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ARTICLE INFO ABSTRACT

Keywords: This work aimed to characterize normal, benign and malignant excised breast tissues through the analysis of the
FTIR FTIR spectra of their plasma membrane proteins. Tissue characterization parameters such as peak position, peak
Breast cancer intensity, area under the peak, relative peak intensity and relative area under peak were evaluated mainly for
Plasma membrane proteins protein spectral peaks; 1150 cm ~}, Amide I, Amide II, Amide III, and Amide A. The sensitivity, specificity and
;e;;zzant diagnostic accuracy for each parameter were obtained and Receiver Operating Characteristic (ROC) Curves were
plotted. Results showed significant spectral differences between normal and benign tissues compared to ma-
lignant tissues at 1536 and 1645 cm ™~ . The three tissues could be distinguished at 2900 cm ™", where the ma-
lignant peak uniquely split into two separate peaks. ROC curves showed that the Amide A peak position yielded a
higher accuracy compared to all other investigated characterization parameters. The deconvolution of Amide I
revealed the conformational changes in plasma proteins characterizing the transformation to malignancy (a
decrease in the percentage of alpha helix accompanied by an increase in the percentage of beta sheets). The use
of the present structure-based analysis in conjunction with histopathological examination of excised breast

tissues would offer an enhanced characterization that might reduce possible personal diagnostic mistakes.

1. Introduction

Breast cancer is the most common cancer and the main cause of
cancer-related death in women [1,2]. It is reported that its incidence is
still increasing [3,4]. In 2018, about 627,000 women died due to breast
cancer, representing about 15% of all cancer deaths among women [5].
The annual number of new breast cancer cases per 100,000, varies
globally as 27 in Middle Africa and Eastern Asia, 89 in Western Europe
and 92 in Northern America [6].

Massive efforts have been exerted in order to offer a reliable mean
for the diagnosis of breast cancer. This includes the differentiation be-
tween benign and malignant tumors using a wide range of proposed
methods and techniques [7-12].

Following diagnosis with breast cancer, mastectomy is one of the
main treatments of choice [13-15]. After mastectomy, it is crucially
important to provide accurate histopathological characterization of the
excised breast tumor, mainly, for being benign or malignant. This
would define the following medical course. An incorrect diagnosis may
lead to life-threatening consequences. A variety of tools have been
proposed for the characterization of excised breast tissues. These tools
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would help in avoiding possible personal diagnostic mistakes in addi-
tion to inter- and intra-observer variability [16-22].

Vibrational spectroscopic procedures, including FTIR spectroscopy,
are probable techniques for non-invasive optical tissue diagnosis.
Currently, the use of spectroscopic techniques in biological investiga-
tions has expanded a lot. Clinical examinations related to cancer di-
agnosis using spectroscopic tools have attracted the attention of clinical
and non-clinical researchers [23-27].

Infrared spectroscopy is one of the oldest and well-established ex-
perimental techniques for the analysis of the secondary structure of
polypeptides and proteins [28-30]. It has been used in the character-
ization of a wide-range of compounds and biomolecules [31-33].
Fourier Transform Infra-red (FTIR) has been applied to the character-
ization of several cancer types [34-38].

FTIR spectroscopy has been extensively used for the characteriza-
tion of benign and malignant excised breast tissues using different ap-
proaches and analytical procedures [39-43].

FTIR investigations of breast tissues have been carried out mainly
on the whole tissue without further extractions [41,43]. Although this
holds the advantage of time saving and simplicity, yet it makes the
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obtained results molecularly nonspecific. In other words, it cannot be
related to changes, for example, in certain protein or group of proteins.

The aim of this work is to investigate the ability of characterizing
normal, benign and malignant excised breast tissues via extensive
analysis of the FTIR spectra of their plasma membrane proteins. The
study involves the introduction and evaluation of tissue characteriza-
tion parameters in terms of sensitivity, specificity and diagnostic ac-
curacy obtained from the cutoff values of scatter diagrams. Data are
further analysed using Receiver Operating Characteristic (ROC) Curves
in addition to the deconvolution of Amide I plasma protein peak. This
offers a unique secondary structure-based characterization of different
breast tissues.

