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Abstract
Eosinophils (Eos) play an important role in the immune system’s response releasing several inflammatory factors and con-
tributing to allergic rhinitis, asthma, or atopic dermatitis. Since Eos have a relatively short lifetime after isolation from blood, 
usually eosinophilic cell line (EoL-1) is used to study mechanisms of their activation and to test therapies. In particular, 
EoL-1 cells are examined in terms of signalling pathways of the inflammatory response manifested by the presence of lipid 
bodies (LBs). Here we examined the differences in response to inflammation modelled by various factors, between isolated 
human eosinophils and EoL-1 cells, as manifested in the number and chemical composition of LBs. The analysis was per-
formed using fluorescence, Raman, and coherent anti-Stokes Raman scattering (CARS) microscopy, which recognised the 
inflammatory process in the cells, but it is manifested slightly differently depending on the method used. We showed that 
unstimulated EoL-1 cells, compared to isolated eosinophils, contained more LBs, displayed different nucleus morphology 
and did not have eosinophilic peroxidase (EPO). In EoL-1 cells stimulated with various proinflammatory agents, includ-
ing butyric acid (BA), liposaccharide (LPS), or cytokines (IL-1β, TNF-α), an increased production of LBs with a various 
degree of lipid unsaturation was observed in spontaneous Raman spectra. Furthermore, stimulation of EoL-1 cells resulted 
in alterations of the LBs morphology. In conclusion, a level of lipid unsaturation and eosinophilic peroxidase as well as LBs 
distribution among cell population mainly accounted for the biochemistry of eosinophils upon inflammation.

Keywords EoL-1 cells · Primary isolated eosinophils (Eos) · Fluorescence microscopy · Spontaneous Raman 
spectroscopy · Coherent anti-Stokes Raman scattering (CARS)

Introduction

Eosinophils (Eos) belong to granulocytes, the type of white 
blood cells in the innate immune system, characterized by 
the presence of granules in their cytoplasm. They participate 
in the regulation of inflammatory conditions by releasing 
several inflammatory mediators such as cytokines and reac-
tive oxygen species. Eos are also involved in the communi-
cation between the immune system cells [1]. They play an 
important role in allergic rhinitis, asthma, atopic dermatitis, 
and the immune system’s responses, including fighting para-
sites. In allergy, Eos are considered to play two opposite 
roles. They inactivate histamine—a slow reactive substance 
of anaphylaxis and platelet-activating factor (PAF), which 
is responsible for attenuation of the allergic inflammation 
products. But eosinophil peroxidase (EPO) and eosinophil 
cationic protein present in granules worsen and prolong 

Cellular and Molecular Life Sciences

 * Kamilla Malek 
 kamilla.malek@uj.edu.pl

 * Malgorzata Baranska 
 m.baranska@uj.edu.pl

1 Faculty of Chemistry, Jagiellonian University, Gronostajowa 
2, 30-387 Krakow, Poland

2 Jagiellonian Centre for Experimental Therapeutics (JCET), 
Jagiellonian University, Bobrzynskiego 14, 30-348 Krakow, 
Poland

3 Institute of Physical Chemistry (IPC) and Abbe Center 
of Photonics (ACP), Friedrich-Schiller-University, 
Helmholtzweg 4, Jena, Germany

4 Leibniz Institute of Photonic Technology e.V., Member 
of Leibniz Health Technologies, Albert-Einstein-Str. 9, Jena, 
Germany

http://orcid.org/0000-0003-3699-9453
http://orcid.org/0000-0002-0122-719X
http://orcid.org/0000-0003-2202-5068
http://orcid.org/0000-0002-4501-0937
http://orcid.org/0000-0001-9021-8270
http://orcid.org/0000-0001-6740-629X
http://orcid.org/0000-0002-3807-3630
http://orcid.org/0000-0003-4257-593X
http://orcid.org/0000-0003-0582-2743
http://orcid.org/0000-0001-8826-3144
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-021-04058-4&domain=pdf


 A. Borek-Dorosz et al.

1 3

52 Page 2 of 12

allergic inflammations by their cytotoxic effects [2]. Mature 
Eos possess bilobed nuclei [3] and only a few percent of 
cells have lipid bodies (LBs) in their cytoplasm under nor-
mal conditions [3, 4]. LBs are lipid-rich cytoplasmic inclu-
sions, which regulate the storage and hydrolysis of neutral 
lipids. Rapid formation and accumulation of LBs in cells are 
also observed in the inflammatory state, including asthma 
and allergies [5, 6]. LBs play an important role in cell signal-
ing, membrane trafficking, regulation of lipid metabolism, 
controlling of synthesis and secretion of inflammatory medi-
ators (e.g., eicosanoids) [7]. In Eos, interleukin-5 induces 
production of LBs that are major intracellular sites for the 
activation-elicited formation of LTC4 [5]. LBs in inactivated 
Eos are present on the surface of the ribosomes and ribo-
some subunit-like particles, and are surrounded by a mon-
olayer of phospholipids with some contribution of proteins 
[5, 6, 8].

