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Lipids are a primary source of long-term energy storage and essential in constructing cellular membranes. They also 
play an important role as mediators in signaling. At the subcellular level, lipids are stored in specialized structures 
known as lipid droplets (LDs). These droplets serve as dynamic organelles involved in lipid metabolism. LDs can be 
found in many types of cells, but their number, size, and composition vary greatly and depend on the type, metabolism, 
and condition of cells. 

Tracking LDs in cells provides insights into lipid metabolism, and their presence is frequently linked to the development 
of diseases. Various imaging techniques, with fluorescence microscopy playing a leading role, are employed for their 
observation. Although, it allows sensitive detection of LDs in cells, it does not provide insight into their chemical 
structure. Its limitations include photobleaching and the limited number of dyes that can be detected simultaneously. 
For this reason, new methods are still being sought to provide better insight into LDs’ molecular structure and function. 
Among a group of techniques that provide insight into the composition of LDs are spectroscopic methods, such as 
infrared and Raman imaging.
In our investigation, we performed a multiparameter spectroscopic analysis of LDs in single endothelial and leukemic 
cells, comparing the results with classical fluorescence staining. Cells were incubated with an exogenous fatty acid, 
deuterated palmitic acid, to monitor the de novo formation of LDs. We employed three distinct spectroscopic techniques: 
infrared spectroscopy, spontaneous Raman imaging, and Stimulated Raman Spectroscopy, which were used to verify 
their efficacy in analyzing LDs in endothelial and leukemic cells. Our findings demonstrate the suitability of these 
techniques for tracing the chemical composition of LDs, enabling differentiation between newly formed LDs resulting 
from fatty acid uptake and endogenous lipids within the cell. Additionally, we highlight the advantages and limitations 
of spectroscopic techniques for studying LDs in individual cells, facilitating the selection of an appropriate tool for 
investigating lipid metabolism. 
© Anita Publications. All rights reserved. 
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1 Introduction

