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I. INTRODUCTION

Most adult skeletal diseases are caused by excess osteo-

clast activity, leading to an imbalance in bone remodeling 

[1]. Excessive bone resorption is frequently observed in 

osteoporosis, rheumatoid arthritis, periodontal disease, cancer 

metastasis, and multiple myeloma, and osteoclasts play a 

critical role in these diseases [2, 3]. Osteoclasts are formed 

by the cellular fusion of bone marrow-derived mononuclear 

precursors and are responsible for organic bone resorption 

[4]. Precursor cells differentiate into mononuclear pre-osteo-

clasts and fuse to form multinucleated osteoclasts. Osteo-

clastogenesis is promoted by macrophage colony-stimulating 

factor (M-CSF), receptor activator of nuclear factor-κB 

ligand (RANKL), and osteoprotegerin. M-CSF induces 

expression of the RANKL receptor (RANK) and supports 

the survival and proliferation of osteoclast precursors [5]. 

RANKL stimulates the differentiation of precursors into 

osteoclasts by inducing expression of osteoclast-specific 

genes, including tartrate-resistant acid phosphatase (TRAP), 

cathepsin K, and calcitonin receptor [2, 6, 7]. 

To evaluate the differentiation stages of osteoclasts, 
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conventional biological assays such as immune staining 

and western blotting are widely used [8-11]. However, these 

traditional methods are time-consuming, labor-intensive, 

and involve complex procedures that use large amounts of 

material and result in low product yield. Moreover, these 

methods cannot directly investigate the dynamics of bio-

logical molecules because cell destruction or introduction 

of chemical labels during measurements can alter the 

biological conditions. Therefore, noninvasive label-free tech-

niques for evaluating osteoclast differentiation are needed 

for real-time monitoring of live cells.

Raman spectroscopy may be useful for a variety of 

biomedical applications because it enables observation of 

the dynamics of intracellular molecules in a natural 

environment without labeling [12-15]. Raman spectroscopy 

provides information regarding molecular structure, chemical 

composition and molecular interactions in tissues and cells. 

It also provides quantitative information and exhibits high 

sensitivity and selectivity. Intracellular information about 

nucleic acids, proteins and other components and their 

conformations can be used to identify variations in spectral 

shape or intensity [16-18]. Raman spectroscopy has been 

proposed as a technique for noninvasive label-free character-

ization of stem cells [19-24]. McManus et al. evaluated the 

osteogenic differentiation of human mesenchymal stem 

cells using Raman spectroscopy [19]. Raman spectra show 

dramatic changes in a region of human mesenchymal stem 

cells dominated by stretching phosphate groups (950-970 

cm-1) at 7-28 days. Notingher et al. used Raman spectro-

scopy to measure time-resolved molecular changes in intact 

embryonic bodies during in vitro cardiogenic differentiation 

[22]. However, osteoclast differentiation has not been 

evaluated by Raman spectroscopy. 

Atomic force microscopy (AFM) based techniques offer 

advanced and elegant methods for characterizing surface 

properties and changes to the mechanical properties of the 

cell membrane [25-27]. AFM, a type of high-resolution 

scanning probe microscopy, is a powerful tool for imaging 

at the nanometer level and observing cellular ultrastructures 

[28, 29]. 

In this study, we conducted Raman spectroscopy combined 

with multivariate statistical techniques to investigate the 

biochemical characteristics at different time points during a 

differentiation time course of osteoclastogenesis. We also 

investigate the morphological characteristics of osteoclast 

differentiation using AFM. Furthermore, we compared 

conventional biological TRAP staining assays with AFM 

and Raman spectroscopy results. 

II. MATERIALS AND METHODS

2.1. Mice

Six-week-old male C57BL/6J mice (Bar Harbor, ME, 

USA) were housed under pathogen-free conditions at the 

animal facility of Inha University. All experiments were 

conducted in accordance with institutional guidelines 

approved by the Animal Care and Use Committee of Inha 

University (INHA 131217-255).

2.2. Osteoclast Formation 

Bone marrow cells were obtained from a single mouse. 

