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Abstract

Objectives: The expression level of Vascular Endothelial
Growth Factor (VEGF) is assumed as a prognosticmarker for
several tumor types, including colorectal cancer. Therefore,
the determination of pre- and post-therapy levels of VEGF
appears to have great value in the assessment of tumor
prognosis. Enzyme-Linked ImmunosorbentAssay (ELISA) is
commonly used for the determination of serum or plasma
VEGF levels, but the method is costly and time-consuming.
In this study, we aimed to describe a rapid and cost-effective
analysis method to discriminate VEGF overexpressing
colorectal cancer-derived conditioned medium (CM).

Methods: Attenuated Total Reflection (ATR)-Fourier
Transform Infrared (FTIR) spectroscopy, combined with
Principal Component Analysis (PCA) and Linear Discrimi-
nant Analysis (LDA), was used to differentiate VEGF over-
expressing colorectal cancer cell line CM from CM obtained
from the corresponding control cells which express and
secrete relatively lower amount of VEGF.
Results: Samples belong to VEGF overexpressing colo-
rectal cancer cells were clearly distinguished from the
control group with very high PC scores as PC1 + PC2 = 96%.
Besides, a 100% accurate distinction between these two
groups was achieved by the LDA analysis.
Conclusions: ATR-FTIR spectroscopy combined with
pattern recognition techniques was able to discriminate
CM of VEGF overexpressing colorectal cancer cells with
high efficiency and accuracy.

Keywords: Attenuated Total Reflection (ATR)-Fourier
Transform Infrared (FTIR) spectroscopy; Linear Discrimi-
nant Analysis (LDA); pattern recognition; Principal
Component Analysis (PCA); Vascular Endothelial Growth
Factor (VEGF); VEGF165.

ÖZ

Amaç: Vasküler Endotelyal Büyüme Faktörünün (VEGF)
ifade seviyesi, kolorektal kanser de dahil olmak üzere
çeşitli tümör tipleri için prognostik bir belirteç olarak kabul
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edilmektedir. Dolayısıyla, tümör prognozunun değerlen-
dirilmesinde VEGF’nin tedavi öncesi ve sonrası düzeyler-
inin belirlenmesinin büyük bir değere sahip olduğu
ortadadır. ELISA (Enzime Bağlı İmmünosorbent Deneyi)
serum veya plazma VEGF düzeylerinin belirlenmesi için
yaygın olarak kullanılır, ancak yöntem pahalı ve zaman
alıcıdır. Bu çalışmada, aşırı VEGF ifade eden kolorektal
kanser hücrelerinden elde edilen koşullu besiyerini
(Conditioned medium-CM) ayırt edebilmek için hızlı ve
uygun maliyetli bir analiz yönteminin tanımlanması
amaçlanmıştır.

Yöntem: VEGF aşırı ifade eden kolorektal kanser hücre-
lerinden elde edilen CM’nin, görece daha az düzeyde VEGF
ifade ve salınımı yapan kontrol hücrelerinden ayırt edil-
mesi amacı ile Temel Bileşen Analizi (PCA) ve Doğrusal
Diskriminant Analizi (LDA), Attenuated Total Reflection
(ATR)-Fourier Transform Infrared (FTIR) spektroskopisi ile
birlikte kullanılmıştır.

Bulgular: Aşırı VEGF ifade eden kolorektal kanser hücre-
lerine ait örnekler, kontrol grubundan PC1 + PC2 = % 96
olmak üzere yüksek PC skorlarıyla ayırt edilebilmiştir. Ek
olarak, LDA analizi ile bu iki grup arasında %100 doğru-
lukla ayrım sağlanmıştır.

Sonuç: Örüntü tanıma teknikleri ile analiz edilen ATR-
FTIR spektroskopisi, VEGF’nin aşırı ifade edildiği kolor-
ektal kanser hücrelerinden elde edilen CM’nin yüksek
etkinlik ve doğrulukla ayırt edilebilmesini sağlamıştır.

