which proliferate and continue the deposition of extracellular 

matrix [3, 5].

In order to translate cellular metabolism and biochemical insights into clinical applications, it 

is imperative to address the inherent complexity of cells, particularly when assessing their 

safety and efficacy for therapeutic purposes. Substantial efforts have been devoted to 

optimising cell growth conditions [6-10], necessitating precise generation of the desired cell 

product while mitigating contamination risks. However, identifying an effective monitoring 

technique remains a significant challenge. 

The expression of pivotal chondrogenic genes, including SOX9, collagen type I, type II, 

aggrecan, and fibronectin, has been previously assessed using real-time polymerase chain 

reaction (RT-PCR) [11-16]. Histological staining with Alcian Blue, Blyscan, and 

immunofluorescence techniques have confirmed the presence of proteoglycans and collagen 

II, further substantiating MSC differentiation into chondrocytes [3, 11, 12, 15, 17-19]. 

Immunohistochemical analysis facilitated the identification and quantification of collagen II 

accumulation, thereby evaluating the organisation of the extracellular matrix (ECM) and the 

expression of chondrogenic markers, such as collagen II and aggrecan, throughout 

differentiation [6, 10, 12, 20, 21]. Additionally, the quantification of glycosaminoglycan 

(GAG) content, normalised to DNA, has demonstrated a significant increase in extracellular 

matrix (ECM) deposition on softer matrices, suggesting that mechanical properties influence 

chondrogenic commitment [11, 15, 18]. Despite the advancements provided by these 

techniques, a major challenge remains in achieving in situ, real-time monitoring of 

chondrogenic differentiation. The conventional bioassays used to analyse differentiation stages 
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are often destructive, time-consuming, and require large sample quantities [10, 22-30], limiting 

their clinical and translational applications [10, 22-30]. 

Vibrational spectroscopy can overcome numerous limitations and has been extensively 

explored over the last decades as a diagnostic and prognostic tool for biomedical applications 

[31, 32]. Raman microspectroscopy (RMS), has previously been used to provide an in situ and 

real time assessment of stem cell quality and differentiation potential [29, 33, 34].

Expanding upon the work of Ravera et al. (2024) on the benefits of 3D hydrogels compared to 

conventional 2D cell culture for in vitro chondrogenesis, this study aims to investigate and 

quantitatively compare the kinetic evolution and different rates of differentiation of MSCs on 

different substrates. In this work, it is proposed that the different stages of chondrocyte 

development, from undifferentiated MSCs to pre-chondrogenic condensed cells, and early 

differentiated chondrocytes, respectively, can be represented by distinct spectral profiles 

identified in the Raman spectral profile of the cell population. The kinetics of the evolution 

process can thus be modelled according to a phenomenological rate equation model, in which 

a series of ordinary differential equations are used to describe the biochemical evolution of the 

cell composition from their undifferentiated state, through pre-chondrogenic condensation to 

differentiated chondrocytes. The kinetic model will then be used as a set of constraints applied 

to the multivariate curve resolution- alternating least squares (MCR-ALS) algorithm to extract 

the independent spectral profiles (Components) from the measured spectra as a function of 

time, as well as kinetic rate constants to characterise the differentiation process [35].

MCR-ALS regression analysis is an unmixing method which can provide an accurate 

molecular decomposition of the spectroscopic information contained in a data set [35, 36]. The 

algorithm operates under the assumption that any given complex spectrum within the analysis 

can be represented as a linear combination of pure component spectra. These components are 

weighted based on their relative abundance at each point in the analysis. Within the context of 
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MCR-ALS image analysis, a "pure component" can represent a singular chemical compound 

or a distinct stage within a process that exhibits a consistent spectral signature [35-37]. MCR-

ALS is rapidly emerging as a powerful tool for spectral analysis, offering valuable insights. 

