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1. Introduction

Probing glycosaminoglycan spectral signatures in
live cells and their conditioned media by
Raman microspectroscopy

S. Brézillon,*$?® V. Untereiner,>““ H. T. Mohamed,§° J. Hodin,§*"¢
A. Chatron-Colliet,*® F.-X. Maquart®®f and G. D. Sockalingum @ *$3<¢

Spectroscopic markers characteristic of reference glycosaminoglycan molecules were identified pre-
viously based on their vibrational signatures. Infrared spectral signatures of glycosaminoglycans in fixed
cells were also recently demonstrated but probing live cells still remains challenging. Raman microspec-
troscopy is potentially interesting to perform studies under physiological conditions. The aim of the
present work was to identify the Raman spectral signatures of GAGs in fixed and live cells and in their con-
ditioned media. Biochemical and Raman analyses were performed on five cell types: chondrocytes,
dermal fibroblasts, melanoma (SK-MEL-28), wild type CHO, and glycosaminoglycan-defective mutant
CHO-745 cells. The biochemical assay of sulfated GAGs in conditioned media was only possible for chon-
drocytes, dermal fibroblasts, and wild type CHO due to the detection limit of the test. In contrast, Raman
microspectroscopy allowed probing total glycosaminoglycan content in conditioned media, fixed and live
cells and the data were analysed by principal component analysis. Our results showed that the Raman
technique is sensitive enough to identify spectral markers of glycosaminoglycans that were useful to
characterise the conditioned media of the five cell types. The results were confirmed at the single cell
level on both live and fixed cells with a good differentiation between the cell types. Furthermore, the prin-
cipal component loadings revealed prominent glycosaminoglycan-related spectral information. Raman
microspectroscopy allows monitoring of the glycosaminoglycan profiles of single live cells and could
therefore be developed for cell screening purposes and holds promise for identifying glycosaminoglycan
signatures as a marker of cancer progression in tissues.

one or several sulfated glycosaminoglycan (GAG) chains are
attached by a covalent linkage. They exhibit an architectural

Proteoglycans are ubiquitous major macromolecules of extra-
cellular matrices, cell surfaces, and some intracellular gran-
ules.” Proteoglycans are composed of a protein core to which
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role and maintain tissue integrity. Due to their high structural
microheterogeneities, GAGs critically modulate a large array of
cell functions. During physiological processes, like embryogen-
esis, GAGs were described to regulate cell migration® but also
cell differentiation.>* Under pathophysiological conditions,
GAGs were demonstrated to play key regulatory roles in pro-
liferation,” adhesion and migration,® angiogenesis,”® extra-
cellular matrix homeostasis,’ and tumor progression.'® ™
Physicochemical and biochemical analyses of GAGs from
complex biological systems like tissues and cells have been
reported. Analysis from tissue sections was first reported for
hyaluronan and chondroitin sulfate,"*"® for chondroitin sulfate
and dermatan sulfate,'"® and for keratan sulfate.'”'® These
studies involved ion pairing chromatography and mass spec-
trometry applied to enzyme digest solutions. The chemical ana-
lysis of such preparations is therefore a tedious task accom-
plished by enzymatic depolymerisation of the chain with
specific bacterial enzymes followed by disaccharide analysis by

Analyst, 2017, 142, 1333-1341 | 1333


www.rsc.li/analyst
http://orcid.org/0000-0001-7954-8340
http://crossmark.crossref.org/dialog/?doi=10.1039/c6an01951j&domain=pdf&date_stamp=2017-04-05
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6an01951j
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN142008