Anahtar Kelimeler: Attenuated Total Reflection (ATR)-
Fourier Transform Infrared (FTIR) spektroskopisi; Doğrusal
Diskriminant Analizi (LDA); örüntü tanıma; Temel Bileşen
Analizi (PCA); Vascular Endothelial Growth Factor (VEGF);
VEGF165.

Introduction

Blood vessels function in carrying nutrients to tissues and
removing catabolic products. Therefore, the development
of new blood and lymphatic vessels from the preexisting
ones, called angiogenesis, serves vital homeostatic roles.
On the other hand, uncontrolled growth of blood vessels
can encourage or augment the severity of several diseases
including cancer [1]. Vascular Endothelial Growth Factor
(VEGF) plays a central role in the regulation of both vas-
culogenesis, the de novo formation of blood vessel net-
works through the differentiation of endothelial precursor
cells, and angiogenesis [2].

The VEGF family comprises VEGF-A, VEGF-B, VEGF-C,
VEGF-D, Placenta Growth Factor (PlGF), VEGF-E, and
VEGF-F. VEGF-A is themost extensively studiedmember of
this family [1]. VEGF proteins can interact with VEGF
receptor (VEGFR)-1, VEGFR-2, VEGFR-3 and VEGF
co-receptors Neuropilin (NP)-1 and NP-2 [3]. The triggered
signaling pathways through these interactions can result in
the proliferation,migration, and survival of the endothelial
cells and new vessel formation involved in angiogenesis
[4]. Although the VEGF research field ismainly occupied by
the contributions of VEGF family members in angiogenesis
and lymphangiogenesis, the roles of VEGF proteins are not
confined to their abilities to promote or facilitate angio-
genesis and vascular permeability [5]. For instance, these
proteins can affect the immune response against tumor
cells [6]. Besides, VEGF signaling can occur both in
autocrine and paracrine manners in tumor cells and
participate in key features of tumorigenesis apart from
angiogenesis [5].

VEGF-A is the prototype member of the VEGF family
of growth factors and referred to simply as VEGF [7, 8].
VEGF is expressed by various types of normal cells, but
not surprisingly, its expression level has been shown to
be elevated significantly in several malignant tumors,
including colorectal cancer [5]. Dbouk et al. analyzed
plasma VEGF levels 36 colorectal cancer patients by
Enzyme-Linked Immunosorbent Assay (ELISA) and they
found that the positive predictive value of VEGF was
89.5% [9]. Similarly, Akbulut et al. quantified serum
VEGF levels of 52 colorectal cancer patients by ELISA and
demonstrated that together with nitric oxide, the VEGF
level was a prognostic factor of survival in patients with
colorectal carcinoma. Furthermore, the authors investi-
gated that an angiogenic index that relies on serum VEGF
and nitrate concentrations can be considered a signifi-
cant prognostic factor for disease-free survival (DFS) in
patients with operable colorectal carcinoma [10]. More-
over, Tsai et al. examined VEGF expression in metastatic
colorectal carcinoma patients before treatment and post-
treatment with 5-fluorouracil and irinotecan combined
with bevacizumab. The immunohistochemistry results
showed that decreased peri-therapeutic VEGF expression
can be used as a significant predictor of therapy response
and can be used to predict six-month progression-free
survival (PFS) [11]. Furthermore, De Vita et al. analyzed
VEGF serum levels by ELISA in 81 patients with colon
cancer in parallel with 50 healthy individuals and they
found that higher preoperative serum VEGF concentra-
tions were significantly correlated with shortened DSS
and DFS. The authors suggested that serum VEGF levels
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can be used to define patients who are suitable for cura-
tive surgery and enhanced VEGF levels after surgery can
provide evidence for residual cancer, even though it was
not macroscopically identified [12]. Besides being asso-
ciated with poor prognosis, serum VEGF levels were also
found to be significantly positively correlated with the
size of the tumors in colorectal cancer patients [13]. Also,
since VEGF expression has been demonstrated to be
elevated in patients with metastatic tumors compared
with non-metastatic tumors, VEGF expression level has
been suggested to be used for the prediction of metastasis
from colorectal carcinoma [14].

