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ABSTRACT: Ischemic stroke is a major cause of mortality with complicated
pathophysiological mechanisms, and hematoxylin and eosin (HE) staining is a
histochemical diagnosis technique heavily relying on subjective observation. In
this study, we developed a noninvasive assay using Raman spectroscopy for in vitro
diagnosis and visualization of cerebral ischemia/reperfusion injury and protective
effects of ferulic acid. By establishing a middle cerebral artery occlusion (MCAO)
model in Sprague-Dawley male rats, we found effective interventions by ferulic
acid using the neurological function score and HE staining. Raman spectra of
neuronal and neuroglial cells exhibited significant intensity changes of protein,
nucleotide, lipid, and carbohydrate at 780, 814, 1002, 1012, 1176, 1224, 1402,
1520, 1586, 1614, and 1752 cm−1. Cluster vector analysis highlighted the
alterations at 1002, 1080, 1298, 1430, 1478, 1508, 1586, and 1676 cm−1. To
evaluate the levels of neuron injury and intervention performance, a random forest
model was developed on Raman spectral data and achieved satisfactory accuracy
(0.9846), sensitivity (0.9679−0.9932), and specificity (0.9945−0.9989), ranking peaks around 1002 cm−1 as key fingerprint for
classification. Spectral phenylalanine-to-tryptophan ratio was the biomarker to visualize neuronal injury and intervention
performance of ferulic acid with a resolution of 1 μm. Our results unravel the biochemical changes in neuronal cells with cerebral
ischemia/reperfusion injury and ferulic acid treatment, and prove Raman spectroscopy coupled with machine learning as a power
tool to classify neuron viability and evaluate the intervention performance in pharmacological research.
KEYWORDS: Ischemic stroke, vibrational spectroscopy, machine learning

1. INTRODUCTION
Ischemic stroke is the major cause of mortality leading to
acquired disability.1 Recanalization therapies are the most
widely adopted clinical treatments intending to replenish
nutrients and oxygen and remove toxic metabolites.2 However,
ischemic stroke has complicated pathophysiological mecha-
nisms3 and narrow therapeutic window,4 and recanalization
strategies may therefore worsen tissue injuries and cause
inflammatory responses accompanying restoration of blood
flow.3 Oxidative stress and blood−brain barrier damage in
cerebral ischemia also exacerbate the inflammatory response
exhibiting the elevations of immune cells and inflammation
related metabolites.3 Immune cells are deemed to contribute to
infarct growth and maturation in animal models of transient
middle cerebral artery occlusion (tMCAO) mimicking human
stroke treated with recanalization.5

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is an
important active ingredient isolated from traditional Chinese
medicine such as Ligusticum striatum.6 As ferulic acid is not
stable, sodium ferulate is more often used in clinical practice

for treating heart and head blood-vessel disease and exerts
protective effects against hypoxia/ischemia-induced cell injury
in brain.7 Pharmacological studies have suggested the critical
roles of ferulic acid in vasodilatation, antiplatelet activity, and
free radical scavenging.8 Both ferulic acid and sodium ferulate
are reported to perform neuroprotection by countering with
glutamate-induced apoptosis9 and overexpressing heme oxy-
genase, exhibiting significant neuroprotective effects on ROS
and glucose oxidase related oxidative damage.10−12 Besides,
ferulic acid can also exert neuroprotective effects during
psychosocial stress exhibiting an enhancement of long-term
memory.6,12 Therefore, there is an increasing attention on
ferulic acid and sodium ferulate as a promising neuroprotective
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agent for the treatment of cerebral ischemia due to their
significant effects of anti-inflammation, antioxidative stress,
angiogenesis, and neurogenesis contributing to improvement
of neurological functions on ischemic stroke.13,14

Hematoxylin and eosin (HE) staining is as an essential
histochemical technique for analyzing pathogenesis, informing
lesions and formulating the histopathological diagnosis.15 HE
staining discloses abundant structural information on well-fixed
cells, displaying a broad range of cytoplasmic, nucleic, and
extracellular matrix features.16 However, HE staining relies on
proper specimen processing and is limited by chemical
regents.17 The lesions of HE staining are also incompatible
with further clinical purposes such as immunofluorescence.17

In addition, microscopic elucidation heavily relies on subjective
observation, leading to the possibility of false-negative
results.15 Therefore, there is an urgent need to develop an
alternative, objective and noninvasive technique based on early
stage biochemical changes rather than morphologies of tissues
or cells.

In the recent years, vibrational spectroscopy has gained
increasing attentions due to its advantages in providing
chemical and structural information on biological samples,
exhibiting great potential in clinical diagnosis.18−20 Raman
spectroscopy has been extensively used for diagnosing
cancer,20 disease,19 and illicit drugs.21 Raman spectral
signatures of amyloid β aggregation in neural tissues provide
a detailed image of amyloid plaques in brain and are potential
biomarkers for noninvasive and early diagnosis of Alzheimer’s
disease.22 However, no study has used Raman spectroscopy to
diagnose neuronal injury caused by ischemic reperfusion or
evaluate the neuroprotective effects of ferulic acid. It is
therefore of urgency to assess the feasibility of Raman
spectroscopy in ischemic stroke studies and establish
biospectral databases of neuronal cells as guidance for other
brain diseases.