Open Access Article. Published on 20 March 2017. Downloaded on 3/17/2026 7:22:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

high-performance liquid chromatography, capillary electrophor-
esis, or fluorophore assisted carbohydrate electrophoresis.'® >
After invasive preparation such as protein digestion of the
samples and GAGs precipitation, the latter can be analyzed on
cellulose acetate.”® Cell surface proteoglycans play an important
part in the functional and metabolic behaviour of cells, like
cancer cells® or leucocytes.> These methods are nevertheless
time-consuming and require specific reagents and enzymes.
Therefore, novel and alternative methods of GAG analysis have
been developed. A non-invasive and non-destructive approach
based on vibrational spectroscopy appears to be promising
because it gives a global molecular fingerprint that can be used
for GAG characterisation. Vibrational spectroscopy includes
both infrared (IR) and Raman techniques capable of probing
bond vibrations in molecular systems.> In terms of structural
and compositional analysis, vibrational spectroscopy is able to
give a complete “molecular fingerprint” of the studied sample
and can be both quantitative and qualitative. Furthermore,
vibrational spectroscopy is rapid, non-contact and does not
require external labelling. The first Raman spectra of GAGs were
published nearly four decades ago.”® The association of spec-
troscopy with powerful data analytical methods gives more
insight into the interpretation of the spectral information and
molecular-level phenomena. When coupled with a microscope,
vibrational spectroscopy becomes a highly sensitive method
capable of probing at the micron level, thus necessitating only
small amounts of the sample. Raman and Raman optical
activity of GAGs was described.?” Spectroscopic markers charac-
teristic of reference GAG molecules (hyaluronan, dermatan
sulfate, keratan sulfate, chondroitin 4-sulfate, chondroitin
6-sulfate, heparin, heparan sulfate) have been identified pre-
viously based on their molecular structures by Raman and IR
microspectroscopies.*®*? Other vibrational spectroscopy studies
involved heparin related sulfation sites,** hyaluronic acid com-
plexes with DNA,*' chondroitin sulfate proteoglycans from glial
cells®* and various GAG/collagen mixtures.*?

Vibrational spectroscopy has an important advantage over
physicochemical and biochemical analyses since intact cells and
tissues can be directly analysed without any extraction or purifi-
cation procedures. IR spectral signatures of GAG in complex bio-
logical systems like cells were also recently demonstrated.>* This
study was performed on fixed cells and IR microspectroscopy of
live cells remains challenging. In order to study live cells,
Raman microspectroscopy is potentially interesting to perform
studies under physiological conditions. It is highly sensitive to
the structure, composition, and environment of the molecules
constituting the studied specimen.*> Raman spectral imaging of
single living cancer cells was previously described.’*™® A pre-
liminary study of single cell confocal Raman spectroscopy of
human osteoarthritic chondrocytes was recently reported.*
Surface-enhanced Raman scattering was used to map glycan
expression for the identification of cancerous cells.*’

Raman spectroscopy was shown to be a powerful non-invasive
analytical tool for melanoma research.*' Raman spectroscopy has
been developed to make real time in vivo cancer diagnosis®**®
and to differentiate melanoma and non-melanoma skin
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cancers.**®" It can distinguish between melanocytes and mela-
noma cells, analyse a specific type of cell death in melanoma
cells, and predict the susceptibility of melanoma cells to anti-
cancer drugs.*" A characterisation of the vibrational spectral sig-
natures for a series of melanoma sublines has been described.>>

The aim of the present work is to demonstrate the potential
of Raman microspectroscopy to characterize GAG signatures in
cells and in their respective conditioned media, the latter being
enriched in secreted protein and GAGs released by cells after a
period of time as opposed to fresh culture medium containing
serum. These conditioned media are commonly used to measure
the concentration of secreted proteins and GAGs from cells.
GAGs are synthesised in the endoplasmic reticulum and, via the
Golgi apparatus, assembled, maturated (sulfation, epimerisation)
and secreted. Except for hyaluronan, GAG can be covalently
linked to a core protein forming thus a proteoglycan. With the
exception of serglycin which remains in the cytoplasm, proteo-
glycans can be either secreted in the extracellular medium, fully
integrated into the plasma membrane or anchored to the mem-
brane by a glycosylphosphatidylinositol residue.’?

