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 Background: With infiltration, high-grade glioma easily causes the boundary between tumor tissue and adjacent tissue to 
become unclear and results in tumor recurrence at or near the resection margin according to the incomplete 
surgical resection. Fourier transform infrared spectroscopy (FTIR) technique has been demonstrated to be a 
useful tool that yields a molecular fingerprint and provides rapid, nondestructive, high-throughput and clini-
cally relevant diagnostic information.

 Material/Methods: FTIR was used to investigate the morphological and biochemical properties of human astrocytes (HA), microg-
lia (HM1900), glioma cells (U87), and glioblastoma cells (BT325) cultured in vitro to simulate the infiltration 
area, with the use of multi-peak fitting and principal component analysis (PCA) of amide I of FTIR spectra and 
the use of hierarchical cluster analysis (HCA).

 Results: We found that the secondary structures of the 4 types of cells were significantly different. The contents of a-he-
lix structure in glial cells was significantly higher than in the glioma cells, but the levels of b-sheet, b-turn, and 
random coil structures were lower. The 4 types of cells could be clearly separated with 85% for PC1 and 12.2% 
for PC2.

 Conclusions: FTIR can be used to distinguish between human astrocytes, microglia, glioma, and glioblastoma cells in vitro. 
The protein secondary structure can be used as an indicator to distinguish tumor cells from glial cells. Further 
tissue-based and in vivo studies are needed to determine whether FTIR can identify cerebral glioma.
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 Abbreviations: FTIR – Fourier Transform Infrared; PCA – principal component analysis; HCA – hierarchical cluster anal-
ysis; ATR – attenuated total reflection; ATCC – American Type Culture Collection; STR – short tan-
dem repeat; DMEM – Dulbecco’s modified Eagle’s medium; EDTA – Ethylene Diamine Tetraacetic Acid; 
PBS – phosphate-buffered saline; BaF2 – Barium fluoride; RMieS – resonant Mie scattering; FBS – fetal 
bovine serum
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Background

Glioma is the most common primary brain tumor world-
wide [1], and approximately 100 000 new cases are diag-
nosed every year [2]. Generally, surgical resection is the treat-
ment of choice for glioma [3]. Although surgical resection can 
reduce the risk of malignancy [4], in high-grade gliomas tu-
mor cells sometimes infiltrate into normal tissues by 4–7 cm 
and blur the boundaries between tumor tissues and normal 
tissues [5]. Moreover, this extent of tumor margin diffusion 
and infiltration cannot be fully characterized by conventional 
medical imaging [6], resulting in tumor recurrence at or near 
the resection margin due to incomplete surgical resection [7]. 
Therefore, for the surgical treatment of gliomas, it is essential 
to characterize the tumor as accurately as possible to achieve 
an accurate and timely diagnosis of brain glioma and estab-
lish a targeted treatment plan.

FTIR spectroscopy has been demonstrated to be an effective 
and non-invasive diagnostic method that characterizes the 
biochemical changes in tissues, cells, and even at the molec-
ular level [8]. Oligodendroglial and astrocytic tumor cells can 
easily be identified by their infrared spectra, with character-
istic features in the lipid acyl chain region as well as in the 
nucleic acid region [9, 10]. For glioblastoma stem cells, atten-
uated total reflection (ATR) FTIR spectroscopy allows correct 
classification of the tissues, differentiating between CD133-
rich and CD133-poor populations [11,12]. The main spectral 
differences were found in the 1000 cm–1 to 1150 cm–1 region, 
which can be assigned to vibrations of the chemical bonds in 
DNA, RNA, carbohydrates, and phospholipids. Extravascular 
diffusion of IR-absorbing nanoparticles can be imaged on his-
tological slices by FTIR imaging, thus revealing morphologi-
cal abnormalities in blood capillaries induced by angiogenetic 
stress [13]. Lei Li et al. applied FTIR spectra to the normal and 
several heterogeneous ovarian cancer cell lines and compared 
them in the spectral region of 4000–600 cm–1, showing that 
protein conformation and composition are altered in some 
cancer cells [14]. Jitto Titus et al. used total reflectance Fourier 
transform infrared spectroscopy to show that after anti-TNFa 
therapy of colitis, the alpha helix/beta-sheet ratio recovered 
to the basal level [15].