Perez-Guaita et al. previously used MCR-ALS combined with pharmacokinetic modelling to 

analyse the uptake of drugs by cells in vitro. This approach allowed them to extract the spectral 

signatures and concentration profiles of the drug and its metabolites over time [38]. Moreover, 

MCR-ALS has been applied for innovative analysis of skin tissues, providing in vivo spectral 

profiles corresponding to the contribution of the optical system and skin components [39]. By 

utilising MCR-ALS to analyse the kinetic evolution the differentiation process, according to a 

model of A → B, B → C, with rate constants of k1 and k2, respectively, this study aims to 

extract the underlying spectral components and their corresponding concentration profiles from 

the Raman spectra of MSCs cultured on both 2D and 3D hydrogel substrates and moreover 

quantify the process in terms of the rate constants of the progression. This approach will enable 

a detailed analysis of the progressive evolution of the spectral features associated with the 

different phases of chondrogenesis, including the initial condensation of MSCs, the subsequent 

differentiation into chondrocytes, and the maturation of the extracellular matrix. Furthermore, 

this study will focus on the subcellular localisation of spectral changes, examining the 

evolution of the organelles quantitatively comparing the kinetic profiles of these subcellular 

regions in MSCs differentiated on 2D and 3D substrates, quantifying their rates of change, 

providing valuable insights into the influence of the microenvironment on the chondrogenic 

process. 

Overall, this study leverages the power of MCR-ALS to unravel the complex spectral 

signatures of MSCs undergoing chondrogenesis, offering a deeper understanding of the 

molecular and cellular mechanisms involved in this critical developmental process, and 
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demonstrating the potential of Raman microspectroscopy as a tool for monitoring the 

development of cell-based therapies.

2. Materials and Methods

2.1. Summary

The manuscript presents a further analysis of the spectral data previously presented in Ravera 

et al. [33, 40]. For completeness, the Materials and Methods of that study are summarised here.

Briefly, rat mesenchymal stem cells (rMSCs) from GIBCO® (Thermo Fisher Scientific) were 

cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% foetal 

bovine serum (FBS) and 5 μg/mL gentamicin. Sub-culturing was performed every 3-4 days at 

60-80% confluency to maintain a healthy and expanding cell population. As a well studied 

model for the differentiation process, a commercially available rodent mesenchymal stem cell 

line was chosen. Chondrogenic differentiation has previously been demonstrated by positive 

proteoglycan Alcian blue staining after 18 days of culturing [12, 41], and by monitoring the 

content of sulphated glycosaminoglycans after 14, 21 and 28 days [18, 42, 43]. To induce 

chondrogenesis, a commercially available StemPro™ Chondrogenesis Differentiation Kit 

(Thermo Fisher Scientific) was employed. The comparison of two distinct culture 

environments was carried out, 3D and 2D, for 3 weeks. 3D cell cultures were prepared 

according to previously described protocol [40] with collagen hydrogel-coated dishes 

(Collagen I, rat tail (3 mg/mL) GIBCO® ) and seeded with rMSCs at a density of 5 x 106 

cells/mL. 

2D cell cultures were seeded onto polystyrene plates at a density of 8 x 106 cells/mL and then 

seeded onto CaF2 disks (Crystran, UK) at a specific density of 100,000 cells per disk for Raman 

analysis. All samples were fixed with 10% formalin solution, rinsed with and stored in distilled 

water (dH2O) for Raman measurements.
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2.2. Raman Spectral Data

For Raman analysis of rMSCs, control and differentiated cultures, samples were prepared by 

directly fixing the samples with formaldehyde solution. Cells were washed three times with 

Dulbecco's Phosphate-Buffered Saline (D-PBS, containing no calcium, magnesium, or phenol 

red), then fixed with 10% formalin for 15 minutes. The formalin solution was removed after 

15 minutes of incubation at room temperature, cells were rinsed with dH2O three times and 

kept in 2 mL of dH2O for Raman measurements.

A Horiba Jobin-Yvon LabRAM HR800 spectrometer, equipped with a 785 nm diode laser as 

source, was used throughout the study. All measurements were acquired in water to reduce 

scatter and minimise the risk of photodamage [44, 45], by using a x100 water immersion 

objective (LUMPlanF1, Olympus, N.A. 1), of spot size ~1m. The spectrometer was calibrated 

to the 520.7 cm-1 line of silicon prior to spectral acquisition. Although the high resolution 

HR800 instrument can achieve a dispersion of ~0.25 cm-1 per pixel with higher density 

gratings, 300 lines per mm grating was chosen to capture the whole fingerprint region of the 

spectrum in a single window, with a spectral dispersion of approximately 1.5 cm-1 per pixel. A 

100 μm confocal pinhole was used for all measurements. The spectra were dispersed onto a 

16-bit dynamic range Peltier cooled CCD detector and the spectral range from 400 to 1800 cm-

1, the so-called fingerprint region, was chosen. Point spectra from the cytoplasm, nucleus, and 

nucleolus (See Figure S.1.) of 20 to 40 cells were acquired for each differentiation time point, 

and spectra were acquired for 3 x 30 seconds at each spot. 