Five cell types were investigated including chondrocytes,
dermal fibroblasts, SK-MEL-28 melanoma cells, wild type CHO
(CHO-WT), and GAG-defective mutant CHO-745 cells. These
cells were chosen for their capacity to synthesise different
levels of GAGs. Chondrocytes are the most abundant cells in
cartilage which plays an important role as a shock absorber
and space holder in living organisms.>* These physical pro-
perties are closely connected with their molecular structure
and intermolecular interactions between polymeric com-
ponents, such as GAGs. Chondrocytes are responsible for pro-
ducing and maintaining the integrity of the cartilaginous
matrix, which consists mainly of collagen, hyaluronan, and
proteoglycans such as aggrecan with chondroitin sulfate and
keratan sulfate chains. Hyaluronan and chondroitin sulfate are
the most abundant in cartilage.”*° Since they are rich in
chondroitin synthase and sulfotransferase, chondrocytes are
the cells with the highest capacity for GAG synthesis.”” GAGs
constitute 10% of the dry weight of the cartilage. In compari-
son, fibroblasts secrete 90% of collagen and express only 1%
of GAGs. In contrast, the CHO-WT cells being epithelial cells
express less GAGs than dermal fibroblasts which are mesen-
chymal cells. The SK-MEL-28 human melanoma cells known
to express less GAGs than dermal fibroblasts were used to
evaluate the sensitivity of vibrational spectroscopy to detect
GAGs. GAG-defective mutant CHO-745 cells lacking xylosyl-
transferase were used as a control since they express a very low
level of GAGs. The cells were analysed individually under both
fixed and live conditions. Raman microspectroscopy data were
complemented by biochemical GAG assays.

2. Materials and methods
2.1. Cell culture

In this study, five cell cultures were carried out: three cell
lines, CHO-WT (CHO-K1, ATCC® CCL-61™), CHO mutated
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cells lacking xylosyltransferase I (CHO-745, ATCC®
CRL-2242™) SK-MEL-28 human melanoma cell line

(SK-MEL-28 ATCC® HTB-72™), and two primary cultures of
human chondrocytes and human dermal fibroblasts. The
CHO-745 cell line, lacking xylosyltransferase, is the only
known mutant deficient in the synthesis of chondroitin sulfate
and heparan sulfate’®>® which results in a decreased amount
of GAGs in these cells, compared to the wild-type CHO
(CHO-WT). Chondrocytes and CHO cells were grown in
DMEM/F-12 medium (Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12, Gibco) supplemented with an antifun-
gal agent (amphotericin B, Gibco) with 10% FBS and 1% peni-
cillin/streptomycin. Dermal fibroblasts were grown in DMEM
1 g L' glucose (Gibco) supplemented with 10% FBS and 1%
penicillin/streptomycin. The SK-MEL-28 melanoma cell line
was grown in DMEM 1 g L™" glucose supplemented with 10%
FBS and 1% penicillin/streptomycin. Cultures were maintained
at 37 °C under a humidified atmosphere containing 5% (v/v)
CO,. The cells were detached at 80% of confluence with 0.5%
trypsin/EDTA (Gibco). The enzymatic reaction was stopped by
adding full medium. The cells in suspension were centrifuged
at 420g for 3 min and then cell pellets were resuspended. Cell
viability was greater than 80% as assessed by the trypan blue
assay.

The protocols for biochemical and Raman spectral analyses
of GAGs obtained from conditioned media of CHO-WT,
CHO-745, SK-MEL-28, dermal fibroblasts and chondrocytes are
shown in Fig. 1a. The figure also depicts the preparation steps
for the Raman analysis of these cells measured at the single
cell level, under fixed and live conditions (Fig. 1b).

0.2% SVF, z4h\i— Cell culture —l

(a) Conditioned medium (b) Centrifugation
(cell pellet)

Concentration of conditioned medium

(Vivaspin column, MWCO: 10kDa) Cell suspension

Non specific protein digestion,
(Pronase 12h, T=37°C, protein removal
by centrifugation)

104 cells/mL seeded
(CaF, substrate, incubation 37°C, 48h)

e

Wash with PBS

Fixed cells Live cells
(4% PFA, rinsed (NaCl 0.9% at 37°C)
Standard GAG or Medium rich in GAGs and air-dried)

