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Abstract

The aim of this study was to identify biochemical changes in sciatic nerve (SN) after crush injury and low-level laser
therapy (LLLT) with 660 nm and 808 nm by Raman spectroscopy (RS) analysis. A number of 32 Wistar rats were used,
divided into four groups (control 1, control 2, LASER 660 nm, and LASER 808 nm). All animals underwent surgical
procedure of the SN and groups control 2, LASER 660 nm, and LASER 808 nm were submitted to SN crush damage
(axonotmesis). The LLLT in the groups LASER 660 nm and LASER 808 nm was applied daily for 21 consecutive days
(100 mW, 30's, 133 J/em? fluence). The hind paw was removed and the SN was dissected and positioned on an aluminum
support to collect dispersive Raman spectra (830 nm excitation, 30 s accumulation). To estimate the biochemical changes
in the SN associated with LLLT, the principal component analysis (PCA) was applied. The Raman spectra of the sciatic
nerve fragments showed peaks of the major biochemical components of the nerve, especially sphingolipids, phospholipids,
glycoproteins, and collagen. The spectral features identified in some of the principal component loading vectors are
referred to the biochemical elements present on the SN and were increased in the groups treated with LLLT, mainly lipids
(sphingo and phospholipids) and proteins (collagen)—constituents of the myelin sheath. The RS was effective in identi-
fying the biochemical differences in the SN after the crush injury, and LASER 660 nm was more efficient than the LASER
808 nm in cell proliferation and repair of the injured SN.
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Introduction

The peripheral nervous system (PNS) has a great ability to
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regenerate after a traumatic injury, even in the case of total
transection, but functional recovery does not always occur
completely [1]. Traumatic injuries by crushing, classified as
axonotmesis grade II, despite causing axonal damage with
damage of the myelin sheath, maintain the supporting tissue
(endoneurium) and are therefore reversible [2, 3]. Such inju-
ries cause neuropathic pain, sensory-motor deficit, and signif-
icant morphofunctional impairment [4], and for this reason,
this axonotmesis needs to be treated early and properly, since
it affects the ability of the nerve impulse to propagate and can
cause transient or permanent functional deficits [5-7].

The tissue repair process involves distinct and complex
multicellular responses that contribute to reestablishment and
reorientation of axons in the injured area. Schwann cells, as-
sociated to inflammatory cells and macrophages, express cell
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adhesion molecules in the interaction with matrix proteins
aiming to remodel the injured area and to promote axonal
growth [8], allowing a physical support to the injured area
and producing neurotrophic factors, extracellular matrix mol-
ecules, and integrins that contribute to the nerve regeneration,
besides producing fibronectin, tenascin, heparin sulfate, and
collagen to enhance the extracellular matrix lost due to the
injury [9].

Early diagnosis of peripheral nerve injury (PNI) is es-
sential in establishing effective therapeutic approaches.
Several methods are proposed to identify the PNIs such
as magnetic resonance (MR), which evaluates PNI abnor-
malities by means of changes in signal intensity based on
disorganization or loss of nerve fascicular pattern, there-
fore being a non-invasive technique used for volumetric
assessment [10]; electroneuromyography, which diagnoses
axonal degeneration through nerve conduction with high
sensitivity even in lower degrees of axonal loss [11]; and
histomorphometry and immunohistochemistry, the first
one is used to measure the repair of nerve tissue through
the number of regenerated fibers and the second one is
used to identify the distribution and location of specific
biomarkers and proteins in different parts of the tissue
[12]. Besides the routine use of such techniques, these
methods have limitations due to low or no molecular sen-
sitivity, lack of spatial resolution, need for sample prepa-
ration, and being time consuming, among others.

