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In this paper, optical coherence tomography (OCT) and surface-enhanced Raman spectroscopy
(SERS) were used to characterize normal knee joint (NKJ) tissue and knee osteoarthritis (KOA)
tissue ex wvivo. OCT images show that there is a clear hierarchical structure in NKJ tissue,
including surface layer, transitional layer, radiation layer and cartilage matrix calcification layer
tissue structure, while the hierarchical structure of KOA tissue is not clear and unevenly dis-
tributed, and the pathological tissues at different stages also show significant differences. SERS
shows that NKJ tissue and mild osteoarthritic knee cartilage (MiKOA) tissue have strong
characteristic Raman peaks at 964, 1073 (1086), 1271, 1305, 1442, 1660 and 1763 cm~!. Com-
pared with the Raman spectrum of NKJ tissue, the Raman characteristic peaks of MiKOA tissue
have some shifts, moving from 1073 cm ! to 1086 cm ! and from 1542 cm ™! to 1442 cm~!. There
is a characteristic Raman peak of 1271 cm~! in MiKOA tissue, but not in NKJ tissue. Compared
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with NKJ tissue, severely degenerated cartilage (SAKOA) tissues show some new SERS peaks at
1008, 1245, 1285, 1311 and 1321 cm™!, which are not seen in SERS spectra of NKJ tissue.
Principal component analysis (PCA) was used to analyze the Raman spectra of 1245-1345 cm !
region. The results show that PCA can distinguish NKJ, MiKOA and SAKOA tissues and the
accuracy is about 90%. These results indicate that OCT can clearly distinguish NKJ, MiKOA,
moderate osteoarthritic knee cartilage (MoKOA) and SAKOA tissue, while SERS can provide
further judgment basis. The results also prove that the contents of protein and polysaccharide in
knee tissue are changed during the pathological process of knee tissue, which is the cause of pain
caused by poor friction in knee joint during movement.

Keywords: Optical coherence tomography; surface-enhanced Raman spectroscopy; knee osteoarthritis.

1. Introduction

Osteoarthritis (OA) is a joint degenerative disease
that seriously affects the quality of life of patients,
causing huge economic burden to patients, families
and society.’? Knee osteoarthritis (KOA) is the
most common form of arthritis in the world, and its
incidence rate increases with age. With the aging
population, the number of cases increases every
year. About 250 million people worldwide suffer
from knee arthritis, including 9.6% of men and 18%
of women after the age of 60.° According to the
survey, the prevalence rate of KOA in the elderly
over 65 years old in the United States is 33.6%, and
the prevalence rate in women (42.1%) is higher than
that in men (31.2%).* In addition to aging, the in-
cidence of KOA caused by trauma and obesity is
also gradually increasing in the young population.’
KOA is a complex disease involving the entire sy-
novial joint including articular cartilage, synovial
membrane and subchondral bone.®” The loss of
articular cartilage has been thought to be the major
change, but the combination of cellular changes and
biomechanical stress leads to a number of secondary
changes, including subchondral bone remodeling,
osteophyte formation, development of bone marrow
lesions, changes in synovium, joint capsule, liga-
ments and periarticular muscles, meniscus tearing
and squeezing.® '! Early KOA is mainly manifested
as intermittent pain, mainly joint space pain, ag-
gravated after activity and relieved after rest. Pain
is usually associated with changes in the weather,
and cold and humidity can aggravate the pain. As
the disease progresses, there may be resting pain or
even nocturnal pain.'?

For patients with early knee arthritis, weight loss
and diet regulation can alleviate knee pain and re-
store function.'” Drugs can quickly alleviate the
pain and functional limitations of knee arthritis, but

they may also have toxic effects on systemic organs.
Studies have shown that arthroscopic patellofe-
moral decompression is effective in the treatment of
patellofemoral degeneration. It can alleviate pain
and improve knee function, which is worthy of
clinical application.!* However, this method is only
applicable to patients with early knee osteoarthritis,
and has no obvious effect on patients with knee
arthritis. At present, some clinical methods, such as
MRI and CT, also have some deficiencies in some
aspects. For example, MRI radiation may bring
some negative effects to the human body. Therefore,
early detection of knee joint lesions is very important.
However, there is still a lack of effective technology to
detect early knee lesions at the molecular level. In
recent years, infrared spectroscopy,'® near infrared
spectroscopy,'® fluorescence spectroscopy!” have
been applied to study the biochemical components of
articular cartilage, while these spectral techniques
have corresponding defects in detecting knee joint.
Raman spectroscopy'® can mnoninvasively analyze
cartilage tissue and is not affected by water in tis-
sue.'” However, the conventional Raman spectros-
copy signal is very weak, easy to be disturbed by
fluorescence signal, and the detection sensitivity is
low. Surface enhanced Raman spectroscopy can sig-
nificantly improve the signal intensity of Raman
spectrum and eliminate fluorescence interference. It
has the advantages of fast, high sensitivity, less
sample consumption and simple sample preparation.
It has become a promising biomedical detection
method.