The bone marrow cells were obtained from femurs and 

tibias flushed with 3 mL of α -minimal essential medium 

(Hyclone, Logan, UT, USA) using a 22-gauge needle (BD 

Biosciences, Franklin Lakes, NJ, USA). The cells were 

pelleted by centrifugation at 600 × g for 10 min at 4°C 

and the red blood cells were lysed. Bone marrow cells 

from 6-week-old male mice were cultured overnight in α- 

minimal essential medium containing 10% fetal bovine 

serum, 100 U/mL penicillin and 100 µg/mL streptomycin. 

Nonadherent cells were cultured with 30 ng/mL M-CSF 

(Peprotech, Rocky Hill, NJ, USA) for 3 days to induce 

differentiation to pre-osteoclasts. Pre-osteoclasts were cultured 

for 4-6 days with 30 ng/mL M-CSF and 50 ng/mL RANKL 

(Peprotech) on either 48-well plates for light microscopy 

or gold-coated glass for Raman and AFM. Osteoclast 

formation was assessed by counting TRAP-positive cells 

containing more than three nuclei. All experiments were 

performed in triplicate and repeated at least three times. 

2.3. TRAP Staining

Cells were stained using Leukocyte Acid Phosphatase 

Assay kits (Sigma, St Louis, MO, USA) following the manu-

facturer’s instructions. Cells were washed with phosphate- 

buffered saline (PBS) and fixed with fixative solution 

containing citrate, acetone, and 37% formaldehyde. Fixed 

cells were incubated with TRAP-staining solution containing 

Fast Garnet GBC, sodium nitrite, naphthol AS-BI phosphoric 

acid, acetate, and tartrate for 1 h at 37°C in the dark. 

After washing with water, the cells were counterstained 

with hematoxylin. TRAP-positive cells containing three or 

more nuclei were counted under a light microscope. 

2.4. AFM Measurements

Noncontact-mode AFM images were obtained using a 

NANOS N8 NEOS (Bruker, Billerica, MA, USA) equipped 

with a 42.5 × 42.5 × 4 μm3 XYZ scanner and two Zeiss 

optical microscopes (Epiplan 200× and 500×). To eliminate 

external noise, the AFM was placed on an active vibration 

isolation table (TS-150, Surface Imaging Systems, Herzo-

genrath, Germany) inside a passive vibration isolation table 

(Pucotech, Seoul, Korea). Cells were scanned at a resolution 

of 512 × 512 pixels with a scan rate of 0.7 lines/s. 

2.5. Raman Spectroscopic Measurements

For Raman analysis, bone marrow cells (5 × 104) were 

seeded onto gold-coated glass (5 × 5 mm) and cultured for 

6 days in the presence of M-CSF and RANKL. In this 

study, we used a gold-coated substrate to minimize spectral 

contributions from the glass substrate. Differentiating 

osteoclasts were fixed with 4% paraformaldehyde in PBS 
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for 20 min. After fixation, the gold-coated substrate was 

briefly washed with PBS and water and air-dried. Previous 

studies showed that formalin (and paraformaldehyde) fixation 

preserves lipid, phosphate, and protein components without 

significantly influencing the infrared (and Raman) spectrum 

of cells [30-32].

Raman spectra were acquired using the SENTERRA 

confocal Raman system (Bruker) equipped with a 785-nm 

diode laser source (100 mW before objective) and resolution 

of 3 cm-1. A 100× air objective (MPLN N.A. 0.9, Olympus), 

which produced a laser spot size of ~1 µm was used to 

collect Raman signals and focus the laser on a single cell. 

The Raman spectra of the cell associated with auto-

fluorescence background were displayed by a computer in 

real-time and saved for further analysis. An automated 

algorithm for autofluorescence background removal was 

applied to the measured data to extract pure sample Raman 

spectra. The Raman spectra of the cells were calculated as 

the average of ten measured samples. Baseline correction 

was performed using the rubber-band method, to stretch 

between the spectrums endpoints. All baselines corrected 

Raman spectra were normalized using the vector normal-

ization method. All Raman measurements were recorded 

with an accumulation time of 60 s in the 600-1750 cm-1 

range, and Raman spectral acquisition and preprocessing of 

preliminary data such as baseline subtraction, smoothing, 

normalization and spectrum analysis were carried out using 

OPUS software (Bruker). 

2.6. Multivariate Analysis

Principal component analysis (PCA) and linear discrimi-

nant analysis (LDA) were used for statistical data analysis. 