Optical techniques such as Raman spectroscopy have been
prominent in the biomedical area as a tool for the identification
of molecular biomarkers in tissues and fluids aimed at char-
acterization and evaluation of the physiological status in bio-
logical processes and diagnoses [13—17]. Compared to immu-
nohistochemical analysis, Raman spectroscopy was effective
in the routine chemistry-free diagnosis of peripheral nerve
regeneration [13] by examining the biochemical changes of
the sciatic nerve after crush injury, showing important peaks in
the high wavenumber range (2800 to 3000 cm ), assigned to
phospholipids and proteins. Peaks at 2851, 2885, and
2909 c¢m', which are attributed to phospholipids and CH,
vibration modes of proteins, reflect the composition of the
nerve since the Schwann cells are responsible for the remod-
eling of the myelin sheath and produce sphingomyelin and
proteins. The peak pattern of the axons was distinct from that
of the Schwann cells in the same spectral range due to the
different composition of both structures [13].

Among the therapeutic resources for PNI, low-level laser
therapy (LLLT) is a technique commonly used in clinical
practice [18]. Laser has photobiostimulation properties that
act directly in pain and functional disability through analgesic
and anti-inflammatory effects, muscle relaxation, tissue
healing, and fibroblastic proliferation [19, 20]. In the litera-
ture, there are many studies that show the effects on the sciatic
nerve regeneration process after LLLT [20-22], as well as
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physiological responses associated to the therapy time
[18-22]. However, studies that compare two different wave-
lengths during 21 days of treatment are hardly found in
literature.

The main objective of this work was to identify, by means
of Raman spectroscopy, the biochemical changes present in
the repair of the sciatic nerve tissue after crush damage and
treatment with LLLT irradiation at 660 and 808 nm (133 J/
cm?) during 21 days compared to controls (not injured and
injured but not treated). Raman spectroscopy has been used to
detect biochemical changes in tendons, knees, and bones as a
result of LLLT applied to lesioned tissues with great success
[15—17]; therefore, the technique can meet the criteria to detect
biochemical changes in injured sciatic nerves by evaluating
the differences in the peaks of the irradiated and non-irradiated
groups and correlating those peaks with the peaks of the bio-
chemicals present in the tissue.

Materials and methods

Ethical guidelines and samples This experimental study was
done in the Maranhdo Experimental Surgery Academic
League (LACEMA) from Federal University of Maranhao
(UFMA) and approved by the Commission of Ethics in the
Use of Animals (CEUA) from UFMA, under protocol no.
23115.005396/2016-65. Itused 32 female Wistar rats, 7 weeks
old, weighing on average 200 g. Animals were randomly di-
vided into four groups of eight animals each (CONTR 1;
CONTR 2; LASER 660 nm; LASER 808 nm) and followed
for a period of 21 days. All the groups underwent surgical
procedure for the exposure of the sciatic nerve (as detailed
below). The control 1 group (CONTR 1) did not undergo
sciatic nerve damage; in addition to nerve exposure, the other
groups (CONTR 2, LASER 660 nm, and LASER 808 nm)
were individually submitted to sciatic nerve crush damage,
causing axonotmesis. The LLLT was applied only to the
groups LASER 660 nm and LASER 808 nm. They were kept
in groups of four animals per cage, in a controlled temperature
room (23 +1 °C) and with 12-h light-dark cycle, receiving
proper food and water ad libitum throughout the experimental
period of 21 days.

Sciatic nerve injury Each animal was anesthetized with intra-
peritoneal subcutaneous injection needle (25 X 5 mm), while
being held by its back according to the modified protocol of
ICB/USP [23]. For the anesthesia, ketamine 10% (90 mg/kg)
and xylazine 2% (10 mg/kg) were associated and administered
in 0.1 mL/100 g. The anesthesia was confirmed by monitoring
the reflex response of tail and cornea, as well as changes of the
cardiorespiratory frequencies. Following epilation of the
posterior-lateral surface of right thigh, the animal was placed
prone on an operating table and antisepsis of the operative
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field was done. Under the fenestrated aseptic field, the right
sciatic nerve was exposed through skin posterior incision of
the lower limb (0.5 cm behind the femur diaphysis and 1 cm
above the knee) and divulsion of the posterior muscles of the
right paw. The mechanic damage of the sciatic nerve, which
causes axonotmesis, was done in the groups CONTR 2,
LASER 660 nm, and LASER 808 nm through nerve crush
using 16-cm Kelly straight clamp, locked in the second level
option, crushing the nerve for 30 s (Fig. 1), which results in a
force of approximately 6 N applied to the lesioned nerve [24].
Finally, the wound was sutured and the animal was placed in a
cage with water containing analgesics ad libitum.