2.3. Spectral Data Processing

Prior to analysis, raw spectral data underwent pre-processing in Matlab (Mathworks) to remove 

unwanted background signal and noise. A Savitzky-Golay filter (3rd order, 9 points) was 

applied to smooth the spectra. The background signal, primarily water due to immersion 
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geometry [45, 46], was removed using the adapted Extended Multiplicative Signal Correction 

(EMSC) algorithm [47]. EMSC was applied to the smoothed spectra using a reference spectrum 

of cells on collagen hydrogel and a 7th-order polynomial baseline. Finally, the data was vector 

normalised to minimise instrumental variation. Each dataset contained 20-40 spectra 

(observations), representing points in an n-dimensional space defined by the wavenumbers 

(400-1800 cm-1). 

2.4. Multivariate Curve Resolution-Alternating Least Squares Modelling 

Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) was performed to 

resolve the multiple component responses within the measured spectral responses, as explained 

in detail by de Juan and Tauler [37].

The MCR-ALS Graphical User Interface (GUI) 2.0 was employed for all analyses presented 

in this study [37, 48]. It is freely available from the Multivariate Curve Resolution Homepage 

(https://mcrals.wordpress.com/). The GUI was run in Matlab 2023b (Mathworks). Singular 

Value Decomposition was used to initially specify the number of components as 3. Initial 

estimates of the components were then performed using Evolving Factor Analysis. The fitting 

procedure was subjected to non-negativity (NNLS) constraints in both the concentration and 

spectral domains, and no further normalisation was applied. Kinetic constraints of A→B→C 

were applied to the concentration domain, 100 iterations were performed, and the convergence 

criterion was set at 0.01. 

Following the definition of the kinetic model across the specified time frame (t1 to tn), the 

program performs an optimisation routine, resulting in the generation of the best-fit kinetic 

profiles for component concentrations (copt) and their corresponding spectral profiles (sopt). 

Notably, the optimised kinetic parameters are also recorded for each model variation, such as 

those arising from adjustments to the time window or time step.
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3. Results and Discussion

3.1. Tracking Subcellular Biochemical Changes in MSC Differentiation with Raman 

microspectroscopy and MCR-ALS

Raman microspectroscopic analysis was performed on the subcellular regions of nucleolus, 

nucleus and cytoplasm of rMSC cultures in both 2D and 3D environments, over a period of 1-

21 days [33, 40]. 

MCR-ALS was initially used to examine the spectral information gathered from Raman 

microspectroscopy of subcellular regions of differentiating MSCs towards chondrocytes 

cultured and differentiated on collagen hydrogel substrates. Singular value decomposition 

(SVD) was used to first establish the number of components to be used in the model, which 

was specified as 3, imposing a three-stage model of initial differentiation from rMSC (A) to 

the condensation stage (B), followed by the last differentiation stage (C), on the evolution of 

the Raman spectra of the nucleolus over the 21 days of differentiation. The resultant spectral 

components can be seen in Figure 1.A, for the case of the nucleoli. The kinetic evolution of the 

components, constrained to an evolution model of A → B, B → C, with rate constants of k1 

and k2 (per day), respectively, can be seen in Figure 1.B. The fit parameters are tabulated in 

Table 1. To better visualise the spectroscopic changes occurring between the stages, the 

difference spectra (Component 2- Component 1) and (Component 3- Component 2), are shown 

in Figure 1.C.

A difference spectrum is a visual representation of the calculated difference between two 

spectra, obtained by subtracting one spectrum from the other, point by point. Difference spectra 

are particularly useful for highlighting subtle changes that might be difficult to discern when 

comparing the original spectra directly. They can also help identify changes in peaks and 

visualise the level of differences between spectra. Additionally, difference spectra can reveal 
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the main peaks of the spectra being compared, as these peaks will often appear as prominent 

features in the difference spectrum.