‘l/ l Dry Immersion
objective objective

Blyscan assay 2L deposited onto

Sulfated GAGs CaF, substrate

GAGs precipitation
(ethanol saturated sodium acetate, 3h, 4°C)
Centrifugation

GAGs pellet
Suspension in water

(=656 nm) Air-dried Raman analysis
Raman analysis
Spectral signature of " "
e sional | spectral signature of single cells |

GAGs characterisation

Fig. 1 Biochemical and spectral analysis of GAGs from CHO-WT,
CHO-745, SK-MEL-28, dermal fibroblasts and chondrocytes. (a)
Workflow showing preparation, biochemical and Raman analyses of
GAGs from conditioned media, (b) workflow showing preparation for
Raman analysis of single fixed and live cells.
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2.2. Preparation of conditioned media

As depicted in Fig. 1a, when cell growth reached 80% conflu-
ence, all cells were serum starved for 24 h. Conditioned media
of all cell types were harvested, concentrated after centrifu-
gation (3220g, 20 min, 4 °C) on a Vivaspin™ column (10 kDa
MWCO) and subjected to pronase (Sigma-Aldrich) digestion
for 12 h at 37 °C to digest unspecifically proteins. The digested
proteins—pronase mix was centrifuged (1700g, 10 min, 4 °C).
From the supernatant, GAGs were precipitated with ethanol
saturated with sodium acetate for 3 h at 4 °C. GAG pellets were
suspended in sterile water. These GAG solutions were studied
by both biochemical analysis and vibrational spectroscopy. For
Raman analysis of conditioned media, one drop (2 pL each)
per cell type was deposited on the calcium fluoride (CaF,) sub-
strate and air-dried at room temperature.

2.3. Glycosaminoglycan quantification

Sulfated glycosaminoglycan content was measured using a
Blyscan™ assay (Biocolor Ltd, Westbury, NY, USA) according to
the manufacturer’s instructions. The addition of Blyscan™ dye
reagent is used to precipitate the sulfated GAG-dye complex. A
sulfated GAG standard (chondroitin 4-sulfate purified from
bovine trachea) and the blank reagent (0 pg) were used to
produce a calibration curve. More precisely, 12 puL of each con-
ditioned medium obtained from the 5 cell cultures and the
sulfated GAG standard (100 pg ml™") from the Blyscan™ kit
were used as follows: conditioned media and sulfated GAG
standard were prepared by adding 12 pL of sample to 3 pL of
50 mM Tris-HCI buffer pH 7.5 (Fig. 1a). The sulfated GAG stan-
dard was diluted at 10, 20, 30, 40, and 50 pg mL™". In all
tubes, 500 uL of Blyscan™ dye reagent were added and the
samples were mixed every 5 min for 30 min at RT. During this
time period, a sulfated GAG-dye complex was formed and pre-
cipitated out from the soluble unbound dye. Then, the
samples were centrifuged (10 min, 420g, RT) to pellet the preci-
pitated sulfated GAGs linked to the dye reagent. The super-
natant was discarded and 500 pL of dissociation agent were
added. After strong shaking, the dye reagent was dissociated
from sulfated GAGs. Then, 200 puL of each sample were with-
drawn and loaded in duplicate on a 96-well microplate and
ODs were measured at 656 nm on a microplate reader. The
staining was proportional to the concentration of sulfated
GAGs. The concentrations of the sulfated GAGs were calculated
from the calibration curve. Three independent experiments
were performed.

2.4. Sample preparation for Raman microspectroscopy

The five different cell types were plated on a CaF, substrate at
10* cells per mL and allowed to adhere (Fig. 1b). The CaF, sub-
strates used here were from the same batch and are specific
for Raman measurements. For each experiment, ten spectra of
the substrate were recorded under the same conditions as the
sample. These spectra were stored in a file containing cali-
bration spectra (silicon, neon lamp, NIST, optics, dark
current). They were then used for preprocessing of raw Raman
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cell spectra as we reported previously.*® This procedure was
repeated for each measurement. Since we use a modeling
based on a report by Lasch,® batch to batch variations were
also taken into account.