It is evident that the determination of pre- and post-
operative or pre- and post-treatment VEGF levels seem to
offer valuable prognostic information in colorectal carci-
noma. ELISA is commonly used for the determination of
VEGF serum or plasma levels, but performing ELISA assay
for large numbers of patients is very expensive and
time-consuming [15]. Herein, we aimed to describe a cost-
effective and rapid analysismethod using Attenuated Total
Reflection (ATR)-Fourier Transform Infrared (FTIR) spec-
troscopy to differentiate the conditioned media (CM) ob-
tained from VEGF overexpressing colorectal cancer cells
without any requirement for extensive sample preparation
steps. Today, utilization of spectroscopic techniques in
biomedical research has significantly increased and more
specifically, the use of spectroscopy in clinical studies has
gained increasing attention from scientists. FTIR spec-
troscopy is a vibrational optical tool that can be applied for
the detection of pathology-associated molecular alter-
ations [16]. The obtained vibrational spectra produce the
spectral fingerprint bands that are unique for the particular
molecule and/or biological process [17]. It is a label-free,
non-invasive, non-destructive, time-saving, simple and
relatively inexpensive analytical technique based on the
characterization of the biochemical profiles of samples
without the need for extensive sample preparation steps
[18, 19]. Principal Component Analysis (PCA) and Linear
Discriminant Analysis (LDA) are pattern recognition tech-
niques to reduce the complex FTIR spectral datasets of
biological systems. Therefore, the combination of FTIR
data with these pattern recognition techniques provides an
excellent classification approach for the differentiation
and classification of biological samples, including
cancerous cells, with high accuracy [20–23]. In this study,
FTIR spectroscopy coupled with PCA and LDA was used to
discriminate VEGF overexpressing colorectal cancer cell
line cell-free conditioned medium (CM) from the CM ob-
tained from the control cells which express and secrete
relatively lower amount of VEGF.

Materials and methods

Cell culture and treatments

HCT-116 cells, kindly provided by Dr. Sreeparna Banerjee fromMiddle
East Technical University, were obtained from DSMZ-German Collec-
tion of Microorganisms and Cell Cultures (Germany) and cultured as
describedbefore [24].Where indicated,HCT-116 cellswere treatedwith
tunicamycin (TM, Cell Signaling Technology, USA; 10 mg/mL stock in
DMSO) or the corresponding amount of DMSO as vehicle control.

Cloning and transfections

The Human VEGF165 coding sequence was cloned into pcDNA3.1(−)
(Invitrogen, USA) through XhoI and HindIII by including Kozak
sequence. Forward: 5′GGCCCTCGAGCCACCATGAACTTTCTGCTGTCTTGG3′
and Reverse: 5′ GGGAAGCTTTCACCGCCTCGGCTTGT3′ primers were used
for VEGF165 amplification from the template vector pcDNA-UTR-VEGF165
which was provided by Dr. Ben Zion Levi from Israel Institute of Technol-
ogy, Israel. The cloned vector was confirmed by sequencing.

To assess VEGF165 overexpression, HCT-116 cells were plated as
5 × 105 cells/well on a 6-well plate. Day after, cells were transfected
with empty pcDNA3.1(−) vector which is indicated as EV in the study,
or with the VEGF165 overexpression vector, called VEGF165, by using X-
tremeGENE HP (Roche, Mannheim, Germany) transfection agent.