 
Figure 1. A) MCR-ALS resolved components corresponding to the evolution of the nucleolus 

over a 21 day period of differentiation on 3D collagen I hydrogels (offset for clarity). B) Three 

stage kinetic model of the evolution of the kinetic components A → B, B → C. C) Difference 

spectra between the first and the second component (blue) and second and third (red) (offset 

for clarity). The dashed lines indicate zero difference.
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3D 2D

k1 k2 Sig 

1

Sig 2 k1 k2 Sig 

1

Sig 2

Nucleolus 0.47 0.04 0.05 0.00

3

0.25 0.04 0.01 0.00

2

Nucleus 0.22 0.02

5

0.03 0.00

3

0.12 0.05

2

0.01 0.00

6

1.19 0.23

0

0.16 0.03 0.15 0.04

9

0.01 0.00

5

Cytoplasm

0.16 0.02

Table 1. Optimised rate constants (per day) of kinetic equations A → B (k1) and B → C (k2) 

for each of the three subcellular regions of cells grown in 2-dimensional and 3-dimensional 

substrates (2D and 3D). Sig 1 and Sig 2 indicate the residual standard deviation for k1 and k2, 

respectively.

Component 1 is seen to decrease dramatically after one day of differentiation, while component 

2 increases concomitantly and continues to dominate throughout 21 days of differentiation. 

Component 3 shows a steady increase throughout the differentiation process, although it only 

accounts for ~40% of the spectral profile after 21 days. As expected, the main spectral changes 

observed in the nucleolus (figure 1.A) from Components 1 to 3 are associated with nucleic acid 

structures, including an increased intensity of the phosphate stretching vibration of RNA/DNA 

content, such as the band at ~ 782-86 cm-1, manifest as a sharp peak, compared to the other 

components [49].

A →B 

B → C

 B → C
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Figure 1.C illustrates the difference spectra between the three components and allows a clearer 

identification of the spectral changes occurring between the stages of the differentiation 

process. The peak at ~1093 cm-1, corresponding to the stretching vibration of RNA/DNA, is 

present in the spectral representation of both difference spectra [50], and there are further 

changes in the DNA/RNA related peak at ~1336 cm-1 [51]. However, further significant 

changes are also observed in the intensities of protein and lipid related peaks, for example the 

peak at ~1004 cm-1, assigned to phenylalanine [52], and the range of 1303-1343 cm-1, in which 

the most relevant peaks (1303 cm-1,1322 cm-1 and 1343 cm-1) correspond to the contribution of 

CH2CH3 bending in collagen [53]. Changes are also observed at the peaks at ~1123 cm-1 (C-C 

stretching mode of lipids and proteins), ~1453 cm-1, and ~1468 cm-1 (CH bending mode of 

structural proteins and lipids) [54]. 

An intense nucleolar activity in the early phases of differentiation, or pre-chondrogenic 

condensation, has previously been observed with Raman microspectroscopy [33, 55] and 

indicates that the nucleolus is the primary site of biochemical activity in the initial stages of 

differentiation [56, 57]. This decrease is closely linked to a reduction in transcriptional activity 

and cell proliferation, as stem cells transition from a highly proliferative state to a more 

specialised, functionally distinct phenotype [29, 33, 55]. 

This intense activity is reflected in the changes occurring in Component 2 in the first days of 

the differentiation of the pure components analysis with MCR-ALS. Interestingly, many of the 

spectral changes evident in the difference spectrum representing the first phase of 

differentiation appear to be reversed in the second phase, as evidenced by the almost mirror 

image nature of the second difference spectrum. 