After 24 h of culture, two different protocols were applied
for fixed and live cells. For fixed cell preparation, the cells
seeded on CaF, substrates were rinsed five times with
Dulbecco’s phosphate buffer saline (DPBS, Gibco). Cell fixation
was performed using 4% paraformaldehyde (PFA, Thermo
Fisher Scientific) for 30 min at room temperature. The cells
were then rinsed with DPBS and distilled water to remove PFA,
and then air-dried. The integrity of cell morphology was
checked under a microscope before and after Raman
measurement.

For live cell preparation, the cells were rinsed with 0.9%
sterilized NaCl three times to remove the culture medium. Live
cells were then immersed in 0.9% sterilized NaCl at 37 °C.
Under such conditions, the integrity of cells is not compro-
mised for an hour. Besides verifying that there were no mor-
phological modifications, a trypan blue exclusion assay was
also performed for testing cell viability.?”-°*%!

2.5. Raman data acquisition and analysis

Conditioned media and fixed cells were analysed with a
LabRam Raman micro-spectrometer (Horiba Jobin Yvon,
Villeneuve d’Ascq, France) equipped with a laser excitation at
660 nm, 950 lines per mm grating and using a confocal hole of
300 pm. The objective used on the microscope (Olympus
BX40) was a 100x short working distance (NA: 0.9) giving a
laser spot size of ~1 pm.

Live cells were analysed with an ARAMIS Raman micro-
spectrometer (Horiba Jobin Yvon, Villeneuve d’Ascq, France)
equipped with a laser excitation at 532 nm, 1200 lines per mm
grating and using a confocal hole of 300 um. The objective
used on the microscope (Olympus BX41) was a 100x water
immersion objective (NA: 1.0) giving a laser spot size of
~1 pm.

For all measurements, the laser power at the sample was
28 mW.

The acquisition was performed in point mode in the spec-
tral range of 600 to 1750 cm ™" with 30 s for conditioned media
and 45 s for cells with a number of accumulation of 3 for fixed
cells and 1 for live cells. A total of 35 spectra were recorded
from each dried drop of conditioned media (Fig. ESC 1f}). For
fixed and live cells, four Raman spectra from their cytoplasms were
recorded of nine different cells as shown in Fig. ESC 2.f Raman
spectra were analysed using an in-house routine built in the
Matlab software (MathWorks, Natick, MA, USA). First, spectra
were smoothed using a Savitzky-Golay function (second poly-
nomial order for live cells and third polynomial order for fixed
cells and conditioned media) and corrected for instrument
response. The instrument response and correction have been
performed as previously described in detail.*® The baseline
was corrected using a polynomial function (order 4) and vector
normalised in the 600-1750 cm™" spectral range. A principal
component analysis (PCA) was performed using the spectral
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range 600-1350 cm ™" to focus on the spectral window contain-
ing carbohydrate information and to limit the importance of
other components.

PCA is represented as a 2D scatterplot and the difference in
spectral data can be observed in scores of the principal com-
ponents (PCs) explaining the variance in the data.

3. Results and discussion

3.1. Quantification of sulfated GAGs in conditioned media

In order to assess the total amount of sulfated GAG syn-
thesised by each cell type, a Blyscan™ assay was performed on
the respective conditioned media as described in the Materials
and methods section. Table 1 shows the concentration of sul-
fated GAGs for the five different cell conditioned media. The
data show that chondrocytes, dermal fibroblasts and CHO-WT
were capable of synthesising detectable levels of sulfated GAGs
(3.39 + 0.03 pg mL™", 2.81 + 0.02 pg mL™', 0.96 + 0.01
pg mL™' respectively). For a better comparison, these values
were normalised to the number of cells and x10”: 161.38 + 1.38
pg per mL per cell for chondrocytes, 80.26 + 0.60 ug per mL per
cell for dermal fibroblasts and 7.99 + 0.01 pg per mL per cell
for CHO-WT. In contrast, the concentrations of sulfated GAGs
in CHO-745 and SK-MEL-28 cells were below the detection
limit (<0.25 pug mL™") of the Blyscan™ assay and are not
reported here. This assay shows that the chondrocytes secrete
approximately 2-fold and 20-fold higher values of GAGs com-
pared to dermal fibroblasts and CHO-WT, respectively.

