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Abstract

To advance an understanding of cellular regulation and function it is crucial to identify molecular 

contents in cellular organelles, which accommodate specific biochemical processes. Towards 

achievement of this goal, we applied micro-Raman-Biomolecular Component Analysis assay for 

molecular profiling of major organelles in live cells. We used this assay for comparative analysis 

of proteins 3D conformation and quantification of proteins, RNA and lipids concentrations in 

nucleoli, endoplasmic reticulum and mitochondria of WI-38 diploid lung fibroblasts and HeLa 

cancer cells. Obtained data show substantial differences in the concentrations and conformations 

of proteins in the studied organelles. Moreover, differences in the intra-organellar concentrations 

of RNA and lipids between these cell lines were found. We report the biological significance of 

obtained macromolecular profiles and advocate for micro-Raman BCA assay as a valuable 

proteomics tool.
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Introduction

A growing number of Raman spectroscopic studies in the biomedical area, aimed at 

detection of pathogens and diagnostics of metabolic and genetic disorders, such as 

cancer 1–4, put an ever increasing demand on quantitative biochemical analysis.

Although the sensitivity of Raman spectroscopy is sufficiently high to identify significant 

cell-to-cell variations existing between different cellular samples, an inherent challenge is 

biological interpretation and analysis of the obtained data. A traditional approach for 

spectral processing of Raman data obtained from biological samples involves Principal 

Component Analysis (PCA) 5–8. However, this method neither provides any precise 

information about the biochemical variations that produce spectral changes, nor quantitative 

characteristics of the molecular composition in studied samples. Hence, for extraction of 

precise information on bimolecular composition of the samples, a more relevant approach is 

required.

To overcome this limitation, the Biomolecular Component Analysis (BCA) 9–17 was 

developed. The identification of concentrations of biomolecules in BCA is based on an 

accurate spectral fit of a model spectrum using a linear summation of the weighted spectra 

of the basic components into a measured Raman spectrum of biological samples. The 

spectral weights, or coefficients, which are varied during the fitting procedure, yield directly 

the concentrations of basic macromolecules. The intensity of Raman scattering response is 

linearly dependent on the concentration of a particular type of molecules in the probe, which 

allows for quantitative concentration measurements of these biomolecules in situ. Recent 

studies of our group show that confocal Raman micro-spectroscopy can be successfully 

utilized for biochemical analysis of specific intracellular domains, as well as for monitoring 

the intracellular variations in macromolecular composition in real time 17–19.

Besides Raman micro-spectrometry being noninvasive and thus, allowing nondestructive 

probing of live cultured cells, the spatial resolution in this technique can be adjusted to the 

submicron level, enabling molecular profiling of distinct organelles, which regulate the 

cellular metabolism. Our previous studies indicate that organelle - specific Raman probing 

can dramatically increase the sensitivity of molecular analysis and highly increase the 

reproducibility of spectral measurements. Moreover, in recent studies by several groups, it 

has been suggested that the microRaman approach can greatly advance capabilities of 

organelle-specific proteomics and lipidomics 20–23. One of the most attractive applications 

of this approach is probing the molecular content in cancer and normal cell lines. Such data 

can advance molecular medicine with clinical diagnosis and prognosis at molecular level.

In this study, we have applied microRaman-BCA technique for a comparative analysis of 

WI-38 normal diploid fibroblasts and the cancer HeLa cells. Our analysis was focused on 

major organelles including nucleoli, endoplasmic reticulum (ER) and mitochondria. These 

organelles, are involved in vital cellular processes and play significant roles in cellular 

metabolism.

Following the microRaman-BCA protocols, the Raman spectra were acquired in the targeted 

organelles for each cell line. Mean Raman spectra of proteins were obtained for each 
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organelle and a comparative analysis between organelle proteins of HeLa and WI-38 cells 

was performed. Then the concentrations of proteins, lipids and RNA were calculated. Our 

data indicate significant differences between the molecular content of organelles of these cell 

lines. These results suggest major differences in biochemical activities for these organelles 

in the cancerous and non-cancerous cells. Our study further describes key methodological 

and bio-analytical approaches for Raman spectroscopy of single organelles.