In this study, we established a MCAO model in Sprague-
Dawley (SD) male rats to mimic ischemic reperfusion injury
and ferulic acid treatments of different doses. With the aid of
neurological scoring and HE staining, a novel and robust
analytical method was developed using Raman spectroscopy
coupled with multivariate analysis and machine learning. We
aimed to discriminate key Raman peaks responding to
ischemic reperfusion injury and ferulic acid intervention,
evaluate the levels of injury and intervention of neurons by
elucidating spectral features, and visualize the neurological
deficits for clinical purposes. Our findings will offer clues for
noninvasively assessing the neuroprotective effects of ferulic
acid and provide foundations for the pharmacological screen-
ing of potential drugs treating stroke.

2. RESULTS AND DISCUSSION
2.1. Improved Neurological Deficit by Ferulic Acid

from Neurological Behavior Assessment. We observed
the effects of interventions based on the neurological function
scores, indicating a protective effect of ferulic acid against
stroke (Figure 1). On day 1, SD rats in CK group receiving
MCAO showed a significant increase in neurological deficit
(2.667 ± 0.5) than SHAM group (p < 0.01). Ferulic acid
groups exhibited no dramatic amelioration compared with CK
group. On day 3, ferulic acid group with high dose of 100 mg/
kg (HFA group) ameliorated neurological deficits (1.778 ±
0.441) during ischemia versus CK group (p < 0.01). On day 7,
ferulic acid groups with medium (MFA group, 1.556 ± 0.527,

p < 0.05) and high dose (HFA group, 1.111 ± 0.601, p < 0.01)
exhibited the alleviation effects of neurological deficits during
ischemia versus CK group. However, no significant difference
was found in the low dose group (LFA, 1.778 ± 0.441, p >
0.05) compared to CK group.
2.2. Alleviated Morphological Changes after Cerebral

Ischemia/Reperfusion Injury by Ferulic Acid from HE
Staining. Morphological changes induced by cerebral
ischemia/reperfusion injury were assessed by HE staining
(Figure 2), and there were no obvious autolysis compared to
other HE staining results in our laboratory. Seven days after
ischemia/reperfusion, neuronal cells in SHAM group were
neatly arranged with a clear structure, normal shape, and round
nucleus (Figure 2A). However, neurons in CK group exhibited
a disorganized cell arrangement and nuclear condensation, and
immune cells appeared (Figure 2B). Compared with CK
groups, ferulic acid treatment displayed the alleviation of cell
injury (Figure 2C−E). Especially in HFA group, the symptoms
of living cell swelling, intercellular space broadening, and
nuclear constriction were remarkably alleviated. Our results
confirmed that ferulic acid interventions achieved neuro-
protective functions during ischemia/reperfusion injury.
2.3. Neuron Discrimination As Revealed by Raman

Spectra. Raman spectra of neuronal and neuroglial cells from
five groups generated 10 sets of key data recording the
information on major biomolecules, as listed in Figure 3A,B
(for details see Table S1). Characteristic peaks related to
nucleotides were located at 570 cm−1 (DNA), 728 cm−1

(adenine), 780 cm−1 (cytosine, urine, and thymine), 1256
cm−1 (adenine and cytosine), 1338 cm−1 (adenine and
guanine), and 1584 cm−1 (adenine and guanine). Phos-
phate−sugar backbone vibrations displayed the peak at 1090
cm−1. Lipid peaks were observed at 828 cm−1 (O−P−O
asymmetric stretch), 984 cm−1 (�CH bend), 1064 cm−1 (C−
C skeletal), 1156 cm−1 (C−C stretch), and 1300 cm−1 (C−H
deformation). The peaks of carbohydrates were 938 (C−O−C
ring) and 1030 and 1338 cm−1 (CH2 deformation). Intense
peaks of proteins included 758 cm−1 (symmetric ring breathing
in tryptophan), 1002 and 1584 cm−1 (L-phenylalanine), 1268
and 1558 cm−1 (N−H bend and C−N stretch in amide III),
1338 and 1448 cm−1 (CH2 deformation), and 1658 cm−1

(stretching vibrations of C�O in amide I). Some other key
peaks arose from 620 cm−1 (C−C twist in phenylalanine), 642

Figure 1. Neurological deficit score of rats after ischemia−
reperfusion. CK represents model group and SHAM refers to sham-
operation group. LFA, MFA, and HFA represent treatments with low
(25 mg/kg), medium (50 mg/kg), and high (100 mg/kg) dose of
sodium ferulate, respectively.
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cm−1 (C−C twist in tyrosine), 852 cm−1 (C−C stretch in
proline, ring breathing in tyrosine), 1030 cm−1 (C−H bend in
phenylalanine), and 1126 cm−1 (C−N stretch of protein).

