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Recently it has been shown that micro-Raman spectroscopy combined with multivariate analysis is able to
discriminate among different types of tissues and tumoral cells by the detection of significant alterations and/
or reorganizations of complex biological molecules, such as nucleic acids, lipids and proteins. Moreover, its use,
being in principle a non-invasive technique, appears an interesting clinical tool for the evaluation of the
therapeutical effects and of the disease progression. In thisworkwe analyzedmolecular changes in aged cultures
of leukemia model U937 cells with respect to fresh cultures of the same cell line. In fact, structural variations of
individual neoplastic cells on aging may lead to a heterogeneous data set, therefore falsifying confidence inter-
vals, increasing error levels of analysis and consequently limiting the use of Raman spectroscopy analysis. We
found that the observed morphological changes of U937 cells corresponded to well defined modifications
of the Raman contributions in selected spectral regions, where markers of specific functional groups, useful to
characterize the cell state, are present. A detailed subcellular analysis showed a change in cellular organization
as a function of time, and correlated to a significant increase of apoptosis levels. Besides the aforementioned
study, Raman spectra were used as input for principal component analysis (PCA) in order to detect and classify
spectral changes among U937 cells.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Recognition of altered cells and the correct identification of the dif-
ferent stages of sporadic tumor cells is one of the principal objectives
in biomedical field. The effectiveness of targeted cancer therapies, in
fact, depends not only on the initial tumor discrimination but also on
its evolution that can result from clonal expansion, genetic diversifica-
tion and clonal selection as a consequence of chemotherapy [1]. In
such a case, cancer progression can enhance the levels ofmorphological,
anatomical and molecular heterogeneity in neoplastic cells.

Since Raman spectroscopy provides a fingerprint of molecules, it can
be used to recognize specific cancer cell changes that take place in
nucleic acids, proteins, lipids and carbohydrate quantities and/or con-
formation [2]. Moreover, being a non-invasive technique allows data
acquisition in vitro at a single-cell level in an exogenous label-free
way [3,4]. Many research teams have therefore focused their research
iche, Biologiche, Farmaceutiche
a, Italy.
to the development of sensitive assays to detect single tumor cells. For
instance, in a pilot research micro-Raman imaging was used to identify
rare disseminated tumor cells circulating in the humanperipheral blood
[5], other studies proved the ability to differentiate breast (BT 549) and
colorectal (HCT 116) circulating tumor cells with respect to human
mononuclear cells [6]. Although Raman spectroscopy can be, in princi-
ple, applied for in vitro diagnosis, several issues still limit its use on a
large scale and, even more, in routine clinical testing. Currently, the
main limitation consists in the classification and interpretation of the
spectral data, when structural variations of neoplastic cells occur as a
consequence of cancer development and progression. In such a case,
the analysis process can be significantly improved by the use of statisti-
cal multivariate methods such as principal component analysis (PCA)
and hierarchical clusters analysis (HCA). These methods are able to
outline subtle spectral differences among the Raman spectra and hence
to classify cellular systems.

However, processing raw (as obtained) spectral data by statistical
methods has its disadvantages: subtle variances of spectra can occur
within the same cell line and coupled with the experimental noise
lead to an intrinsic poor spectra reproducibility and to a low statistical
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analysis confidence level. In such cases, refined pre-treatment data pro-
cedures are needed to improve PCA discrimination analysis, as for ex-
ample, a second derivative-based PCA approach, which makes possible
selective cell line recognition and spectra reproducibility [7]. Such an
approach has proven reliable only for statistical analysis carried out on
a large cells number, belonging either to the same or to different cellular
lines.

A deep and detailed analysis of Raman spectral regions is needed
when a limited number of cells is available, even more when the
individual variability of some cells has to be considered, such as in the
case of minimal residual disease, e.g. tumor cells variation due to
therapeutic treatments or, more simply, lifetime cells structural varia-
tion. In a given cell line, normal metabolic cell processes lead to detect-
able Raman spectral changes: dividing cells, as an example, show a
typical staining pattern and characteristic variations in the amide I and
II Raman spectral contributions. Similar changes are observed when
cells progress through the G1, S and G2 phases, [8] or in apoptotic and
necrotic stage [9].