The number of Eos is less than 5% of all leukocytes in the 
peripheral blood. Their lifespan is short (ca. 18 h). The puri-
fication of sufficient numbers of Eos is difficult and time-
consuming [9] which impedes in vitro studies on their bio-
logical properties [10]. Human eosinophilic leukemia cells 
(EoL-1) are considered to be an ideal model of eosinophils 
for in vitro studies [11], in particular for the examination of 
pathways of their inflammatory responses [12]. However, 
they exhibit morphological differences compared to Eos 
(Tab. S1 in SI). Under normal conditions, EoL-1 cells are 
cytologically similar to myeloblasts without typical bilobed 
nuclei and low number of granules with EPO [11]. EoL-1 
cells are differentiated into mature eosinophil-like cells after 
treatment with agents such as butyric acid (BA), dibutyryl 
cyclic adenosine monophosphate (dbcAMP) [10], tumor 
necrosis factor (TNF-α) [12], interferon-7 (IFN‐7) or phor-
bol 12-myristate 13-acetate (PMA) [3].

The most often used BA causes nuclear lobulation and 
an increase of cytoplasm—nucleus ratio and production of 
granulocytes after 5–7 days (500 μM BA) [10]. [13] Gran-
ules contain eosinophil cationic protein as well as some 
eosinophillotactic attractants such as platelet-activating fac-
tor (PAF), interleukin-5 and 3 (IL-5 and IL-3), and Granu-
locyte Macrophage Colony-Stimulating Factor (GM-CSF).

TNF-α or interleukin 1-β (IL-1β) are also commonly used 
to differentiate EoL-1 cells. TNF-α activate Eos cells [14] 
and their migration [15] while Il-1β increases their survival 
[16]. Both proinflammatory agents induce the release of 
interleukin-9 and coordinate cellular responses in the asth-
matic state observed similarly to Eos from asthmatic patients 
and their production increases [17]. In turn, stimulation of 
Eos with interleukin-5 leads to the significant production of 
LBs [5, 18].

Lipopolysaccharides (LPS) are extracted from gram-neg-
ative bacteria and exhibit proinflammatory properties. Some 
works have reported a LPS effect of on Eos [19–23]. The 

mechanism of LPS-induced inflammation [24] and inflam-
mation in asthma [25] are similar and might explain mecha-
nism of Eos migration from the periphery to the airways [24] 
with an increased release of granulocytes [25].

In this work, we applied different microscopic techniques 
for the analysis of LBs in isolated human Eos and EoL-1 
stimulated with various proinflammatory factors important 
for eosinophilic action in the body. EoL-1 cells were used 
as a model of human Eos because there are few Eos cells in 
the blood and their lifespan is short. To evoke the produc-
tion of LBs, BA, IL-1β, LPS, and TNF-α were used. First, 
we examined the cells with 2D fluorescence microscopy 
as conventionally done by biologists and pharmacologists 
and then we employed two imaging techniques, coherent 
anti-Stokes Raman effect (CARS) and spontaneous Raman 
scattering (RS) to quantify LBs and determine their com-
position. This multimodal approach allowed assessing for 
the first time morphological and compositional features 
of stimulated Eol-1 in comparison to mature Eos. We also 
discussed benefits of each technique for further studies of 
biochemical features in granulocytes.

Materials and methods

Chemicals

Dextran from Leuconostoc spp. 500 000 (Sigma-Aldrich), 
Ficoll-Paque Plus d = 1.077 g/ml (GE Healthcare,), human 
eosinophil isolation kit (MiltenyiBiotec), DPBS (Dulbecco’s 
phosphate-buffered saline, Gibco), 10% fetal bovine serum 
(FBS, Gibco), penicillin–streptomycin (10 000 U/mL, 
Thermo-Fisher Scientific), Roswell Park Memorial Insti-
tute (RPMI) 1640 medium with L-glutamine and 25 mmol/l 
HEPES (Gibco), EDTA (Sigma-Aldrich), butyric acid (BA, 
Sigma-Aldrich); TNF-α (Tumour Necrosis Factor, Sigma-
Aldrich), Il-1β (Interleukin 1β, Sigma-Aldrich) and LPSs 
(lipopolysaccharides, Sigma-Aldrich).

Cell culturing

Human Eos were isolated according to the method described 
by Grosicki [26]. Briefly, human blood was purchased from 
the Regional Blood Transfusion Center and stored in hepa-
rin-coated tubes. Erythrocytes (RBCs) were discarded from 
the sample, through 1% dextran solution sedimentation 
[dextran from Leuconostoc spp. 500,000 (Sigma-Aldrich)]. 
PBMCs were removed by Ficoll-Paque density gradient sep-
aration (Ficoll-Paque Plus d = 1.077 g/ml (GE Healthcare). 
The remaining RBCs were eliminated through hypotonic 
shock lysis. Eos were further purified through the immuno-
magnetic cell separation method (human eosinophil isola-
tion kit MultiantiBiotec). The immunomagnetic separation 
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was performed according to the manufacturer's instruction. 
Cells after isolation were counted and used immediately for 
fluorescence microscopy. For other experiments, cells were 
fixed in 2.5% glutaraldehyde dissolved in PBS.

