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Featured Application: Use of portative Raman instruments in clinical investigation of colon
tissue samples.

Abstract: Portable Raman spectrometers may offer advantages for clinical medical diagnostics over
laboratory instruments by allowing for quick measurements in the field and provision of data suitable
for screening analyses. This work evaluates the potential of using available handheld, modular,
and laboratory Raman spectrometers for screening normal colon tissues and benign and malignant
colon polyps. The Raman spectra of tissue samples and reference biological macromolecules were
measured with these instruments and analyzed using curve fitting and multivariate statistics. The
spectra of calf thymus DNA measured with portable devices showed suitable signal-to-noise levels
and half-widths of the prominent bands. Band positions, resolution, and relative intensities in
the Raman spectra of colon tissues and reference compounds varied for the instruments, and the
laboratory device demonstrated the best spectral feature. The principal component analysis (PCA)
of the spectra obtained with all Raman devices showed well discrimination of normal colon tissue,
adenomatous polyp, and adenocarcinoma. Dendrograms of similarity obtained using hierarchy
cluster analysis (HCA) for the Raman spectra of all three devices also showed good separation of
these samples. The soft independent modeling of class analogy (SIMCA) and support vector machine
(SVM) models efficiently classified normal colon tissues and benign/malignant colorectal polyps
based on the Raman data from all three devices. Despite its less pronounced spectral characteristics,
the handheld Raman spectrometer can be used in early diagnosis of colorectal carcinoma, comparable
to the modular and laboratory instruments.

Keywords: portable Raman instruments; early cancer diagnosis; colorectal carcinoma; colon tissues;
discrimination analysis

1. Introduction

The past decade saw significant progress and the widespread integration of modern
technologies into daily life. The development of artificial intelligence and novel smart
technologies provides immense relief to society [1]. The main advantage of introducing
new technologies is that it is easy and quick to obtain objective results right on the spot,
which allows for quick decisions in various life situations. Clinical diagnosis is one of
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the areas that require rapid results of screening analyses, especially in the case of severe
diseases like colorectal carcinoma [2]. Quickly obtaining a test result and determining a
preliminary diagnosis can play a decisive role in saving a human life.

Modern technologies that can be useful in clinical diagnosis include Raman spec-
troscopy [3]. This is a non-destructive method of molecular spectroscopy based on mea-
suring the energy of inelastic scattering emitted by pre-excited sample molecules [4]. The
Raman spectrum provides chemically specific information about the biological and bio-
chemical components in cellular and tissue environments. It helps to identify and reveal
anomalies in the composition and structure of biological tissues [5]. Although Raman
spectroscopy principles have been known for almost a century, recent advancements in
instrumentation and operation have expanded the potential of this method for use in vari-
ous environments. It also appears to be a promising diagnostic tool using intrinsic markers
and, thus, provides biochemical information without the need for additional fluorescent or
radioactive labeling [6].

In research and routine laboratory conditions, Raman spectrometers commonly deal
with clinical samples obtained from patients and stored, whether modified or unmodified,
for ex vivo analysis only. However, the clinical practice needs Raman equipment for
both in vivo and ex vivo configurations, and portable tools are preferable for rapid and
non-invasive diagnoses [7–9].

The term “laboratory” in the context of Raman spectrometers defines a system where
all necessary components are permanently in the laboratory where the measurements occur.
On the other hand, “modular” is a portable system where one or more components are
located externally and connected to the main body (the spectrometer). Finally, “handheld”
refers to a miniature system manipulated by holding it in the hands, with all components
in one body [10].

The modular variants of Raman spectrometers are suitable for repeating routine
analyses at clinical laboratories, and the fiber optic probes permit us to use them for
in vivo examinations. Further minimization led to the development of handheld Raman
spectrometers that open up possibilities for measurement in current clinical practice, routine
analysis in field conditions, and obtaining results in real time. The handheld systems, unlike
their portable modular and laboratory counterparts, are compact autonomous systems in
which Raman spectra are often displayed on a handheld unit display, allowing for a more
unrestricted approach to performing testing at a lower cost, with ease of transport, and
with handling in a variety of environments such as places of ambulatory care. Today, the
application area of handheld Raman spectrometers includes forensic science [11], analysis
of pharmaceuticals and vaccines [12,13], food authenticity and safety monitoring [14–16],
and even known attempts at clinical medical diagnosis [10,17–19].

Colorectal cancer (CRC) is the third most common type of malignancy, after prostate
cancer in men and breast cancer in women. It is a frequent disease with a relatively high
mortality rate due to its late detection at advanced stages when the treatment options
are more aggressive, expensive, and have a poor prognosis [20]. Virtually all cases of
CRC arise from adenomatous colorectal polyps, which can transform into carcinoma over
time. It is possible to prevent this process by early detection and removal of adenomatous
polyps before their malignant transformation. The development of screening methods and
the involvement of the non-symptomatic population over fifty years old in the National
Colorectal Cancer Screening Program show a positive trend in the decrease in mortality
from colorectal cancer [21,22]. Colonoscopy is now considered the “gold standard” di-
agnostic and treatment tool for detecting and removing neoplasms, biopsy lesions, and
asymptomatic colorectal polyps by screening the mucosa of the large intestine. However, a
definitive diagnosis of CRC requires the histological examination of biopsy tissue samples.
It is one of the slowest steps of the screening examination, taking about 10–14 days. More-
over, it requires complex preparative procedures for tissue samples, and the result depends
on the pathologist’s experience [23,24]. The biopsy examination using a handheld Raman
spectrometer could improve diagnosis and treatment decisions.
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This work considers and compares the capabilities of a handheld Raman spectrometer
with already proven, higher-category modular and laboratory instruments in terms of its
efficacy in a screening assay aimed at the clinical diagnosis of colorectal adenocarcinoma.
For this study, we selected representative samples of normal colon tissue and benign and
malignant colorectal polyps evaluated through a histological analysis. The expected results
will contribute to the development of screening methods and the involvement of new
instrumental technologies in the timely detection of early stage cancer disease. With the
help of such screening assisted with a handheld Raman device, the attending physician
could determine the correct diagnosis directly during the examination of the patient and,
thereby, improve the prognosis, use more gentle methods of therapy, and enhance the
quality of treatment.