Despite these difficulties, we will show in this paper that it is still
possible to screen and to label the evolution of highly variable cancer
cells by micro-Raman spectroscopy, and to quantify biochemical alter-
ations in U937 malignant cells before and after aging.

U937 cellular line was chosen as a leukemia model, it shows many
monocytic characteristics, such as differentiation or apoptosis suscepti-
bility, cytokine secretion phenomena and new receptors exhibition. To
highlight Raman spectra dependence on the cellular state, measure-
ments were carried out on U937 cells cultured for 24 and 144 h. In
fact, it has been proposed that oxidative stress leads to DNA damage,
with the consequent accumulation of mutations, genomic instability,
loss of function and apoptosis. PCA barcode analysiswas used to identify
Raman spectra belonging to similar cells stages, while single cell analysis
was carried out to identifymetabolic changes correlated to Raman peaks
intensity variations. The obtained results open up new perspectives in
monitoring the different metabolic state of sporadic tumor cells occur-
ring naturally or after chemotherapeutic treatments.

2. Materials and methods

2.1. U937 cell line and culture conditions

U937 is a human cell line established from a diffuse histiocytic
lymphoma [10]. U937 cell line was purchased from American Type
Culture Collection (ATCC® CRL-1593.2™, Milan, Italy) and maintained
in RPMI 1640 with L-Glutamine (Lonza, Basel, Switzerland) supple-
mented with 10% fetal bovine serum (FBS, Lonza, Basel, Switzerland),
penicillin (100 units/mL) and streptomycin (100 μg/mL) at 37 °C in
humidified 5% CO2 incubator. After transferring into fresh culture
vessels, cell lines of the same lot were cultured for 24 and 144 h in
complete growth medium.

2.2. Preparation protocol for cells characterization

Before Raman spectroscopic analysis, samples by each cell culture
were stained with Trypan Blue (Sigma-Aldrich, Milan, Italy) and DAPI
(Sigma-Aldrich, Milan, Italy), to measure the average number of non-
viable cells and to detect necrotic cells from those undergoing apoptosis.

The U937 cell line (at cell density between 1× 105 and 2× 106 viable
cells/mL), were centrifuged at 500 ×g for 5 min and washed twice
in Phosphate Buffer Saline (PBS, Sigma-Aldrich, Milan, Italy). Finally,
50 μL of cell suspension were deposed on a CaF2 slide, previously
cleaned in methanol, for greasy or waxy contaminants, and treated
with 0.01% polylysine (Sigma-Aldrich, Milan, Italy). Each sample
was fixed by air-dried fixation in sterile condition for 15 min. All tests
were performed in triplicate.

Raman scattering measurements were carried out by means of
Horiba XploRA micro-Raman spectrometer using the 532 nm laser
line, focused on the sample's surface through the 100× objective of a
microscope. The backscattered radiation was collected by the same
microscope optics and dispersed by a monochromator equipped with
a 600 line/mmholographic grating. The dispersed radiationwas detect-
ed by means of a Peltier-cooled charged-coupled device (CCD) sensor.
In order to avoid cells damaging, the laser power at the sample surface
was kept as low as possible (≈1mW),while the integration and the ac-
cumulation times were fixed at 50 s and 3 s, respectively. Cells showed
nodetectable damage. For each sample, Raman analyseswere randomly
performed on a low number of cells (30–35 cells). It's worth to report
that the laser spot dimension of about 1 μm2, smaller than the typical
cell dimension, was located at different regions of the glass slide.

2.3. Variance analysis

Spectra of each cell linewere individually normalized to their proper
area in order to minimize fluctuations due to signal intensity variations.
Themean spectrumwas calculated and themost significant bands iden-
tified. In order to obtain information about cell line homogeneity, a
variance analysis of spectral intensities was carried out. Standard devi-
ation of individual Raman peaks intensity, with respect to the mean
value, was calculated and given in %.