EoL-1 cells (ATCC, Manassas, VA, USA) were grown in 
RPMI 1640 cell culture medium, supplemented with 10% 
(v/v) FBS, 2 mmol/l l-glutamine and penicillin–streptomy-
cin (10 000 u/ml). Cells were grown for 7 days and pas-
saged when the cellular density reached 2.0 ×  106 cells/ml. 
During the passage, cells were diluted to 0.5 ×  106 cells/ml. 
Subsequently, EoL-1 cells were treated either with 50 μM 
BA for seven days (Fig. S1, Supplementary Information), 
and with 10 ng/ml TNF-α, Il-1β, and LPS for 24 h. All cells 
were incubated at 37 °C and 5%  CO2. After the incubation 
time cells were fixed with 2.5% glutaraldehyde solution for 
10 min and suspended in PBS.

Raman spectroscopic imaging

Raman imaging was carried out with the use of a WITec 
confocal Raman imaging system (WITec alpha 300 Raman 
microscope). Raman spectra were acquired with an exci-
tation laser at 532 nm, which was coupled to the micro-
scope via an optical fiber with a core diameter of 50 µm. 
The microscope was equipped with a CCD detector cooled 
to –  80° C. Cells immersed in PBS solution and placed on a 
 CaF2 window were illuminated through a 60 × water objec-
tive (NA: 1.0). Raman images were recorded with a step 
size of 0.5 μm and laser power of 23 mW. Raman spec-
tra were collected with an integration time of 0.5 s and a 
spectral resolution of 3  cm−1. For each experimental group 
images of 15 cells were analyzed. But to examine intragroup 
variability we investigated three independent replicates for 
control and BA groups, and one replicate for TNF, LPS and 
IL-1β. Typical Raman spectra of cytoplasm in the control 
and BA groups were displayed in Fig. S2 (Supplementary 
Information) and they confirm good reproducibility of spec-
tral features between replicates. One of these replicates was 
tested with all three methods sequentially, i.e. fluorescence, 
Raman and CARS imaging, to show they are truly comple-
mentary, and these data are shown in the manuscript. Raman 
spectra were preprocessed using a cosmic ray removal filter 
(filter size 3 and dynamic factor 8) and baseline correction 
(polynomial, grade 3). Afterwards, k-means cluster analysis 
(KMC) was performed using a WITec 5.0 software.

Fluorescence microscopy

Fluorescence measurements were performed on an Olym-
pus ScanR automated fluorescence microscope (20×, 
NA = 0.5). LBs were stained with BODIPY 493/503 (Ther-
moFisher) (excitation 500–650 nm, emission 510–665 nm), 
and nuclei with Hoechst 33,342 (ThermoFisher) (excitation 

360 nm, emission 497 nm). Cells were seeded on 96-well 
plates, coated with a poly-l-lysine solution and centrifuged 
(300 × g, 5 min at room temperature) to deposit cells on the 
bottom of the plate. Before measurements, cells were fixed 
with 4% paraformaldehyde (10 min.), washed gently with 
DPBS, and stained with 4 µg/mL BODIPY 493/503 dye for 
30 min. at room temperature. Then, cell nuclei were stained 
with Hoechst 33,342 (0.5:1000) and then cells were imaged 
using a fluorescence microscope. Experimental data were 
collected from four independent biological experiments. 
Images were analyzed using a Columbus 2.4.2 image data 
storage and analysis system software (PerkinElmer). The 
number of LBs were determined based on the BODIPY sig-
nal using an option ‘Find spots’ (method B, area > 2 µm2) in 
a Columbus software. The number of cells were calculated 
based on the number of nuclei visualized by the Hoechst 
staining (option ‘Find nuclei’ in the Columbus software, 
method B, area > 5 µm2). All respective graphs plotted to 
show morphological features of LBs and nuclei were inter-
preted as mean values with standard deviations calculated 
for four fluorescence images.