Raman spectra among different groups had very tiny
differences with obvious spectral overlaps and nonevident
intensity changes, exerting difficulties for classification. We
therefore analyzed the spectral alterations with significant
intensity change (p < 0.05) between key groups (Figure S1).
Here, the spectra regions marked in red and blue indicated
significant altered Raman peaks between SHAM and CK (p <
0.05) and nonsignificant altered ones between SHAM and
HFA groups (p > 0.05), respectively. The spectral regions
meeting both criteria included 780 cm−1 (thymine, cytosine,
and uracil), 814 cm−1 (not annotated, close to peaks
representing O−P−O asymmetric stretch), 998−1004 cm−1

(C−C skeletal in phenylalanine), 1012 cm−1 (not annotated,

close to peaks of C−C skeletal in phenylalanine), 1176 cm−1

(C−H bend in tyrosine), 1224 cm−1 (not annotated, close to
peaks of C−C6H5 stretch in phenylalanine and CH2 twist in
tryptophan), 1402 cm−1 (not annotated, close to peaks of CH2
deformation), 1520 cm−1 (not annotated, close to peaks
representing N−H bend and C−N stretch in amide III), 1584
cm−1 (adenine, guanine, phenylalanine), 1614 cm−1 (C�C in
tryptophan and tyrosine), and 1752 cm−1 (not annotated).
Among them, the intensities of peaks at 780 cm−1 (Figure 4A),
1002 cm−1 (Figure 4B), and 1176 cm−1 (Figure 4C) exhibited
an elevation with sodium ferulate dose, whereas the peaks of
1586 cm−1 (Figure 4E) and 1614 cm−1 (Figure 4F) were
opposite. For 1222 cm−1, its intensities declined with sodium
ferulate dose but were different between CK and LFA groups
(Figure 4D and Figure S5).

Figure 2. HE staining for the effects of ferulic acid on pathomorphological changes of rat brain after cerebral ischemia−reperfusion (×400). CK
represents the model group, and SHAM refers to the sham-operation group. LFA, MFA, and HFA represent treatments with low (25 mg/kg),
medium (50 mg/kg), and high (100 mg/kg) dose of sodium ferulate, respectively.

Figure 3. Raman spectra of neuron (A) and neuroglia (B) in different groups. CK represents the model group, and SHAM refers to the sham-
operation group. LFA, MFA, and HFA represent treatments with low (25 mg/kg), medium (50 mg/kg), and high (100 mg/kg) dose of sodium
ferulate, respectively.
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Direct comparison of peak intensities was complicated and
time-consuming. Therefore, multivariate analysis was con-
ducted to discriminate unique features among all recorded
biochemical variations to classify neurons across groups. PCA-
LDA algorithm extracted the key biochemical variations among
five groups and classified neurons (Figure 5A) and neuroglia
(Figure S3) treated with sodium ferulate. However, PCA-LDA
score plots illustrated no obvious segregation of five groups,
and cluster vector analysis was performed to reveal more
information (Figures 5 and S4). As illustrated in Figure 5B,
seven cluster vectors were highlighted and responsible for
segregation, including 998−1004 cm−1 (C−C skeletal in
phenylalanine), 1080 cm−1 (C−N stretch), 1298 cm−1 (C−
H deformation), 1430 cm−1 (CH2 deformation), 1478 cm−1

(CH2 deformation), 1508 cm−1 (not annotated), 1586 cm−1

(adenine, guanine, and phenylalanine), and 1676 cm−1 (C�O
stretch in amide I). These discriminating regions had obvious
peak shift (1002 cm−1, Figure S2A), different shapes (1080
cm−1, Figure S2B; 1298 cm−1, Figure, S2C), or different slopes
(1430 cm−1, Figure S2D; 1478 cm−1, Figure S2E; 1508 cm−1,
Figure S2F; 1586 cm−1, Figure S2G; 1676 cm−1, Figure S2H).
2.4. Classification by RF Models. The RF model based

on Raman spectra was constructed and satisfactorily classified
the levels of injury and intervention of neurons. The
relationships between error and tree numbers became smooth
when ntree was 400 and maintained stability until ntree was
500 (Figure 6A). Thus, ntree = 500 and mtry = 6 were set.
Generally, OOB error rate was 1.79%, hinting at a high

Figure 4. Raman peak intensities of neuronal cells among different groups: (A) 780 cm−1 for cytosine, urine, and thymine (nucleotides); (B) 1002
cm−1 for C−C skeletal in phenylalanine; (C) 1176 cm−1 for C−H bend in tyrosine; (D) 1222 cm−1 (not annotated); (E) 1586 cm−1 for adenine,
guanine, phenylalanine; (F) 1614 cm−1 for C�C in tryptophan, tyrosine. CK represents the model group, and SHAM refers to the sham-operation
group. LFA, MFA, and HFA represent treatments with low (25 mg/kg), medium (50 mg/kg), and high (100 mg/kg) dose of sodium ferulate,
respectively.