2.4. Single cell analysis

In order to point out possible morphological and nuclear alterations,
cells taken from the same samples were separately evaluated by optical
and epifluorescence microscopy. Samples for optical microscopy were
prepared following the protocol used in micro-Raman analysis. Differ-
ently, cells for image analysis by epifluorescence microscopy were
prepared as follows: cells were centrifuged and washed in PBS buffer,
therefore stained with DAPI at 0.1 μg/mL in PBS at 30 °C for 15–
30 min [11]. DAPI stained cells were observed by Leica DMRE
epifluorescence microscope with Leica C Plan 63× objective, using a
BP 340–380 nm excitation filter in combination with a LP 425 nm
suppression filter. In order to evaluate intracellular variability, after
acquiring an image of the cells, Raman scattering measurements were
performed, repositioning laser spots onto three different regions within
the cell. We remember that U937 cells volume is occupied for the 80–
90% by its nucleus. According to literature data, twelve Raman bands
were selected and used as markers for nucleic acids (5 marker bands),
proteins (3marker bands) and lipids (4marker bands) components. In-
formation about the distribution of nucleic acids, protein and lipids
within each cell were gained by comparison of Raman marker bands.
Furthermore, the average value of the intensities of four Raman spectra
acquired in different regions of each cellwasused to derive itsmetabolic
state.

2.5. PCA analysis

To improve PCA analysis, all the spectrawere previously subjected to
some data treatment. First of all a continuous baseline correction was
performed using the adaptive iteratively re-weighted penalized least
square algorithm (airPLS) [12]. Corrected spectra were then normalized
to their own area and slightly smoothed using the Savitzky–Golay
smoothing-derivative procedure [13]. The resulting spectrawere loaded
into rows of a matrix, which was used as input for PCA and HCA proce-
dures. PCA, HCA and all of the other data treatments were performed
using custom scripts written in Matlab©.

2.6. Transmission electron microscopy analysis

The morphology of the cells was investigated by Transmission
ElectronMicroscopy (TEM). A JEOL JEM-2010 analytical electronmicro-
scope (LaB6 electron gun and 70 kV accelerating voltage), equipped
with a Gatan 794 Multi-Scan CCD camera for digital imaging, was used
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for TEM analysis. A drop of the cells suspension in PBS buffer was placed
on holey coated carbon copper grid and examined after evaporation of
the buffer.
1. Results and discussion

1.1. U-937 cells in fresh culture

The average number of non-viable U937 cells was determined
trough Trypan Blue and DAPI staining. Epifluorescence microscopic
pictures showed that few cells (below 4%) in fresh culture evidenced
irregularly-shaped nuclei associated to a spontaneous apoptotic process
(see Fig. 1). A result confirmed both byflow cytometry analysis of isolated
nuclei and by morphological analysis of hypo-diploid nuclei (data not
shown), and in good agreement with a previous study [14].

A representative Raman spectrum of U-937 cells in fresh culture
is shown in Fig. 2. The red line corresponds to the calculated mean
spectrum averaged over all the Raman spectra acquired on the fresh
culture, after baseline correction and smoothing. The gray shaded area
is enclosed by standard deviation values limits. After the acquisition,
no U937 cell showed evidence of damage in the proximity of irradiated
area, neither interference by the culture media components was ob-
served. In the U937 cells Raman spectra many peaks are observable
and assignable to nucleic acids, proteins, carbohydrate and lipids. In
particular, the contributions due to the DNA backbone vibrations are
visible at 788 and 1095 cm−1 [15], that due to the DNA ring breathing
mode is located at 678 cm−1 [16], while the features of the purine
ring stretching and ring breathing modes of the DNA/RNA bases are
found at 1582 cm−1 [15] and 1263 cm−1 [16], respectively. Moreover,
representative bands ascribed to the protein peptide backbone vibra-
tions are evident in the 1300–1680 cm−1 region: Amide I, Amide II
and Amide III features are located at 1664 cm−1, 1614 cm−1 and
1319 cm−1 [17–19], respectively. Amino acid contributions to the
Raman spectrum were identified as due to tryptophan (at 759 cm−1)
[20], and tyrosine (at 830, 1172 and 1207 cm−1) [21], while the charac-
teristic band of phenylalanine, and expected at 1003 cm−1 is probably
hidden by vibrational modes of carbohydrates groups in the 972–
994 cm−1 spectral region, of ribose C–O group (at 994 cm−1) [22] and
of monosaccharides and disaccharides C–O–C groups (at 897 cm−1)
[23]. Finally, theU937 Raman spectrum is characterized by the presence
of vibrational modes of lipid groups, at 1263, 1300 and 1439 cm−1 [20,
24], and phospholipid groups at 1656 [19] cm−1. The phosphate group
Raman signal, characteristic of most phospholipids, is observed at
860 cm−1 [25]. In Fig. 2 the calculated standard deviation values for
these Raman peaks are reported, in percent.
Fig. 1. Fluorescence imaging by DAPI sta
Slight spectra variations from cell to cell were observed, probably as-
sociated to a different organization of bio-molecules within each cell, in
a similar way towhat has been observed in the Raman spectra of single,
fixed lymphocytes [26]. Nevertheless, the fact that the probed area is
smaller than the typical dimension of a single cell should also to be
taken into account, as changes in the Raman spectra can arise if different
structures inside the cells are probed. In order to ascertain this point,
different regions within a single cell were probed. Nevertheless, within
the same cells, Raman spectra recorded at different positions were sim-
ilar, pointing out for the absence of evident intracellular variability, in
agreement with the results of P.V. Zinin et al., establishing that proteins
and lipids in U-937 cells are homogeneously distributed [27].
1.2. U-937 cells in aging culture