Immunocytochemistry

The day before the transfection, cells were plated on 12-well plate
containing pre-sterilized coverslips. Transfections were done as
mentioned above. Twenty-four hours after transfection, cells were
fixed at room temperature (RT) for 15 min with 3.7% formaldehyde.
Followed by washing steps, cells were incubated for 10 min with
methanol at −20 °C for permeabilization. After washing, blocking
was done by incubating the coverslips with 3% (g/mL) Bovine Serum
Albumin at RT for 30 min. After the blocking step, cells were incu-
bated for 45 min in the VEGF-A antibody (Cat no: ab46154; Abcam,
UK). At the end of incubation, the antibody was removed and cells
were washed. As a fluorescently labeled secondary antibody, anti-
rabbit secondary antibody (Cat no: A-11008; Thermo Fisher Scien-
tific, USA), conjugated with Alexa Fluor 488 was used. Cells were
incubated at RT for 30 min with the secondary antibody. After
removal of the secondary antibody, coverslips were incubated for
30 min at RT with 1 μg/mL Propidium iodide (PI) and 1 μg/mL
RNaseA for nuclear staining. The samples were examined un-
der Leica DMI4000 with Andor DSD2 Spinning Disc Confocal Mi-
croscope (Leica Microsystems, Germany).

Western blotting

Western blot experiments were carried out as described previously [24].
Membranes were incubated with VEGF-A antibody (Cat no: ab46154;
Abcam, UK). Anti-rabbit IgG-HRP secondary antibody (Cat no: R-05072-
500A;Advansta,USA)wasusedagainsttheVEGF-Aantibody.β-actin(Cat
no: sc-47778; Santa Cruz Biotechnology, USA) was chosen as a loading
control. HRP-conjugated Anti-mouse secondary antibody (Cat no: R-
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05071-500;Advansta)wasusedagainstβ-actinantibody.ClarityWestern
ECL Substrate (Bio-Rad, USA) was applied to detect protein bands.

Determination of VEGF secretion

Quantikine HumanVEGF Immunoassay (R&D Systems, USA) Enzyme-
linked Immunosorbent Assay (ELISA) kit was used according to the
manufacturer’s instructions.

ATR-FTIR spectroscopic data acquisition and
processing

HCT-116 cells were transfected for 24 h with VEGF165 overexpression
vector or EV as described above. After 24 h, the transfection medium
wasdiscarded and the cellswere further incubated for 24h in complete
growth medium (RMPI-1640 medium containing 1% penicillin/strep-
tomycin, 2 mM L-glutamine, and 10% FBS) with or without TM. DMSO
was used as vehicle control. To obtain CM, followed by incubation
with TM or vehicle, the medium was collected and centrifuged at 4 °C,
125 × g for 10 min. After centrifugation, CM were transferred to new
eppendorf tubes for spectroscopic analyses. The spectra of CM were
obtained using Frontier FTIR Spectrometer (PerkinElmer, US) equip-
ped with a universal ATR Miracle accessory. The spectrum of air was
used as a reference. 10 µL of CM was placed on a ZnSe crystal plate
(PerkinElmer, US). Complete RPMI-1640 medium was scanned under
identical scanning conditions as the samples and the spectrum of the
medium were subtracted manually from the spectra of the samples
using the Spectrum 100 software (PerkinElmer, US). To eliminate the
effect of the medium, the free water band located around 2,125 cm−1

was flattened using the same software. The obtained difference
spectra were used for all further analyses. Two biological replicates of
each CM group with two technical replicates were analyzed. The
samples were scanned in the spectral range between 4,000 and
650 cm−1 at RTwith a resolutionof 4 cm−1 and the spectrawere collected
as an average of 32 scans.

Discrimination of dataset using unsupervised PCA

PCA was applied to the mean-centered difference spectra in the whole
(4,000–650cm−1) infrared regionvia TheUnscramblerX 10.4 (Camo,NO)
software [25]. Full Cross Validation method, Singular Value Decompo-
sition algorithm, and Hotelling’s T2 statistics were used in the model.