Figure 5. PCA score plot (A) and cluster vectors (B) of Raman spectra of neurons from different groups. CK represents the model group, and
SHAM refers to the sham-operation group. LFA, MFA, and HFA represent treatments with low (25 mg/kg), medium (50 mg/kg), and high (100
mg/kg) dose of sodium ferulate respectively.
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Figure 6. Random forest model for evaluating the levels of injury and intervention of neurons. (A) Relationships between error and tree numbers.
(B) Accuracy of established five-class RF model. (C) MeanDecreaseGini and MeanDecreaseAccuracy of the variant importance. The top 20
vibrational peaks are listed. (D) MDsplot visualizing RF model. CK represents the model group, and SHAM refers to the sham-operation group.
LFA, MFA, and HFA represent treatments with low (25 mg/kg), medium (50 mg/kg), and high (100 mg/kg) dose of sodium ferulate, respectively.

Figure 7. Mapping of neurons and neuroglia among different groups based on key Raman alterations. CK represents the model group, and SHAM
refers to the sham-operation group. LFA, MFA, and HFA represent treatments with low (25 mg/kg), medium (50 mg/kg), and high (100 mg/kg)
dose of sodium ferulate, respectively. Data are 226 spectra from each group (20 subfigures, 10 for white/black image, 10 for Raman spectra based
on phenylalanine-to-tryptophan ratios).
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prediction accuracy. The value of class.error was 1.111%,
2.669%, 0.862%, 1.794%, and 3.381% for the classification of
CK, HFA, LFA, MFA, and SHAM groups, respectively.
Overall, the accuracy of the established RF model was
0.9846 (Figure 6B, κ = 0.9803). Sensitivity was 0.9932,
0.9679, 0.9885, 0.9871, and 0.9854 for CK, HFA, MFA, LFA,
and SHAM groups, respectively. Specificity was 0.9989,
0.9965, 0.9949, 0.9945, and 0.9956 for CK, HFA, MFA,
LFA, and SHAM groups, respectively. The accuracy of RF
model could also be assessed through the values representing
multiclass area under the curve, which was 0.8303, 0.7943,
0.853, 0.7983, and 0.8064 for the classification of CK, HFA,
MFA, LFA, and SHAM groups, respectively. The variant
importance was calculated by MeanDecreaseGini and Mean-
DecreaseAccuracy (details see Table S2), and 1000 cm−1 was
ranked as the most important peak for predictive classification
(Figure 6C). The other key variables were 998, 842, 1004,
1416, and 1692 cm−1 (Figure 6C), the majority of which
represented lipids and proteins. Model visualization showed
that the test samples belonging to the same group were
clustered together and immensely distributed and <20 spots
were scattered separately, hinting at the reliability and accuracy
of the developed model (Figure 6D).

Another RF classification model was also established to
classify both cell types (neuron and neuroglia) and cell viability
across groups (Figure S6). However, OOB error rate was
18.84% and the accuracy ranged from 63.83% to 91.56% for
each group. The false classification was mainly caused by the
classification in CK and SHAM groups. Both neuronal and
neuroglial cells were vigorous in CK group, whereas they were
all rigidly damaged in SHAM group.
2.5. Neuron Mapping and Diagnosis by Raman

Spectra. Based on cluster vector analysis, neurons in CK
group exhibited higher spectral phenylalanine-to-tryptophan
ratios (peak intensities at 1002 cm−1 to peak intensities at 1614
cm−1), and their intensities were much lower in SHAM groups.
Thus, spectral phenylalanine-to-tryptophan ratio was used to in
vitro visualize neuronal viabilities with a resolution of 1 μm
(Figure 7). Raman spectral mapping fitted well with white/
black images that all neurons exhibited the same shape. It was
obvious that in CK group, the majority of neuronal cells
exhibited high phenylalanine-to-tryptophan ratios (marked in
red), whereas they were of low phenylalanine-to-tryptophan
ratio (marked in green) in SHAM group. As for LFA, MFA,
and HFA groups, the color gradients from red to green
suggested the increasing intervention performance of ferulic
acid with dosage. It is worth noting that neuronal cells showed
uneven distribution of phenylalanine-to-tryptophan ratios, and
there were some hotspots representing severe neuron injuries
in CK, LFA, MFA, and HFA groups. These data suggested that
Raman spectral visualization could not only diagnose the levels
of neuron injury and intervention performance but also
highlight the sites of injury on neuronal cells.

Ischemic stroke is the second single most frequent cause of
death for older people, leading to permanent disability and
dementia.23 Due to the remaining substantial neurological
deficits in patients,24,25 cerebral ischemia/reperfusion injury is
regarded as a major threat to human health and survival with a
high morbidity.26 Therefore, neuroprotection that reduces
neuronal and glial cell damages under the threshold of
symptom manifestation is an important index for the
evaluation of treatment strategies and clinical outcomes of
patients with acute stroke.24 Currently, the evaluation of

neuroprotective effects relies heavily on HE staining and
clinical experience. It is therefore important to develop an
objective and noninvasive approach based on early stage
biochemical changes rather than morphologies of tissues or
cells. Raman spectroscopy is a fingerprint spectrum produced
by the interactions between light and matter, highlighting the
chemical identity and state of biomolecules via their distinctive
scattering properties at the molecular level.27 It has been
proposed as a potential noninvasive tool to detect early
oxidative stress in neurodegenerative diseases.28 This work
applied Raman spectroscopy to diagnose the levels of injury
and intervention of neurons in MACO model rats. Through
multivariate analysis of Raman spectral data and RF model, our
results established the comprehensive links between biospectra
of neuronal cells and their physiological functions, implying a
powerful and noninvasive approach to diagnose the cerebral
ischemia/reperfusion injury in rats and evaluate the protective
effects of ferulic acid.