Coherent anti‑Stokes Raman scattering 
and two‑photon excited fluorescence microscopy

The experimental platform for CARS imaging has been 
described in detail previously [27]. To obtain an image, the 
symmetric  CH2 stretching vibration at 2850  cm−1 was cho-
sen. The pump beam was tuned to 672.5(7) nm (42 mW @
sample), and the Stokes was 832(2) nm (32 mW @sample). 
For recombination of these two beams with temporal and 
spatial overlap a delay stage was used in combination with 
a retro reflector, and an 800 nm long pass dichroic mirror. 
The beams were directed into the laser scanning microscope 
(LSM 510 Meta, Zeiss, Germany). Samples were illumi-
nated using a 40 × water immersion objective (1.1 NA, LD-
C-Apochromat, Zeiss, Germany). The CARS signal in this 
experiment was collected in forward direction by an NA 0.8 
condenser, filtered by a bandpass filter (550(88) nm), and 
detected by a photomultiplier (Hamamatsu R6257, Japan). 
Alongside the CARS signal, two-photon excited fluores-
cence (TPEF) was collected in epi direction by the focusing 
objective, separated from the excitation beam by a beam 
splitter and filtered by a band pass filter (458(64) nm). The 
signal was detected using a photomultiplier (Hamamatsu 
R6257, Japan) using the same integration time and num-
ber of pixels as for the CARS channel. The field of view 
was 112.5 µm × 112.5 µm, sampled with a resolution of 
1024 × 1024 pixels at an integration time of 1.6 µs per pixel. 
For every image, 16 frames were averaged. For each cell 
group at different positions of the sample (13 for control, 
15 for BA, 18 for TNF, 16 for IL-1β and 19 for LPS). One 
replicate of cell culturing was investigated here because 
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Raman and fluorescence imaging indicated low intragroup 
variability. Two-photon excited fluorescence (TPEF) images 
(458 bp 64 nm) were recorded simultaneously.

Identification of lipid bodies in CARS images

Lipid bodies were identified using the FIJI (1.52v) distribu-
tion of ImageJ [28, 29] and a revised version of a previously 
detailed [30] custom ImageJ macro. Briefly, the images were 
subjected to background subtraction using FIJIs built-in roll-
ing ball method and a ball radius of 3 px. The Laplacian of 
the image was calculated using the FeatureJ plugin [31] and 
a smoothing scale of 1. The Laplacian image was subjected 
to an FFT bandpass filter as implemented in ImageJ with 
the lower band edge corresponding to 2 px and the upper 
band edge to 20 px. The resulting image was inverted and 
converted into 8-bit format. Depending on the set of cells, 
global thresholding was applied using either FIJIs built-in 
‘Auto-Threshold’ function and the ‘RenyiEntropy’ method 
with default parameters (control, LPS, TNF), or 1.4 times 
the average brightness of the image as threshold (BA50, IL-
1beta), where more fine control was necessary. The obtained 
binary images were analyzed using ImageJs ‘Analyze Par-
ticles…’ function and any areas with either a circularity of 
less than 0.5 or an area of less than (2 px)2×π/4 or more than 
(20 px)2×π/4 were excluded. The final number of LBs was 
estimated to be the number of remaining separated bright 
areas. The script is part of Supporting Information and con-
tains a detailed documentation.

Cell identification in CARS/TPEF images and per‑cell 
analysis of LB counts

To obtain per-cell statistics of the number of LBs, cells were 
identified in a semi-automated multi step procedure. To 
reduce the amount of manual labor, composite RGB images 
generated from the two-channel CARS/TPEF images were 
subjected to classification by the trainable WEKA segmen-
tation algorithm (v 3.2.34, [32]) as implemented in the FIJI 
distribution of ImageJ using all available features and oth-
erwise default parameters. RGB images (red: CARS, green: 
TPEF) were generated after rescaling the individual chan-
nels using the ImageJ’s “Enhance Contrast” function, allow-
ing for 3.5% saturation, before down converting the 16-bit 
images to 8 bit. The WEKA algorithm was trained on two 
manually classified images using two classes (background 
and foreground). The resulting cell masks were cleaned in 
a two-step procedure: first, in an automated step, all holes 
smaller than 500 px in congruent areas were filled, a water-
shed segmentation was performed and all congruent areas 
smaller 2500 px, or ones touching the image edges were 
excluded. In the second step, the obtained masks were 
overlaid with the RGB images and manually corrected. All 

areas belonging to cell fragments, dead cells or cell clusters 
with unclear boundaries/strong overlap were excluded and 
instances of inaccurate assignment or suboptimal segmenta-
tion during the watershed segmentation were rectified. An 
overview of the above-described procedure was provided in 
Fig. S3. Following cell identification, the number of LBs, 
identified as detailed above, per cell was calculated.

Results

Primary eosinophils (Eos) versus eosinophilic cell 
line (EoL‑1)