For PCA and LDA, the classification toolbox for MATLAB 

was used. Raman spectra dataset consists of 40 observations 

and each 10 observations were measured on different days 

(i.e., days 0, 2, 4, and 6). PCA was first performed for 

Raman spectral data and then LDA was conducted based 

on the obtained PCA scores. In PCA, Raman intensities 

measured at 2301 frequencies (600-1750 cm-1) were used 

as original variables and based on their linear combinations, 

10 principal components were obtained. LDA generates the 

discriminant function based on the obtained principal 

components (PC) scores. 

III. RESULTS AND DISCUSSION

To generate osteoclasts, bone marrow-derived pre-osteo-

clasts were cultured for 6 days with MCSF and RANKL. 

At day 4, the cells started to differentiate and form multi-

nucleated osteoclasts (Fig. 1). Thereafter, the cell membranes 

became damaged and apoptotic.

Fully differentiated osteoclasts were TRAP-positive and 

contained more than three nuclei (Fig. 2(a)). At day 4, 

237 ± 10 osteoclasts were generated, which decreased to 

18 ± 8 (13.6% of day 4) at day 6 (Fig. 2(b)). This result 

indicates that differentiation reached a maximum at day 4 

and differentiated osteoclasts began to die thereafter. 

AFM is used to obtain cellular surface information, such 

as cellular damage because changes in cell ultrastructure 

and morphology after biochemical reactions or external 

stimuli can be detected [33-35]. We performed AFM to 

FIG. 1. RANKL-induced osteoclast differentiation. Bone 

marrow-derived pre-osteoclasts were differentiated on glass 

coverslips in the presence of 30 ng/mL M-CSF and 50 ng/mL 

RANKL for 6 days. Osteoclast formation was observed under 

the microscope (×100).

(a)

(b)

FIG. 2. Osteoclast differentiation from bone marrow-derived 

pre-osteoclast: (A) Bone marrow-derived pre-osteoclasts 

were cultured with 30 ng/mL of M-CSF and 50 ng/mL of 

RANKL for 6 days, and cells were stained with TRAP; 

(B) TRAP-positive multinuclear cells containing three or 

more nuclei were counted. Data were mean ± SD of two 

independent experiments done in triplicates.
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observe morphological changes of cells during osteoclast 

differentiation.

Figure 3 shows representative AFM topography, line pro-

files and three-dimensional images of cells at 0, 2, 4 and 

6 days after M-CSF and RANKL treatment. Pre-osteoclasts 

appeared to have a normal spindle-like shape at day 0 

(Fig. 3(a)). At day 2, the cell morphology changed from 

spindle to small round and several cells began to gather 

together (Fig. 3(b)). Four days after RANKL treatment, the 

fusion of several cells was observed (Fig. 3(c)). These results 

revealed the morphological conversion from mononuclear 

to multinuclear cells, which is characteristic of a mature 

stage in osteoclast differentiation. Finally, many irregular 

holes appeared in the membrane surface at day 6 (Fig. 

3(d)). As shown in Figs. 1 and 2, differentiation reached a 

maximum on day 4, after which differentiated osteoclasts 

began to die. This indicates that changes to the membrane 

surface contributed to cell death.

Raman spectroscopy allows the continuous analysis of 

differentiation or dynamic death events in single cells by 

investigating the overall molecular constitutions of individual 

cells within their physiological environment. A Raman 

peak is uniquely defined by spectral parameters including 

Raman shift, intensity, and full width at half maximum. 

These features reveal information about a specific molecular 

vibration. During osteoclast differentiation, intracellular 

information about nucleic acids, proteins and other components 

and their conformations can be used to identify variations 

in spectral shape or intensity. 

Figure 4(a) shows averaged Raman spectra for undifferen-

tiated pre-osteoclasts (0 day) and osteoclasts at days 2, 4 

and 6. Cellular constituents and peak assignments for 

osteoclasts are shown in Table 1. The Raman spectra in 

Fig. 4(a) showed peaks corresponding to the molecular 

vibration of all cellular components including nucleic 

acids, proteins, lipids and carbohydrates, and were similar 

to previous Raman spectra for other cell types [20, 36-38]. 