Experimental

Cell culture and fluorescent staining

Cancer HeLa cells and diploid primary cells WI-38 were grown in glass bottom dishes 

(Mattek) and cultured in Advanced DMEM (Invitrogen), supplemented with 2.5% fetal calf 

serum (Sigma), 1% glutamax, 1% Antibiotic Antimycotic Solution (Sigma) at 37 C in a 

humidified atmosphere with 5% CO2. To label mitochondria and ER, cells were incubated in 

a medium containing either 500 nM MitoTracker® Green FM (Invitrogen) or 1 DM ER-

Tracker™Green (Invitrogen), respectively. Then, the cells were washed with PBS, placed in 

fresh DMEM and used for Raman measurements. The Raman spectra were acquired from 

143 HeLa and 68 WI-38 cells for nucleoli, 110 HeLa and 93 WI-38 cells for mitochondria, 

39 HeLa and 39 WI-38 cells for ER.

Raman microspectrometry

The confocal Raman microspectrometer system consists of an inverted Nikon TE200 

microscope equipped with single frequency laser diode (Ondax, 638 nm, 120 mW) 

excitation source, fiber-input MS3501i imaging monochromator/spectrograph (Solar TII), 

and HS101H – 2048/122-HR2 series CCD (Proscan) cooled down to − 30C. The spectral 

resolution for the fixed diffraction grating position (wave number interval between ~580 and 

1800cm−1) was ~1.5 cm−1. The excitation laser beam from a single frequency laser diode 

(Ondax, 638 nm) of power ~ 70 mW was focused onto the sample in a spot of diameter ~ 0.8 

μm, using a 100X Nikon oil-immersion objective lens with NA = 1.3. A 100 μm pinhole 

provides for confocal acquisition of the Raman signal, which corresponded to a confocal 

parameter of ~1.8 μm (in FWHM for λ = 638 nm). A series of three Raman spectra were 

acquired from each organelles with an accumulation time of 60 s per each spectrum, giving a 

total spectral integration time of 180 s per organelle. For acquisition of organelle-specific 

Raman spectra, the organelles were visualized as follows: nucleoli were identified by 

transmitted light microscopy. For identification of mitochondria and ER locations, 

fluorescent probes MitoTracker® Green and ER-Tracker™Green were used. For 

fluorescence signal visualization, our microscope is equipped with a xenon light source (X-

CiteTM 120 PC), B2-A Nikon filter cube and MicroPublisher 3.3RTW CCD camera (Q-

Imaging). To ensure the absence of vibration, any thermal drift or other motion in our 

system during experiments, we visually verified the XYZ position of the cell and studied 

organelle before and after each measurement. As was shown in our previous studies, Raman 

measurements using excitation laser emitted in the red wavelength range did not produce 

visible changes in cellular morphology and showed no cytotoxicity by standard cell viability 

tests 16–19.
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Processing of Raman Spectra

The background spectra were modeled by fitting to the five background components, as 

described in our previous publication 16,17, and then subtracted from the measured Raman 

spectra. After background subtraction, the procedure of Savitzky–Golay smoothing (2nd 

polynom order, 13 points smoothing frame) and baseline correction were applied to the 

Raman spectra.

Biomolecular Component Analysis

For processing of multivariate spectral data obtained from the cell organelles, the BCA 

method that provides detailed quantitative information on the biochemical constituents was 

applied. In the BCA approach, the concentrations of RNA, DNA, proteins and lipids are 

obtained from the measured Raman spectra utilizing a linear combination modeling, as 

described in details in our previous studies 16,17. The BCA algorithm was developed using 

the Matlab software; it contains several cycles of fitting the weighted model with the 

measured spectrum, including the separation of DNA and RNA contributions. We used 

protein component spectrum, obtained from our previous studies of HeLa cell culture 16 

corresponding to 100 mg/mL of bovine serum albumin equivalent concentration. Then the 

protein spectra were defined more accurately during further steps of BCA (see next section). 