In our previous reports, we observed by spectroscopic 
imaging that native human Eos isolated from the peripheral 
blood contain a sparse population of LBs, which is congru-
ent with their morphology and function [3, 4]. Here, we 
determined for the first time the distribution and number 
of LBs in Eos and unstimulated EoL-1 cells with the use 
of lipid-sensitive CARS and fluorescence imaging (Fig. 1a 
and c). According to the analysis of BODIPY-stained cells, 
the average number of LBs per cell was 2.35 ± 0.05 and 
1.85 ± 0.06 (mean ± SEM) for EoL-1 and Eos, respectively. 
The quantification of LBs from CARS images showed simi-
lar results but also revealed large cell-to-cell variances (data 
not shown). An unsaturation level of lipids accumulated in 
LBs is slightly higher in isolated Eos than EoL-1 (Fig. S4 
in SI). The determined number of the C = C bonds in the 
acyl fatty acid chain was 1.5. Unsaturation of lipids was 
estimated based on spectra of LBs collected with spontane-
ous Raman microscopy. Morphological differences, revealed 
by fluorescence staining, between Eos and EoL-1 cells were 
additionally determined for LBs and nuclei using versatile 
Columbus 2.4.2 morphological image analytical algorithms. 
In that way, we assessed parameters of these cellular com-
partments like symmetry, intensity, spot intensity, and area, 
etc., both, for Eos and Eol-1 cells. EoL-1 fluorescence fea-
tures were used as a reference (Fig. 1b). The Eos nuclei were 
smaller, more compact, and less symmetrical than in EoL-1 
cells. The fluorescence signal of the BODIPY dye in LBs 
was brighter and covered a larger area in the EoL-1 cell line 
than in Eos isolated from blood. In the literature data about 
the differences in those cells concerning size and abundance 
of LBs in both, Eos and EoL-1, are in agreement with our 
findings [3, 8, 18, 32].

Lipid bodies in EoL‑1 cells stimulated 
by a proinflammatory factors

Fluorescence microscopy and CARS imaging were first 
employed to visualize LBs formed due to stimuli of proin-
flammatory action, i.e. BA, TNF-α, IL-1β, and LPS. Data 
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from fluorescence imaging were recorded from four inde-
pendent biological experiments, while 13–19 images from 
different positions in one cell culture were recorded by 
CARS (Fig. 2a). The fluorescence intensity of the BODIPY 
dye counted from ca. 2000–3000 cells confirmed the CARS 
results. The average number of LBs per cell increased sig-
nificantly to 3.08 ± 0.1 due to incubation with BA compared 
to 2.3 ± 0.07 in non-treated cells, see Fig. 2b. Stimulation 
of EoL-1 cells with IL-1β, TNF-α, and LPS resulted in the 
formation of only few new LBs; the average number of 
LBs/cell in those cells was 2.4–2.5. Our findings for BA-
stimulated cells agreed with several reports showing that 
the formation of LBs could be an indicator of the EoL-1 
differentiation into Eos [10, 13, 33, 34] due to the altera-
tion of lipid metabolism, the composition of fatty acid, and 
the autophagy process [35–37]. Next, the multi-parameter 
analysis of fluorescence images was performed for both, 

nucleus and LBs in respect to control EoL-1 cells (Fig. 2c). 
The biggest changes were evoked by the BA stimulation 
that caused a pronounced distortion of nucleus symmetry 
whilst IL-1β and TNF-α induced weaker transformations 
of the nuclei’s shape and size. LPS-treated EoL-1 nuclei 
were similar to control. The corresponding fluorescence 
analysis of LBs signal showed that their size and irregular 
shape, probably resulting from the aggregation of LBs, were 
enormously enlarged in BA-treated cells (Average ± SEM, 
control: 2.35 ± 0.03, BA: 3.11 ± 0.05, TNF: 2.43 ± 0.02, IL 
1β: 2.49 ± 0.07, LPS: 2.44 ± 0.02).

Analysis of LBs in stimulated EoL‑1 from CARS 
images

While the analysis of fluorescence images provided a holistic 
view, i.e., an average number of LBs per cell over all cells in 

Fig. 1  a Fluorescence (Hoechst nuclei—blue and BODIPY LBs—
green, magnification 20×, NA = 0.5) and coherent anti-Stokes Raman 
scattering images (CARS, magnification 40×, NA = 0.8) of primary 
Eos and unstimulated EoL-1. b Multi-parametric morphological anal-
ysis of nuclei (upper) and LBs (lower) from fluorescence images. The 
significance was calculated with the Mann–Whitney test (*p < 0.05, 
**p < 0.01, ***p < 0.001) and it is shown underneath the param-

eters in brackets. c The relative number of LBs, shown as a graph 
of the number of LBs per number of cells, calculated from fluores-
cence images (N of EoL-1: 1430, N of Eos: 157). Values are given 
as mean ± SEM (standard error of mean) and are shown in box plots: 
mean (horizontal line), SEM (box), minimal and maximal values 
(whiskers). The significance was calculated with the Mann–Whitney 
test (*p < 0.05)
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each image, it did not provide information about the cell-to-
cell variation. For that reason, CARS images were analysed 
on a per-cell basis (Fig. 3, Table S2 in SI). We found that 
for all stimulation methods and the control sample the larg-
est fraction of cells did not have any LBs in the focal plane 

while the remaining cells showed varying numbers of LBs 
(typically 1–8) with exceptional cases showing up to 22 LBs 
in a single cell. This strong deviation from a normal distri-
bution does not allow for a characterisation of the data dis-
persion in terms of standard deviations. A characterization 