2. Materials and Methods
2.1. Tissue Samples and Reference Compounds

Human colorectal tissues were obtained from patients of the Fourth Internal
Clinic—Gastroenterology and Hepatology of the First Faculty of Medicine and the General
University Hospital in Prague (Charles University, Prague, Czech Republic) at routine
colonoscopic examinations. The samples included control colon tissue cuts without patho-
logical changes, colon polyps of benign tubulovillous adenoma with low-grade dysplastic
changes, and colon polyps of invasive adenocarcinoma.

The histological examination of colorectal tissues occurred at the Institute of Pathology
of the First Faculty of Medicine and General Teaching Hospital. All patients who agreed
to participate in this project signed their informed consent. The Ethics Committee of the
First Faculty of Medicine and the General University Hospital in Prague gave the ethical
approval (No. 1173/20/S) of this study (No. 45/19, grant AZV 2020VF).

The reference standards of calf thymus DNA, human serum albumin (HSA), rat
tail collagen, and sodium hyaluronate from Streptococcus equi corresponding to major
tissue macromolecules were purchased from Sigma Aldrich (St. Louis, MO, USA). The
spectroscopic measurements of these compounds were made under the same conditions as
the measurements of the colon tissue samples.

2.2. Instrumental Equipment

Three different Raman instruments were used in this comparative study (Figure 1).
These are a handheld Raman spectrometer Ahura FirstDefender (Thermo Fisher Scien-
tific, Waltham, MA, USA), modular portative i-Raman Plus spectrometer (B&W Tek Inc.,
Newark, DE, USA), and laboratory DXR SmartRaman spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Basic parameters of these instruments are summarized in
Table 1.

Before the Raman measurements, the colorectal tissue samples were washed in 0.9%
NaCl and dried with filter paper to remove the wash solution. Then, the samples were
placed on a polished stainless-steel microscope slide (25 mm × 75 mm × 0.9 mm) (El-
liot Scientific, St Albans, UK) and analyzed through Raman spectroscopy using different
Raman spectrometers at 22 ◦C. The spectra of each sample were recorded at 25–30 indepen-
dent sites.

2.2.1. Measurement with Handheld Raman Spectrometer

The measurement of reference compounds and tissue samples with a handheld Ahura
FirstDefender instrument (λex 785 nm) was performed in automatic mode with a spectral
resolution of 7–10.5 cm−1 for up to 1–3 min. The power of the laser focused on the sample
was ~75 mW.

2.2.2. Measurement with Modular Raman Spectrometer

The measurement of reference compounds and tissue samples with a mobile i-Raman
Plus spectrometer (λex 785 nm) was provided in macroscopic mode using fiber optic probe.
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The spectra were recorded in the region of 175–3110 cm−1 with spectral resolution of
4.5 cm−1. Each spectrum was generated through the accumulation of 3–10 scans with a
laser exposure time of 60–90 s per scan. The laser output power was ~90 mW.
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Table 1. Comparison of laboratory, modular, and handheld Raman instruments used in this work.

Characteristics

Types of Raman Instruments

Laboratory
Portable

Modular Handheld

Specification DXR SmartRaman i-Raman Plus 785H Ahura FirstDefender
Company Thermo Fisher Scientific B&W Tek Inc. Thermo Fisher Scientific
Address Waltham, MA, USA Newark, DE, USA Waltham, MA, USA
Size (cm) 91 × 63 × 34 17 × 34 × 23.4 19.3 × 10.7 × 4.4

Weight (kg) >50 3 0.8
Computer Desktop, serial port Laptop, USB Internal software

Excitation wavelength (nm) 780 785 785
Laser outlet power (mW) 90 90 (<300) 75

Detector CCD CCD CCD
Spectral range (cm−1) 100–3409 175–3110 250–2875

Spectral resolution (cm−1) 2.4–4.4 4.5 7–10.5
Number of scans 3–100 3–10 1

Measuring time (min) 3–100 6–60 1–3

2.2.3. Measurement with Laboratory Raman Spectrometer

The measurement of tissue samples with a DXR SmartRaman Raman spectrometer
was performed in macroscopic mode using a sample holder. This instrument is equipped
with a DXR 780 nm HP Laser and a diffraction grid comprised of 400 lines per mm. The
power of the laser output was ~90 mW. The final spectra were obtained by averaging
3–100 scans, each with an exposure time of 20–60 s. The spectra were measured in a spectral
region of 100–3409 cm−1 with a resolution of 2.4–4.4 cm−1.