Preprocessed Raman spectra of extracted DNA, RNA, and lipid droplets from HeLa cells, 

calibrated to 20 mg/mL of calf thymus DNA, Saccharomyces cerevisiae RNA, and bovine 

heart lipid extract accordingly, were used as the reference spectra for the DNA, RNA, and 

lipids components.

Establishing the Protein Raman spectrum of organelle

After preprocessing, all Raman spectra measured in a specific organelle of each cell line 

were averaged and the BCA software for each averaged spectrum was applied. Then the 

weighted spectra of RNA, DNA and lipids components were subtracted from averaged 

spectra. The residual spectra belonging to proteins were normalized to weight unit of 

proteins (100 mg/mL of bovine serum albumin equivalent concentration). These protein 

components were used for subsequent BCA cycle and for difference analysis.

Results and Discussion

In our study, we applied microRaman-BCA approach for molecular profiling of cellular 

organelles. The molecular profiling included the analysis of 3D conformations of proteins as 

well as in situ measurements of absolute concentrations of proteins, lipids and RNA in the 

studied organelles.

During the Raman measurements, nucleoli were visualized by characteristic dense 

appearance in the transmitted light, while ER and mitochondria were detected by using 

commercial fluorescent probes, as described in Methods. The excitation laser beam was 

focused on these organelles and Raman spectra were acquired.

After applying the preprocessing routine, spectra from the different types of organelles 

demonstrated visible differences. Specifically, the bands at ~ 784cm−1 assigned to the C-C 
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ring breathing vibration of nucleic acids, and at 1004cm−1 assigned to the Phenylalanine 

aromatic ring in proteins, were the most intense in the nucleoli, followed by ER and 

mitochondria (Fig. 1). Similarly, the differences in the intensity of another Raman peak at 

1450 cm−1 assigned to CH2 stretching in lipids as well as to CH2, and CH3 stretching in 

proteins 24 are identified in the Raman spectra from different organelles (Fig. 1).

At the next step, mean Raman spectra of proteins were obtained for each organelle, and a 

comparative analysis between organellar proteins of HeLa and WI-38 cells was performed. 

The BCA method assumes that the nucleolus is composed, mostly of proteins, nucleic acids, 

and lipid macromolecules, in agreement with conventional biochemical profiling25–28. When 

DNA, RNA, and lipid weighted model components are subtracted from the averaged Raman 

spectrum, the remaining spectral profile is assigned to the organellar proteins model 

component for further analysis, which should allow for identification of differences in 

organellar proteomes of cancer and normal cell lines.

In contrast to traditional proteomic tools, which involve cell fractioning and organelle 

isolation with subsequent biochemical analysis, the microRaman BCA allows 

conformational analysis of organellar proteomes in-situ.

The obtained difference profiles between the averaged protein component spectra of all three 

organelles between HeLa and WI 38 cells in the spectral ranges of Amide I and Amide III, 

which reflect conformational structures in protein composition, are presented in Fig. 2.

In the Amide-I wavenumber region (1650–1680 cm−1), the difference profiles clearly 

demonstrate distinctions in the conformations of organelle proteins for cancer and normal 

cell lines. The positive peak at 1675 cm−1 in the nucleolar difference profile (Fig. 2a) reveals 

a larger amount of β-sheet and/or irregular structures of nucleolar proteins in HeLa cells as 

compared to WI-38 cells. The positive peak at 1653 cm−1 falling to the negative peak at 

1670 cm−1 in the difference spectrum of ER (Fig. 2b) indicates a larger amounts of the α-

helical structure in the ER proteins of HeLa cells and β-sheet conformation of the ER 

proteome in WI 38 cells. The negative peak at 1665 cm−1 ascending to the positive at 1680 

cm−1 for mitochondrial protein difference spectrum (Fig. 2b) points to prevalence in 

mitochondrial proteins of β-sheet structure in HeLa cells and irregular conformation in 

WI-38 cells. This conclusion is also confirmed by differences in the wavenumber range 

assigned to Amide III (1235–1340 cm−1). Higher peak intensity in the area of 1340 cm−1 

also could be assigned to higher amount of CH2 sidechains in cytoplasmic proteins of HeLa 

cells.