Fig. 2  a Fluorescence (Hoechst nuclei—blue and BODIPY LBs—
green, magnification 20×, NA = 0.5) and coherent anti-Stokes Raman 
scattering images (CARS, magnification 40×, NA = 1.1) for control 
and stimulated EoL-1 cells. b The relative number of LBs, shown as 
a graph of the number of LBs per number of cells, calculated from 
fluorescence images (N of control cells: 1430, BA: 2620, TNF: 870, 
Il-1β: 840, LPS: 3730). Values are given as mean of the 4 images 

means ± SEM between the images and are shown in box plots: mean 
(horizontal line), SEM (box), minimal and maximal values (whisk-
ers). *p < 0.05, **p < 0.01, ***p < 0.001. c Multi-parametric morpho-
logical analysis of LBs (upper) and nuclei (lower) from fluorescence 
images. The significance (*p < 0.05, **p < 0.01, ***p < 0.001) refers 
only to comparison of control and BA cells and it is shown under-
neath the parameters in brackets
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based on simple percentiles proved similarly limited in its 
ability to provide visual intuition of the various distributions 
as for all treatment groups except BA the first percentiles P 
for all P < 25% fall together, with the LPS treatment group 
even including all P < 47%.

Thus, a percent rank analysis was performed as depicted 
in Fig. 3a, providing an easy to grasp visual representation of 
the dispersions involved. Median [1 for all treatment groups, 
except BA (3)] and mean (control: 1.94, BA: 3.89, TNF: 
1.51, IL 1β: 1.82, LPS: 1.18) LBs/cell numbers are reported 
as location parameters and depicted in Fig. 3a as black and 
blue arrows, respectively. As for the fluorescence micros-
copy analysis, these data suggest a strong effect on LBs pro-
duction upon stimulation with BA, whereas the remaining 
stimulation groups are similar to the control group in this 
regard. While these data are in qualitative agreement with 
those obtained from fluorescence microscopy, it is important 
to note that quantitative comparability between the results 
obtained from the fluorescence microscopy images with 
those based on CARS/TPEF microscopy is limited due to the 
differences in technique, analysis approach and instrumen-
tation. Given that neither of the methods guaranties that all 
LBs present in a given cell are detected, either because they 
are not located close enough to the focal plane, or because 

the (semi-) automated analysis procedures did not correctly 
identify them, it appears likely that both methods underes-
timate the true number of LBs/cell. This, however, does not 
limit comparability within the respective techniques.

Chemical features of intracellular compartments 
of stimulated EoL‑1 cells

Fluorescence microscopy and CARS imaging are tech-
niques that rely on the detection of specific cellular compo-
nents, like DNA in the nucleus, and lipids in the cytoplasm, 
whereas label-free spontaneous Raman imaging provides a 
simultaneous response from all biomolecules in the focal 
volume. This method combined with uni- and multivari-
ate analysis revealed the chemical composition of stimu-
lated and control EoL-1 cells (Fig. 4). Raman images were 
constructed by integration of the CH/CH2/CH3 stretching 
modes in the high wavenumber region, which is specific for 
all cellular biomolecules. To visualize LBs, Raman images 
were constructed by band integration of the  CH2 stretch-
ing modes while bands assigned to the breathing vibrations 
of T, C nucleobases and the O–P–O backbone mode were 
chosen to show the nucleus distribution (Fig. 4a). Non-
hierarchical k-means cluster analysis (KMC) divided the 

Fig. 3  a Percent rank analysis of LBs per cell in stimulated EoL-1 
cells as determined by CARS microscopy. Black arrows indicate 
median values, blue arrows indicate mean values. Green boxes cover 

the 25–75 percentile range, red boxes the 5–95 percentile range, n 
refers to the number of measured cells. b Distribution of LB counts 
per cell



 A. Borek-Dorosz et al.

1 3

52 Page 8 of 12

spectra of the whole cell into clusters of nuclei, LBs, and 
cytoplasm (Fig. 4a). Figure 4b displays averaged Raman 
spectra of the LB classes extracted from KMC analysis for 
all groups of cells. These spectra show typical Raman fea-
tures of the acyl chains in lipids [38], i.e. bands at 2850 
and 3030   cm−1 attributed to the stretching vibrations of 
the methylene [ν(C–H)] and olefinic moieties [ν(= C–H)], 
respectively, and vibrations in the fingerprint region at 
positions of 1660  cm−1 [ν(C = C)], 1440  cm−1 ([scissoring 
mode: δ(CH2/CH3)], 1304  cm−1 [twisting mode: τ(CH2)], 
and 1269  cm−1 [deformation vibration: β(= CH)] [38]. In 
addition, bands of triacylglycerols [1744  cm−1, ν(C = O)] 
and low intensity signals from cholesterol esters [974  cm−1, 

β(CH)] were observed. The ratio of band intensities centered 
at 1660 and 1440  cm−1 served to estimate unsaturation level 
of lipids [38]. An ANOVA analysis indicated the production 
of unsaturated fatty acids due to the action of all proinflam-
matory agents (Fig. 4c).