Low-level laser therapy For the LLLT, it used the TF Premier
Plus laser device (MMO Optics, Sao Carlos, SP, Brazil),
consisting of two laser sources: one in the red region
(660 nm + 10 nm of InGalP and 100 mW power) and the other
in the infrared region (808 nm+ 10 nm of GaAlAs and
150 mW power). Both lasers were adjusted with the same
power (100 mW) to irradiate energy density of 133 J/em? in
a beam output area of 0.03 cm?, being delivered 12 T of total
energy (three points of 4 J each) with an exposure time of 30 s.
The LLLT was applied daily from the 1st postoperative day, in
three points 1 cm apart from each other, perpendicular to the
injury surface, with the laser head in contact with the tissue.
The control groups received the laser head during the same
irradiation time and points with the laser turned off.

On the 21st day of treatment, the rats were anesthetized for
surgical removal of the right hind paw together with the right
hip and lumbar vertebrae, thus preserving the entire extent of
the sciatic nerve. Soon after, the animals were euthanized with
overdose of the same anesthetics (ketamine 10% and xylazine
2%), placed in a black bag and discarded in the biological
waste. The hind paw was frozen (— 80 °C) and stored during
30 days, being transported with dry ice (— 78 °C) for Raman
spectroscopy analysis.

Raman spectroscopy For Raman spectroscopy analysis, the
hind paw was unfrozen and the sciatic nerve, which was still
inserted in the hind paw, was dissected by removal of the
posterior thigh muscles all the way behind the femur, and

positioned on an aluminum support (Fig. 2) to be exposed to
the excitation laser of the Raman spectrometer. The spectra
were obtained by means of a fiber optic probe connected to a
dispersive Raman spectrometer, positioned perpendicularly to
the nerve.

It used a near-infrared Raman spectrometer (model
Dimension P-1, Lambda Solutions, Inc., Waltham, MA,
USA) [25-27] with a Raman probe (Vector Probe, Lambda
Solutions, Inc., Waltham, MA, USA) for sample excitation
and signal collection. This spectrometer has an excitation laser
at 830 nm, maximum laser power of 350 mW, imaging spec-
trograph with diffraction grating coupled to a back thinned,
deep-depleted CCD camera (1340 x 100 pixels) of spectral
resolution of 2 cm™' in the useful spectral range of 400 to
1800 cm'. The output laser power was set to 250 mW at
the probe tip, thus avoiding sample degradation by heating.
The use of a Raman probe allows one to access the Raman
spectra of the bulk samples with repeatability in the excitation
and collection geometry. The exposure time for collecting the
spectra of sciatic nerve was set to 3 s and 10 accumulations,
resulting in a shot noise-limited spectrum with an estimated
signal-to-noise ratio greater than 50 for the most intense
peaks. Spectra were collected in triplicate.

After Raman spectroscopy, the sciatic nerve still inserted in
the hind paw was fixed with buffered formalin 10%, and after
24 h, it was sectioned and submitted to standard histology
processing.

After collection and storage, spectra were preprocessed in
the software Matlab (v. 2007, The Mathworks Inc., Natick,
MA, USA), where the background fluorescence was removed
by fitting and subtracting a 7th-order polynomial with the
“mpoly” routine [26] in the 400—1800 c¢cm™' region.
Removal of the fluorescence allows a more appropriate iden-
tification of the most relevant peaks without the interference
of the broadband fluorescence. Spikes due to cosmic rays
were removed manually prior the polynomial subtraction.