2.3. Processing of Raman Spectra

Raman spectra of the reference compounds and colon tissue samples were exported to
Origin 6.0 (Microcal Origin, Northampton, MA, USA) software as the ASCII data files for
further processing (FFT filter smoothing by 5 points, manual baseline correction). The mean
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spectra and standard deviations were calculated for 25–30 measurements at independent
sites of the samples of colon tissue, adenomatous polyp, and colorectal adenocarcinoma.

For all the Raman instruments, the working spectral region of Raman spectra
(600–1800 cm−1) of calf thymus DNA was analyzed using the normalized least-squares
curve-fitting procedure (PeakFit module of Origin 6.0) using multiple Voigt (Gaussian-
Lorentzian mix) curves. The best curve-fitting was specified by the lowest possible χ2

values. The calculation of the bandwidth at half maximum (BWHM) of ten selected
bands in the Raman spectra of calf thymus DNA was obtained from the parameters of
the corresponding Voigt components in order to compare the effective spectral resolution
between instruments. The signal-to-noise ratio (SNR) for the same bands was calculated by
dividing the signal intensity in the raw spectra by the noise level in the operating region
of the spectrum. The noise level was defined as twice the standard deviation (SD) of the
difference between the original and smoothed spectra [25]. These steps were applied to
obtain the noise level near each studied Raman band.

The individual Raman spectra of tissue samples were imported to Unscrambler X
10.5.1 (CAMO Software AS, Oslo, Norway) software for a statistical evaluation, using
discrimination analyses, i.e., hierarchy cluster analysis (HCA) and principal component
analysis (PCA), for the working spectral region (600–1800 cm−1). This is the region of
prominent bands corresponding to stretching and deformation vibrations of the main
biological compounds like proteins, nucleic acids, and polysaccharides. Clustering was
performed using Ward’s method and squared Euclidean distance for 3 clusters. PCA
was applied with mean center data for four principal components using singular value
decomposition (SVD). The results of the HCA and PCA were represented by dendrograms
and component score plots, respectively.

Based on the PCA models generated for each class, i.e., normal colon tissue, adeno-
matous polyps, and adenocarcinoma, represented by 25–30 measurements in independent
regions of the sample, the soft independent modeling of class analogy (SIMCA) algorithm
was implemented using Unscrambler X 10.5.1. For each representative sample, training
spectroscopic data were collected to represent the spectral particularity of normal colon
tissue, adenomatous colorectal polyp, and adenocarcinoma, including their inherent vari-
ability caused by the heterogeneity in structure and biochemical composition. For this
purpose, PCA was carried out separately for each class of the training sample of 75 spectra
(25 independent measurements for each class) in the range of 600–1800 cm−1. The SIMCA
model consisted of 7 PCs in each class. After performing PCA on the test data, it was
projected into the 7-dimensional data space of each model and assigned to the class with
the closest distance. SIMCA results were presented as 3D Cooman’s plots of residual
distances. Individual Raman spectra in the range of 600–1800 cm−1 for all classes of tissue
samples and all Raman instruments were also classified using support vector machine
(SVM) models. A linear kernel algorithm was selected for the classification task, and the
cross-validation process involved ten segments.

3. Results and Discussion
3.1. Specifics of Measurements on Selected Devices

Three Raman instruments, defined as laboratory, modular, and handheld, were used
in this work. Each of these selected devices has evident specificity associated with the
Raman spectra measurement and related to their design, excitation wavelength, spectral
resolution, and other properties. These differences are visible in the example of raw Raman
spectra of a calf thymus DNA sample measured with these instruments and adjusted to a
unified Raman intensity scale (Figure 2). The handheld Ahura FirstDefender instrument
possessed a one-scan Raman spectrum of relatively high noise and low spectral resolution
but with several well-resolved signals in the chosen working region of 600–1800 cm−1. The
portable i-Raman Plus instrument produces a Raman spectrum with more intense bands
and higher signal-to-noise levels corresponding to the spectrum obtained with the Ahura
instrument. Finally, the laboratory DXR SmartRaman instrument produces Raman spectra
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of the highest resolution and band intensity about noise but needs more measuring time to
collect enough scans to obtain a spectrum of good quality. A high-fluorescence background
occurred in all cases, and linear mathematics baseline correction was applied to obtain
well-representative spectra.
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working region ranging from 600 to 1800 cm−1.

A size decrease in Raman spectrometers leads to a simplification of the design and,
therefore, to a deterioration in the measurement parameters and the quality of the Raman
spectra [26]. It is necessary to compare the spectra obtained on all these instruments to
assess the analytical capabilities using the examples of the reference biological macro-
molecules, colon tissue, and colorectal polyps.

3.2. Spectral Data Comparison between the Instruments

The use of portable devices for recording Raman spectra leads to a higher noise level
compared to laboratory instruments due to their smaller size and reduced analysis time,
both in the length of one scan and in the number of accumulations [26]. The SNR value
is essential for the efficacy of portable Raman devices since the relatively high noise level
is their drawback. Using the example of calf thymus DNA Raman spectra, SNR values
were obtained for ten selected bands, and they are represented in a histogram (Figure 3a).
For all these bands and devices, this value exceeded 9, which confirmed acceptable signal
detection. The differences between the devices were significant for all bands, and the
DXR SmartRaman showed the highest SNR values (~42–131), followed by i-Raman Plus
(~15–30) and Ahura FirstDefender (~9–18). The median SNR value was 70.7 for the DXR
SmartRaman, 20.9 for i-Raman Plus, and 12.2 for Ahura; the corresponding mean SNR
values were 75.6, 21.2, and 13.1. Relatively low SNR values obtained for portable Raman
devices do not limit the use of these instruments for various routine applications where
such extremely high sensitivity is not necessary.