	 Lipids, particularly triacylglycerols, play a crucial role in the energy storage of cells. Due to their 
amphiphilic nature, triacylglycerols and cholesterol esters act as building blocks of cell membranes and 
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serve as a secondary messengers or regulators in cellular signal transduction and transport [1]. In vitro, 
stored lipids can be found in specific structures known as lipid droplets (LDs). LDs are dynamic organelles 
present in numerous cell types, displaying diversity in numbers, sizes, and compositions. They play a 
pivotal role in maintaining lipid homeostasis, a critical process for constructing cellular membranes and the 
functioning of signaling pathways. LDs are characterized by a high lipid content, particularly enriched in 
fatty acids [2], and are surrounded by a phospholipid monolayer [2]. LDs are also known for their regulatory 
function in eosinophils, neutrophils, and tumor cells [3]. Most animal cells accumulate lipids for a short 
period, depending on their ages, physiological state, and the conditions under which they grow. Some cells 
can induce lipid storage under stress, inflammation, or disease [4–8] and other inflammatory conditions. 
Here, we will review the contemporary evidence related to the biogenesis and structure of leukocyte lipid 
bodies (also known as lipid droplets). The distinctive location of LDs is within specialized regions of the 
endoplasmic reticulum. Additionally, a specific surface-bound protein associated with LDs, such as perilipins 
and adipose differentiation-related protein (ADRP), has been identified in these areas [9]. LDs are crucial in 
the pathogenesis associated with metabolic diseases such as diabetes, obesity, and atherosclerosis. Various 
studies have highlighted the diversity of LDs and their interactions with other organelles in cells [10]. 
	 In forming LDs, coenzyme A (CoA) plays a crucial role, particularly in activating fatty acids. 
The process involves the conversion of fatty acids into acyl-CoA, which is a precursor for the synthesis of 
triglycerides, a significant component of LDs. The formation of LD begins within the endoplasmic reticulum 
(ER), where fatty acids are esterified to glycerol-3-phosphate, forming triglycerides. Sterol esters, another 
type of lipid, can also contribute to forming LDs. As triglycerides and sterol esters accumulate, small LDs 
buds from the ER membrane. These droplets continue to grow as more lipids are incorporated into their core 
[6-10]. 
	 LDs formed through the accumulation of neutral lipids, primarily triglycerides and sterol esters, 
within the endoplasmic reticulum (ER), are coated with proteins, such as perilipins, helping to regulate LDs 
size and stability. These coated LDs can then be transported to various cellular locations. Lipases come 
into play when the cell needs energy or lipids for membrane synthesis. Lipases are enzymes responsible for 
breaking down triglycerides into fatty acids and glycerol. Under lipolysis, LDs can undergo fission, a process 
in which a single large LD splits into multiple smaller LDs. Fission corresponds to a drastic increase in the 
surface area of LDs, providing more access points for lipases to act on [10]. There are also many proofs that 
LDs are active organelles that interact with other cellular substructures organelles, particularly mitochondria, 
endosomes, ER, plasma membrane, and peroxisomes [2,11]. Some hypotheses suggest that LDs may serve as 
a protective reservoir for unfolded proteins, potentially preventing detrimental interactions with other cellular 
components. This idea suggests that LDs, known for storing lipids, may also play a role in sequestering 
unfolded or misfolded proteins. This process could help maintain cellular balance by reducing the potential 
harm caused by unfolded proteins. However, the exact mechanisms and extent of the involvement of LDs in 
this process are still being studied [12].
	 Various imaging techniques are used to understand the functions and properties of lipids and LDs in 
cells. Among these techniques, fluorescence microscopy is the most widely used. It involves using a dye with 
a chromophore group in its structure that explicitly binds to lipids [13-16]. The most common dyes used to 
visualize such organelles are Nile Red, LipidTox, and BODIPY 493/503 [17]. Since LDs differ in many types 
of cells, this aspect must have been considered when choosing the dyes [18,19]. Furthermore, the preparation 
of cells, including fixation methods, must be deliberate [17,20]. Fluorescence measurements provide helpful 
information on the presence of LDs in cells. They can provide information about changes in the number 
and size of LDs under the influence of some agents or inflammation [21]. The advantage of fluorescence 
microscopy is also short time of measurements. Images of many cells can be obtained in one rapid scan, since 
the field of view is much larger than in conventional bright-field microscopy [22]. 
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	 In contemporary research, there is a search for sample-preparation-free methods that offer expedited 
analyses. In contrast to fluorescence, vibrational spectroscopic techniques, like infrared (IR) or Raman 
spectroscopic methods, stand out due to their independence from dyes, non-invasiveness, and ability to 
furnish details about LDs’ chemical composition and structure. Although infrared spectroscopy is commonly 
employed for protein examination, there are notable instances where this technique has been successfully 
applied to investigate LDs in intact oleaginous yeasts [23] or in atherosclerotic arteries [24]. Considering the 
high cross-section for scattering in lipids, Raman seems to be a method of choice for studies of long non-
polar acyl chains [25]. Compared to IR, Raman spectroscopy enables imaging with a higher spatial resolution 
due to excitation wavelengths [26], but it is often hindered by low sensitivity. Moreover, the combination of 
confocal microscopy with Raman spectroscopy, called Confocal Raman Microscopy, enables 3D imaging of 
cells (fixed or alive) and visualization of LDs in the entire volume of cells [27-31]. Raman imaging provides 
morphological (size, number) and molecular information about LDs. Spontaneous Raman imaging with high 
spatial resolution is time-consuming; therefore, nowadays, rapid Raman methods are developed to examine 
LDs, such as Stimulated Raman Spectroscopy (SRS) or Coherent Anti-Stokes Raman Scattering (CARS) 
[32-35]. Rapid methods have great diagnostic potential in the analysis of lipids. LDs may become a universal 
Raman marker of inflammation, enabling the testing of new anti-inflammatory drugs in the model systems.
	 Our study aimed to compare various spectroscopic methods, such as infrared spectroscopy, 
spontaneous Raman imaging, and Stimulated Raman Spectroscopy, to visualize the formation of LDs 
resulting from the uptake of deuterated palmitic acid (PA-d31) in endothelial and leukemic cells. We compared 
vibrational spectroscopic imaging with a gold-standard method for studying cellular composition, fluorescent 
imaging. Our results show that Raman and infrared spectroscopic imaging offers distinct advantages over 
fluorescent imaging, allowing visualization of subcellular component distribution and simultaneous analysis 
of the structure and composition of multiple biomolecules.