Identifying the spectral differences in the groups related to
the biochemistry of sciatic nerve Spectra were then submit-
ted to principal component analysis (PCA) in order to re-
veal the spectral differences between the LLLT-irradiated

Fig. 1 Surgical process of sciatic
nerve injury. (a) shows the
dissection and exposure of the
sciatic nerve; (b) shows the
compression of the nerve with
straight Kelly clamp
(approximately 6 N force); and (c)
shows the exposure of nerve
injury after compression
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Fig. 2 Schematic diagram of the
Raman spectrometer and sample
positioned under the probe. The
Raman spectrometer (a) connects
to the fiber optic Raman probe
(b). The laser travels through the
excitation fiber (1) and irradiates
the sample through the probe (b)
held by the aluminum support (c).
The scattered signal from the
sample is captured (2) and
delivered to the spectrograph (a).
The electronic-converted
spectrum is transferred to the
computer (d) by the USB cable
port (3). In lateral view, an
enlarged illustration of the sample
(e) shows the five collection
points (arrow) of the Raman
spectrum n the sciatic nerve

and LLLT-non-irradiated (control) groups and to correlate
these differences with the main biochemicals presented in
the sciatic nerve, by comparing the PCA spectral features
and the published Raman literature. PCA is a multivariate
statistical technique suitable for data reduction and feature
extraction that transforms original correlated variables into
new uncorrelated variables called principal components
loading vectors (LVs), based on the maximum variance
and the corresponding scores (SCs) [16, 27]. Each LV is
orthogonal to each other, so a unique spectral characteristic
is present in each vector. The first LV brings the most
relevant spectral features presented in the dataset, and the
sequent LVs bring remnant variance vectors, orthogonal
with each. The SCs bring the intensity of each LV in each
spectrum of the dataset [16, 27].
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The parameters LVs and SCs resulting from PCA were
used to correlate the changes induced by LLLT in the bio-
chemistry of the sciatic nerve. First, the spectral features of
each LV were compared to the biochemical composition of the
sciatic nerve in the Raman literature of biological tissues
[28-36] and the Raman spectra from a dataset from Silveira
et al. [26]. Then, the SCs, which are the intensities of each LV
in each spectrum, were associated to differences in the relative
concentration of the chemicals associated to the spectral fea-
tures of that particular LV in each group. The possible differ-
ences between the means of the SCs of each experimental
group were evaluated by the analysis of variance (one-way
or non-parametric ANOVA, when specified) with significance
level of 5% (p < 0.05), followed by a post-test (Tukey-Kramer
or Dunn post hoc test when specified).
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Results and discussion

The research was performed over 21 days after the sciatic
nerve crush injury to compare the biochemical changes
resulting from LLLT at two different wavelengths (660 nm
and 808 nm). Figure 3 presents the means Raman spectra of
sciatic nerve samples from the four groups evaluated by
Raman spectroscopy (control without sciatic nerve injury
and without laser treatment—CONTR 1; control with sciatic
nerve injury and without laser treatment—CONTR 2; LLLT
with red laser—LASER 660 nm; and LLLT with infrared laser
808 nm—LASER 808 nm). The spectra showed Raman peaks
in the positions of the main biochemical components of the
myelinated peripheral nerve tissue (described in Table 1). By

visual inspection, very small spectral differences between the
groups were found; therefore, a more detailed exploratory
analysis employing multivariate PCA has been performed
(Fig. 3).

The peak positions presented in Table 1 were obtained
from the first principal component loading vector (Fig. 4,
left side). In terms of molecular composition revealed by
the Raman bands (Table 1), the main biochemical constit-
uents of the myelin sheath of the sciatic nerve are lipids,
especially sphingolipids (718, 1065, and 1440 cm ') and
phospholipids (718, 1085, and 1298 cmfl) [13, 29-33,
37-39]. Raman bands of phospholipids are in similar po-
sitions as in glycerol tripalmitate at 877, 1065, 1085,
1130, 1298, and 1440 cm ' [29-34, 39]. Sphingomyelin

Table 1 Peak positions of the main Raman bands of the sciatic nerve spectra shown in the principal component loading vectors (Fig. 4). The band
assignments of the main biochemical components responsible for these peaks according to the literature are also presented

Raman shift (cm ™)

Band assignment [28-35]