Classification of the dataset using supervised LDA

By using The Unscrambler X 10.4 software [25], LDA was applied to
spectral data (4,000–650 cm−1) as described previously [24]. Assuming
equal prior probabilities, the Quadratic classifiers method was used
following defining the data for modeling.

Statistical data analysis

The results are represented as mean ± standard error of the mean
(SEM). Statistical analyses were carried out in Prism 6.01 (GraphPad,
USA). t-test was applied to compare two groups (*p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001).

Results

Overexpression of VEGF165 in colorectal
cancer cells enhanced intracellular and
secreted VEGF

The human VEGF gene has four main splice isoforms.
Among them, the 165 amino acid long isoform, namely
VEGF165, has been shown to display the strongest mitogenic
response [26]. HCT-116 colorectal cancer cells were trans-
fected with either EV or VEGF165 vector to assess VEGF165
overexpression. 24 h post-transfection, cells were stained
with VEGF antibody to detect intracellular VEGF. As can be
seen in Figure 1A, VEGF can be detected in EV transfected
cells and overexpression was successful since HCT-116 cells
expressing a higher amount of VEGF165 were distinguished
by immunocytochemistry. Analysis of secreted VEGF
amount by ELISA in both EV and VEGF165 transfected HCT-
116 cells showed that overexpression not only increased
intracellular VEGF accumulation but also enhanced the
secreted VEGF amount (Figure 1B). Intracellular VEGF was
also analyzed by western blot at 24 and 48 h post-trans-
fection. As it is shown in Figure 1C, under denaturing con-
ditions, two bands were detected in the VEGF165
overexpressing HCT-116 cells. Since VEGF is known as a
heavily glycosylated dimeric protein with a molecular
weight of 36–46 kDa [27], the highermolecular weight band,
shown by an asterisk, was likely to be the glycosylated form
of the VEGF165 monomer. To understand whether the band
was representing the glycosylated form of the protein, fol-
lowed by 24 h transfection with VEGF165 overexpression
vector, the cells were treated with an N-glycosylation in-
hibitor TM for 24 h. TM treatment eliminated theupper band,
indicating that the slower-migrating protein correlates with
the glycosylated form of VEGF165 monomer (Figure 2).

FTIR spectroscopy, coupled with PCA and
LDA, displays clear discrimination of CM
obtained from VEGF overexpressing
colorectal cancer cells

PCA aids to transforma group of equivalent variables into a
smaller set of distinct variables called principal compo-
nents (PCs). Therefore, a reduced size PC model can be
employed to identify and distinguish abnormalities/de-
viations rapidly in the original system [20, 28]. In this
study, we applied this model to FTIR spectral data to ach-
ieve a straightforward differentiation of the CM collected
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from VEGF overexpressing cells (VEGF group) from the CM
of EV transfected cells (EV group). As can be seen from the
scores plot (Figure 3A), the VEGF group was clearly
distinguished from the EV group with very high PC scores
(PC1 + PC2 = 96%). Of note, the VEGF group located at the
left (negative) side of the plotwhereas the EV group resided
at the right (positive) side of the plot.

The explained variance plot measures how much infor-
mation is taken into accountby eachPCand it is expressedas
a percentage of the global variance in the data. Accordingly,
the explained variance of a variable is the fraction of the
global variance of the variable taken into account by the
model. The calibration variance relies on fitting the calibra-
tion data to the model. The validation variance is computed
by testing the model on data that was not used in model
building. When the difference between these variances is
large, it should bequestionedwhether the calibrationdata or
the test data is representative [25]. Calibration and validation
curves of variables, i. e., PCs, were presented in explained
variance plot (Figure 3B) to demonstrate the most influential
variables (PC1/81% and PC2/15%) and the equivalent pat-
terns of calibrated and validated variances.