2 Methodology

Endothelial cells preparation
	 Two commercially available endothelial cell lines were used. Primary human microvascular 
endothelial cells (HMEC-1) were purchased from Gibco and cultured in a supplemented endothelial cell 
growth medium (MCDB 131; Gibco). Primary Human Aortic Endothelial Cells (HAECs) were purchased 
from Lonza and cultured in a supplemented endothelial cell growth medium (EGM-2MV; Lonza). Cells were 
incubated in a humidified cell culture incubator at 37 °C in 5% CO2/ 95% air. The cells were grown directly 
on calcium fluoride windows (CaF2, 25×2 mm, Crystan Optics, UK) for all spectroscopic measurements, 
which were placed in 6-well plates. Cells were seeded at a number of 150,000 per well. HMEC-1 cells from 
passage 3 were incubated with 50 µM sodium salt of deuterium-labelled saturated palmitic acid (PA-d31, 
Sigma Aldrich) conjugated to BSA (10%; Sigma-Aldrich) for 16 hours. HAEC cells were incubated with 
200 µM sodium salt of PA-d31 conjugated to BSA for 18 h. Control cells were grown in a medium with the 
addition of sterile water and BSA. After incubation, cells were fixed for 4 min with 2.5 % glutaraldehyde and 
stored in isotonic phosphate buffer (PBS, Gibco), pH = 7 at 4 °C until data acquisition.
Leukemic cells preparation
	 Promyeloblastic HL-60 cells were purchased from Sigma Aldrich and cultured in a supplemented 
RPMI medium (10% FBS, 1% Antibiotic-Antimycotic, Gibco). Cells were incubated at 37 °C in a 5% CO2/ 
95% air humidified cell culture incubator. For experiments, 1 mln of cells was placed in a 6-well plate 
(0.3 mln/ml). The cells were then incubated with 200 µM PA-d31 sodium salt of PA-d31 (Sigma Aldrich) 
conjugated to BSA for 18 h (10%; Sigma-Aldrich) for 18 hours. Control cells were incubated with BSA. 
After incubation, cells were centrifuged (300g, 5 min), washed with PBS, and fixed with 0.5% glutaraldehyde 
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solution for 10 min. After fixation, cells were washed three times with PBS and stored at 4 °C. Right before 
measurement, HL-60 cells were deposited onto CaF2 slides and measured after sedimentation and stabilization 
were completed.
Fluorescence measurements
	 After 16 h of exposure to PA-d31, HMEC-1 endothelial cells were washed twice with PBS, fixed with 
2.5 % glutaraldehyde per 4 minutes, blocked with BSA (1% BSA, 30 min), and counterstained for LDs with 
BODIPY 493/503 (Invitrogen Molecular Probes, 60 minutes) and with Hoechst 33342 (Life Technologies, 10 
minutes) for nuclei. The fluorescence images were collected in DAPI and FITC channels (excited with 405 
and 488 nm diode lasers) for the nucleus and LDs, respectively. 2D fluorescence images of cells with LDs 
were collected using the Olympus ScanR system, and 3D fluorescence images of PA-d31-incubated cells were 
acquired with an A1-Si Nikon (Japan) confocal laser scanning system built onto a Nikon inverted microscope 
Ti-E using a Plan Apo 100×/1.4 Oil DIC objective. Images were recorded at a resolution of 1024 ×1024. 
	 To stain LDs and nuclei in leukemic cells, fixed HL-60 cells were centrifuged (300 g, 5 min, RT), 
washed with DPBS, and then simultaneously incubated with LipidTox (Invitrogen) and Hoechst 33342 
(ThermoFisher). After 20 min, cells were centrifuged (300 g, 5 min, RT), washed with DPBS, and resuspended 
in 50 μl DPBS. Before measurement, 10 μl of the sample was placed onto a primary slide and covered with 
a coverslip. Cells were imaged in the DAPI and PI channels. The fluorescence measurements of HL-60 cells 
were taken using an optical microscope (Olympus CKX53, Olympus DP74, Tokyo, Japan) equipped with 
Olympus LCAch N 40× (NA = 0.55, iPC) objective (Olympus, Tokyo, Japan), high-resolution DP74 camera 
(Olympus, Tokyo, Japan) and CellSens software (Olympus, Tokyo, Japan). A high-brightness U-LGPS light 
source was used to excite fluorescence.
Infrared measurements
	 Shortly before the Fourier transform infrared spectroscopic (FTIR) measurements, the HAEC cells 
were washed gently with doubly deionized water to remove residual PBS from the surface of the cells and 
then left to air-dry. HL-60 cells are non-adherent cells; therefore, they were placed onto CaF2 windows 
and air-dried. The experiments were performed using the Varian 620-IR microscope coupled to a 670-IR 
spectrometer with a 128×128 pixel focal plane array (FPA) detector with a spatial resolution of 5.5 µm per 
pixel in transmission mode. Measurements were performed with a 15× Cassegrain objective and condenser, 
collecting 256 and 128 co-scans for background and sample images, respectively (standard resolution). All 
spectra were recorded in the 3600-900 cm–1 region with a spectral resolution of 8 cm–1. Infrared data were 
collected and initially analyzed with the use of Varian Resolutions Pro software (ver. 5.0.0.640) and CytoSpec 
software (ver. 2.00.01). 
Spontaneous Raman measurements
	 Confocal Raman imaging measurements were performed using a WITec Confocal Raman Microscope 
(WITec alpha 300) with a 532 nm laser. The laser power was around 15 mW. The laser was coupled with an 
optical fiber (50 μm core diameter) to the spectrometer. Spectra of endothelial cells were collected using a 63× 
water immersion objective (Nikon Fluor, NA=1). The step size was equal to 0.5 µm, and the integration time 
was equal to 0.5 s per spectrum. HL-60 spectra were collected using a 40× water immersion objective (Zeiss 
W Plan-Apochromat VISIR, NA=1). The integration time was 0.1 s per spectrum. High-resolution (HR) 
imaging was performed for leukemic cells with a step size equal to 0.162 µm. Additionally, 3D imaging was 
performed with a step size equal to 0.5 µm (x, y-axis) or 1 µm (z-axis). The spectral resolution was 3 cm–1. 
Stimulated Raman Spectroscopy
	 Cells from two cell lines, HAEC and HL-60, were treated with 200 μM of PA-d31 for 18 h and 
measured using the homemade SRS setup. The system has a 2 ps laser (Fluence Lazurite, Fluence sp. z 
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o.o.) with a 20 MHz repetition rate. The system is based on a fiber laser producing a Stokes beam at 1029 
nm with 450 mW of average power with a built-in optical parametric oscillator (OPO) that produces a 
tunable wavelength beam in the range of 750 - 950 nm with an average power of 100 mW that is used as 
the Pump beam. In our setup, the Stokes beam was modulated with an acousto-optic modulator (AOM), 
and the stimulated Raman loss (SRL) signal with 4MHz’s modulation was collected. A 40× air objective 
(Olympus, NA=0.75) was used to focus overlapped Stokes and Pump beams on the sample. A 50× water 
dipping objective (Nikon, NA=1) collected the transmitted pump beam. The signal was retrieved using the 
Stanford Research Systems SR865A lock-in amplifier, sent to the electronics, and stored by Control FIVE 6.1 
software (WITec GmbH). During measurements, the powers of Stokes and Pump beams before the sample 
were set to 25 and 12.5 mW, respectively. Imaging was performed with 25×25 μm2 frames for HAEC cells 
and 40×30 μm2 for HL-60 cells. The pixel dwell time was set to 900 μs in both cases. Images were collected 
at Pump beam values of 791.0 nm (2930 cm−1, organic matter), 796.0 nm (2850 cm−1, lipids), and 846.0 nm 
(2100 cm−1, the C-D stretching). 