423 (421)*
(535)*

546 (545)*

570

608

700 (697)*

718

(766)*

829 (815, 833)*

852 (856, 857)*
877 (875)*

(938, 939, 941)*
1004 (1003, 1006, 1007)*
1065 (1062, 1067)*

1085

1130 (1127, 1132)*
(1239)*

1270 (1264)*

1298 (1296, 1301, 1306)*
(1249)*

1344

1440 (1435, 1439)*

1452

1469

(1643)*

1660 (1658)*

(1672)*
1671 (1658)*

Cholesterol [31]

V(S-S bridge)—cysteine (proteins, glycoproteins) [32]

Cholesterol [31]

Cholesterol; tryptophan (proteins); cytosine/guanine (nucleic acid) [33]

Cholesterol [31, 33]

v(C—S)—methionine (proteins); cholesterol [31, 32]

C-N (membrane phospholipids head, choline group)—sphingolipids (sphingomyelin) and phospholipids [31, 33]
Ring breathing—tryptophan [28]

Proline, hydroxyproline (collagen), and ring breathing (tyrosine); PO, stretch of nucleic acids—phosphodiester
[28, 34, 35]

Proline, hydroxyproline (collagen) [34]

C-C-N" symmetric stretching (lipids) [35]; antisymmetric stretch vibration of choline group N*(CHs)s
(sphingo and phospholipids—phosphatidylcholine) [31]; hydroxyproline (collagen) [28]

C—C skeletal—collagen backbone; proline, hydroxyproline (collagen) [33, 34]

C—C symmetric ring breathing—phenylalanine (proteins, glycoproteins) [36]

C—C skeletal stretching and C-O stretching—lipids (sphingo and phospholipids); proline (protein) [28, 31]
C—C skeletal and C-O stretching—unsaturated lipids (sphingo and phospholipids) [31, 33]

C—N stretching [29] and C—C skeletal acyl backbone—Tlipids (sphingo and phospholipids) [31, 34]

Amide III (collagen) [32]

C=C groups in unsaturated fatty acids (phospholipids) [31]; amide III (proteins) [28]

CH, twisting/bending/wagging—unsaturated lipids (sphingo and phospholipids) [31, 32]

C=C stretching (saturated lipids); C—N and N-H modes of amide III (envelope)—proteins [34]

CH,;/CH, wagging—proteins/glycoproteins [31]

CH;/CH, bending modes—Iipids (saturated and unsaturated—sphingo and phospholipids); cholesterol [31]
CH, bending mode of proteins (collagen) [35]

C=N stretching (proteins) [33]

Amide I—proteins (collagen) [30, 33]

C=C stretching—cis in unsaturated fatty acids (sphingo and phospholipids) [31]; C=O stretching (lipids) [35];
amide I (proteins) [30, 33]

Amide I (proteins) [30, 33]
C=0 stretching (lipids) [35]; cholesterol [31]

*In parentheses are the peaks found in the principal component loading vectors 2 to 6 that were related to the differences in the constitution of the SN

induced by the LLLT
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Fig. 3 Mean Raman spectra of
the control groups (CONTR 1, no
injury; and CONTR 2, injured but
not treated) and the groups with
LLLT treatment (LASER 660 nm
and LASER 808 nm). The spectra
are similar, denoting little
difference in the constitution.
Spectral differences between the
groups and the band assignments
have been described in the
exploratory analysis by PCA

— CONTR 1
g — CONTR 2
— LASER 660nm
— LASER 808nm

Intensity (arb. units)

i

400 600 800

is composed of a ceramide group with an attached phos-
phatidylcholine residue. Choline bands are located at 718
and 877 cm ! in the Raman spectrum of sphingomyelin
[31, 33, 35, 39]. Bands at around 1440 cm " are typical of
fatty acids such as cholesterol band (neutral lipids) as well
as CH,/CHj; bending modes of saturated and unsaturated
fatty acids, and bands due to CC and CH groups for both
saturated and unsaturated fatty acids dominate the spec-
trum in the region from 1000 to 1700 cm ! [29, 31,
33-35].