Next, we examined biochemical changes in the nucleus 
and cytoplasm regions (Fig. 4a, KMC, blue and grey classes, 
respectively). The Raman features of nuclei did not show any 
chemical differences (Fig. S5 in SI), contrary to cytoplasm 
(Fig. 5a). For the latter, subtle variation of band intensities 
among the experimental groups was observed and we noted 
the presence of resonance Raman signals of eosinophil per-
oxidase (EPO)—the heme protein specific for Eos (marked 

Fig. 4  a Raman distribution images of selected chemical compo-
nents: organic matter, lipids, and DNA and false-colour KMC map 
of representative cells of control and stimulated EoL-1 cells. Three 
classes were assigned to the cytoplasm (grey), LBs (orange), and 
nuclei (blue). Raman distribution images were constructed by inte-
gration of characteristic bands for organic matter (2800–3030   cm-1), 
lipids (2830–2900   cm-1), and nuclei (780–800   cm-1). b Mean spec-

tra (n = 15) ± SD (shading) of the LB class for each group of cells, 
with assigned Raman bands characteristic for lipids, (c) analysis of 
the degree of unsaturation of the lipid class in EoL-1 cells calculated 
using the integrated intensity ratio of bands 1660 and 1440  cm-1. Val-
ues are given as mean ± SEM and are shown in box plots: mean (hori-
zontal line), SEM (box), minimal and maximal values (whiskers). 
*p < 0.05, **p < 0.01, ***p < 0.001
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in violet). The most pronounced EPO bands were observed 
in cytoplasm of EoL-1 cells incubated with LPS. Since the 
spectral differences in the intensity of Raman bands were 
subtle, we employed principal component analysis (PCA) 
(Fig. 5b and c). A score plot for PC-1 and PC-2 showed 
the segregation of the cells along PC-1 with a variation of 
22% (Fig. 5b). Control and BA-stimulated EoL-1 cells were 
grouped along PC-1(+) whereas cells treated with TNF and 
IL-1β on the opposite site along PC-1(−). LPS-incubated 
cells were centered and separated from other groups. A PC-1 
loading plot showed the main spectral discriminators of the 
differentiated groups (Fig. 5c). Control and BA-treated cells 
were distinguished due to Raman bands at 753, 1311, 1374, 
1554, 1564, and 1588  cm−1 assigned to eosinophil peroxi-
dase [4] and a high-intensity band at 1459  cm−1 (proteins) 
[39]. The bands at 1367 and 1588  cm−1 suggested that the 
presented heme group in those cells possesses a 6-coordi-
nated ferric heme group, which is characteristic for EPO [4]. 
The group of cells clustered on the PC-1(-) axis of the load-
ings plot was differentiated from the others due to features 
of nucleic acids, lipids, and proteins, i.e. bands at 784  cm−1 
(cytosine, uracil, thymine), 1029  cm−1 (proteins crosslink-
ing) [40], 1087  cm−1 (phospholipids) [41], 1332  cm−1  (CH2 
moieties in proteins, lipids, and nucleic acids), 1425  cm−1 
 (CH3 moieties in proteins and lipids) [40], 1638  cm−1 (oxy-
genated cells) [42], and 1694  cm−1 (amide I) [43].

Discussion

Eosinophils in peripheral blood constitute around 5% of all 
leukocytes and their lifespan is very short (approx. 18 h) 
which impedes studies of their biological properties [9]. The 
EoL-1 cell line is a commonly used model to study Eos 
responses under different conditions [11, 12]. The applica-
tion of fluorescence, CARS, and Raman microscopy allowed 
us to examine the eosinophils’ most important components 
including nuclei, LBs, and EPO that appeared due to the 
stimulation with proinflammatory agents. LBs play a key 
role in the functioning and activity of Eos. Fluorescence 
microscopy indicated that even unstimulated EoL-1 pos-
sesses more LBs than primary eosinophils (Fig. 1a and b). 
Moreover, the in vitro model of Eos differed from the cells 
present in the human body by nucleus symmetry and com-
pactness as well as spot parameters of LBs. As was men-
tioned before, also morphologically the cells differed, espe-
cially with respect to the nuclei (Fig. 1c).

The morphological and biochemical properties of unstimu-
lated EoL-1 cells changed due to stimulation with four proin-
flammatory agents acting on cells through different mecha-
nisms. The multi-parametric morphological examination of 
EoL-1 cells revealed that only BA affected nucleus compact-
ness and symmetry as well as size and shape of LBs (Fig. 2c). 
Interestingly, EoL-1 cells responded to stimulation with BA by 

Fig. 5  a Mean spectra (n = 15) of the cytoplasm class for each group of cells with standard deviation (shading); bands assigned to EPO are 
marked in violet. b Scores and (c) loading plots of principal component analysis performed in the region of 600–1800  cm-1



 A. Borek-Dorosz et al.

1 3

52 Page 10 of 12

the production of numerous LBs in contrast to IL-1β, TNF-α, 
and LPS. This suggested a strong inflammation as observed 
previously in various cell cultures, in particular in the endothe-
lium [4, 5, 18, 44]. Considering the use of the EoL-1 cell line 
in studies involving the function of LBs our results suggest that 
any stimulation of the model cells differs in this respect from 
the primary eosinophils.