3 Results and discussion
Fluorescent measurements
	 The gold standard method for tracking the formation of LDs with relatively high sensitivity in 
single cells is fluorescence microscopy [36,37]. Figure 1 shows LDs in PA-d31-treated endothelial cells 
(Fig 1A-B) and HL-60 cells (Fig 1C). In the case of endothelial cells, LDs were stained using BODIPY 
493/503, while LDs in leukemic cells were visualized using LipidTox. In both cell lines, incubation with 
PA-d31 significantly increased LDs formation, confirming PA-d31 uptake by endothelial and leukemic cells. 
The high magnification of the objectives (100× for endothelial cells and 40× for leukemic cells) allows 
visualization of even a single LD with high contrast and image quality (Fig 1B). Fluorescence image analysis 
cannot differentiate between newly formed LDs resulting from exogenous fatty acid uptake and those 
already present in cells under normal conditions. This is because fluorescence microscopy does not provide 
any information about the chemical composition of the LDs. As a result, monitoring biochemical changes 
related to lipid metabolism and understanding the fatty acid uptake process becomes challenging since LDs 
accumulated in cells beforehand cannot be distinguished from those formed by fatty acid uptake. What is 
more, additional information on accompanying metabolic changes related to proteins or nucleic acids cannot 
be obtained unless other cellular substructures are stained. Furthermore, in fluorescence microscopy, the 
number of fluorescent labels that can be used simultaneously is limited due to the broad emission spectra of 
the dyes [38]. For this reason, other metabolomics methods are being researched, enabling simultaneous real-
time tracking of many biomolecules in living cells. Vibrational spectroscopic methods (infrared and Raman 
spectroscopy) respond to this need. Therefore, in this study, they were chosen to track fatty acid uptake and 
verify their use in the single-cell metabolism examination. 
Infrared imaging
	 Infrared spectroscopy belongs to spectroscopic methods and, together with Raman spectroscopy, 
allows the study of the biochemical composition of cells and tissues [38-43]. According to the Rayleigh 
criterion, IR microscopy generally yields lower spatial resolution than Raman microscopy. However, IR 
spectroscopy allows for faster measurements of cells and larger tissue fragments compared to spontaneous 
Raman imaging. Figure 2 shows infrared images of PA-d31-treated and control HAEC (Fig 2A) and HL-60 
(Fig 2B) cells.
	 The first column of Figure 2 presents microphotographs of dried cells deposited onto the CaF2 
window. False-color images obtained using hierarchical cluster analysis (HCA) show the spatial distribution 
of the spectra from four defined clusters. The HCA results were complemented by integration maps showing 
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the spatial distribution of proteins (integration over the amide I band at 1650 cm–1) and PA-d31 (integration 
over the C-D stretching band at 2100 cm–1). To visualize the molecular changes accompanying the uptake 
and metabolism of PA-d31 into proteins, nucleic acids, and lipids, the infrared spectra of both PA-d31-treated 
and control cells for endothelial and leukemic cells were compared. This approach provides important 
information on the spatial distribution of the major subcellular components