The myelin sheath also is characterized by peaks of glyco-
proteins and collagen (535, 852, 941, 1004, 1239, and
1344 cm ') [32-35]. Approximately 70% of the myelin mem-
brane’s dry weight consists of lipids, in particular cholester-
ol—an important structural lipid element of the myelin mem-
brane—and glycolipids and sulfolipid (highly lipids with long
saturated and monosaturated fatty acid chains) [31, 32, 35,
40]. Myelin also contains a specific repertoire of myelin pro-
teins, among which proteolipid protein and myelin basic pro-
tein are the most abundant ones [37, 40]. Lipids of the myelin
membrane also have phospholipids, cholesterol,
plasmalogens, and glycosphingolipids [29, 37, 38].
However, they are not as specific as glycosphingolipids and
the sulfated derivative (sulfatide) because of their higher abun-
dance of total lipids [41].

The predominant Raman bands of lipids were assigned to
the myelinated peripheral nerve (peaks at 1130, 1298, 1440,
and 1660 cm "), and collagen is found in the surrounding
region of peripheral nerves (epineurium) and connective tis-
sue, with bands appearing at 829, 852, 877, 1004, 1239, 1452,
and 1660 cm '. Especially the peaks related to aromatic
ring—phenylalanine (1004 cm '), amide 1T (1239 cm™ ),
CH, bending (1452 cm '), and amide I (1660 cm™')—show
that these Raman bands are related to type I collagen [30].

To estimate the biochemical changes in the nerve tissue
associated with the LLLT in sciatic nerve crush injury, PCA
was employed. Multivariate statistics such as PCA can be
applied in the Raman spectra to reveal the biochemical

@ Springer

1000 1200
Raman shift (cm™)

1400 1600 1800

constitution of the sample aiming the identification of bio-
chemical changes and diagnosis [16, 26]. The PCA calculates
the spectral features of higher variance in the dataset and ranks
them according to their importance. With repetition of the
experiment, it is possible to identify which bands are impor-
tant for characterizing the biochemical composition of the
tissue in each group (no changes or changes within a particular
group) and which ones are introduced in the spectrum as a
result of random noise or experimental artifacts [42].

The spectral features presented in the first six LVs (Fig. 4,
left) showed Raman bands of main peripheral nerve constitu-
ents. The LV 1 showed spectral features of lipids and proteins
[31, 39]. Peaks of sphingolipids (particularly sphingomyelin)
can be seen at 718, 1065, 1130, 1298, 1440, and 1660 ¢cm ™ ';
peaks of cholesterol can be seen at 423, 546, 570, 608, 700,
1440, and 1671 cm'; peaks of phospholipids (phosphatidyl-
choline and phosphatidic acid) can be seen at 718, 1065, 1085,
1298, 1440, and 1660 cm '; and peaks of proteins (mainly
collagen) can be seen at 829, 852, 877, 1004, 1270, 1344,
1452, and 1672 cm ', The SC 1 (Fig. 4, right) showed that
the total amounts of lipids (sphingo and phospholipids) and
proteins are different in the groups (ANOVA, p <0.001), be-
ing reduced in the CONTR 2 compared to all other groups
(Tukey, p < 0.05). Since this LV has spectral features of all the
gross biochemical constituents of the myelin sheath nerve, and
there is no statistically significant difference between the
CONTR 1 and the irradiated groups, both light sources acted
to recover the gross constitution of the myelin sheath of the
sciatic nerve.

The LV 2 showed positive spectral features of proteins at
535, 857, 941, 1004, and 1643-1672 cm ! and negative fea-
tures of lipids (sphingo and phospholipids) at 1067, 1085,
1301, and 1439 cm™'. The SC 2 showed statistically signifi-
cant differences between the groups (ANOVA, p <0.0001),
being statistically significant the negative intensity of
CONTR 1 versus the positive intensity of CONTR 2 (Tukey,
p<0.001) and both versus the irradiated groups (Tukey,
p <0.05), being the irradiated groups with no significant
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Fig.4 Left: plot of the first six principal components loading vectors (LV
1 to LV 6) calculated from the Raman spectra. Right: plot of the first six
principal component scores (SC 1 to SC 6) and the groups with
significance (p <0.05) between the scores of the groups (caption