3.2.
types
The biochemical assay shows a difference in the synthesis of
GAGs between the different cell types. However, this infor-
mation only relates to sulfated GAGs. In order to have more
molecular information on secreted GAGs, each conditioned
medium was analysed by Raman spectroscopy.

Fig. 2a displays the mean of 35 spectra recorded on dried
drops of conditioned media obtained from different cell cul-
tures: CHO-745 (green curve)) CHO-WT (pink curve),
SK-MEL-28 (black curve), dermal fibroblasts (blue curve), and
chondrocytes (red curve). The spectra show very similar pro-
files and low variability between the different spectra of con-

Raman analysis of conditioned media of different cell

Table 1 Blyscan™ assay of total sulfated GAGs in conditioned media

Mean + SD Mean + SD
Cell type (rg mL™Y) (g per mL per cell) x 107
CHO-745 Nd —
CHO-WT 0.96 + 0.01 7.99 +0.01
Dermal fibroblasts 2.81+0.02 80.26 = 0.60
Chondrocytes 3.39+0.03 161.38 £1.38
SK-MEL-28 Nd —

The results of the final concentration of total sulfated GAGs in
conditioned media are expressed as mean + SD (n = 3). nd: not
determined (value below the detection limit).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Raman analysis of conditioned media obtained from different
cell types. (a) Raman spectra were recorded in the spectral range
600-1750 cm™ on dried drops of conditioned media obtained from
different cell types: CHO-745 (green curve), CHO-WT (pink curve),
SK-MEL-28 (black curve), dermal fibroblasts (blue curve), and chondro-
cytes (red curve). (b) PCA score plot (PC1 vs. PC2) of conditioned media
calculated in the 600-1350 cm™ spectral range. CHO-745 (green
circles), CHO-WT (pink circles), SK-MEL-28 (black squares), dermal
fibroblasts (blue triangles), and chondrocytes (red crosses). (c) Loadings
of PC1 (orange curve) and PC2 (brown curve) in the spectral range
600-1350 cm™ showing specific GAG signatures (vertical grey lines).

ditioned media (Fig. ESC 1f). Vibrational bands were attri-
buted to polysaccharides and GAG-specific signatures. Some
characteristic vibrational bands can be associated with GAGs
like keratan sulfate, chondroitin sulfate, dermatan sulfate and
hyaluronan. These spectra also show vibrations (1004, 1320,
1665 cm™") of proteins due to a partial pronase digestion. To
avoid some protein bands, the spectral range has been
reduced in the following spectral analysis. Raman spectra were
then analysed by PCA (Fig. 2b) in the spectral range

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper
600-1350 cm ™" including sulfate and glucosidic related infor-
mation. The PCA score plot using the first two PCs (81% of
explained variance) is displayed in Fig. 2b for CHO-745 (green
dots), CHO-WT (pink dots), SK-MEL-28 (black squares),
dermal fibroblasts (blue triangles) and chondrocytes (red
crosses). The first two PCs showed low intra-group variability
and high inter-group variability enabling a good discrimi-
nation of the five cell types allowing a good separation
between the conditioned media based on the spectral infor-
mation from polysaccharides and GAG molecular vibrations.
This information is associated with sulfate vibrational modes
of GAGs at 853, 1001 and 1248 cm™'. Other vibrations at 860,
941, 1043, and 1137 cm ™" correspond to C-O-C of polysacchar-
ides and C-OH of GAG respectively as shown by the loadings
of PC1 and PC2 (Fig. 2c).