Further significant changes are also observed in the intensities of protein and lipid related 

peaks, for example the peak at ~1004 cm-1, assigned to phenylalanine [52], and the range of 

1303-1343 cm-1, in which the most relevant peaks (1303 cm-1,1322 cm-1 and 1343 cm-1) 
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correspond to the contribution of CH2CH3 bending in collagen [53]. Changes are also observed 

at the peaks at ~1123 cm-1 (C-C stretching mode of lipids and proteins), ~1453 cm-1, and ~1468 

cm-1 (CH bending mode of structural proteins and lipids) [54]. During chondrogenic 

differentiation a decrease in sphingomyelins and phosphatidylcholines has previously been 

detected [58]. Lipid changes are crucial for differentiation progression, and the identified 

markers could aid in monitoring chondrogenesis and improving cartilage regeneration. The 

findings emphasise the role of lipids in cell growth, differentiation, and cartilage matrix 

production.

To further explore the effectiveness of MCR-ALS analysis, a comparative study of the 

spectroscopic results of rMSCs chondrogenic differentiation analysis performed on cells grown 

on a 2-D CaF2 was performed. The equivalent plot for the analysis of the datasets for the 

nucleolus, nucleus and cytoplasm in a 2D environment are shown in the Supplementary 

material Figures S.2.-S.4. The results showed interesting similarities and differences when 

compared with the equivalent data obtained on different growth substrate but otherwise, the 

same differentiation conditions.

Interestingly, the rate of differentiation from undifferentiated rMSCs towards the pre-

chondrogenic phase (k1 = 0.47 ± 0.05 per day) appears higher on a 3D hydrogel substrate than 

the equivalent observed organelle grown onto a 2D substrate (k1 = 0.25 ± 0.01 per day) (Table 

1). However, the rate of differentiation from the second to the third component k2 is 

significantly lower (k2 = 0.040 ± 0.003 per day) on the 3D substrate, and a similar value is 

observed for the equivalent process on 2D (k2 = 0.04 ± 0.002 per day).
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Figure 2. A) MCR-ALS resolved components corresponding to the evolution of the nucleus 

over a 21 day period of differentiation on 3D collagen I hydrogels, offset for clarity. B) Three 

stage kinetic model of the evolution of the kinetic components A → B, B → C. C) Difference 

spectra between the first and the second component (blue) and second and third (red), offset 

for clarity. The dashed lines indicate zero difference.

A similar analysis was performed on the nucleus, and the spectral profiles and their kinetic 

evolution are shown in figure 2.A&B and the difference spectra in figure 2.C. In terms of the 
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evolution kinetics, Component 1 is again seen to have completely decayed by day 7, while 

Component 2 still represents ~50% of the spectral profile after 21 days (figure 2.B). Similarly 

to the nucleolus, as differentiation progresses, the increase of Component 2 (from day 1 

onwards) represents the development of the pre-chondrogenic condensation phase, in which 

intense transcriptional activity is known to occur [4, 59]. This is further supported by the 

observed increase in peaks associated with RNA/DNA content (786 cm-1, 1093 cm-1) within 

component B [49]. However, the difference spectra between components of the nucleus present 

distinctive features compared to the equivalent nucleolar spectra. Firstly, it appears that the 

main molecular changes take place between the second and third component, and therefore in 

the second phase of the differentiation. This is manifested in the difference spectrum Figure 

3.C (red), in which more prominent peaks associated with relevant spectral changes are 

observable, while the spectrum generated by the difference between the first and the second 

components (blue) shows fewer remarkable peaks.

The main changes are observed in the range ~1300-1340 cm-1 which shows differences of 

intensity similar to those observed for the nucleolus. Other peaks are attributable to the 

contribution of nucleic acids of DNA/RNA (1263 cm-1 , ~1342 cm-1 ), CH2CH3 cm-1 of collagen 

(1300-1304 cm-1 ), and 1318-37 cm-1 (DNA/RNA and Amide III) [60].

Interestingly, peaks at ~1004 cm-1 (assigned to phenylalanine), 1064 cm-1 – 1088 cm-1 C-O, C-

C stretching (carbohydrates) show a prominent increase, potentially reflecting changes in 

protein and GAGs synthesis associated with the formation of the chondrogenic extracellular 

matrix [61, 62]. 

As is the case for the nucleolus, the comparison with the nuclear spectral data obtained onto 

2D substrate reveals a higher kinetic constant k1 of the cell culture on 3D than on 2D (3D=0.22 

± 0.02 per day and 2D=0.12 ± 0.01 per day). In this case, however, the rate of the second phase, 
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k2, appears to be higher on the 2D substrate (3D=0.025 ± 0.003 per day and 2D=0.052 ± 0.006 

per day).