2. Materials and methods
2.1. Sample preparation

Excised breast tissue specimens were collected over a period of one
month for women undergoing mastectomy. These samples were taken
just before sample disposal. The samples are completely obscure and
cannot be linked to specific patients. A histopathologist classified the
specimens into 15 normal, 15 malignant, and 15 benign tissues. The
total number of tissues investigated in the present study was chosen
according to previous related studies [44,45].

The samples were maintained at -80°C until further use. Ab65400
Kit (Abcam, United States) was used to extract plasma membrane
proteins from excised breast tissue samples. This kit provides optimized
buffers and reagents for efficient extraction of membrane proteins from
mammalian tissues. According to the kit manufacturer, this kit offers a
consistent yield and high purity (over 90%). The same kit has been used
by too many authors for the same purpose in their recently published
work [47-49].

2.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was carried out for the extracted plasma mem-
brane proteins from all breast tissue samples. Tissues are ground with
KBr in the ratio of 1:100 and compressed using a hydraulic press under
a pressure of 15,000 lbs. The pellets were scanned in an inert atmo-
sphere over a wave number range of 4000-400 cm ~ ! using Hitachi 295
spectrophotometer (Jasco, Mod 4100, Japan). The control (normal),
benign and malignant tissues were all subject to the same treatment,
therefore, the observed spectral changes will be probably related to
corresponding changes in the different samples.

2.3. Data processing

The FTIR spectra of normal, benign, and malignant samples were
acquired, area normalized and the average spectrum of each of the
three tissue categories was calculated. Five absorption peaks; at
1150 cm ™! (C-O-C stretching mode of carbohydrates), 1240 cm ™’
(Amide III mode), 1536 cm ™~ * (due to N—H bending coupled to a C—N
stretching vibrations), 1645 cm ™! (due to C=0 stretching vibration)
and 3456 cm ™! (due to N—H stretching) were used to investigate the
difference between normal, benign, and malignant samples. A set of
recommended FTIR characterization parameters (peak position, peak
intensity, area under the peak, relative intensity and relative area) were
employed, for the five selected peaks, to get quantitative values for the
substantive characteristics of different FTIR spectra. The mean area
under peak parameter was calculated from the spectral data using the
trapezoidal integration method with the help of Microsoft Excel 2010.
The relative intensity and relative area under peak parameters were
determined by dividing the band area and band intensity of Amide I
peak at 1645cm ™! (sensitive to protein secondary structure) by the
band area and band intensity of each of the remaining 1150, 1240,
1536 and 3456 cm ™! peaks.
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Duncan multiple range test was carried out utilizing the IBM SPSS
17 statistical software package to evaluate whether the selected spectral
peaks could significantly differentiate between the three tissue types
using the suggested five characterization parameters, which were seen
as a possible diagnostic test for the characterization of each breast
tissue type and malignant lesions.

2.3.1. Diagnostic indices of scatter diagrams

Scatter diagrams are a tool to calculate the sensitivity, specificity
and diagnostic accuracy of diagnostic tests. In this work, they showed
each breast tissue type on the x-axis and the corresponding individual
values of a certain diagnostic test on the y-axis. The optimum cutoff
value was calculated by the Index of Union approach as described in
[50], at which the cutoff value taken at a point where the difference
between sensitivity and specificity is minimum. The horizontal line
represented the cutoff value of malignant samples and was used to
differentiate them from normal and benign samples.

The diagnostic sensitivity is the percentage of samples with the
disease diagnosed properly by the test as positive (true positive divided
by the total of true positive and false negative). The diagnostic speci-
ficity is the percentage of samples without the disease specified prop-
erly by the test as negative (true negative divided by the total of true
negative and false positive). The diagnostic accuracy is the percentage
of samples properly particularized as true positive and true negative out
of all tested samples (the total of true positive and true negative divided
by the total number of samples) [51,52].

2.3.2. Receiver Operating Characteristic (ROC) curves

To evaluate the performance of diagnostic tests, the standard
Receiver Operating Characteristic (ROC) curve method was used
[17,18]. AROC curve was obtained by changing the cutoff values above
and under the optimum cutoff and evaluating the corresponding spe-
cificity and sensitivity [17,53-55]. The evaluation of a desirable diag-
nostic characterization parameter was determined by calculating the
area under the ROC curve (AUC). A value of AUC in the range of
0.5-0.7 indicated a poorly accurate test. A test value of 0.7-0.9 in-
dicated a moderately accurate test, while a highly accurate test had a
value of 0.9-1.0. The test was non-informative when AUC was < 0.5,
while a perfect test had an AUC value equal to unity [54,56].