3.3 Raman microspectroscopy of fixed and live single cells

Following the results obtained from the conditioned media,
further analysis was performed on single fixed and live cells to
determine the capacity of these cell lines to synthesise GAGs.
Raman analysis was performed on the cytoplasm of the
different cells (n = 35 spectra for each cell line). For each cell
line, the mean and standard deviation of Raman spectra of
live cells are illustrated in Fig. ESC 2.1 PCA was carried out on
normalised spectra in the 600-1350 cm ™" spectral range. Fig. 3
shows the PCA score plot (PC1 vs. PC2) of the GAG spectra
recorded from cytoplasms of fixed (Fig. 3a) and live (Fig. 3c)
cell types: CHO-745 (green circles), CHO-WT (pink circles),
SK-MEL-28 (black squares), dermal fibroblasts (blue triangles)
and chondrocytes (red crosses). The first two PCs carry 66%
and 71% of the total variance for fixed and live cells, respect-
ively. PCA scores showed low intra-group variability and high
inter-group variability sufficient to distinguish between
different cell types. However, it can be noticed that CHO-745
(green circles) and CHO-WT (pink circles) spectra exhibited
some overlapping in fixed cells (Fig. 3a) while in the case of
live cells these two cell lines were well separated (Fig. 3c).
Fig. 3b and d show the loadings of PC1 (orange curve) and PC2
(brown curve) corresponding to the PCA score plot of fixed
(Fig. 3a) and live cells (Fig. 3b), respectively. Shaded regions of
the loading plots (Fig. 3b and d) indicate the anti-correlations
in the polysaccharides and GAG Raman signals. The separ-
ation was based on the differences observed in di- and polysac-
charide vibrations (840-860, 941, 1090-1150 cm ') and sulfate
group vibrations (822, 1004, 1248 cm™'). Since Raman spectra
were recorded from cell cytoplasms and PCA analysis was per-
formed in the spectral range 600-1350 cm™', the loadings
show a weak correlation with lipids and nucleic acids.

In order to further assign the spectroscopic signatures from
live chondrocytes and CHO-745 cells and their corresponding
conditioned media, their Raman signatures were compared in
Fig. 4 with three specific standard GAGs (chondroitin sulfate,
heparan sulfate, and hyaluronan). Chondroitin sulfate and
heparan sulfate are known to be highly expressed in chondro-
cytes. Heparan sulfate was selected because it is not expressed
in CHO-745 cells. In addition, chondroitin sulfate and
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Fig. 3 Raman analysis of fixed and live single cells. Micro-Raman spectra recorded from cytoplasms of fixed and live cells were analysed by PCA in
the spectral range 600-1350 cm™. (a) and (c) PCA score plots (PC1 vs. PC2) of fixed and live cells, respectively: CHO-745 (green circles), CHO-WT
(pink circles), SK-MEL-28 (black squares), dermal fibroblasts (blue triangles) and chondrocytes (red crosses). (b) Loadings of PC1 (orange curve) and
PC2 (brown curve) corresponding to PCA score plot (a); (d) loadings of PC1 (orange curve) and PC2 (brown curve) corresponding to PCA score plot
(c). Vertical grey lines of the loading plots (c and d) highlight polysaccharides and GAG Raman signals.

heparan sulfate are highly sulfated GAGs in contrast to hyal-
uronan which is not sulfated. In the 820-1000 cm™" region,
the main difference between the two conditioned media is the
additional peak appearing as a shoulder at 933 cm™" in chon-
drocytes. Interestingly, this peak is also detected in the spec-
trum of chondroitin sulfate standard and can be assigned to
skeletal C-O-C linkage vibrations.*® The 958 cm™" peak which
is common to both conditioned media is mainly assigned to
C-0-C modes. The 999 cm™" peak, also common to both, is
found in chondroitin sulfate and heparan sulfate, and can be
assigned to C-O-S modes. This mode is more active in Raman
than in infrared. This peak is not present in hyaluronan as it
is a non-sulfated GAG. Coincidently, a peak also appears at
this frequency in the spectra of cells. However, in cells it can
be easily identified as the phenylalanine peak due to its
characteristic sharpness. In the 1000-1200 cm™"' region, the
peak at 1065 cm™" assigned to the OSO;~ symmetric stretch is
stronger in chondrocyte conditioned media. This peak is
present in chondroitin sulfate and heparan sulfate standards