 

Figure 3. A) Raman spectra of the resolved components corresponding to cytoplasm for 21 

days of differentiation on 3D collagen I hydrogels. B) Three stage kinetic model of the 

evolution of the kinetic components A → B, B → C. C) Difference spectra between the first 

and the second component (blue) and second and third (red).

Figure 3 illustrates the kinetic profile of the third observed subcellular region, the cytoplasm. 

The observation of the cytoplasmic features, alongside those from the nucleolus, provides a 

comprehensive picture of the dynamic biochemical changes occurring during chondrocyte 
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differentiation. As was the case for the other cellular regions, singular value decomposition 

(SVD) of the data allowed for the identification of three spectral components. In the kinetic 

analysis, Component 1 is seen to rapidly decay at a rate of k1= 1.2 ± 0.2 per day, while, in 

contrast to the other cellular regions, Component 2 also decays rapidly, such that Component 

3 completely dominates after 21 days. In fact, examination of the spectra of Component 1 and 

2 indicates a high degree of similarity, and the difference spectrum of Figure 3.C is relatively 

weak. It could therefore be considered that the evolution of the cytoplasmic region, in the cells 

grown on the 3D hydrogel matrix, is better described by a two stage process A → B, at a single 

rate k1. 

 

Figure 4. A) Raman spectra of the resolved components corresponding to cytoplasm for 21 

days of differentiation on 3D collagen I hydrogels.  B) Two stage kinetic model of the 
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evolution of the kinetic components A → B. C) Difference spectrum between the first and the 

second component (blue).

Figure 4 illustrates the results of the analysis of the spectroscopic data of the cytoplasm on 3D 

substrates according to a two stages kinetic model A → B. Component 1 decays almost 

completely over the 21 day period, while Component 2 increases concomitantly to a value of 

~0.85. Figure 4.C shows the main observed peaks, associated with amide II (1257 cm-1), and 

lipids (1300 cm-1), ~1314-21 cm-1 CH3CH2 twisting (collagen assignment) and suggests that 

the initiation of extracellular matrix formation is observed in the transition from the first to the 

second component (figure 3.B) [50, 63]. More prominent peaks in the spectrum include those 

at  ~1290-1400 cm-1 and ~840-860 cm-1, corresponding to CH bending and the C-O-C group 

of polysaccharides, ~1266 cm-1, ~1314-21 cm-1, 1335 cm-1, 1342 cm-1 corresponding to 

CH3CH2 contributions of collagen, amide III and glycosaminoglycans (GAGs) respectively, 

the essential building blocks of the chondrogenic matrix [49, 52, 53, 64].

In such a 2 stage model, the rate of change, k1, is determined to be 0.16 ± 0.02 per day. Analysis 

of the data for differentiation on a 2D substrate fit well to a 3 Component model, with k1= 0.15 

± 0.01 per day, k2 = 0.049 ± 0.005 per day.

3.2. Discussion

The approach explored in this work enables the observation of molecular evolution without 

perturbing the system, making it invaluable for studying dynamic cellular processes. While 

biochemical based assays can establish the presence of specific biomarkers of the progression 

of the differentiation process at fixed points in time, RMS analysis monitors the progression in 

a more holistic fashion, shedding more light on the process subcellularly, as well as within the 

cell population. By offering non-destructive, label-free insights at both cellular and 

extracellular levels, RMS provides a comprehensive view of biochemical transitions occurring 
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during chondrogenesis and cartilage formation [65-67]. Importantly, RMS has further 

demonstrated its capacity to distinguish between different stages of chondrogenesis by 

detecting key biochemical changes, including the synthesis and organisation of crucial ECM 

components [33, 34, 68, 69]. A key advantage of RMS resides in its ultimate capacity for real-

time, monitoring of biochemical alterations during chondrogenesis, thereby providing a 

dynamic and continuous assessment that contrasts with the fixed time-point data obtained from 

conventional biochemical assays. Additionally, it facilitates the detection of a broad range of 

extracellular matrix (ECM) constituents, encompassing both sulphated and non-sulphated 

glycosaminoglycans (GAGs). This capability distinguishes it from dye-based assays, such as 