Even though Raman spectroscopic imaging is a relatively 
time-consuming method, it delivered important information 
about the biochemical composition of cellular compartments 
in EoL-1 cells resulting from stimulation with the respec-
tive agents. Our previous report showed that Raman spectra 
revealed the presence of LBs and EPO in matured EoL-1 
cells as in eosinophils [3]. The content of EPO, however, was 
lower in the EoL-1 cell line than in Eos. Here, we found that 
chemism of EoL-1 nuclei did not change due to the action 
of proinflammatory factors (Fig. S5) whereas EPO was iden-
tified in the cytoplasm of all experimental groups at higher 
levels than in control cells and those treated with butyric acid 
(Fig. 5). This result suggested that the inflammation-induced 
IL-1β, TNF-α, and LPS affect the content of this heme protein 
specific for eosinophils.

Raman spectra of LBs showed that they contained fatty 
acids and triacylglycerols (Fig. 4). No Raman features of phos-
pholipids or cholesterol and its esters were found. Regardless 
of the action mechanism of the proinflammatory agents, they 
caused the synthesis of unsaturated lipids [10, 15, 16]. The 
biggest differences compared to the control cells were evoked 
by LPS and IL-1β (***p < 0.001). Cells stimulated with BA 
had also changed the unsaturation ratio (**p < 0.01), while 
the smallest impact on changes of lipid unsaturation was 
observed in the cells treated with TNF-α (*p < 0.05). The 
degree of unsaturation was determined based on intensities of 
bands specific for the C = C double bonds (1660  cm−1) and the 
methylene groups (1440  cm−1) in the acyl chain of fatty acids 
and it increased to a similar level due to the action of all proin-
flammatory agents. With the help of the relationship between 
the 1660/1440 cm−1 ratio and the number of the C = C bonds 
in known unsaturated fatty acids (Fig. S4), we found that LBs 
of control cells possess fatty acids with an average number of 
the C = C bands between oleic (18:1) and linoleic acid (18:2) 
[18, 45]. LPS, BA, and IL-1β induced the production of a 
lipid fraction with an unsaturation degree between linoleic 
and α-linolenic acid, while LBs in the TNF-α-treated cells 
exhibited properties similar to linoleic acid. The changes in 
the unsaturation are shown as mean values for examined cells 
and for references (fatty acids) (Fig. S4).

Conclusions

Herein, we report, a multi-method approach of spontane-
ous Raman, CARS, and fluorescence microscopies used to 
assess biochemical features of primary isolated eosinophils 
(Eos) and EoL-1 cells, a model cell line of eosinophils. First, 
we show that the three methods provide information about 
the cellular response to inflammation, but it is manifested 
slightly differently depending on the method used. Namely, 
conventional fluorescence microscopy assesses the mor-
phological characteristic of stained nuclei and LBs in these 
blood cells and estimates an averaged number of LBs present 
in control and induced by proinflammatory agents. In turn, 
label-free CARS imaging with similar time of data collec-
tion as for fluorescence microscopy, indicates the detailed 
distribution of lipid bodies within cells and its results can 
be semi-automatically used for the quantification of LBs in 
each cell individually. This approach shows a significant 
variation in the LBs production upon particular inflamma-
tion stress. In line with this finding, fluorescence and CARS 
imaging revealed that one of the major differences between 
Eos and EoL-1 was the higher number of accumulated LBs 
in the latter, which should be highly considered before the 
use of EoL-1 as a model system. In contrast, additionally, 
spontaneous Raman shows the difference in the presence 
of EPO and LBs unsaturation. The activation of EoL-1 
with proinflammatory stimuli, i.e., BA, IL-1β, TNF-α, and 
LPS resulted in a further increase in the number of LBs, 
particularly after treatment with BA. However, the degree 
of unsaturation of fatty acids slightly differed between the 
different stimulated groups of cells as indicated by sponta-
neous Raman spectroscopy. Undoubtedly, further analysis, 
for example by mass spectrometry and high-performance 
liquid chromatography, would be needed to determine the 
composition of the lipid fractions. Examination of the cyto-
plasm with the use of chemometric methods (PCA) exhib-
ited subtle changes, mostly due to the presence of EPO. As 
we showed, an assessment of biological changes in inflamed 
cells is possible with the use of an innovative approach based 
on Raman spectroscopy (spontaneous and CARS) and flu-
orescence microscopy since all of them provided specific 
information complemented each other.
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