The spectral resolution of a portable Raman spectrometer is a crucial measurement
parameter to distinguish between several adjacent Raman bands in the spectrum [27]. It is
useful, especially in the spectroscopic analysis of animal tissues. Biological macromolecules
that constitute cells and tissues, such as proteins, nucleic acids, and polysaccharides,
are characterized by complex Raman spectra with many often overlapping bands [5].
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Narrower signals in the spectrum enable a better resolution of adjacent bands or shoulders.
Otherwise, when the bands become broader, they may appear as shoulders or become
indistinguishable. This is especially true for the handheld equipment. Figure S1 represents
the multiple-curve fitting analysis of the Raman spectra of calf thymus DNA recorded
using the laboratory, modular, and handheld instruments, yielding 18 Voigt components for
each spectrum. The histogram in Figure 3b represents bandwidth comparison for selected
strong- or moderate-intensity bands detected in the calf thymus DNA spectrum for each
instrument. The spectral intervals corresponded to the positions of the Voigt maxima
obtained by approximating the peaks, and the bandwidths were also attributes of these
components. The BWHM values varied from ~15 to 73 cm−1 between bands and devices,
and the corresponding average values slightly increased in the order of DXR SmartRaman
(33.1 cm−1), i-Raman Plus (35.2 cm−1), and Ahura (35.9 cm−1). Based on the analysis of
glycine spectral data, the median BWHM value reported earlier for the Ahura instrument
was 14.4 cm−1 [28], which is more than twice lower than the value obtained in the present
study for the Raman spectrum of DNA. This difference can be explained by the fact that
polymeric substances like DNA typically have much wider vibration bands compared to
small crystalline molecules, and this broadening of the signals is especially pronounced in
amorphous polymers. All instruments of the current study showed more or less similar
BWHM values, probably due to the significant overlap of the bands used for calculation.
However, it is clear that, at least for the bands at around 1668, 1577, 1373, 1305, 788, and
732–736 cm−1, the laboratory DXR SmartRaman instrument provided spectra with the
lowest BWHM compared to the portable systems, for which the handheld device mostly
showed higher BWHM values. However, this trend was not observed for the remaining
bands at 1100–1336 cm−1.
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Figure 3. Comparison of SNR (a) and BWHM (b) values for ten chosen Raman bands of calf thymus
DNA in the spectra collected with handheld, modular, and laboratory Raman instruments. SNR was
calculated by dividing the signal intensity by the noise level in the operating region of the spectrum.

3.3. Raman Spectra of Reference Biological Macromolecules

Figure 4 shows the baseline-corrected and smoothed Raman spectra of model biopoly-
mer compounds, i.e., calf thymus DNA (Figure 4a), human serum albumin (Figure 4b),
rat tail collagen (Figure 4c), and bacterial hyaluronic acid (Figure 4d). These reference
compounds represent nucleic acids, globular and fibrillar proteins, and polysaccharides
glycosaminoglycans, i.e., the classes of biological macromolecules, which constitute colon
tissue and participate in many physiological and pathological processes, including carcino-
genesis. The Raman spectra of these compounds possess marker bands of macromolecular
tissue components, which help interpret the Raman spectra of normal and damaged
colon tissues.
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Figure 4. Raman spectra of reference biological macromolecules collected with laboratory (blue),
modular (green), and handheld (red) Raman instruments: (a) DNA; (b) HSA; (c) collagen; (d) HA.

The spectra measured on the Ahura FirstDefender, i-Raman Plus, and DXR Smar-
tRaman instruments are presented in the working wavenumber range of 600–1800 cm−1

and are arranged from top to bottom in rows adjusted to an intensity scale suitable for
comparison. The following subsections discuss the wavenumbers of Raman bands obtained
for the individual compounds using laboratory and portable instruments and also provide
their suggested interpretation based on the literature. Discussion is limited to the most
significant Raman bands in the specified spectral region.

3.3.1. Calf Thymus DNA

The spectra of calf thymus DNA measured using different instruments exhibited
evident similarity (Figure 4a). Table S1 summarizes the assignments of Raman bands
observed for calf thymus DNA. The spectra of calf thymus DNA are dominated by Raman
bands of nucleic bases—purines (A, G) and pyrimidines (C, T). There are three main
spectral regions in which these bands are localized [29–31]: C=O stretching vibrations
(1600–1750 cm−1); in-plane ring deformations of the ring (1000–1600 cm−1); ring breathing
and out-of-plane deformations (600–800 cm−1). In addition to these vibrations, the bands of
phosphate diester (P) and deoxyribose (dRib) residues also contribute to different regions
in the spectrum of DNA.
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The positions and relative intensities of the most pronounced peaks are very close, al-
though they vary somewhat within a range of up to 5 cm−1. The band position or intensity
deviations observed for portable instruments compared to the DXR SmartRaman could
be due to the influence of unresolved nearby bands. The portable instruments, especially
Ahura FirstDefender, produced broadened peaks, resulting in a reduced signal resolution
and the appearance of shoulders. For example, the spectrum obtained using DXR Smar-
tRaman showed well-resolved weak bands at 1504 and 1462 cm−1. In the case of portable
instruments, these bands were observed as shoulders of the peak at 1482–1485 cm−1 as-
signed to the in-plane ring vibrations in purines. The nearest weak band at about 1530 cm−1