Blyscan and Alcian Blue, which exhibit selectivity towards sulphated GAGs, by affording a 

more comprehensive molecular characterisation of the differentiating tissue [19, 64]. The 

combination of RMS with multivariate curve resolution-alternating least squares (MCR-ALS) 

represents a significant advancement in extracting kinetic data from complex biological 

systems [36]. By quantifying dynamic cellular composition changes over time, this technique 

offers valuable insights into the biochemical signatures of chondrogenesis at the single-cell 

level. While similar techniques have been used before, this study presents a novel application 

by integrating these methods for real-time monitoring of subcellular progression during 

chondrogenesis, offering a more nuanced and comprehensive analysis compared to traditional 

methods. Kinetic studies have previously described the biphasic nature of chondrogenesis, with 

distinct ECM production phases [70, 71].

Sorrell et al. (2018) investigated the kinetics of chondrogenesis in hMSC-derived aggregates 

at defined time points and used microarray analysis to monitor time-dependent mRNA 

expression profiles of ECM-related genes, including early markers like PAPSS2, PRG4, and 

fibronectin, and later cartilage-specific genes such as COL2A1 and ACAN [71]. These data 

revealed the biphasic pattern in which early matrix production involved fibrous proteins and 
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small proteoglycans, followed by later accumulation of cartilage-specific ECM components 

[71].

This dynamic pattern of ECM regulation aligns with the findings presented, providing a 

valuable framework for understanding the temporal regulation of ECM synthesis during 

cartilage differentiation. In addition, a recent study applied RMS combined with MCR-ALS to 

monitor biochemical changes in chondrocytes during osteoarthritis progression, focusing on 

apoptotic processes at the single-cell level. The study highlighted how MCR-ALS can 

deconvolve complex Raman spectra to isolate molecular components like lipids, DNA, and 

proteins, assessing their relative changes in response to OA-induced degeneration [72]. By 

applying this approach to both two-dimensional (2D) and three-dimensional (3D) culture 

systems [40], the investigation reveals notable differences in the pace and pattern of 

differentiation. While the initial study indicated that the cytoplasmic regions displayed a 

distinct behaviour compared to the nuclear regions, the comparative study of the differentiation 

process in a 3D culture environment compared to the 2D culture, further indicated that the 

differentiation process overall was more rapid in the 3D environment [40]. The application of 

MCR-ALS enables a more quantitative approach to the analysis of the progression of the 

differentiation process, as well as a quantitative comparison of the progression in different cell 

culture environments, in terms of the rate constants of the different kinetic stages [38]. The 

optical resolution of Raman microspectroscopy furthermore enables a quantitative comparison 

of the progression rates within the different subcellular regions, in this study, the nucleolus, 

nucleus and cytoplasmic regions, which may lay the foundation for an improved understanding 

of the differentiation and condensation process.

The analysis indicates that the nucleolus and the nucleus are the primary sites of biochemical 

activity during chondrogenesis, significant spectral changes being observed early in the 

differentiation process, while the cytoplasm is a direct manifestation of those changes, and 
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region in which the extracellular matrix is generated. In both 3D and 2D culture environments, 

the initial rate of change of the nucleolar region is highest, followed by the surrounding nuclear 

regions. In the 2D culture, the rate of subsequent evolution of the cytoplasmic region appears 

to be similar to that of the nuclear region, while in the 3D culture environment, the condensation 

stage associated with the growth of the extracellular matrix appears to begin from the outset. 

Notably, a similar difference was observed in the evolution of the condensation pellet in 2D 

and 3D [40], whereby a progressive evolution of the pellet from the edges to the centre was 

observed in 2D, whereas a much more spatially uniform evolution was observed in the 3D 

environment. This is consistent with the earlier deposition of the extracellular matrix in the 3D 

environment, potentially prompted by the biocompatible nature of the collagen hydrogel.