2.3.3. Second derivative and deconvolution of Amid I band

A seven-point Savitzky—Golay filter was used to obtain smoothed
area-normalized FTIR spectra and their corresponding second deriva-
tive spectra were obtained using Origin 8.0 software [17,57-59].
Spectral peak deconvolution was applied to uncover the protein sec-
ondary structure components comprising the Amide [ band
(1600-1700 cm ™ 1) of the investigated breast tissue samples [60,61].
Since this band arises from the C=0 stretching vibration of the peptide
group and its frequency depends on hydrogen bonding and coupling of
the polypeptide backbone, it is sensitive to protein conformation [62].
The spectral deconvolution of Amide I absorption band was achieved
via Gaussian curve fitting tool in Origin 8.0 software, where the ele-
ments of protein secondary structure were determined using the fre-
quencies predicted by the second derivative [57,63]. The peak posi-
tions, widths and heights corresponding to different protein secondary
structure components were thus elucidated [64].

3. Results & discussion
3.1. The average spectra of plasma membrane proteins for distinct samples

The average spectra of each of the investigated samples (Fig. 1)
reveal a superior absorption of plasma membrane proteins from ma-
lignant tissues over those from normal and benign ones. Notably, the
malignant spectra demonstrate the highest absorption peaks at amide II
(1540-1570 cm ™) and Amide I (1600-1700cm 1), in line with the
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Fig. 1. Average spectra of plasma membrane proteins after area normalization of the spectra of individual samples designated in blue for normal, red for malignant
and golden yellow for benign. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

proteomics data in [65,66].

Surprisingly, the absorption peak around 2900 cm ™! due to CHy/
CHj stretching vibrations [41,67] apparently separates the three can-
didates. The existence of this peak is attributed to the presence of la-
pidated peptides in plasma membrane proteins [68,69]. Noteworthy,
the malignant sample is the only one that splits into two peaks at
2887 cm ™' & 2918 cm ™.

3.2. FTIR-breast tissue characterization

The statistical significance of breast tissue characterization using the
parameters driven from the absorption peaks at 1150cm™?,
1240cm ™}, 1536cm™!, 1645cm ™! and 3456cm ™! are calculated
using Duncan multiple range test. Table 1 introduces the character-
ization parameters which significantly (p < 0.05) distinguish between
plasma membrane proteins from different breast tissues, yet, the
parameters providing non-significant characterization results are not
listed. The parameters significantly distinct normal and benign samples
from those of malignant samples (area under peak and peak intensity at

Table 1

1536 and 1645 cm ™~ *, intensity ratio (1645/3456 cm ™ 1) and area under
peak ratios (1645/1150cm ™' and 1645/3456cm™'). It also shows
significant (p < 0.05) differentiation between normal and malignant
samples using the peak position parameter at 1645 cm ™' and between
normal and benign samples (at area under peaks 1150 cm™! and
1240 cm ™! and peak position 3456 cm ™). Despite most characteriza-
tion parameters are unable to discriminate between normal and benign
samples, yet the later parameters represent a bright spot to rely on as
they can significantly distinguish between benign and normal samples.
Although, the last two parameters (area under the Amide III peak at
1240 cm ™! and peak position shift of Amide A at 3456 cm ™) poorly
distinguish plasma membrane proteins from normal and malignant
tissues. Therefore, they can be utilized in conjunction with the other
successful characterization parameters to characterize the three tissue
types using FTIR analysis of their plasma membrane proteins.

3.3. Sensitivity, specificity and ROC curves

Table 2 shows the sensitivity, specificity and diagnostic accuracy of

Characterization parameters and bands that are significantly able to distinguish between membrane proteins of the three candidates (P < 0.05). Values with

different symbols are statistically different according to Duncan's test results.