arose from the C=N stretching vibration in C [29–31]. This band was observed as a shoulder
in the spectrum obtained using the Ahura FirstDefender device. DXR SmartRaman and
i-Raman Plus devices showed a partially overlapped weak band of the C–O stretching
vibration in deoxyribose (dRib) centered at 1066 and 1060 cm−1, respectively [29–31], while
the Ahura FirstDefender showed only an unresolved low-frequency shoulder of the strong
band at 1099 cm−1, which arose from the symmetric stretching vibration of P. Two intense
to medium bands observed at 677, 728, and 783 cm−1 and a well-resolved shoulder at
744 cm−1 in the spectrum obtained using the DXR SmartRaman were assigned to the ring
breathing vibrations in nucleic bases [29–31]. For the Ahura FirstDefender, the correspond-
ing bands were observed at higher frequencies, i.e., 670, 733, and 786 cm−1, due to the
adjacent unresolved bands. The shoulder near 744 cm−1 was unresolved in the spectra
obtained by the portable devices. Among the Raman instruments, these bands are the
narrowest for the DXR SmartRaman device, as confirmed by the peak fitting procedure
described above.

3.3.2. Human Serum Albumin

The spectra of human serum albumin (HSA) measured using different instruments
exhibited evident similarity (Figure 4b). Table S1 summarizes the assignments of Raman
bands observed for this protein based on the references [32–34]. With a few exceptions, the
position of individual bands in the HSA spectra varies slightly. The evident shifts observed
in some peaks are due to different ratios of two or more closely spaced bands depending
on the sensitivity and spectral resolution of the instruments. Three strong bands detected
in the DXR SmartRaman spectrum at 1655, 1449, 1337, and 1003 cm−1 are characteristic of
vibrations of amide I, scissoring of methylene groups, C-H deformation, and ring breathing
of phenylalanine (Phe), respectively [31]. The i-Raman Plus device showed almost identical
wavenumbers for these bands, while for Ahura, the corresponding bands were slightly
shifted towards higher frequencies. The spectra clearly show that this band is narrowest for
DXR SmartRaman and i-Raman Plus devices and much broader for Ahura FirstDefender.
For the laboratory instrument, the tyrosine (Tyr) doublet appeared in the spectrum of HSA
as two well-resolved bands at 827 and 851 cm−1 [32–34]. In the spectra obtained with
both portable devices, this doublet appears unresolved, having the second component
resembling a shoulder. Further, in the case of the SmartRaman device, the Trp indole ring
vibration band at 866 cm−1 is well-resolved [32–34], while in the spectra measured using
portable devices, it was observed as a shoulder of the adjacent band at 853–854 cm−1.

3.3.3. Rat Collagen Type I

Fibrillar collagens are connective tissue proteins with a periodic sequence of amino
acids and a specific triple helical conformation [35]. They are structurally different from
common globular proteins such as HSA and, thus, have distinct Raman spectra with high
contributions from the secondary amino acids, Pro and Hyp, and the tertiary amide bonds
they form [36–38].

The Raman spectra of collagen type I from rat tail showed a broad band of amide
I vibrations with a maximum at 1672–1676 cm−1 (Figure 4c, Table S1). The spectrum
obtained with Ahura FirstDefender has this band more broadened than those obtained by
the other devices. For all instruments, the amide III region has two bands at 1239–1246 and
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~1268–1270 cm−1 [36–38]. In the DXR SmartRaman spectrum, five bands of C–C stretching
and Pro/Hyp ring vibrations observed at 867, 883, 920, 939, and 976 cm−1 are well-resolved,
but only two or three of them are distinguishable in the spectra recorded with the portable
devices. The first two bands are expected to be particularly useful in detecting collagens in
Raman spectra of colon tissues [37,38].

3.3.4. Bacterial Sodium Hyaluronate

Hyaluronic acid (HA) is the only non-sulfated glycosaminoglycan (GAG) that plays a
prominent role in many physiological and pathological processes in connective tissues [39].
Some microorganisms, such as Streptococcus, produce HA as a capsular polysaccharide,
whichprotect cells [40]. Sodium hyaluronate (sodium salt of HA) has acetamide (N-Ac or
N-COCH3) and carboxylate (COO−) groups originating from N-acetyl-β-D-glucosamine
(GlcNAc) and β-D-glucuronic acid (GlcA) units, respectively. The Raman spectra of this
polysaccharide measured using laboratory and portable devices (Figure 4d) show similar
patterns. Table S1 summarizes band assignments based on the literature [41,42]. The most
intense band of the symmetric bending vibration of CH3 is located at 1374 cm−1 for DXR
SmartRaman, 1376 cm−1 for i-Raman Plus, and 1371 cm−1 for Ahura FirstDefender. The
spectrum measured using DXR SmartRaman also has three well-resolved bands at 1328,
1410, and 1456 cm−1, attributed mainly to amide III, symmetric stretch of COO−, and CH2
and CH3 scissoring vibrations, respectively [41,42]. In the spectra recorded using portable
instruments, some of these bands are present as shoulders. Similarly, the DXR SmartRaman
spectrum shows three well-resolved bands of C–O–C, C–O, and C–C stretching and C–OH
bending vibrations at 1048, 1097, and 1125 cm−1 [41,42]. For Ahura FirstDefender, the
former band is non-resolved. Two bands of the DXR SmartRaman spectrum at 896 and
947 cm−1 attributed to the C–O–C symmetric stretching vibration of the glycosidic bonds
and amide V vibrations, respectively [41,42], are well resolved in all spectra, while in the
case of Ahura FirstDefender, the former band was at slightly higher frequencies, i.e., at
900 cm−1.