1338 | Analyst, 2017, 142, 1333-1341

and absent in hyaluronan. This mode is more active in Raman
spectra while its asymmetric counterpart is more active in
infrared spectra and observed around 1248 cm™'.*® The
1000-1200 cm™" region is also characteristic of C-OH modes,
clearly visible in the hyaluronan spectrum but overlaps with
the sulfate modes in sulfated GAGs. Above 1200 cm™', a peak
at 1376 cm™ ", characteristic of CH; symmetric deformation, is
observed in standard GAGs but not in the other spectra.
Another interesting peak characteristic of GAGs is the sym-
metric COO™ stretch of the glucuronate residue at 1411 cm™".
Its presence is important in chondrocyte conditioned media
and standard GAGs while it is not visible in cell spectra. The
latter show characteristic CH, deformation peaks at 1452 cm ™"
(lipids and proteins) as well as protein peaks corresponding to
amide I and amide III at 1654 and 1230-1300 cm™", respect-
ively. The weak amide I peak also observed in standard GAGs
and conditioned media could be due to the residual protein.
Bansil and collaborators reported amide I and amide II signa-
tures originating from aqueous solutions of GAGs.”®

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Comparison of Raman microspectroscopy spectra recorded
from cytoplasms of single live cells, their corresponding conditioned
media and standard GAGs. Mean Raman spectra of chondrocytes and
CHO-745 cells (blue curves), conditioned media obtained from chon-
drocytes and CHO-745 cell cultures (red curves) and standard GAGs CS,
HS, and HA (green curves). CS: chondroitin sulfate, HS: heparan sulfate,
HA: hyaluronic acid.

Our analysis shows that Raman microspectroscopy analysis
of conditioned media can reveal characteristic GAG features
directly from their spectra. However, due to the complex
nature of the cell spectra, the GAG features are less visible in a
direct manner from Raman spectra and therefore necessitate a
multivariate approach like PCA where the PCs can reveal such
information. It can be envisaged to better characterise the
GAG features after isotopic labelling as it has been described
previously with deuterium labelling of standard GAGs, di-
saccharide and tetrasaccharide fragments.®> However, even if
the original structure was substantially retained, high perform-
ance liquid chromatography/size exclusion chromatography
data indicated some depolymerisation of heparin and derma-
tan sulfate in the N-deacetylation step of the labelling reac-
tions. Raman spectroscopy being a label-free approach, the
structures of GAGs are not altered by the addition of extrinsic
molecules and the technique represents a real advantage for
GAG characterisation at the live cell level. A more interesting
approach to reveal GAG spectral signatures without labelling
could be to compare the expression of GAGs in non-stimulated
and stimulated cells as it has been described for chondrocytes
using TGFp for inducing specific proteoglycan synthesis and
sulfation.®® This second approach is being undertaken in an
ongoing study.

4. Conclusions

Raman microspectroscopy was applied in this study to probe
GAG spectral signatures both intracellularly from the cyto-

This journal is © The Royal Society of Chemistry 2017
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plasms of single cells and extracellularly from their corres-
ponding conditioned media using five different cell types exhi-
biting varying levels of GAG synthesis. Standard GAGs were
used as control samples for peak assignment. In parallel, bio-
chemical assay showed that chondrocytes secreted approxi-
mately 2-fold and 20-fold higher values of sulfated GAGs in the
conditioned media compared to dermal fibroblasts and
CHO-WT, respectively. While the total sulfated GAGs of only
these three cell types could be assessed biochemically, Raman
spectral profiles gave information on both sulfated and non-
sulfated GAGs that could be synthesised and secreted by all
five cell types showing the potential of this approach. Thus,
after PCA analysis of the Raman data, the results showed that
the Raman technique was sensitive enough to clearly dis-
tinguish the conditioned media of the five cell types. The
results were confirmed at the single cell level on both fixed
and live cells with a better differentiation of these cell types
under the physiological conditions. While characteristic GAG
features could be directly identified from the conditioned
media Raman spectra, a multivariate approach like PCA was
necessary to observe the GAG features in cells due to the
complex nature of the cell spectra. This study shows that
Raman microspectroscopy allows extraction of GAG-related
information at the single live cell level, in intra- and extracellu-
lar compartments, and could therefore be developed for cell
screening purposes. Since GAGs have been reported to play a
key role in tumour progression, identifying GAG spectral signa-
tures can be perspectively interesting as a cancer biomarker in
tissues.
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