The MCR-ALS analysis is thus a promising analytic tool to quantify the kinetics of the 

evolution of the differentiation process, and also to identify the specific biochemical signatures 

at the different stages. It is noted, however, that the dataset should be considered sparse, in that 

the measurement intervals are relatively long compared to the differentiation stages, and the 

process has not been completed by the stage of the last measurement, at 21 days. With the 

exception of Component A at t=0, there is considerable overlap of all components at all other 

measurement times, and thus the analysis is subject to ambiguity and essentially has difficulty 

in completely unmixing the components [73] .This is potentially the reason for the near mirror 

image nature of the difference spectra in Figures 1.2 & 3.C, which could be improved by more 

regular, ultimately real-time sampling over the full time course. Nevertheless, the study 

demonstrates the potential benefits of kinetic monitoring of the label free spectroscopic 

signatures of the differentiation process at a subcellular and cell population level.

Growth conditions represent a critical determinant in directing mesenchymal stem cell (MSC) 

chondrogenesis, and therefore the differentiation rates. The complex interplay between cell 

confluence, three-dimensional architecture, and substrate porosity orchestrates both the 
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biochemical and mechanical cues necessary for differentiation [3, 4, 74]. The significance of 

microenvironmental modifications accompanying the differentiation of MSCs into 

chondrocytes has been extensively investigated [75]. Changes in the extracellular matrix 

(ECM), shaped by the synthesis and remodelling of its components, are crucial for successful 

chondrogenesis, as evidenced by a marked upregulation of collagen type II and ACAN, 

alterations in collagen type I, and increased synthesis of proteoglycans and glycoproteins 

during chondrogenic differentiation. The density at which MSCs are cultured can influence 

gene expression, proliferation behaviour, and overall morphology [76]. High confluence not 

only promotes a rounded cell morphology, an essential feature of chondrocyte-like behaviour, 

but also significantly enhances the synthesis of cartilage-specific ECM proteins, such as 

collagen type II and aggrecan, through increased cell-to-cell interactions and mechanical cues 

[77]. Moreover, the role of optimised high-density, three-dimensional (3D) culture conditions 

in promoting chondrogenesis has been widely explored  [10, 15, 78-82]. Three-dimensional 

culture systems exhibit elevated expression of chondrogenic markers such as COL2A1, SOX9, 

and ACAN, which are minimally expressed in two-dimensional (2D) monolayers. In contrast, 

hypertrophic markers, including COL10A1, RUNX2, and ALP, are significantly upregulated 

in 2D cultures but suppressed in 3D environments [78, 82-84]. Glycosaminoglycan (GAG) 

content has been reported to be significantly higher in 3D cultures, whereas cell proliferation 

is predominantly observed in 2D systems, suggesting divergent pathways that favour matrix 

production versus cellular expansion, respectively.

4. Conclusions

This study demonstrates the efficacy of Raman microspectroscopy (RMS) as a powerful tool 

for in situ monitoring and potentially quality process control of cell-based therapies. Using the 

model example of chondrogenesis from mesenchymal stem cells, in vitro, the sequential 

biochemical changes in the nucleolar, nuclear and cytoplasmic regions can be identified. MCR-
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ALS analysis of Raman spectra furthermore provides detailed insights into the biochemical 

changes underlying this process, allowing for the identification of specific molecular markers 

and the quantification of their relative contributions and evolution rates. 

The study seeks to address the limitations of conventional fixed-timepoint assays, such as 

immunostaining, PCR, or histological analysis, which require destructive sample preparation 

and provide only a static view of cellular processes at a single time point. This inherently 

restricts their capacity to track dynamic changes and transient biochemical states throughout 

differentiation. In contrast, Raman microspectroscopy allows non-invasive, real-time 

monitoring of the same sample, thereby enabling continuous observation of molecular 

evolution and offering a detailed kinetic profile of chondrogenesis over time.

The analysis confirms that the differentiation process is initiated in the nucleolar regions, 

before progressing in the nuclear and cytoplasmic regions. The analysis also proves that the 

process is more rapid in cell cultures grown on the 3D collagen hydrogel environment, than 

those on the 2D substrate. This non-destructive and sensitive technique, therefore, offers a 

valuable approach for studying cellular differentiation and optimising culture conditions for 

tissue engineering applications. By combining Raman microspectroscopy and MCR-ALS, 

researchers can gain a deeper understanding of the complex mechanisms involved in 

chondrogenesis and develop more effective strategies for regenerative medicine. 
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