The specific contribution of these individual bands to the Raman spectrum of sodium
hyaluronate, like the spectra of the reference compounds described above, explains the
differences in signal overlap determined by the proximity, intensity, and width of adjacent
bands, which, in turn, depend on the technical parameters of the measuring equipment. The
spectra of reference compounds obtained using different devices adequately illustrate that
the laboratory instrument can obtain spectra of higher resolutions than both portable instru-
ments, which is an advantage when analyzing spectroscopic markers of tissue constituents.
Although portable devices have technical limitations compared to laboratory instruments,
they can still be used to obtain high-quality spectra of biological macromolecules, which
enable the identification of these marker compounds in biological tissues.

3.4. Raman Spectra of Colon Tissues and Colorectal Polyps

Figure 5 represents the average Raman spectra (mean ± SD) of normal colon tissue,
adenomatous colorectal polyp, and adenocarcinoma samples collected with handheld,
modular, and laboratory Raman instruments. Table S2 summarizes the contribution of
biological macromolecules in the Raman spectra of normal colon tissue based on the spectra
measured for the reference compounds using the DXR SmartRaman instrument.

Positions, widths, and relative intensities of the bands in the spectra of normal colon
tissue varied for the Raman instruments used in this work. The tissue bands in the Raman
spectrum measured with DXR SmartRaman were mostly well resolved and indicated
the main biochemical constituents. By contrast, two portable devices possessed spectra
with less-resolved bands. Comparing the modular and handheld devices, it is clear that
i-Raman Plus measured spectrum with narrower and more pronounced signals than Ahura
FirstDefender. For example, in the spectrum of normal colon tissue obtained with i-Raman
Plus, the signals at 1002, 1032, 1125, 1175, 1207, and 1340 cm−1 were narrow and well
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resolved, while in the spectrum measured with Ahura FirstDefender, the corresponding
signals were broader and sometimes appeared as shoulders.
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The spectra of normal colon tissue have a number of bands characteristic of the
main biochemical components: proteins (including collagens), lipids, nucleic acids, and
polysaccharides [5,6,43–50]. In addition, many bands include contributions from several
biochemical components, making their assignment difficult. Moreover, the contributions
of individual components will be far from identical and may differ in their content and
location in the tissue sample. The highest contribution to the Raman spectrum of colon
tissue comes from protein vibrations. Indeed, the bands observed in the DXR SmartRaman
spectrum for normal colon tissue at 1657, 1446, 1335, 1267, 1209, 1124, 1034, 1004, 940,
851, 832, 744, 666, 645, and 622 cm−1 were similar to those obtained for HSA (Table S1).
These bands are characteristic for vibrations of a protein backbone and amino acid side
chains [32,33] and can be used as protein markers. The characteristic bands of nucleic acids
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were much less pronounced and may have contributed at 1582, 1335, 1486, 1335, 1303, 1243,
1175, 1095, 880, 786, 726, and 666 cm−1 [29–31]. Some of these bands overlapped with the
mentioned protein bands, reducing the number of DNA marker bands suitable to follow
tissue nucleic acids. Similarly, collagen vibrations contribute to the colon tissue spectrum
at 1657, 1636, 1553, 1396, 1381, 1335, 1267, 1245, 1082, 1004, 960, 940, 880, 862, 823, 786, 760,
694, 646, and 622 cm−1, with many of these bands being common to collagens [36–38] and
globular proteins [31–34]. Most of the sodium hyaluronate bands do not correspond in
position to the tissue peaks, except the bands at 1656, 1267, 1209, and 1124 cm−1 [41,42].
More pronounced compounds like proteins contribute to these bands, making them dif-
ficult to use for identifying hyaluronate in colon tissue. Hyaluronate macromolecules
usually form complexes with other biological molecules or are included in the structure
of proteoglycans, so their Raman properties can differ significantly from the properties of
pure sodium hyaluronate. Nevertheless, the C–O and C–C stretching bands in the region of
950–1150 cm−1 are attributive to tissue polysaccharides like glycogen and GAG [41,42,48],
and the intense vibration band of the sulfate groups at 1064–1070 cm−1 is suitable for the
identification of sulfated GAG [42].

All of these biological macromolecules mentioned above are sensitive to carcinogenesis
to varying degrees, which is manifested in more or less pronounced changes in the position
and intensity of characteristic bands in the spectra of colorectal adenomatous polyp and
adenocarcinoma. However, at least for portable instruments, these spectral differences
cannot always be used as pathology markers due to band overlap. In contrast, Raman
spectra measured with the DXR SmartRaman instrument can detect even subtle band
position and intensity changes, which can be informative when comparing normal and
damaged tissues and assessing molecular changes caused by disease progression.