In this study, neurological examination results confirmed
obvious damages in ischemia/reperfusion group receiving
MACO with increasing neurological deficit scores, indicating
the successful model construction (Figure 1). Intervention
with ferulic acid showed a significant improvement of
alleviated neurobehavioral symptoms supported by the
morphological results (Figure 2). The morphological observa-
tions proved the variances among groups depicted by cell
arrangements, cell shape, and nucleus status. Ferulic acid
extracted from traditional Chinese herbal medicines has been
found to counteract oxidative stress12,13 and perform the
cytoprotective effects in case of damage caused by neuro-
toxicants.11 For instance, ferulic acid is reported to reduce
glutamate-evoked apoptotic morphology of cultured cortical
neurons incubated with glutamate.9 It also exerts neuro-
protection in human neuroblastoma cells exposed to neuro-
toxin trimethyltin through the up-regulation of the heme
oxygenase-1 and biliverdin reductase system.11 In addition to
these antioxidant effects, ferulic acid could maintain the
homeostasis by modulating cellular autophagy, closely related
to processing and elimination of misfolded proteins.29 These
findings support the effects of ferulic acid in counteracting
cerebral ischemia injury and provide a possibility of ferulic acid
application in neurodegenerative diseases characterized by
cognitive impairment. However, besides examining the neuro-
logical behaviors, more direct and accurate proof should
characterize the neuroprotective mechanisms of ferulic acid.
Therefore, the neuroprotection of ferulic acid requires
assessment from molecular biochemical changes instead of
morphological status. Hence, it is vital to investigate the
changes in biochemical components involved in neuronal cell
death, and more such precise and microcosmic findings
contribute to the identification of potential protective
components and the development of effective drugs and
therapy strategies.

Raman biospectra of neuron and neuroglia in different
groups (Figure 3) illustrated a mixture of distinct biomole-
cules. The annotated fingerprints represented major cellular
molecules including protein, nucleotides, lipid, and carbohy-
drates (Table S1). The main protein peaks implied peptide
vibrational modes, including C−C stretch, C−N stretch, C�
O stretch, S−S stretch, N−H bend, and C−H bend.
Additionally, biomarkers of protein secondary conformation
were identified, including amide III (1268 and 1558 cm−1) and
amide I (1655−1698 cm−1). Amide I vibration is associated
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with C�O stretching in the peptide backbone and is subjected
to different restoring forces in the α-helix and β-sheet.30 Amide
III is a complex vibration mode obtained from the sum of N−
H bending and C−N stretching and is influenced by (C)CαH
bending motion.31 Previous studies have reported that the
postischemic aggregation of ubiquitin, small ubiquitin-related
modifier, and ribosomes is closely related to post-translational
protein modifications that potentially function in neuron
protection.32,33 However, cerebral ischemia could also induce
the aggregation of neurodegeneration-related disease proteins
which may lead to neuronal dysfunction and death.34

Regardless of the processes, a thriving protein metabolism
occurs in neurons, displaying a homeostatic imbalance and
candidate discriminating biomarkers. In addition, the key
alterations also included phenylalanine aromatic ring side
chains (620, 1004, 1030, 1208, and 1584 cm−1), tyrosine (642,
758, 1176, and 1614 cm−1), and proline (852 cm−1). Amino
acids are the basic units of proteins and perform critical roles in
cell signaling, biosynthesis, transportation, and key metabolic
pathways. Altered levels of amino acids are closely related to
many diseases including neurological diseases, liver diseases,
and stroke.35 Our results suggested that Raman spectroscopy is
a powerful tool to identify neuronal damage in the imbalanced
biological disease network caused by stroke by distinguishing
the biomarkers of protein metabolism.

Besides protein metabolism, other biomolecules such as
nucleic acids, fatty acids, lipids, and low-density lipoprotein
have also been reported to alter in the serum and plasma of
cerebral ischemia patients.3 In this study, some peaks of nucleic
acids, lipids, and carbohydrates were altered. Characteristic
peaks implying nucleic acids were 728 cm−1 (adenine), 780
cm−1 (thymine, cytosine, and uracil), 1256 cm−1 (adenine and
cytosine), 1338 cm−1 (CH2 deformation of adenine and
guanine), and 1588 cm−1 (adenine and guanine). These results
hinted at the involvement of DNA replication and RNA
expression in the protective effects of cerebral ischemic,26

consistent with some previous studies reporting the altered
gene expression profiles in TLR4/MYD88 inflammatory
signaling, HRAS/RAF1 neurotrophic signaling, and hyper-
methylated N6-methyladenosine modification pathways, which
might be the key mechanisms involved in secondary injury
following cerebral ischemia−reperfusion.36,37 Our findings
offered spectral evidence for the alterations of key DNA and
RNA in cerebral ischemia.