In all tested cultures, 144 h after the cells transfer into fresh culture
vessels, a significant increase of apoptosis induction was observed by
epifluorescencemicroscopy, a result confirmed by flow cytometry anal-
ysis (not reported here). After this time interval, about 20% of the cells
on the average showed structural alterations of cellular nucleus, that
can be associated to apoptotic features (see Fig. 3).

The observed structural modifications can be highlighted in the
Raman spectra where spectral modifications in the aged culture were
observed with respect to the U937 cell fresh culture. Modifications of
the intensities of some Raman peaks can be observed at a glance in
Fig. 4 where the mean Raman spectrum is reported in comparison
with the fresh culture one (see Fig. 2). An overall increase of the stan-
dard deviation values for some peaks is evident. In particular in the
low frequency side of the spectrum between 400 and 900 cm−1 and
in the high frequency range between 1700 and 2000 cm−1.

To further investigate this aspect, specific spectral regions [16,19,21,
23,24,28–30], correlated to the presence and concentration of specific
bio-molecules within each cell, were selected and used as markers for
nucleic acids, lipids and proteins (see Table 1).

In Fig. 5 the main intensities and the relative standard deviations of
Raman peaks, classified as belonging to specific bio-molecules, are re-
ported. As expected, the aged U937 are characterized by a larger cell-
to-cell variability. It is well known that cell shape alterations and bleb
formation are strikingly rapid phenomena. As it occurs, the irregular
round shape of the living cells withmany pseudopodia-like protrusions
is replaced by a smooth round shape of apoptotic cells with protruding
spherical-shaped blebs [31].

Optical and epifluorescencemicroscopy images were used to identi-
fy different morphological cell states. In particular two morphological
types of U937 cells, named “cell a” and “cell b” were identified as
ining of U937 cells in fresh culture.



Fig. 2.Mean Raman spectrum and standard deviation values for U937 cell line in fresh culture. (For interpretation of the references to color in this figure, the reader is referred to theweb
version of this article.)
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belonging to an apparently healthy and apoptotic state, respectively. For
each cell type, three different areaswere probed to check for Raman fea-
tures spatial variations.

In Fig. 6, optical microscopy images of two different morphologies
are shown, along with the corresponding Raman spectra acquired at
three different positions as indicated in the optical images. TheRaman in-
tensities peaks, related to nucleic acids, proteins and lipids as a function
of the probed position, are also reported.

Raman spectra acquired on the “cell a” showed a large spatial varia-
tions in the distribution of nucleic acids, proteins and lipids. This finding
is in agreement with the unsynchronized metabolic condition of the
U937 cell line, revealing both different concentration and distribution
of bio-molecules within each cell. On the contrary “cell b” showed a
lower spatial variation of the signals.