Comparing the Raman spectra of normal colon tissue, adenomatous polyp, and
adenocarcinoma, one can note significant differences in the position and intensity of
individual bands in some spectral regions. Firstly, the changes occur in the region from 1500
to 1630 cm−1, where the stretching vibrations of aromatic C=C bonds of aromatic amino
acids and nucleic bases are located [29–31]. Further, a gradual decline in the band intensity
at 1303 cm−1 and a simultaneous increase in the band intensity around 1335 cm−1 is evident
compared to the neighboring band around 1314–1317 cm−1. The first band refers to the
twisting vibration of methylene groups primarily in lipids but also in proteins, including
collagen, and the second is associated with the C=N stretching vibrations of purines, as
well as Cα-H bending and triptofan (Trp) vibrations in proteins [5,29,30,47,49]. The changes
also occur in the region from 800 to 900 cm−1, where the intensity of the 851 cm−1 band
is lower in the case of the polyp and, conversely, higher in adenocarcinoma, compared
to the neighboring bands around 832, 865, and 880–882 cm−1. The band at 851 cm−1

corresponds mainly to the ring breathing vibration of Tyr [32–34], but the C1–H bending
of glycogen also contributes here [48]. Finally, one can note the increased intensity of the
bands at 664 and 726 cm−1 in adenocarcinoma. These two bands arise mainly from the
purine ring breathing vibrations [29,30], and the C–S stretching vibration of cysteine (Cys)
contributes to the first one [31–33]. Thus, the observed spectral differences between normal
colon tissue and benign and malignant polyps, which can be associated with colorectal
cancer development, indicate changes in the ratio between such major biochemical tissue
components as proteins, nucleic acids, lipids, and polysaccharides [44–47,50]. The above
bands, showing significant differences between samples, can be offered as potential markers
of carcinogenesis in colon tissue.

3.5. Discrimination of Colon Tissue Samples Based on Raman Data

To properly diagnose colorectal cancer, it is necessary to distinguish between samples
originating from normal and abnormal colon tissue, as well as between benign and malig-
nant colorectal polyps. This goal can be achieved by comparing individual characteristic
Raman bands of biochemical markers of carcinogenesis or through the discriminatory anal-
ysis of Raman spectra using multivariate statistical methods. Previous works have used
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various approaches to separate and classify normal and pathological tissue and biofluid
samples based on Raman spectra, such as HCA [6,43], PCA [40], partial least squares
discriminant analysis (PLS-DA) [51,52], SVM and other machine learning methods [43],
PCA in combination with linear discriminant analysis (LDA), SVM, SIMCA [53] and other
discriminating parameters like Mahalanobis distance or spectral residuals [45,52,54–57],
and convolutional neural networks (CNN) [58–61]. Of particular interest for early cancer
diagnosis is the immediate analysis of intracellular Raman spectra using a biomolecular
component analysis (BCA) algorithm [62].

In the current work, we used multivariate statistical methods, namely, HCA, PCA,
SIMCA, and SVM, to discriminate and classify the individual smoother and baseline
corrected Raman spectra of normal colon tissue, adenomatous polyp, and adenocarcinoma
samples recorded using handheld, modular, and laboratory Raman instruments at the
25–30 independent sites.

Figure 6 demonstrates the component score plots PC1 versus PC2 (left panels) and
dendrograms of similarity (right panels) obtained via HCA using Ward’s clustering method
and squared Euclidean distances. For all Raman devices, the combination of principal
components PC1 and PC2 was found to demonstrate significant differences between the
three samples. The best discrimination was observed for spectra measured with Ahura,
where well-separated heap clusters of samples were formed. The normal colon tissue
sample showed positive PC1 scores, while the corresponding scores of the two abnormal
tissue samples were mostly negative. PC2 scores, in turn, separated adenomatous polyp
and adenocarcinoma samples into positive and negative regions, respectively. In the case
of i-Raman Plus spectra, PC1 partially separated the normal colon tissue sample, which
showed negative values for this component, from the abnormal samples, which had mostly
positive scores. In turn, PC2 separated the adenocarcinoma sample with negative score
values from the remaining two samples. For DXR SmartRaman spectra, PC1 scores of
adenocarcinoma fell below −40 and were, thus, separated from the other two samples
having higher scores. PC2 separated normal colon tissue and adenomatous polyp, showing
negative and mostly positive scores, respectively.

Dendrograms of similarity obtained for the Raman spectra of all three devices showed
a good separation of the clusters corresponding to normal colon tissue, adenomatous polyp,
and adenocarcinoma. The best discrimination was in the case of Ahura, where all clusters
were separated at a distance near 4.5; the corresponding distances were ~6 for i-Raman
Plus and ~8.5 for DXR SmartRaman. The Raman spectra measured with both portable
instruments showed similar clustering. Firstly, the cluster of normal colon tissue was
separated from the abnormal colon tissues. Then, the spectra of adenomatous polyp and
adenocarcinoma were split into their clusters. Conversely, for DXR SmartRaman, firstly,
the adenocarcinoma was separated from the other two samples, and a discrimination of
normal colon tissue and adenomatous polyp occurred at a relatively high distance.

We used PCA-based SIMCA supervised classification to demonstrate Raman spec-
troscopy’s potential in screening colon tissue samples. Among the multivariate data
analysis methods, SIMCA can provide a good classification of study groups and high
within-class predictability even with small-size datasets [63–65]. The SIMCA model was
implemented using Raman data in the working spectral region (600–1800 cm−1) for all
three devices based on the three independent PCA models with a significance level of 5%.
Three-dimensional Cooman’s plots from SIMCA (Figure 7a,c,e) were obtained to visualize
the results of the classification analysis. These plots display residual distances for indepen-
dent measurement points in each sample representing individual classes. As can be seen
from the graphs, a clear differentiation of the groups, which referred to the normal colon
tissue, adenomatous polyp, and adenocarcinoma, was found for all Raman instruments,
and these groups were well classified. For the Ahura FirstDefender and DXR SmartRaman
devices (Figure 7a,e), the compact group of normal colon tissue was significantly distant
from the more scattered groups of adenomatous polyps and adenocarcinoma, and the
latter two groups were closer to each other. However, there was no misclassification of
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pathological groups. In contrast, in the case of i-Raman Plus (Figure 7c), all three groups
were more scattered and equidistant, but even in this case, there was no overlapping of
the groups.
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Figure 6. Discrimination of the samples of normal colon tissue (blue squares), adenomatous polyp
(red circles), and adenocarcinoma (green triangles) based on the PCA and HCA of individual Raman
spectra recorded using handheld (a,b), modular (c,d), and laboratory (e,f) Raman instruments at the
25–30 independent sites of samples: (left panels) component score plots of PC1 versus PC2; (right
panels) dendrograms of similarity obtained via HCA using Ward’s clustering method and squared
Euclidean distances.
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4. Conclusions 
The results of this study suggest that portable Raman spectrometers, both handheld 