differences between them. This shows that the CONTR 1
maintains the lipid constitution (the sphingo and mainly phos-
pholipids) of the preserved myelin sheath, and the CONTR 2
presents proteins (mainly collagen I) characteristic of the

letters). SC 4 was not statistically evaluated. The spectral features
observed in the loading vectors relate to the features of biochemical
components present in the sciatic nerve (myelin sheath) according to
Table 1

injured sciatic nerve. The irradiated groups with “zero” SC 2
suggest that they did not recover the lipids of the myelin
sheath nerve as the CONTR 1 group recovered. The LV 3
showed positive peaks referred mainly to cholesterol at 421,
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545, 700, and 1439 cmﬁl, and remnant peaks of proteins at
1003 cm ' and sphingolipids at 1132 cm™'. Negative peaks
referred to remnant features of phospholipids are at 1264,
1306, and 1658 cm™'. The SC 3 showed significant differ-
ences between the groups (Kruskal Wallis, p <0.01), being
the differences occurring for the CONTR 2 and LASER
660 nm (Dunn, p <0.05). In fact, the LASER 660 nm group
presented higher SC 3 than all the other groups, and the pos-
itive features of the LV 3, related mainly to cholesterol, sug-
gest that the irradiation increased the nervous tissue repair.

The spectral features of the LV 4 are neglectable for the
analysis by the lack of peaks referred to lipids and proteins;
therefore, the SC 4 has not been statistically evaluated. The
LV 5 showed positive peaks at 856, 939, 1006, and
1469 cm !, attributed to proteins, the peak at 766 cm !
can be assigned to remnant peak from phospholipid, and
negative peaks at 1062, 1127, 1296, and 1435 cm !, attrib-
uted to sphingolipids. The SC 5 presented statistical sig-
nificance between the groups (ANOVA, p <0.0001), and
the group CONTR 1 presented significantly higher inten-
sity than the other groups (Tukey, p <0.001), suggesting
that the amount of proteins is higher in the non-injured
sciatic nerves compared to the injured nerve (maintenance
of the protein level expected for the intact nerve compared
to the injured groups), and the amounts of lipids are higher
for the sciatic nerves irradiated by both light sources. The
LV 6 presents general features of proteins and lipids, but
the SC 6 showed no significant differences between the
groups (ANOVA < p =0.269), indicating no relevant spec-
tral information to describe the biochemical differences
between the groups.

In this study, Raman spectroscopy has been used to as-
say changes in the biochemical composition of sciatic
nerve induced by LLLT compared to control. The results
showed differences in the peaks referred to lipids (sphingo
and phospholipids) and proteins, indicating that these com-
pounds increased with the use of light therapy at 660 and
808 nm, and 4 J/cm? compared to the injured control
(CONTR 2), thus recovering the myelin sheath of the sci-
atic nerve to the status of the non-injured sciatic nerve
(CONTR 1) (LV 1 and SC 1) after 21 days of treatment.
The injured and non-irradiated sciatic nerve presented high
proteins as a consequence of the nerve’s injury, and the
groups that received laser light presented lipid reconstitu-
tion (LV 2 and SC 2), suggestive of Schwann cells’ prolif-
erative activity induced by both lasers, but significantly
higher for the LASER 660 nm due to the presence of high
cholesterol content (LV 3 and SC 3). The differences in the
protein content in the sciatic nerves can be attributed to
collagen, present in the intact sciatic nerve (LV 2 and LV
5, SC 2 and SC 5 respectively) and lower for the injured
nerves. Sphingolipids (mainly sphingomyelin), which are
the most significant lipids in the nerve’s myelin sheath, are
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remarkably higher in both laser-treated groups compared to
the injured and non-treated sciatic nerve group.