Fig 1. Fluorescence imaging of LDs in single endothelial and leukemic cells. LDs in HMEC-1 cells 
visualized using BODIPY 493/503 (A, B): images collected with a 20× objective and Olympus ScanR 
system (A): right-PA-d31-incubated cells, left-control cells (scale bar: 50 µm), and images collected with 
the confocal laser scanning system A1-Si Nikon (Japan) at a magnification of 100× (B). LDs in HL-60 
cells were visualized using LipidTox (C): right-PA-d31-incubated cells and left-control cells (scale bar: 
5 µm) collected using an inverted microscope Olympus CKX53 (Tokyo, Japan) at 40× magnification 
(scale bar: 10 µm).



Cellular lipid droplets observed in absorption, emission, and scattering - potential and limitations	 7

 

of cells [44]. Analysis of the IR spectra reveals the presence of bands indicative of C-D vibrations at 
approximately 2190 cm–1 and 2090 cm–1 after PA-d31 incubation, confirming the uptake of fatty acids. The 
integration map further supports this observation, illustrating the spatial distribution of C-D vibrations in PA-
d31-treated cells. Additionally, distinct molecular changes are evident when comparing PA-d31-treated cells 
(marked in red) with control cells (marked in blue), particularly in the fingerprint spectral range associated 
with proteins (alteration in the ratio of the amide I band at 1650 cm–1 and the amide II band at 1540 cm–1) and 
nucleic acids (changes in band intensities at 1235 cm–1 and 1085 cm–1).

Fig 2. Infrared imaging of PA-d31-treated and control HMEC-1 (A) and HL-60 (B) cells. Left panel: a 
microphotograph of dried cells and false-color HCA images; middle panel: protein distribution (IR image for the 
amide I band at 1650 cm–1) and PA-d31 distribution (IR image for the C-D stretching band at 2100 cm–1); and right 
panel: cellular spectra from the HCA analysis of control (blue) and PA-d31-treated cells (red, scale bar: 100 µm). 