At the next step, we applied the BCA to estimate absolute concentrations of proteins, RNA 

and lipids – macromolecular concentration profiles (MCP)- in the studied organelles. By 

doing this, we could identify and isolate the spectral contributions of proteins, RNA and 

lipids to the Raman spectra of the studied organelles and measure their concentration 

(Materials and Methods). The Raman bands from these types of biomolecules were clearly 

distinguishable for confident analysis and subsequent molecular concentration profiling. At 

the same time, BCA did not identify any significant signal from DNA in the studied 

organelles. This is consistent with the fact that DNA is not present in ER and its 
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concentrations in mitochondria and nucleoli is very low. Hence, we did not investigate the 

DNA content of organelles in this work.

The isolation of spectral contribution for each type of these biomolecules is illustrated on 

Fig S1 and S2.

The MCPs obtained for mitochondria, ER and nucleolus in cancer HeLa and normal WI-38 

cells were further comparatively analyzed (Fig.3). A statistical analysis of the concentration 

clusters was carried out by analysis of variance (ANOVA). The level of statistical 

significance was set at P < 0.05. From pairwise ANOVA follows that the differences 

between each organellar concentrations are statistically significant for two cell lines, except 

for RNA in ER and lipids in mitochondrion and ER.

At the same time, the averaged concentration values for each organelle in HeLa and WI 38 

cells were relatively close (Fig 4). Mean concentration values of proteins in HeLa and WI 38 

were ~99±13 and ~89±15 mg/ml (~10% difference) in nucleoli, ~64±13 and ~70±14 mg/ml 

(~8.5% difference) in ER and mitochondria. The corresponding averaged concentration 

ranges for RNA in studied cell lines were ~32±7 and ~28±7 mg/ml (~12.5% difference) in 

nucleoli, ~12±4 and ~10±4 mg/ml (~16.5% difference) in mitochondria. For lipids, the 

averaged concentration in the nucleoli were ~19±4 mg/ml in HeLa cells and 17±4 mg/ml in 

WI 38 cells (~10.5% difference).

Further analysis demonstrates that these variations in the molecular composition of the same 

organelle in different cells are not random. 3D charts show that the MCPs of nucleoli, ER, 

and mitochondria are clustered into the distinct groups. This clustering was most 

pronounced in HeLa cells. The margin between the nucleoli and ER/mitochondrion MCPs 

are easily distinctive in both cell lines. Interestingly, that in WI 38 the overlapping rate 

between ER and mitochondria MCPs is higher than in the HeLa cell line. It becomes more 

evident when 3D data sets are presented in different projections (Fig. S3).

Hence, our data represents three layers of information on biomolecular content of organelles.

First, we comparatively analyzed the dominant conformations of proteins into each studied 

organelle (Fig 2). It is important to emphasize, that each studied organelle contains 

numerous types of proteins ranging from ~1000 in mitochondria 29, to more than 4500 in 

nucleolus25, and to over 10 000 protein species (entire HeLa proteome) found in ER30. The 

BCA results presented here unravel significant differences in the averaged conformations of 

proteins in ER and mitochondria and nucleoli of WI-38 and HeLa cells. These differences 

reflect that proteome of studied organelles contain different proteins populations, which 

could be further analyzed in the context of normal and cancer cells behavior.