This study aimed to use Fourier transform infrared spectros-
copy (FTIR) to investigate the morphological and biochemical 
properties of human astrocytes, microglia, glioma, and glioblas-
toma cells cultured in vitro. These results will be useful in fur-
ther research using FTIR imaging of the glioma infiltration area.

Material and Methods

Cell culture and sample preparation

Human astrocytes (HAs), human microglia (HM-1900), human 
glioma cells (U-87), and human brain pleomorphic glioblasto-
ma cells (BT-325) were studied. All cells were purchased from 
the American Type Culture Collection (ATCC), (Manassas, VA, 
USA), and mycoplasma was routinely detected. At the same 
time, short tandem repeat (STR) tests were performed on the 
4 cell types, and the test results indicated that no cross-con-
tamination occurred. The cells were placed in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Bio. Ind., Kibbutz Beit-Haemek, 
Israel) containing 10% fetal bovine serum (FBS, Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA) and placed in a 37°C, 5% 
CO2 incubator. When the cell growth density reached 90%, the 
cells were removed from the incubator and passaged at a ra-
tio of 1: 3. During the third passage, preheated 0.25% tryp-
sin containing ethylene diamine tetraacetic acid (EDTA, QIYI, 
Foshan, China) was used to digest cells in logarithmic growth 
phase, and then the cells were centrifuged at 1200 rpm for 
5 min, and the supernatant was discarded. The cultured cells 
were rinsed twice with phosphate-buffered saline (PBS) solu-
tion, fixed in formalin for 30 min, rinsed with deionized wa-
ter 3 times, centrifuged and concentrated to approximate-
ly 5×108 cells/ml. Barium fluoride (BaF2) slides were used as 
the substrate for spectrum collection; 40 μl of cell suspension 
was dropped onto the BaF2 slides, then the slides placed in a 
drying oven ready for IR spectrum collection. All slides were 
photographed using an Olympus BX51 microscope. The cells 
were observed under the microscope when the concentration 
was about 80%. Six independent experiments were performed 
for each type of cell.

Infrared spectroscopic imaging

The absorbance spectra were collected using an FTIR Vertex 
70v spectrometer (Bruker, Ettingen, Germany) at the National 
Defense Science and Technology Innovation Institute in Beijing. 
The range of the wavenumber was set as 4000–800 cm–1 with 
the resolution of 4 cm–1 and a spectrum was taken for 64 scans 
to improve the signal-to-noise ratio. To attenuate spectral 
distortion caused by Mie scattering (RMies), all the raw FTIR 
spectra were pre-processed with the RMies-EMSC algorithm. 
Because the band of amide II is largely not dependent on pro-
tein secondary structure, the corrected spectrum was normal-
ized for equal absorption peak intensity in the position of am-
ide II. All the data were collected by OPUS (Bruker, Ettingen, 
Germany) and pre-processed by MATLAB R2016b software 
(MathWorks, Natick, Massachusetts, USA).
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Data analysis

The analysis of difference of the spectrum was mainly 
based on the amide I band with the range of wavenumber 
1600–1700 cm–1, contributed to the C=O stretch containing 
protein-rich secondary structure information, such as a-helix, 
b-sheet, b-turn, random, and other undefined structures. Muti-
peak curve fitting over this range was based on the second 
derivative of the spectrum, and the area percentage of each 
secondary structure was calculated. Meanwhile, the PCA and 
HCA were applied to the secondary derivative spectra of am-
ide I, and the contribution of each secondary structure to the 
classification of the human neuroglial cells and glioma cells 
was analyzed through the loadings of PC1 and PC2.

Results

Cellular morphology of HAs and HM-1900, U-87, and 
BT-325 cells in vitro

The morphological characterization of cells is very important 
for showing the physiological state. An inverted microscope 
was used to examine the cell morphology (Figure 1). HA cells 

have an elongated axis with an oval or circular nucleus in the 
center. HM1900 cells show round, small, and short rod-shaped 
with clear edges. The U87 cells show long fusiform or irregu-
lar shape with clear antennae, transparent cell body, and good 
refractive property. BT325 adherent cells are relatively small, 
showing a variety of shapes, including fusiform and star-shaped.