	 The comprehensive analysis of the IR images and the corresponding spectra indicates that, despite 
exhibiting lower spatial resolution compared to fluorescence microscopy and Raman spectroscopy, IR 
imaging provides valuable insights into the chemical composition of cells and enables tracking metabolic 
changes induced by fatty acid uptake. However, it should be noted that at the single-cell level, IR imaging 
does not offer detailed information on the formation of individual lipid droplets (LDs). Consequently, Raman 
imaging emerges as the preferred method for the molecular and morphological analysis of LDs in single 
endothelial and leukemic cells.
Spontaneous Raman Imaging
	 As demonstrated previously, infrared spectroscopy proves to be effective in studying the molecular 
structure of biological systems. However, this method encounters two primary limitations when applied to 
single-cell studies: low spatial resolution (on the order of microns) and high water absorption, making the 
investigation of cells in vitro under physiological conditions challenging or even impossible. Spectroscopic 
techniques based on Raman scattering have emerged to address these challenges.
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	 Raman imaging enables label-free or labelled analysis of the buffered environment’s cellular 
composition and metabolic changes. Due to the substantial cross-section for Raman scattering exhibited by 
lipids, this method is particularly elevant at tracking fatty acid uptake in individual cells [43-48]. Raman 
imaging overcomes the difficulties associated with infrared and fluorescent imaging, making it the technique 
of first choice for studying lipid metabolism in single cells under physiological conditions. Figure 3 shows 
representative Raman images of PA-d31-treated (upper row) and control (bottom row) HMEC-1 (A) and HL-
60 (B) cells.	

Fig 3. Raman imaging of PA-d31-treated (upper row) and control (bottom row) HMEC-1 (A) (scale bar: 
4 µm and 5 µm) and HL-60 (B) cells (scale bar: 2 µm and 3 µm). Raman distribution images of selected 
chemical components: organic matter (2830-3030 cm–1), lipids (2830-2900 cm–1), PA-d31 (2030-2230 cm–1), 
phospholipids (705-735 cm–1), hemoproteins (725-770 cm–1), nucleus (775-805 cm–1). KMCA shows the 
spatial distribution of subcellular components: cytoplasm and endoplasmic reticulum (brown, orange), nucleus 
(blue), LDs (red), hemoproteins (green), and background (grey). 

	 It is possible to observe the spatial distribution of various biomolecules with high resolution using 
the full range of the Raman spectrum. This includes organic matter (3030-2830 cm–1), lipids (2900-2830 
cm–1), PA-d31 (2230-2030 cm–1), phospholipids (735-705 cm–1), hemoproteins (770-725 cm–1), and the nucleic 
acids (805-775 cm–1) (Fig 3). It can be seen that newly formed LDs are located mainly near the lipid-rich 
perinuclear area and hemoproteins in cells. Furthermore, chemometric analysis, such as KMCA (K-Means 
Cluster Analysis), can be used to perform a multivariate analysis of Raman images, providing information 
about the distribution of the studied subcellular components, including LDs (marked in red), the nucleus 
(blue), and hemoproteins (green).
	 A significant advantage of Raman imaging is its ability for confocal imaging, which allows the 
visualization of subcellular composition and molecular changes throughout the cell volume [45,46].To 
demonstrate this advantage, Confocal Raman imaging was performed in depth along the cross-section of the 
cells (Figs 4 and 5 for endothelial and leukemic cells, respectively).
	 KMC analysis of Raman maps (for endothelial cells: Figure 4C and for leukemic cells: Figure 5C) 
allows for insight into the distribution of LDs within the cell (Fig 4E and 5E). Integration maps and KMCA 
results for the depth imaging of HMEC-1 and HL-60 cells show the distribution of the nucleus and newly 
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formed LDs. Confocal imaging in stack mode provides the three-dimensional distribution of the subcellular 
components. Figure 5F and Fig 5G show the distribution of the nucleus (blue) and LDs (red) throughout the 
volume of promyeloblastic cells. For clarity, the color of the cytoplasm has been converted to grey in the 
three-dimensional images. 

 
Fig 4. Confocal Raman imaging of PA-d31-treated HMEC-1 cell: the whole cell with marked measured area (A), 
distribution of organic matter (an integration map over the 3030-2830 cm–1 range (scale bar 5 μm) (B), false-color 
KMCA image (C), distribution of PA-d31 (integration maps over the C-D stretching mode in 2200-2030 cm–1 

range (scale bar 5 μm) (D), imaging of LDs in depth across the line marked in A-D of LDs (scale bar 4 μm) (E).