Lipids are constituted of different members and serve as
energy storage, signaling molecules, and membrane component
contributing to tissue physiology. Detrimental changes in lipid
metabolism and excess accumulation of lipids contribute to a
variety of metabolic disorders resulting in a lack of axon
regeneration and poor neurological outcome after central
nervous system trauma and disease.38 Our findings highlighted
some vibrational alterations related to lipids, including C−C
stretch (1064 and 1156 cm−1), C−C−N+ stretch (888 cm−1),
C�C stretch (1655−1698 cm−1), and �CH bend (984
cm−1) and O−P−O asymmetric stretch (828 cm−1) (Figure 3
and Table S1). Besides, the peaks of carbohydrates like C−O−
C ring (888 and 938 cm−1) and CH2 deformation (1338 cm−1)
also significantly altered. These results evidenced the feasibility
of using Raman spectra to diagnose the biochemical changes of
damaged neurons. A study has applied Raman microspectro-
scopy to assess the chemical composition of a hippocampal
neuron coculture undergoing oxidative stress and found the
time-dependent changes of nucleic acid peaks.28 Our study for

the first time identified some key vibrational fingerprints
exhibiting changes in lipid metabolism from neuronal cells as
candidate biomarkers.

We also focused on the representative fingerprints
discriminating the different viabilities of neurons. Here,
Raman spectra of neuronal and neuroglial cells in different
groups were not segregated in PCA-LDA score plot (Figure
5A), possibly attributing to tiny cellular changes of neuronal
cells in the cerebral ischemia/reperfusion injury. We thus
further analyzed predominant alterations to distinguish the key
biomarkers representing biochemical changes using intensity
change and cluster vector analysis. By comparing the regions
with significant intensity changes (780, 814, 1002, 1012, 1176,
1224, 1402, 1520, 1584, 1614, and 1752 cm−1) and cluster
vectors (1002, 1080, 1298, 1430, 1478, 1508, 1586, and 1676
cm−1), we find two key peaks of 1002 cm−1 (phenylalanine)
and 1586 cm−1 (phenylalanine and purines) highlighted by
both methods, suggesting they were predominant biomarkers
of neuronal injury and intervention.

Besides discriminating the unique fingerprints, Raman
spectroscopy also successfully evaluated the pharmacological
effects, and a more robust classification model was therefore
required. Here, the developed RF model achieved satisfactory
accuracy, sensitivity, and specificity (Figure 6), capable of
assessing the levels of neuronal injury and intervention by
ferulic acid. The most dependent peak was around 1002 cm−1

of phenylalanine, meeting well with the results of cluster vector
analysis (Figure 5B). Metabolic pathways of two aromatic
amino acids tyrosine and phenylalanine are reported to
correlate, and phenylalanine hydroxylase is the key enzyme
converting phenylalanine to tyrosine, which is an essential
precursor in the brain for the monoamine neurotransmitter
serotonin and catecholamines that may increase due to
excitation in the sympathetic nervous system during an acute
ischemic stroke.39 Amino acid metabolism is heavily involved
in the pathophysiology of acute brain ischemia,40 and amino
acids or their derivatives can serve as blood biomarkers for the
stroke diagnosis.41,42 A study investigated the therapeutic
effects of a Chinese medicine (BuChang NaoXinTong) on
reversing cerebral ischemia and found an imbalanced amino
acid−key enzyme−protein network.43 Particularly, some
amino acid biomarkers such as phenylalanine, tyrosine, and
tryptophan are found to significantly change in MCAO
group,43 and a decreasing phenylalanine level is observed in
the stroke group compared with sham operated male Wistar
rats.40 The disturbance of aromatic amino acid metabolism can
affect energy metabolism by compromising Krebs cycle
functioning and decreasing key enzyme activities enrolled in
biological oxidation. These will lead to oxidative stress,44 which
is a vital factor responsible for most of the ischemia−
reperfusion injury and thus causing brain apoptosis, autophagy,
and necrosis.45 In this study, the identified vibrational
biomarker of 1002 cm−1 representing phenylalanine by three
algorithms served as a unique fingerprint discriminating
neurons with different viabilities and hinted at the intervention
mechanisms of ferulic acid.