Mean FTIR spectra and second derivative spectra

Figure 2A shows all of the spectra of the 4 types of cells in 
the range of 1000–1800 cm–1 after Mie scattering correction 
and normalization of the amide II band peak. Figure 2A shows 
that the spectra of the different types of cells are similar to 
each other, including the positions and shapes of the absorp-
tion peaks, except for the amide I band (marked with the yel-
low region). Then, the second derivative of this range was cal-
culated to better reflect the hidden peaks in the amide I band 
(Figure 2B). The results show that the second derivative of the 
glioma cells of U87 and BT325 has a similar shape, and has a 
significant difference from HA and HM1900. Although HA and 
HM1900 belong to the glial cell lines, there are still obvious 
differences between the 2 types of cells. This phenomenon 
is explained in detail by the results of the multi-peak fitting, 
which represents the protein secondary structure components.

Figure 1.  Cellular morphology of HA and HM-1900, U-87, and BT-325 cells in vitro (magnification 200×).
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Secondary structure components

According to the second derivative spectrum, the secondary 
structure components of the 4 types of cells in the range of 
amide I band are shown in Figure 3. Generally, the band at 
1653±4 cm–1 is attributed to the a-helix structure, b-sheet 
structure often appears at 1620 cm–1 and 1640 cm–1, b-turn 
structure occurs at around 1665 cm–1, 1670 cm–1, 1675 cm–1, 
1683 cm–1, 1688 cm–1, and 1694 cm–1, and the random struc-
tures are usually found at 1637 cm–1 and 1648 cm–1. For the 
second derivative spectrum of HA, there are 6 absorption peaks 
in the range of 1600–1700 cm–1: 1612 cm–1, 1629 cm–1, 1639 
cm–1, 1651 cm–1, 1675 cm–1, and 1694 cm–1 (Figure 3A). The 
peaks of 1629 cm–1, 1633 cm–1, and 1637 cm–1 are attributed to 
b-sheet structure, 1651 cm–1 is attributed to a-helix structure, 
and the positions of 1675 cm–1 and 1694 cm–1 are attributed 
to b-turn structure. For the secondary structure of HM1900 
(Figure 3B), there are 7 absorption peaks in the range of am-
ide I: 1608 cm–1, 1614 cm–1, 1630 cm–1, 1645 cm–1, 1648 cm–1, 
1666 cm–1, and 1694 cm–1. There is only 1 b-sheet structure 
sub-band appearing in 1630 cm–1; 1645 cm–1 belong to the 
random coil structure, the sub-band of 1648 cm–1 is in the 
range of a-helix structure, and 2 b-turn structure sub-bands 
appeared in 1666 cm–1 and 1694 cm–1. For the human glioma 
cells of U87 and BT325, the protein secondary structures are 

similar to each other, including the positions and numbers of 
the sub-band in the range of a-helix, b-sheet, b-turn, and ran-
dom coil structure (Figure 3C, 3D).

Area percentage of a-helix, b-sheet, b-turn, and random 
coil structure

According to the results of the multi-peak curve fitting of the 
amide I, the area percentage of a-helix, b-sheet, b-turn and 
random coil structure of the Human glial cells and glioma cells 
were calculated and the result showed in Figure 4. From the 
Figure 4A, we can see that the contents of a-helix structure in 
human glial cells (HA, HM1900) were significantly higher than 
glioma cells, and according to the Student’s t-test analysis, the 
P value were less than 0.01. However, for the b-sheet struc-
ture and random structure in the glioma cells of U87, the lev-
el has elevated relative to the HA and HM1900 cells and the 
difference is significant (P<0.01 and P<0.05, respectively). In 
addition, the BT325 cells show the highest content of b-turn 
structure among the 4 types of the cells and was significant-
ly different from HM1900 (P<0.05). The secondary structure 
of amide I between the human glial cells of HA and HM1900, 
and between the human glioma cells of U87 and BT325, has 
no significant difference, which demonstrates that the when 
the glial cells become cancerous, the secondary structure of 
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Figure 2.  FTIR spectra in the range of 1000–1800 cm–1 (A) and the corresponding second derivative spectra of HA, HM1900, U87 and 
BT325 cells in amide I band (B).
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the protein also changes, which was manifested in less con-
tent of a-helical structure, and increased content of b-sheet, 
b-turn, and random structure.