In Fig. 7 we report the mean intensity values of the Raman peaks
averaged over the spectra acquired at different positions. As it can be
Fig. 3. Fluorescence imaging by DAPI sta
seen cell b shows a significant decrease of the bands intensities corre-
sponding to nucleic acids, compatible with phenomena of fragmenta-
tion of the DNA and other nuclear components, already observed by
DAPI staining. A slight intensity increase of the features due to protein
and lipids contributions is also observed, compatible with phenome-
na of chromatin condensation, different transcriptional activity, ab-
normal protein folding and accumulation of both membrane and
non-membrane lipids (triglycerides).

Although these pictures could be with non-apoptotic mechanisms,
such as autophagy, mitotic catastrophe and necrosis, these evidences
are correlated to chromatin condensation (Fig. 8 up-left) and the forma-
tion of nuclear vesicles budding from the nucleus (Fig. 8 down-left).

TEM images (Fig. 8 right) show agglomerated nanostructures both
outside the cells and engulfed in vesicles. All these morphological
features are representative of cytoplasmic vacuolation (cyan arrow),
nuclear vesicles budding from the nucleus (red arrows), as well as
ining of U937 cells in aging culture.



Fig. 4.Mean Raman spectrum and standard deviation values for U937 cell line in aging culture.
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chromatin condensation (green arrows). On the overall, they are indic-
ative of undergoing apoptotic cells [32], in good agreement with fluo-
rescence data.

Moreover, in most of the late apoptotic stage cells, cytoplasm did
not contain organelles, such as ribosomes or mitochondria, and scarce
evidence of endoplasmic reticulum was observed at the bleb locations
[31]. Raman signal at around 1760 cm−1 (see Fig. 9), usually attributed
to cell internal cytomembrane and mitochondria [33], was absent, thus
supporting the “cell b” apoptotic pattern.

On the basis of the previously discussed results, being the U937 cell
line a model of leukemia, Raman spectroscopy can be potentially ap-
plied formonitoring the time evolution of sporadic tumor cells in differ-
ent states of development. However, a faster and reproducible Raman
spectra analysis method is needed both to identify tumoral cells and/
or to follow the evolution of each cell (i.e. to determine whether the
cell is in a divisional or in an apoptotic state).

To this purpose Raman spectra of U937were analyzed by PCA. As an
input set for the PCA and subsequent HCA procedures, the Raman spec-
tra, after baseline subtraction area normalization and smoothing proce-
dures, were used [34]. The result of a PCA analysis performed on a given
Table 1
Main Raman marker bands for nucleic acids, lipids and proteins.

Region Raman marker bands (cm−1) Vibrational modes

Nucleic acids 775–803 Nucleotide ring bre
811–13 Distinct peak
1093–97 O–P–O backbone s
1370–74 Ring breathing mo
1576–78 Vibrational mode

Lipids 1263–64 β(_CH)
1300–03 τ(CH2)
1439–42 β(CH2)
1650–57 ν(C_C) cis

C_C
Proteins 1315–30 Amide III (α-helix)

1450–1458 Aliphatic side grou
CH2 bending mode
Amide III (CH2 defo

1658–71 ν(C_O) stretching
β-pleated sheet or
data set is a vector which contains the relevance of principal compo-
nents classified as a function of their variance. Usually, most of the
variance is contained in the first three principal components PC 1, PC
2 and PC 3. Thereafter, HCA algorithm is applied to the PCA results in
order to separate the data into statistically similar groups.

The results of the PCA analysis and of the subsequentHCA procedure
are shown in Fig. 10 where the PC1 vs PC2 values are reported. The
points enclosed in the two ellipsis refer to the two clusters, as they
were identified by theHCA algorithm. The two clusters contain 10 (clus-
ter#1) and 3 (cluster#2) spectra respectively. More than the 80% of the
variance iswithin thefirst two principal components (PC1 and PC2) and
the two clusters arewell separated from each other, pointing out for the
presence of clear differences in the Raman spectra of the two groups.
These differences can be clearly seen when looking at the mean spectra
of the two clusters shown in Fig. 10, obtained averaging over all the
spectra belonging to the clusters. Themost striking differences between
the two clusters are in the low frequency region, between 400 and
1200 cm−1, and in the high frequency region above 1700 cm−1. In the
low frequency region all the Raman peaks that were previously
discussed and assigned are present in both clusters, but the intensities
Assignments Ref.