Biospectral imaging has been enormously applied in
biological and biomedical studies to visualize the inherent
features with the aid of chemometrics methods.46 Here, we in
vitro visualized neuronal cell viabilities by using the spectral
phenylalanine-to-tryptophan ratio (1002 cm−1 to 1614 cm−1)
with a resolution of 1 μm (Figure 7). The two vibrational
biomarkers were selected because 1002 cm−1 (L-phenyl-
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alanine) and 1614 cm−1 (C�C in tryptophan and tyrosine)
were highlighted by both multivariate analysis and RF models,
representing the altered amino acid metabolisms during acute
brain ischemia.40 Raman imaging has been widely used for
living biological cells,47 including univariate approach using
individual biomarkers of deoxyadenosine triphosphate for
neuron cells48 or cyclopropane fatty acids for yeasts49 and
multivariate approaches using multiple key peaks for blood
cells.50 However, no previous studies have attempted to
visualize neuronal injury caused by ischemic reperfusion and
neuroprotective effects. Our study used a classification-based
Raman imaging coupled with machine learning (RF model) to
successfully visualize the injury of the whole neuronal cells and
even the sites of injury, proving the feasibility of using Raman
spectral imaging for diagnosing cerebral ischemia/reperfusion
injury and screening potential drugs with neuroprotective
effects.

3. MATERIALS AND METHODS
3.1. Animals and Drugs. In total, 45 SD rats (250−280 g each)

were bred in the Medical Animal Experimentation Center of Zhejiang
Chinese Medical University and maintained under a 12 h/12 h light/
dark cycle with free access to food and water. Sodium ferulate was
purchased from Yuanye Medical Pharmaceutical Co. Ltd. (Shanghai,
China). All animal treating procedures were carried out in strict
accordance with the Institutional Animal Care and Use Committee of
China and followed the regional Animal Ethics Committee of
Zhejiang Chinese Medical University.
3.2. MCAO Model. The MCAO model was established as

described previously.51 Briefly, male SD rats were anesthetized with
4% chloral hydrate (1 mL in 100 g) intraperitoneally and placed on a
heating pad to maintain the body temperature at 36.5−37.5 °C. The
right common carotid artery (CCA) was isolated and exposed first,
followed by the external carotid artery (ECA) and internal carotid
artery (ICA). Then, a nylon monofilament approximately 0.24 mm in
diameter with a blunt white tip was inserted through ECA into ICA to
block the origin of middle cerebral artery (MCA) until the slight
resistance was felt. Cerebral ischemia was maintained for 2 h, and the
suture was put off slowly to restore arterial blood flow for 72 h
reperfusion. After the operation, all rats were placed in a suitable
environment to maintain normal body temperature. The sham-
operated rats underwent the same surgical procedures as MCAO rats
without inserting a filament.
3.3. Drug Administration and Groups. Sodium ferulate was

dissolved in saline (0.9%), and rats were administered intravenously
once a day after operation. SD male rats were randomly divided into 5
groups of 9 rats each, comprising model group (CK), low ferulic acid
dosage group (LFA), medium ferulic acid dosage group (MFA), high
ferulic acid dosage group (HFA), and sham-operation group
(SHAM). A dose of 0.9% saline was administered to CK and
SHAM groups. The dosage of sodium ferulate was 25, 50, and 100
mg/kg for LFA, MFA, and HFA groups, respectively.
3.4. Neurological Deficit Evaluation. Neurologic examinations

were performed to assess the neurological deficits of five groups in a
blind manner on 1-, 3- and 7-day postischemia. The neurologic
functions were scored on a five-point scale as in ref 52: score of 0 for
no neurologic deficit; score of 1 for a mild focal neurologic deficit
showing failure to extend left forepaw fully; score of 2 for a moderate
focal neurologic deficit showing circling to the left; score of 3 for a
severe focal deficit exhibiting the falling to the left; score of 4 for rats
not able walk spontaneously and with a depressed level of
consciousness.
3.5. HE Staining. HE staining was used to microscopically observe

the morphologies and pathologies of brain cells by staining the slices.
All MCAO rats were immediately executed after perfusion with
precooled saline followed by 4% paraformaldehyde to avoid autolysis,
and the whole process was done within 25 min. Then, the brains were
sampled and fixed with 4% paraformaldehyde and stored at 4 °C.

After 24 h, the fixed brain tissues were embedded in paraffin and cut
into a series of 5 μm thick sections for storage. Before staining, the
brain slices were first deparaffinized to remove paraffin wax using
xylene and hydrated using anhydrous/diluted alcohols (95% and
70%). Then, HE staining was performed by rinsing the slides in H2O,
dehydrated twice with 95% and 100% alcohol, respectively, followed
with two times exchange of methanol. The slices were added with one
or two drops of mounting medium and covered with a coverslip. The
images were taken under 40× objective lens (Zeiss, Germany) using
microscope Imager A2 (Zeiss, Germany).
3.6. Raman Biospectroscopic Acquisition and Analysis.