LDA provides a linear transformation of n-dimen-
sional feature samples into an m-dimensional space
(m < n) and by maximizing the differences between the
predefined classes concerning the new variable, the same
class members cluster together while members of
different classes cluster separately [24, 29]. A 100% ac-
curate distinction between VEGF and EV groups was
achieved by the LDA analysis (Figure 4A). The numerical
data for this classification was provided as confusion,
prediction, and classification matrices. Without any

Figure 1: VEGF165 overexpression in colorectal cancer cells. HCT-116 cells were transiently transfected with EV or VEGF165 overexpression
vector and (A) The intracellular level and distribution of VEGF were observed by immunofluorescence staining after transient transfection for
24 h. Alexa Fluor 488 labeled (green) secondary antibody was used to detect VEGF and PI staining was used to detect the nucleus. Each scale
bar represents 14 μm. (B) Secreted VEGF amounts in the CM collected from EV or VEGF165 transfected cells were determined by ELISA after 24 h
transfection. The results belong to two independent biological replicates each with two technical replicates. (C) VEGF expression was
determined by western blot following 24 and 48 h transfection. *: higher molecular weight VEGF165 monomer.

Figure 2: VEGF165 is glycosylated in colorectal cancer cells.
Following 24 h transfection, VEGF165 transfected HCT-116 cells were
treated with TM or with DMSO (vehicle) for 24 h. A higher molecular
weight band disappeared with TM treatment.
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confusion (Figure 4B), the model perfectly predicted each
sample in its corresponding group (Figure 4C). The clas-
sification matrix of the dataset also confirmed the model
(Figure 4D).

We then tested if this methodology can also be used
for the discrimination of TM treated cells. We analyzed
FTIR spectra from the CM samples obtained from (i) EV
transfected cells treated with vehicle (EV group), (ii) EV
transfected cells treated with TM (EV-TM group), (iii)
VEGF165 transfected cells treated with vehicle (VEGF
group), and (iv) VEGF165 transfected cells treated with TM
(VEGF-TM group). A sharply defined differentiation of all
the above-mentioned groups was achieved with high PC
scores (PC1 + PC2 = 99%) (Figure 5A). It was seen that the
EV group placed at the lower-right side of the scores plot
while an intense accumulation towards the upper-right
side of the plot observed for EV-TM group. VEGF group
was found to be positioned at the mid-central region of
the plot although the VEGF-TM group was situated at the
left (negative) side of the plot. Showing the most effective
variables (PC1/95% and PC2/4%), identical calibration
and validation curves of PCs were presented in Figure 5B.

Finally, LDA was performed to ATR-FTIR spectra of
EV, EV-TM, VEGF, and VEGF-TM groups (Figure 6). The
discrimination plot of the analysis revealed that the
groups flatly classified with 100% accuracy (Figure 6A).
Confusion (Figure 6B), prediction (Figure 6C), and clas-
sification matrices (Figure 6D) of the obtained numerical
data signify the exact prediction and classification of the
samples in their corresponding groups without any
confusion.

Discussion

Overexpression of VEGF has been shown in several tu-
mors and it appears to be an independent prognostic
marker for several tumor types including colorectal
cancer [30, 31]. Ishigami et al. showed that in colorectal
cancer patients, VEGF expression level is correlated with
the progression, invasion, and metastasis of colorectal
cancer, and its overexpression is closely associated
with poor prognosis [31]. Although ELISA is a commonly
used method to detect serum/plasma VEGF levels, it is
a tedious/laborious, expensive, and time-consuming
method. Besides, the detection is based on the enzyme/
substrate reaction so the readout must be obtained in a
short time [32]. In the manuscript, we aimed to investi-
gate if pattern recognition/modeling algorithms applied
to FTIR spectra can be used to distinguish samples ob-
tained from VEGF overexpressing colorectal cancer cells.
For this purpose, we overexpressed VEGF165 isoform in
human colorectal cancer cell line HCT-116, since it is the
predominant isoform of VEGF and commonly found to be
elevated in a variety of solid human tumors [33]. PCA and
LDA analyses were applied to the FTIR spectra of the cell-
free CM obtained from VEGF165 overexpressing or EV
transfected control cells. Both analyses revealed a clear
distinction and classification between these two groups.
Presumably, this distinction and classification caused
not only by the secreted VEGF but also by the changes in
the secretome, a collection of proteins secreted into the
extracellular space, due to enhanced intracellular VEGF
expression [34]. In breast cancer cell line derived xeno-
graft models, Dore-Savard et al. were identified clear
differences between the tumor microenvironments (TME)
of xenografts with or without VEGF overexpression and
showed the role of VEGF in modifying the angiogenic
secretome [34]. Since TME plays roles in tumor growth,
angiogenesis and metastasis, there has recently been an
increased interest in this subfield of tumor biology [35].
Tumor secretome contains critically important factors of
the TME which shape the outcome of tumor initiation,