PCA and HCA

PCA and HCA were applied to the second derivative spectra of 
the amide I band, and the results are shown in Figures 5 and 6. 
Figure 5A illustrates that the clusters of the spectra from the 
4 types of cells were separated in the PC1 versus PC2 plane 
(elliptical line represents 95% confidence interval) and the 
first 2 PCs explained 97.2% of the total variance with 85.0% 
for PC1 and 12.2% for PC2. Figure 5B explained the clustering 
of the PCs scores, in which the PC1 score at 1652 cm–1 indi-
cated a high level of a-helix secondary structures, which con-
tributed most to the first principal component, and the band 
at 1675 cm–1, which owned to b-turn, had a high level in PC2 
loading. These results suggest that the content of the a-helix 
secondary structure may serve as an indicator to distinguish 
gliomas from glial cells.

HCA results (Figure 6) show that the distance between U87 
and BT325 was the closest among the 4 types of cell, which 
illustrated similar spectral information between the 2 kinds of 
cells, followed by HA, but the distance was farthest for HM1900, 

which means a relatively large difference in spectral informa-
tion vs. glioma cells.

Discussion

Glioma refers to all tumors of glioma origin, including astro-
glioma, oligodendroglioma, ependymoma, and mixed glioma. 
Astrocytoma includes astrocytoma (grades I and II), anaplas-
tic astrocytoma (grade III), and glioblastoma (grade IV) [16,17]. 
When affected by gliomas, the brain undergoes reactive gli-
osis, vascular proliferation, and inflammatory cell infiltration. 
Reactive astrocytosis is a common feature of gliomas and is 
usually confined to the immediate vicinity of the tumor [18]. 
Microglial cells and macrophages, as the main infiltrating im-
mune cell population, account for 13–34% and 4.2–12% of the 
tumor cell volume in experimental gliomas, respectively [19], 
and participate in creating a microenvironment conducive to 
the growth of gliomas [20,21]. The whole range of the infrared 
spectrum can be divided into 2 regions of functional groups 
(4000–1300 cm–1) and fingerprint regions (1300–600 cm–1). 
Peaks in the functional group region are absorption bands gen-
erated by stretching vibrations. In the fingerprint region, in ad-
dition to stretching vibrations of a single bond, there is a com-
plex spectrum due to deformation vibrations [22]. According 
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Figure 3.  (A–D) Second derivative of amide I of the 4 types of cells and multi-peak curve fitting to obtain the protein secondary 
structure components according to the second derivative.
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to different biological components, the spectrum can be di-
vided into fatty acid (3000–2800 cm–1, acyl chain stretching 
vibrations, with the fatty acids of lipids as main contributors; 
1480–1300 cm–1, deformation vibrations of CH2 and CH3 al-
kyl groups), protein (1800–1480 cm–1, amide I and II bands 
that arise from C=O stretching and N–H bending vibrations) 
and nucleic acid and sugar (1300–900 cm–1, symmetric and 
antisymmetric stretching vibrations of phosphodioxy groups, 
PO2) regions [23,24]. The assignments of the main bands are 
given in Table 1.

In this study, we applied a label-free spectroscopy technique of 
FTIR to the glial and glioma cell lines, which were HA, HM1900, 
U87, and BT325 cells. Through multi-peak fitting according 
to the second derivative of amide I band, we found that the 
contents of the protein secondary structure in the glial cell 
lines and glioma cells were significantly different, indicating 
that the level of the secondary structure had changed in the 
canceration process of glioma cells, which was manifested in 
lower content of a-helical structure, and increased content of 
b-sheet, b-turn, and random structure.
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Figure 4.  Percentage of secondary structures of protein Amide I in glial cells and glioma cells. (A) a-helix structure, (B) b-sheet 
structure, (C) b-turn structure, (D) random structure. Error bars represent the SEM, n=6 (* P<0.05; ** P<0.01).
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Peak ID Band/cm–1 Assignment