The main changes in proteins were observed at 851, 1002, 

1264, and 1656 cm-1. The band at 851 cm-1 was assigned 

to tyrosine, and the sharp band at 1002 cm-1 corresponded 

to the ring stretching of phenylalanine. The broad bands 

at 1230-1320 and 1656 cm-1 represented amide III and 

amide I, respectively. The 1095 cm-1 peak represented the 

vibrations of phosphodioxy groups (PO2

-) in the DNA/ 

RNA backbones. The strong band at 1446 cm-1 (CH 

deformations) was attributed to nucleic acid, proteins and 

lipids. Other weaker molecular vibrations were observed at 

960 and 1030 cm-1 (PO4

3- symmetric stretch), which is 

associated with hydroxyapatite. 

For quantitative identification, we selected specific Raman 

peaks corresponding to DNA/RNA, proteins, or lipids and 

compared changes in their spectral intensities (Fig. 4(b)). 

Raman spectra exhibited significant time dependence; Raman 

peak intensity increased up to 4 days. Four days after 

differentiation, an increase in the magnitude of Raman 

intensity for proteins was observed, specifically 1.6-fold 

FIG. 3. Representative AFM topography, line profile, and three-dimensional images of pre-osteoclast cells for (A) 0, (B) 2, (C) 4 and 

(D) 6 days after RANKL treatment.
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(a) (b)

(c) (d)

FIG. 4. (A) Time-course averaged Raman spectra, (B) Relative intensities of the Raman peak, (C) Second derivative Raman spectra, 

and (D) Second derivative Raman spectra difference for mononuclear pre-osteoclast (0 D) and differentiated cells for 2, 4 and 6 days 

(2 D, 4 D and 6 D).

TABLE 1. Peak assignment of Raman spectra for pre-osteoclasts and differentiated osteoclasts [20, 36-38]

Peak

(cm-1)

Assignmenta

DNA/RNA Proteins Lipids Carbohydrates Hydroxyapatite

621 C-C twist. Phe

643 C-C twist. Tyr

667 G, T

717
CN+(CH3)3 str. 

Choline group

725 A

758 Ring br. Trp

778 U, C, T ring br.

828 O-P-O asym. str. Ring br. Tyr

851 Ring br. Tyr

877 C-C-N+ sym. Str. C-O-C ring

932 C-C bk str. -helix C-O-C glycos

960 PO4

3- sym. str.
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for peak 851 cm-1, 1.4-fold for 1002 cm-1, 1.2-fold for 

1446 cm-1, and 1.5-fold for 1656 cm-1. These results suggest 

that protein conformation increasingly changed over time, 

and 4 days is the optimal time period for osteoclastogenesis. 

Thereafter at day 6, differentiated osteoclasts began to die. 

Denaturation and conformational changes in proteins, and 

degradation of DNA are related to the cell death. These 

results showed good agreement with the TRAP staining 

results obtained using conventional biological assays as 

described in the previous section.

We also performed second derivative transformation of 

the Raman spectra. The second-derivative transformations 

can reduce replicate variability, correct baseline shift, and 

resolve overlapping bands [39]. The second derivatives of 

the Raman spectra are shown in Fig. 4(a) and the difference 

between undifferentiated pre-osteoclasts and osteoclasts at 

days 2, 4, and 6 are shown in Figs. 4(c) and 4(d). As 

shown in Fig. 4(d), the averaged second derivative Raman 

spectra showed a greater difference between days 0 and 4 

(0D-4D) than that between days 0 and 2 (0D-2D), and the 

difference between days 0 and 6 (0D-6D) was similar to 

that between 0D-4D. The major spectral differences were 

in the peaks associated with proteins (phenylalanine at 

1002 cm-1, amide III at 1230-1320 cm-1 and amide I at 

1665 cm-1) and nucleic acids (U, C, and T at 778 cm-1). 

As described above, these results suggest that the greater 

biochemical changes occurred at 4 days, reflecting the time 

required for fully mature osteoclast differentiation. 

Multivariate statistical technique including PCA and LDA 

were applied to the Raman spectral data to discriminate 

four different time points during osteoclast differentiation. 

These multivariate statistical methods are superior to con-

ventional univariate methods such as calculation of intensity 

or area of individual peaks because in multivariate tech-

niques, multiple peaks or all Raman spectra are analyzed 

simultaneously [40]. PCA is a representative dimension 

reduction technique that generates new variables (i.e., principal 

components) accounting for most of the variance in the 

original variables by determining linear combinations [41]. 