and modular, equipped with an excitation source at 785 nm possess satisfactory Raman 
spectra of colon tissues and reference biopolymer compounds. The spectra measured us-
ing Ahura FirstDefender and i-Raman Plus have intense and well-resolved bands. Im-
portant spectral parameters, such as the ratio of the principal signals to the noise level or 
the half-width of these signals, were determined and found to be suitable for all instru-
ments tested. For these devices, the prominent intense Raman bands of colon tissue bio-
chemical markers occurred at the correct wavenumber positions comparable to previously 
published values and the values obtained using the laboratory instrument. The DXR 
SmartRaman spectrometer detected even small changes in the signal intensity or position 
for adenomatous polyp and adenocarcinoma samples, which could be critical for early 
diagnosis. In contrast, for the handheld device and, to a lesser extent, the modular one, 
the band overlap did not permit the detection of some of these spectral features. 

Laboratory and portable Raman instruments were used successfully to discriminate 
and classify normal, benign, and malignant colon tissues using appropriate multivariate 
statistical methods. Despite its less pronounced spectral characteristics, the handheld Ra-
man spectrometer can be used in early diagnosis of colorectal carcinoma, comparable to 
the modular and laboratory instruments. In addition, its ease of use, small size, and rapid 
measurement of biological samples make it an attractive tool for medical practice. 
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Figure 7. Classification of the samples of normal colon tissue (blue squares), adenomatous polyp
(red circles), and adenocarcinoma (green triangles) based on the analyses of individual Raman
data recorded with handheld (a,b), modular (c,d), and laboratory (e,f) Raman instruments at the
25–30 independent sites of samples: (left panels) 3D Cooman’s plots for the SIMCA classification;
(right panels) scattergram based on SVM classification.

SVM is an effective tool for classifying spectral data due to the following advan-
tages [54,66]: (a) it produces a robust classifier that can work with small or limited-size
datasets; (b) it uses a structural risk minimization (SRM) approach, which reduces the risk
of overfitting the data; (c) it gives reproducible solutions when using the same classifier
parameters; (d) it can draw class boundaries with complex conditions, replacing kernel
functions. Three Raman datasets obtained from the laboratory, modular, and portable
devices, which include 25 spectra for each group, were used as training datasets to perform
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SVM classification training to fully distinguish the three types of samples, i.e., normal colon
tissue, adenomatous polyp, and adenocarcinoma. The scattergrams, characterizing the
three Raman instruments, are shown in Figure 7b,d,f. All the obtained SVM classifications
allowed us to distinguish between the three mentioned types of colon tissue.

4. Conclusions

The results of this study suggest that portable Raman spectrometers, both handheld
and modular, equipped with an excitation source at 785 nm possess satisfactory Raman
spectra of colon tissues and reference biopolymer compounds. The spectra measured using
Ahura FirstDefender and i-Raman Plus have intense and well-resolved bands. Important
spectral parameters, such as the ratio of the principal signals to the noise level or the
half-width of these signals, were determined and found to be suitable for all instruments
tested. For these devices, the prominent intense Raman bands of colon tissue biochemical
markers occurred at the correct wavenumber positions comparable to previously published
values and the values obtained using the laboratory instrument. The DXR SmartRaman
spectrometer detected even small changes in the signal intensity or position for adenoma-
tous polyp and adenocarcinoma samples, which could be critical for early diagnosis. In
contrast, for the handheld device and, to a lesser extent, the modular one, the band overlap
did not permit the detection of some of these spectral features.

Laboratory and portable Raman instruments were used successfully to discriminate
and classify normal, benign, and malignant colon tissues using appropriate multivariate
statistical methods. Despite its less pronounced spectral characteristics, the handheld
Raman spectrometer can be used in early diagnosis of colorectal carcinoma, comparable to
the modular and laboratory instruments. In addition, its ease of use, small size, and rapid
measurement of biological samples make it an attractive tool for medical practice.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14020791/s1, Figure S1: Peak decomposition of the Raman
spectra of calf thymus DNA obtained with laboratory, modular, and handheld instruments. Table
S1. Raman band assignments for the reference compounds. Table S2. Contribution of biological
macromolecules in the Raman spectra of normal colon tissue.
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45. Synytsya, A.; Vaňková, A.; Miškovičová, M.; Petrtýl, J.; Petruželka, L. Ex Vivo Vibration Spectroscopic Analysis of Colorectal
Polyps for the Early Diagnosis of Colorectal Carcinoma. Diagnostics 2021, 11, 2048. [CrossRef]

46. Fousková, M.; Vališ, J.; Synytsya, A.; Habartová, L.; Petrtýl, J.; Petruželka, L.; Setnička, V. In vivo Raman spectroscopy in the
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