1 965–980 C-C, PO4-stretch: DNA, RNA, phospholipids

2 1039 C-O-H deformation: glycogen

3 1070–1150 C-O-C and C-C stretch: carbohydrates, lipids, glycolipids

4 1083–1085 PO2-symmetric stretch: nucleic acids in DNA and RNA

5 1172 C-O (H) stretch: carbohydrates

6 1237–1244 PO2-asymmetric stretch: nucleic acids, lipids

7 1277 C-H/N-H deformation: amide III, components of proteins

8 1393–1402 -COO−symmetric stretch: fatty acids, amino acids

9 1450–1454 CH2, CH3 deformation: mainly lipids, proteins

10 1538–1546
N-H bend (60%), C-N stretch (40%) and C-C stretch: amide II, peptide, proteins 
(a-helix, b-sheets, turn and random coil)

11 1600–1706
C=O stretch (76%), C-N stretch (14%), CNN (10%): amide I, proteins (a-helix, 
b-sheets, turn and random coil)

12 1746 C=O stretch: esters (lipids, phospholipids)

13 1700–1799 C=O deformation: lipids

14 2844–2860 -CH2 symmetric stretch: lipids

15 2892–2924 -CH3 symmetric stretch: lipids

16 2953–2994 -CH3 asymmetric stretch: lipids

17 3099–3296 -NH2 symmetric stretch: amide B, peptides, proteins

18 3327–3337 -NH2 asymmetric stretch: amide A, peptides, proteins

Table 1. Assignment of the most prominent absorption bands.
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Protein secondary structure provides significant insight into 
structural features and is critical to biological function, which 
is determined by the set of dihedral angles (f, w) and defines 
the spatial orientation of the peptide backbone and the pres-
ence of specific hydrogen bonds [25]. Generally, a-helix con-
formation has strong amide I bands in the range of 1650 cm–1 
and 1655 cm–1 and b-sheet structure usually has strong bands 
between 1612 cm–1 and 1640 cm–1 and some low frequen-
cies of 1665–1670 cm–1. The unordered or random structure 
is generally assigned to the band near 1645 cm–1. Multi-peak 
curve fitting of amide I IR band according to the second de-
rivative gives a reasonably accurate estimate of the content 
of the protein secondary structure. The results illustrated that 
the content of a-helix structure in glial cells was significant-
ly higher than that in the glioma cells, and the content of the 
b-sheet, b-turn, and random structure were relatively low-
er; these changes may be closely related to the cell function.

Glioma is a complex ecosystem composed of various cellular 
components and non-cellular components, including microglia, 
stem cells, astrocytes, endothelial cells, and glioma cells, and 
the non-cellular components of extra-cellular matrix (ECM), cy-
tokines, and growth factors. The types of cells studied in this 
article obviously cannot simulate the real internal environment 
of glioma tissues, but this research illustrated that the content 
of protein secondary structure in different cell types is differ-
ent and FTIR spectroscopy could be used to characterize this 
change. Razia Noreen et al. reviewed the FTIR image of colla-
gen in the process of glioma development and concluded that 
FTIR spectroscopy can distinguish several types of collagen 
based on their secondary structure content, and the spectral 

data from FTIR images can be mathematically re-constructed 
according to the secondary structure parameters [26], which 
suggests that the glioma infiltration area of FTIR image could 
be re-constructed according to the content of the protein sec-
ondary structure, and the edge information could be displayed 
and may guide clinical surgery in the future.

However, there were also some limitation to our study. This 
study did not detect live cells, and live cell detection is closer 
to the physiological state. Purified glioma cell lines are differ-
ent from glioma cells under pathological conditions, and re-
active glioma cells may have different cellular components. 
Although glioma tissue is rich in tumor cells, cell detection 
is different from tissue detection. There is still a long way to 
go before using FTIR to differentiate glioma tissue from nor-
mal brain tissue.

Conclusions

In this study, we evaluated the potential of label-free vibra-
tional spectroscopic techniques to detect sample biochemi-
cal components to identify microglia, astrocytes, and glioma 
cells. The difference in the relative contents of lipids, glyco-
gen, proteins, and other components was used to distinguish 
astrocytes, microglial cells, and 2 different glioma cell lines. 
These differences in cell components further differentiated the 
boundaries of gliomas to supplement and support previous 
data. These results may also be used to find new targets for 
further understanding glioma metabolism and new strategies 
for glioma treatment, which has broad application prospects.
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