	 The presented results demonstrate the high applicability of Raman imaging in studies of metabolic 
alterations in single cells. Using Raman imaging, it is possible not only to visualize the spatial distribution 
of selected biomolecules, extended even to the entire cellular volume, but also to perform the simultaneous 
analysis of the structures of numerous cell biomolecules and the morphology of many subcellular components 
at the same time [45,48]. This dual capability improves the comprehensiveness of cellular studies, providing 
insights into both spatial and molecular aspects of cellular composition and metabolic changes.
Simulated Raman Spectroscopy
	 Although spontaneous Raman imaging offers numerous advantages, a significant drawback of this 
technique is the prolonged acquisition time for a single spectrum. This delay is attributed to the inherently 
low cross-section for Raman scattering of biomolecules in general [49]. 
	  In contemporary research efforts aimed at enhancing the efficiency of Raman imaging have 
focused on the development of nonlinear imaging techniques. One notable advancement in this domain is 
the emergence of Stimulated Raman Spectroscopy (SRS). SRS represents a cutting-edge approach beyond 
traditional linear Raman methods, offering improved signal generation and faster imaging capabilities. By 
leveraging nonlinearity, SRS addresses the inherent limitations of the low signal strength in spontaneous 
Raman scattering, thereby significantly enhancing the speed and sensitivity of Raman imaging processes. 
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This ongoing development holds promise for further advancement of the field and expansion of Raman 
spectroscopy applications in diverse scientific and technological domains [49]. The main advantages of SRS 
are the lack of a high fluorescence background, imaging speed (even 1 cell/s), and high confocality [49]. 
SRS and spontaneous Raman spectroscopy help to study LDs, but they have different limitations in terms of 
speed [32-35]. Figure 6 presents the acquired SRS images of HAEC and HL-60 cells at 2930 cm−1 (mainly 
proteins), 2850 cm−1 (mostly lipids), and 2100 cm−1 (the C-D stretching).

Fig 5. Confocal Raman imaging of PA-d31-treated HL-60 cell: the whole cell with marked the measured area (A), 
distribution of organic matter (an integration map over the 3030-2830 cm–1 range) (B), false-color KMC image 
(C), distribution of PA-d31 (an integration maps over the C-D stretching mode in 2200-2030 cm–1 range (scale bar 
2 μm) (D), imaging of LDs in depth across the line marked in A-C of LDs (scale bar 2 μm) (E), three-dimensional 
imaging of LDs (red) in PA-d31-treated (F) and control (G) HL-60 cell. For clarity, the color of the cytoplasm has 
been converted to gray in the three-dimensional images.

	 The capability of detecting the SRS signal in a broad spectral range (1010 - 3615 cm−1) enabled 
the generation of an SRS image focused on the distinctive signal of C-D vibrations in the PA-d31 molecules 
(2100 cm−1). The acquired images vividly depict the spatial distribution of deuterated fatty acids, closely 
co-localizing with endogenous cellular lipids. These outcomes serve as compelling evidence that label-
free spectroscopic imaging can surpass the effectiveness of fluorescent imaging when exploring metabolic 
changes in diverse cell types.

4 Conclusions

	 We conducted a comprehensive multiparameter spectroscopic analysis of lipid droplets (LDs) 
within individual endothelial cells, exemplified by two cell lines (HAEC and HMEC-1) and leukemic 
promyeloblasts, represented by HL-60 cells. This analysis was compared with conventional fluorescence 
staining methods. To specifically trace newly formed LDs due to fatty acid uptake and distinguish them from 
endogenous lipids, we utilized an exogenous deuterated palmitic acid (PA-d31), characterized by a unique 
Raman band around 2100 cm–1 that does not overlap with other biomolecular vibrations.



Cellular lipid droplets observed in absorption, emission, and scattering - potential and limitations	 11

 

Fig 6. SRS images of HAEC (A) and HL-60 cells (B) incubated with d31-PA from the left: organic 
matter (2930 cm–1), lipids (2850 cm–1), and d31-PA (2100 cm–1) (scale bar: 4 μm (for HAEC) and 8 
μm (for HL-60)).

	 Infrared imaging proved to be effective in tracking deuterated fatty acid uptake in cells. However, 
its limitation lies in its poor spatial resolution, which makes studying the distribution of LDs at the single-cell 
level challenging and sometimes impossible. Additionally, infrared spectroscopy requires sample drying, 
which precludes studies under physiological conditions. On the contrary, spontaneous Raman imaging 
overcomes the limitations of infrared spectroscopy, but requires a relatively long imaging time (even several 
minutes per cell). On the other hand, stimulated Raman spectroscopy emerged to be the most efficient 
technique for studying the localization of LDs in cells, albeit with the constraint of recording signals for one 
wavenumber at a time.
	 Our research shows that spectroscopic methods are an excellent tool for studying LDs in single cells 
and provide comprehensive information that can complement studies conducted using classical techniques, 
such as fluorescence microscopy. 
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