Second, we found that the concentrations of proteins, RNA and lipids varies for each cellular 

organelle (Fig 3). These variations were significant for each cell line.

At the same time, on the average, there were differences between the concentrations of 

proteins, RNA and lipids into the organelles of WI-38 and HeLa cell lines (Fig.4). The 

higher concentration of RNA and proteins in the nucleoli of HeLa cells is suggestive of more 
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intense ribosome synthesis than that in WI-38 fibroblasts. Upregulation of ribosome 

synthesis is essential to drive tumor growth, which has been reported for many types of 

cancer31. In this regards, our data indicate that an activation of ribosome production involves 

changes in the molecular composition of nucleoli.

Our analysis of the single-organelle data sets can be summarized as follows:

1. Proteomes of the same type of organelles in WI-38 and HeLa cells defer in the 

3D conformational signatures (Fig. 2). Prevalence of β-sheet in nucleolar and 

mitochondrion proteomes of HeLa cells was found, while ER proteome in HeLa 

cells contains larger amount of α-helix.

2. Cells growing in the same culture exhibit significant variations in the molecular 

content of organelles. These variations are masked by traditional statistical 

averaging approaches. At the same time, the single organelle microRaman BCA 

approach unravels a broad range of differences in the MCPs (Fig. 3).

3. Each type of the studied organelle contains a characteristic ratio between the 

proteins, lipids and RNA concentrations.

4. The biomolecular content in the same organelles of WI-38 and HeLa cells are 

close, despite the profound differences in the behavior of these cell lines. 

Notably, the 3D charts demonstrate that MCPs from different organelles in each 

cell lines occupy distinct clusters with very limited overlap (Fig 4).

We believe that macromolecular profiles of three major cellular organelles in HeLa and 

WI-38 cells manifests differences in the regulation of essential cellular processes. Increased 

concentrations of macromolecules in HeLa cells may reflect elevated metabolism common 

for cancer cells. At the same time, to find and reliably categorize specific cancer-related 

changes in cellular metabolism, a large number of normal, pre-malignant and malignant cell 

lines should be comparatively analyzed. In the outcome, Raman profiling of single cellular 

organelles can offer an independent quantitative biomarkers for cancer diagnostics and 

cancer biology research.

Conclusion

Here we report on the application of micro-Raman-BCA approach for a comparative 

analysis of protein conformations prevailing into proteomes of Nucleoli, ER and 

mitochondria of HeLa and WI-38 cells. Our data quantitatively characterize broad variations 

in the composition of the cellular organelles in two cell lines. HeLa and WI 38 cell lines 

were characterized by different composition of organelle proteome, as indicated by different 

conformation in cancer cells comparing with normal diploid cells. Furthermore, significant 

differences in the concentrations of biomolecules in these organelles were found. The 

obtained data demonstrated that the microRaman BCA technique and difference 

spectroscopy has high potential for cancer cell biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Representative preprocessed Raman spectra of different intracellular compartments of HeLa 

cells and their microscopic images: a) nucleolus; b) mitochondrion; c) endoplasmic 

reticulum.

Levchenko et al. Page 10

Anal Chem. Author manuscript; available in PMC 2017 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(a) Proteins components of nucleolus (black), ER (red) and mitochondrion (green) in HeLa 

cells. The wavenumber regions, assigned to different protein conformations are shown as a 

colored bands. (b) Differential spectra between proteins components of HeLa and WI-38 

cells for nucleolus (black), ER (red) and mitochondrion (green) in the Amide I and Amide 

III wavenumber regions. Standard error, averaged over all spectral range, is shown as a 

patterned box.
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Fig. 3. 
3D scatter plots of distribution of RNA, proteins and lipids concentrations in nucleoli, ER 

and mitochondria of (a) HeLa and (b) WI 38 cell lines.
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Fig. 4. 
Averaged concentrations of proteins (a), RNA (b) and lipids (c) in nucleoli, mitochondria 

and RE in HeLa and WI-38 cell lines
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