Paraffin-fixed brain tissues were cut into a series of 5 μm thick
sections, placed onto BaF2 slides, and dewaxed to avoid the spectral
interference of paraffin. Raman spectra53 were acquired using a
confocal Raman spectrometer P300 (HOOKE Instruments Ltd.,
China) equipped with an integrated microscope and a motorized XYZ
stage. Tissue visualization and spectral acquisition were achieved
through a 50×/NA 0.5 objective (HOOKE Instruments Ltd., China).
Raman scattering was excited with a 532 nm laser diode and detected
with a −75 °C air-cooled charge coupled detector (CCD). Raman
spectral measurements with grating 1200 g/mm resulted in a spectral
resolution of ∼2 cm−1 over spectral range from 350 to 2000 cm−1.
The acquisition time was 15 s, and the exposure power was 20 mW.
Raman mapping was conducted in an area of 16 μm × 16 μm on each
slide, and the step was 1 μm (a total of 256 spectra for each mapping
area and at least 200 spectra were extracted for mapping after RF
model evaluation). For each group, three individual slides were
analyzed as biological replicates, and at least 3 areas were randomly
selected for mapping.
3.7. Data Analysis. Raman spectral data preprocessing and

classification were carried out within MATLAB (MathWorks, Natick,
USA) implemented with an in-house developed IRootLab toolbox
(http://trevisanj.github.io/irootlab/).54 Spectral data with back-
ground noise or nonbiological variability eliminated were truncated
to the biological region (2000−500 cm−1), wavelet was denoised,
polynomial was baseline corrected, and vector was normalized,
following the standard procedure in Raman spectral analysis of
biological samples to generate noise-free spectra with conventional
appearance. The resulting data set was first mean-centered and then
applied to the cross-validated (k-fold = 10 and leave-one-out to avoid
overfitting) principal component analysis (PCA) followed by linear
discriminant analysis (LDA) to discriminate the differences. All
classification models were validated using 10% of the samples in a test
set. This unsupervised method can extract a few important principal
components (PCs) responsible for the majority of variance from the
spectral data set. Cluster vector analysis was conducted to visualize
the subtle difference and discriminate specific Raman bands closely
associated with neuron status. SHAM was set to be the “index of class
to be the origin”.

To evaluate the levels of injury and intervention of neurons by
retaining the most effective features from spectral data, we built a
multivariant classification model by random forest (RF) algorithm,
which is a multiclassifier algorithm based on ensemble learning and
composed of hundreds of trees grown through a bootstrap sample.
Each node selected by each tree corresponded with a random
variables subset which serves as candidates to search the best split for
the node. To construct RF model, the normalized spectral data were
imported to RStudio (version 3.4.1) and calculated by “random-
Forest” package. All data (4116 spectra) were first divided into
training and test sets (3:1), and the category of different neuron
groups was deemed as the factor with various spectral peaks as the
variables. The further split of the entire training data set generated
two groups (1:3), model training data set (771 spectra) for model
construction and model validation data set (2315 spectra) for the
model evaluation exporting results as out-of-bag (OOB) data. A
multivariable classification model was constructed using the optimized
references (ntree value of 500, mtry value of 6). The variable
importance sort was performed to rank the essential variables and
export the confusion matrix and training and testing votes for each
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sample. To evaluate the performance of classification model,
sensitivity and specificity were calculated by the following equations:

sensitivity
TP

(TP FN)
100%=

+
×

(1)

specificity
TN

(TN FP)
100%=

+
×

(2)

True positive (TP) represents the proportion of the positive samples
correctly identified as positive class. True negative (TN) refers to the
proportion of negative samples correctly identified as negative class.
False positive (FP) is the proportion of incorrectly identified positive
samples into negative class, and false negative (FN) is the proportion
of incorrectly identified negative samples into positive class. We used
the equation “accuracy rate = 1 − class.error” to transfer class.error
into the accuracy rate of RF model. Then, OOB value was used for an
unbiased estimation of internal classification error to substitute the
function of cross validation because OBB data were not involved in
the model training. For neuron mapping and visualization, all 256
spectra were processed and input into the developed RF model for
quality control, and all those satisfactorily meeting the classification
were further extracted for visualization. For each group, the spectral
number for visualization was around 200.

Statistical analysis was performed using SPSS 21.0, and all data
were presented as the mean ± standard deviation (SD). Data of
different classes were analyzed using one-way analysis of variance
(ANOVA). Different small letters in each figure indicate significant
difference (Duncan’s test, p < 0.05) among groups (n = 3 for CK and
SHAM groups; n = 5 for LFA, MFA, and HFA groups).

4. CONCLUSION
In this study, we conjunctively applied Raman biospectra,
multivariate analysis, and random forest model to in vitro
evaluate the levels of injury and intervention of neurons by
ferulic acid in cerebral ischemia/reperfusion. Among several
identified vibrational alterations representing the change of
neuronal biomolecules, 1002 cm−1 representing phenylalanine
was the most significant biomarker by all algorithms. Random
forest model achieved satisfactory accuracy, sensitivity, and
specificity to classify neuron viability and assess the neuro-
protective effects of ferulic acid. The spectral phenylalanine-to-
tryptophan ratio (1002−1614 cm−1) was a reliable indicator to
directly visualize the viability and neuroprotective effects of
neurons. Our findings prove Raman spectroscopy coupled with
multivariate analysis and machine learning is an ideal tool to
distinguish the characteristic fingerprints in the cerebral
ischemia reperfusion and offer potential clues for the precise
assessment in pharmacological research like early stage
diagnosis, drug screening, and intervention strategy optimiza-
tion.
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