athing DNA bases [24]
RNA [16]

tretching DNA [16]
des DNA/RNA bases [16]

Nucleic acids [28]
Lipids bond [24]
Lipids bond [19]
Lipids bond [19]
Phospholipids
Lipids

[19]

Protein peak [19]
ps
and scissoring
rmation)

Amino acid residues
Proteins
Protein peak

[29,30]

Amide I,
random coil conformation

Protein peak [21,23,30]



Fig. 5. Intensity variability of Raman marker bands for U937 cell line in aging culture.
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of the Raman peaks in cluster#2 are clearly lower than the cluster#1
ones. When comparing these intensities we take the height of the
most intense Raman peak (at 1450 cm−1) as a reference. In the high
frequency region two peaks are missing in the averaged spectrum of
cluster#2, i.e. the two at 1760 and 1900 cm−1. These differences
correspond to the ones observed in “cell a” and “cell b” as previously
Fig. 6. Optic microscopy images (left), Raman spectra (center) and spatial distributio
discussed and reported in Fig. 9. Thus, PCA can discriminate, within
a cell line, not only differences due to the normal or cancerous cell
state but also among the normal, stressed or apoptotic states of
the cells too. Such an occurrence should be taken into account
when using PCA as a diagnostic tools without an analysis of the
cells Raman spectra.
n of Raman marker bands for “cell a” (up) and “cell b” (down) by aging culture.



Fig. 7. Intensity variability of Raman marker bands for “cell a” and “cell b” by aging culture.

Fig. 8. Fluorescence imaging by DAPI staining (left) and TEM images (right) of U937 cells in aging culture.
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Fig. 9. Representative Raman spectra of U937 cell in undefined (“cell a”) and clear apoptotic (“cell b”) metabolic states.
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2. Conclusions

It is well known that a large genetic heterogeneity exists not only
among different kind of cancer but also among cells of a specific cancer.
The high rate of genetic variations characterizes the progression of some
cancers, and in particular of some leukemias, leading to a high degree of
cellular diversification. However, the presence of multiple clusters for
the same cell line, in dependence of the different metabolic states,
may result in a difficult identification of the same tumor cell line. This
might lead to think that, when evaluating different cells, especially
when taken by different patients, it may be expected that Raman
spectra variability would greatly increase. The knowledge and the
characterization of such complex phenomena are of paramount
importance in order to establish a personalized and effective cancer
therapy.
Fig. 10. a) PCA plot (PC2 vs PC1) obtained using the Raman spectra of aged (144 h) U937 cells, e
HCA procedure performed on the output of the PCA.
To address these questions, we explored the use of micro-Raman
spectroscopy as a tool for “real time” monitoring of the cancer cell
evolution and diversification.

To this purpose, the time evolution of healthy U937 cell cultures
have been analyzed to address the effects, including necrosis and
apoptosis, induced by aging stress.

Optical and epifluorescence imaging were used to gain information
about healthy or apoptotic cell status the results were correlated to a
detailed analysis of the spectral Raman features. PCA analysis performed
on Raman spectra was able to distinguish evident apoptotic cells from
the others, demonstrating that molecular modifications within the
same cell line can be highlighted; our results show that these two
distinct conditions are correctly identified by PCA plot.

We propose the use of the analysis of specific spectral areas,
within the available spectral range, relating to nucleic acids,
llipses indicate 85% confidence limits; b)mean spectra of the two clusters identified by the
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proteins and lipids, as spectral biomarkers of metabolic state
that help to clarify the evolutionary events within the same
tumor cell line. Specific bands were assigned and used to identify crit-
ical features able to discriminate between spectra of healthy and apo-
ptotic cells.

Potentially, this type of survey may be also extended to analyze
possible heterogeneities arising during tumor progression and/or
therapy resistance, leading to significant advances in leukemia care
and eradication of minimal residual diseases. In particular, these data
can help to correctly identify the presence of sporadic tumor cells
in different states of development, as during chemotherapy or, for
instance, when estimating the minimal residual disease after chemo-
therapeutic treatment.
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