Characterization parameters Normal Benign Malignant

Area under peak 1150 cm ™! 0.027 + 0.004 ? 0.033 = 0.005° 0.023 + 0.005 *
1240 cm ™! 0.011 + 0.002* 0.014 + 0.001 ° 0.012 + 0.001 P

Amide I (1645cm™ 1) 0.023 + 0.005 ? 0.020 + 0.008 * 0.038 + 0.018"°

Amide II (1536 cm ™ %) 0.008 + 0.004 ? 0.008 + 0.003 ? 0.014 + 0.008 °

Peak intensity Amide I (1645 cm ™) 0.0003 = 0.0 0.0002 = 0.0 0.0005 + 0.0°

Amide II (1536 cm ™ ') 0.0002 + 0.0° 0.0002 * 0.0 ° 0.0003 = 0.0°
Peak position Amide I (1645cm ™) 1644.08 + 7.714 ° 1645.35 + 5.388P 1649.87 + 6.286 °
Amide A (3456 cm ™ 1) 3408.18 + 14.331 3387.27 + 14.767 ° 3413.16 = 13.124%

Intensity ratio 1645/3456 cm ™ 0.355 + 0.095 ? 0.319 * 0.097 ? 0.593 + 0.277 ®
Area under peak ratio 1645/1150 cm ™ * 0.862 + 0.303 2 0.651 + 0.339? 1.870 + 1.315°
1645/1240 cm ! 2.267 + 1.136 *° 1.495 + 0.724 3.111 + 1.561°

1645/3456 cm ™ 0.076 + 0.021 ? 0.072 + 0.023 ? 0.123 + 0.052°
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Table 2
Sensitivity, Specificity and Diagnostic accuracy of selected characterization
parameters that significantly differentiate malignant from normal and benign
samples. Amide A, peak position also differentiates between normal and benign
samples.

Characterization parameters Sensitivity ~ Specificity Diagnostic
(%) (%) Accuracy (%)
Area under peak Amide I 69.2 68 70.3
Amide 11 61.5 59.1 60
Peak intensity Amide I 69.2 75 72.9
Amide II 69.2 66.7 67.6
Peak position Amide A to differ 84.6 84.6 84.6
between Benign
and malignant
Amide A to differ 72.7 69.2 70.8
between Normal
and benign

the investigated characterization parameters to differentiate breast
tissue samples at the optimal cutoff values. Fig. 2 (a, b) presents the
scatter diagrams used for the calculation of the diagnostic indices for
intensity and area under Amide I peak (1640 cm™Y) parameters for the
characterization of malignant from normal and benign samples. The
corresponding area under the ROC curves (0.837 and 0.801, respec-
tively) for the two parameters are presented in Fig. 3 (a, b). This con-
firms the capability of the FTIR technique to differentiate malignant
samples from normal and benign ones. The AUC values of the ROC
curves of the ratio of intensities and areas at 1645/3400 cm ™~ * (Data not
shown) are 0.808 and 0.801, respectively. The intensity and area of the
1536 cm ™~ ! peak show AUC values of 0.744 and 0.734, respectively
(Data not shown) indicating slightly less accurate performance to set
apart malignant from normal and benign samples compared to the
other parameters.

The ROC curves in Fig. 3 (c, d), obviously, confirms the extent of
characetrication accuracy of Amide A (3400cm™') peak position
parameter, yielding AUC values of 0.825 and 0.858 that are considered
accurate in distinguishing between c¢) normal and benign and d) benign
and malignant samples, respectively.

3.4. Band narrowing technique and protein secondary structure

FTIR is an outstanding technique in its sensitivity to conformational
changes in proteins. In this work, protein secondary structure is ex-
tensively investigated utilizing a band narrowing technique (the second
derivative of the acquired FTIR spectra) and the deconvolution of
Amide I peak (1640 cm™ Y. Fig. 4 illustrates the second derivative
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spectra of the three breast plasma membrane protein samples in Amide
I region (1600-1700 cm ™~ 1). One can notice that each spectrum appears
fractioned into distinct secondary structure components. Notably the
peak at 1650 cm ™' appears as two separate minima in the benign
spectrum (1648.9 & 1652.7 cm ™) compared to normal while it com-
pletely disappears in the malignant one. This attitude refers to the re-
duction of alpha helix component of malignant proteins [39].