Although PCA can easily illustrate the variation between 

samples, its usefulness in the classification of samples is 

limited because the principal components are computed to 

maximize the variance of the measurement matrix without 

considering sample groups. LDA is a more common method 

for the discrimination of sample groups. LDA also generates 

new variables (i.e., discriminant functions) by linear combi-

nations of the original variables. In contrast to PCA, LDA 

aims to maximize the ratio of between-group and within- 

group variances. Thus, the first discriminant function pro-

vides the best separation between classes and the second 

discriminant function gives the second best separation 

between classes, and so on. 

TABLE 1. Peak assignment of Raman spectra for pre-osteoclasts and differentiated osteoclasts [20, 36-38] (Continue)

Peak

(cm-1)

Assignmenta

DNA/RNA Proteins Lipids Carbohydrates Hydroxyapatite

1002 Sym. Ring br. Phe

1031 C-H in-plane Phe

1095 PO2- str. Chain C-C str. C-O, C-C str.

1124 C-C str.

1156 C-C/ C-N str.

1172 C-H Tyr, Phe

1207 C-C6H5 str. Phe, Trp

1237 Amide III, -sheet

1264 Amide III, -helix

1303 CH3CH2 twist.

1314 CH3CH2 twist.

1446 G, A CH def CH def CH def

1573 G, A

1604 C=C Phe, Tyr

1656 Amide I, -helix C=C str.

aAbbreviations: A, adenine; U, uracil; G, guanine, C, dytosine; T, thymine; Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; br, 

breathing; bk, backbone; def, deformation vibration; str, stretching; sym, symmetric; asym, asymmetric; tw, twist
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Figure 5 shows the plots of discriminant function scores 

for 40 observations during a differentiation time course of 

osteoclastogenesis, obtained from LDA based on PCA scores. 

Discriminant function 1 (DF1) and discriminant function 2 

(DF2) revealed a clear difference between undifferentiated 

pre-osteoclasts (0D) and osteoclasts at days 2 and 4 (2D 

and 4D) which were clustered in a very compact group 

and were well-separated and nonoverlapping (Fig. 5(a)). 

Osteoclasts at days 4 and 6 showed considerable overlap. 

Figure 5(b) presents the plot of DF1 versus DF3, in which 

the third discriminant function discriminates day 4 from 

day 6. Figure 5(c) shows the 3D scatter plot of discri-

minant function scores for all 40 observations. As shown 

in Fig. 5(c), the four classes were clearly separated by 

combining three discriminant functions. By focusing first 

on the difference between the four differentiation time 

courses for osteoclastogenesis, all-time points were clearly 

identified as expected based on the differences in AFM 

and TRAP staining, which are conventional biological 

assays. Combinations of the discriminant functions obtained 

from PCA-LDA precisely identified four classes (i.e., days 

0, 2, 4, and 6). These results indicate that Raman spectro-

scopy combined with PCA-LDA can be used to classify 

osteoclast differentiation.

Raman spectroscopy with multivariate analysis can nonin-

vasively detect biochemical markers of osteoclast differen-

tiation, and distinguish cell status during osteoclast differen-

tiation. The identification of unique biochemical Raman 

spectral signatures of cells during important cellular events, 

such as differentiation, may offer rapid live screening of 

cellular interactions.

IV. CONCLUSION

In this study, we demonstrated that Raman spectroscopy 

with multivariate analysis is an excellent biosensor to detect 

the extent of maturation during osteoclast differentiation in 

a non-disruptive and label free manner. Differences in 

mononuclear pre-osteoclasts and osteoclasts in Raman 

spectra are correlated with cellular events during osteoclast 

differentiation. High resolution AFM observation showed 

that transition of morphology from early to mature stages 

in osteoclast differentiation, which agreed with results 

from the conventional biological TRAP staining assay. The 

Raman spectroscopy results showed good agreement with 

AFM and the conventional biological TRAP staining assay. 

Therefore, Raman spectroscopy with multivariate analysis 

might be a useful tool for label-free and noninvasive eva-

luation of the maturation level of stem cell differentiation.
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