Figure 3: The differentiation of CM obtained from VEGF
overexpressing colorectal cancer cells by unsupervised PCA.
(A) Scores plot with Hotelling’s T2 limit obtained at 4,000–650 cm−1

spectral region for EV and VEGF groups. (B) Explained variance plot,
obtained for the error, measures how much information is
considered by each PCs by means of calibration (blue-colored) and
validation (red-colored) curves.
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progression and contain a collection of regulatory mol-
ecules identifying the biochemical and physical micro-
environment of cancer cells and therefore determine the
response to tumor treatment [34,35]. Our results revealed
that FTIR spectroscopy can be used as a powerful tool to
distinguish TME with different characteristics and
therefore can be evaluated as a new analysis method for
the identification of tumor interstitial fluid samples
based on tumor VEGF expression levels.

In this manuscript, we also showed that FTIR spec-
troscopy coupled with PCA and LDA approaches was also
able to discriminate TM treated samples from untreated
counterparts. Although a distinct borderline between
VEGF and EV-TM groups was obvious, these two groups
were located within relative proximity to one another. As
an N-glycosylation inhibitor, TM causes endoplasmic re-
ticulum stress resulted from protein misfolding [36]. Very
recently, we have shown that TM treatment enhances VEGF
expression and secretion in different types of cancer cells,
including colorectal cancer cells [37]. Therefore, closer
proximity of the VEGF group to EV-TM group, in terms of
the distance between these groups, may indicate an
elevated VEGF expression and secretion level in EV trans-
fected cells caused by TM treatment.

In sum, FTIR spectroscopy coupled with PCA and
LDA can be used to identify VEGF overexpressing

Figure 4: The classification of CM obtained
fromVEGF overexpressing colorectal cancer
cells by supervised LDA. (A) The
discrimination plot obtained at 4,000–
650 cm−1 spectral region for EV and VEGF
groups. (B) Confusion, (C) prediction, and
(D) classification matrices for EV and VEGF
groups.

Figure 5: The differentiation of CM obtained from TM treated HCT-
116 cells by PCA. (A) Scores plot with Hotelling’s T2 limit obtained at
4,000–650 cm−1 spectral region for for the experimental groups.
(B) Calibration (blue-colored) and validation (red-colored) curves for
explained variance.
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epithelial cells through analyzing growth medium
instead of using conventional methods aiming to analyze
intracellular VEGF expression (i. e., western blotting,
qRT-PCR, immunocytochemistry) and/or VEGF secretion
(i. e., ELISA). Besides, this method has the potential to be
used as a new approach to discriminate the characteris-
tics of serum/plasma samples either from colon cancer
patients or patients with other types of tumors depending
on VEGF expression levels. Although further studies
comprising the sufficient number of patient samples with
known VEGF expression levels and clinicopathological

factors are needed, our results suggest that FTIR spectra
can be applied to triage or stratify the patients with tu-
mors. As preprocessing steps in machine learning, PCA
and LDA methods applied to FTIR spectra would ideally
fit the needs of clinics being cost-saving and rapid
approaches.
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