Additionally, the shift to lower wave number 1627 cm ! of benign
and malignant spectra at 1630 cm ™! (beta strands) compared to normal
can ultimately differentiate normal proteins from tumors. This shift
refers to the induction of conformational changes in benign and ma-
lignant proteins.

Table 3 shows the plasma membrane proteins-secondary structural
components of each candidate and its percentage (revealed after de-
convolution of the Amide I peak). Interestingly, the shift from normal to
malignant state accompanied by a change in secondary structure from
helix to sheets, besides a slight increase in the percentage of random
coils and aggregates. This clearly interprets the spectral changes in the
Amide I region of the second derivative spectra. Up to the authors'
knowledge, this is the first time that FTIR spectra of plasma membrane
proteins are used as a probe for the detection of breast cancer.

In a previous work by the same authors [41], the FTIR spectra of
whole tissues were used to differentiate between the three breast tissues
(normal, benign and malignant). The problem with the previous study
is that it was not possible to relate the observed changes in the FTIR
spectra of different tissues to a specific group of proteins. That is why
the present study focuses only on plasma membrane proteins to unveil
their possible contribution to the changes in the FTIR spectra of breast
tissues. Although the measurements of whole tissues would be much
easier, yet, in fact, the measurements of extracted proteins would be
much more informative in terms of structural information on the in-
volved proteins.

Changes in peak position originate mainly from conformational
differences between plasma membrane proteins in different tissue
types. One common conformational change is the transformation from
alpha helix to beta sheet conformation. It is difficult in the present stage
to correlate these changes to a specific protein. It will need further
extensive proteomic analysis.

4. Conclusion

It is shown that extensive analysis of the FTIR spectra of plasma
membrane proteins from normal, benign and malignant breast tissue
samples can successfully characterize all three tissues. It was interesting
to note that the shift from normal to malignant state was accompanied
by a change in secondary structure from helix to sheets, besides a slight
increase in the percentage of random coils and aggregates. The merit is
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Fig. 2. Scatter diagram for (a) Intensity and (b) area under Amide I band at 1640 cm ~'. The horizontal line is the optimal cut-off value to set apart malignant from

normal and benign samples.
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Fig. 3. ROC curves for (a) Intensity and (b) area under Amide I band at 1640 cm ™! to set apart malignant from normal and benign samples. Area under ROC curves
are 0.837 and 0.801 for a and b, respectively. (c) and (d) ROC curves for Amide A peak position at 3400 cm ™! to distinguish between normal and benign and benign
and malignant samples, respectively. Area under ROC curves are 0.825 and 0.858 for ¢ and d, respectively.

that, this characterization is based on the protein structural changes
accompanying the transformation to malignancy. This is a new per-
spective that is independent on personal judgement and may help to
reduce possible personal errors associated with histopathological di-
agnosis. We recommend the use of FTIR as a confirmation tool in
conjunction with the histopathological analysis/diagnosis of cancerous
tissues. Once a contradiction between both results is detected, the
histopathological Analysis/Diagnosis should be rechecked by one or
more histopathologists.
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Table 3
Secondary structure components of membrane proteins for each of normal, benign and malignant samples deconvoluted from the Amide I band. The percentage of
each conformational structure is shown. Values with different symbols are statistically different according to Duncan's test results.
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Area under deconvolved peak (1600-1700 cm ™ 1)

Normal

Benign Malignant

Alpha helix (1648-1660 cm ™)

(1660-1670 cm ™) 45.5%
Beta sheets/turns 0.001 + 0.0?
(1625-1640 cm ™ 1) 32.6%

(1670-1695cm ™)
Random Coil 0.0009 = 0.0?
(1640-1648 cm ™ 1) 9%

Aggregated strands

(1610-1628 cm ™) 12.9%

0.0026 * 0.003 *

0.0014 = 0.0 *°

0.0015 * 0.002 * 0.0046 + 0.004 °

39.8% 31.7%
0.0011 + 0.002 * 0.0031 = 0.0°
38.2% 44.5%

0.001 = 0.001 * 0.0029 + 0.002°

9.2% 10.1%
0.0008 + 0.001 * 0.0025 + 0.002°
12.8% 13.7%
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