Figure 5 shows the binary plots of the SC 1 versus SC 2 and
SC 2 versus SC 5 for all the experimental groups, as well as
the plot of the ellipses with the 90% confidence interval error
for each group. PCA was effective in confirming the mole-
cules present in the sciatic nerve (Fig. 4), where the LV 1
presents the general spectral features of lipids and proteins,
LV 2 presenting the spectral features of lipids forms the my-
elin sheath from intact sciatic nerve and proteins from injured
and non-treated nerves, and LV 5 presents spectral features of
proteins from intact nerve and lipids from the treated injured
nerves. The binary plot of these scores showed a lower scat-
tering of the SCs for both binary plots (SC 1 X SC 2 and SC 2
X SC 5) for the LASER 660 nm and LASER 808 nm, and the
ellipses were going towards the CONTR 1 group, principally
the ellipse of the LASER 660 nm group. This reveals that both
lasers presented effective action in regenerating the myelin
sheath in sciatic nerves (more pronounced for the LASER
660 nm), being the constitution closer to the intact nerve in
this irradiated group than the injured and untreated CONTR 2.
In contrast, the injured CONTR 2 group presented a high
dispersion and is dislocated from both laser-irradiated groups.

The LASER 660 nm (red), and in lesser degree the LASER
808 nm (infrared), was efficient in cell proliferation and repair
of injured nerve tissue. Both infrared and red lasers have been
described as an effective treatment after peripheral nerve inju-
ry evaluated by functional and morphometric analyses [21,
22]. When comparing the two wavelengths in LLLT, red laser
showed to be more effective than infrared laser to promote
early nerve recovery [43], confirming the findings through
Raman spectroscopy and PCA analyses. The present study
is consistent with the literature, as it provides evidence on
the importance of LLLT to improve nerve regeneration
through photobiomodulation processes [44]. In this study,
LLLT increased the production of lipids (sphingo and phos-
pholipids), glycoproteins, and collagen present in the myelin
sheath of sciatic nerve, which is related to tissue repair by
stimulating the action and increasing the number of the
Schwann cells. In fact, LLLT has shown that the Schwann
cell’s stimulus contributes to reduce the number of pro-
inflammatory cytokines and repairs the neurofilaments and
recovers the axonal diameter [19]. Schwann cells take an im-
portant role during the nerve regeneration by controlling the
influx of the inflammatory cells, cleaning the environment of
debris through autophagic process and supporting axonal re-
growth [45]. Therefore, Raman spectroscopy is an efficient
tool to detect the production of the biochemicals responsible
for the sciatic nerve repair (sphingomyelin and collagen) and
to measure the efficacy of therapies.

Raman spectroscopy has been described as a relevant tech-
nique for the biochemical analysis of biological materials of
clinical interest [13—17, 26, 28]. In this research, Raman
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spectroscopy was effective in the identification and assay of
the relative amount of the biochemical components present in
the sciatic nerve. The peaks found are directly associated with
the chemical composition of the myelin sheath and the
Schwann cells (sphingo and phospholipids), both related to
the tissue repair of the injured nerve, deposition of glycopro-
teins (laminin, fibronectin, tenascin, and collagen), and in-
crease of the extracellular matrix in the nerve repair tissue
[8, 30].

Conclusion

Raman spectroscopy has been employed to identify the peaks
of the major biochemical components of myelinated peripher-
al nerves (lipids and glycoproteins), and the corresponding
biochemical compounds present in the sciatic nerve after
crush injury, mainly sphingolipids and phospholipids (attrib-
uted to the myelin sheath of the nerve) and collagen (attributed
to the epineurium—the external layer of the connective tissue
which involves the sciatic nerve). The multivariate analysis by
PCA revealed specific differences between the groups, where
the spectral characteristics presented in the first six loadings
showed Raman bands of the main biochemical constituents of
the sciatic nerve. The CONTR 1 group showed Raman spectra
characteristic of the biochemical component of the intact

nerve, predominance of lipids (sphingo and phospho) and
proteins. The loadings LV1, LV2, and LVS, particularly these
last two, showed the predominant Raman spectra of sphingo
and phospholipids and proteins, mainly in the LASER 660 nm
group, and the binary plot between the scores SC1, SC2, and
SCS5, the ones that presented higher significance between con-
trols and LLLT (p <0.05), showed lower dispersion for the
LASER 660 nm group, indicating repair of the sciatic nerve
with increased Schwann cells and reconstitution of the myelin
sheath after 21 days of LLLT.
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