Optical coherence tomography (OCT) is a non-
invasive technique based on low-coherence inter-
ferometry, which is very sensitive to changes in
the optical properties of biological tissues.?’:? OCT
imaging can provide more information about
the properties of cartilage tissue than independent
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arthroscopy. By measuring the light intensity on and
below the cartilage surface, high-resolution cross-
sectional images can be captured in real time. It can
provide 10-100 times higher resolution than current
clinical imaging technology.”” Previous studies have
shown a high correlation between OCT images and
reference histology.?>° So far, the in vivo applica-
bility of OCT has been demonstrated in open knee
surgery?” and arthroscopy.’® Further studies show
that OCT may detect early cartilage degeneration
caused by meniscus injury?” or mechanical injury.?®

In this paper, the imaging and spectral studies of
normal knee joint (NKJ), mild osteoarthritic knee
cartilage (MiKOA), moderate osteoarthritic knee
cartilage (MoKOA) and severely degenerated car-
tilage (SAKOA) tissues were carried out by combi-
nation of OCT and SERS technology. Usually,
OCT can realize imaging based on the backscat-
tering of normal tissue and diseased tissue to light,
and recognize and distinguish different tissues from
the aspect of histomorphology based on the differ-
ences of the images, while surface-enhanced Raman
spectroscopy (SERS) can recognize and distinguish
different tissues from the aspect of tissue composi-
tion based on the differences of SERS spectra and
Raman peaks between normal tissue and arthritis
tissue, As a supplementary method, SERS can
provide further recognition basis for distinguishing
normal tissues from diseased tissues. Therefore, we
hope that through the research work of this paper,
the feasibility of using OCT/SERS method to
identify and distinguish normal bone tissue and
diseased bone tissue can be explored, so OCT/SERS
method can be used in the diagnosis of bone lesions.
It is hoped that with the development of OCT and
SERS technology and the deepening of research
work, OCT/SERS can become one of the methods
that can be selected for relevant clinical applica-
tions in the future.

2. Materials and Methods
2.1.

The OCT system used in this experiment is a por-
table Fourier domain OCT system controlled au-
tomatically by computer. Its central wavelength is
840 nm, the bandwidth is 80 nm, and the lateral and
in-depth resolutions are 30 pm and 7.8 pm, respec-
tively. The transverse and depth scanning ranges
are 3mm and 1.8 mm, respectively. The B-scans

Instrumentation

obtained in each experiment are stored in the
computer for further processing. The data acquisi-
tion software is written with Lab VIEW 7. A
schematic diagram of the OCT system can be found
in the literature.?”-"

SERS measurement and data preprocessing: In
this experiment, the Raman spectra of the samples
were collected by a confocal Raman microscopy
(Renishaw, in Via, United Kingdom), which collects
spectra from backscattering geometry by a Leica
DM-2500 microscope equipped with objective 20x.
The excitation light source is 785 nm diode laser.
The power of laser irradiation is about 1mW
and the spot diameter is about 5 ym. The spectral
acquisition range is 800-1860cm~!. The spectral
resolution is about 1ecm~! (It is from the technical
parameters of the instrument used in experiment)
and the spectrograph grating used is a 1200 g/mm
grating. Each Raman spectrum was collected six
times, and the integration time of each time was
10s. Before collecting the Raman spectrum of the
experimental sample, the instrument was calibrated
by using the Raman spectrum of silicon in 520 cm !
band. The software package WIRE 3.2 (Renishaw)
was used for spectrum acquisition and analysis. All
data were acquired under the same conditions.

2.2. Tissue preparation and
experimental procedure

Tissue Preparation: Knee-joint tissue samples were
collected from 24 patients (aged between 68 and 78)
undergoing knee replacement surgery, and 2-3
samples can be selected from each patient’s surgical
tissue for OCT or Raman experiment. All patients
were from the Department of Orthopedic Surgery,
the First Affiliated Hospital of Sun Yat-sen Uni-
versity. The tissues (a part of the knee) collected
from the hospital were divided into approximately
2 x 2cm?, and the thickness is about 0.5cm. The
samples were washed with saline, the blood on
surface was removed. Then, these samples were
placed in different plastic boxes and kept in an
ultra-low temperature refrigerator at —80°C as soon
as possible. These samples were divided into NKJ
and KOA groups. The NKJ group and the KOA
group were divided into control group (The samples
of control group is only used for the relevant
experiments to verify the enhancement effect of
nanoparticles in Fig. 7) and experimental group
(Other samples except the control group).
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Experimental procedure: Before each experi-
ment, the samples taken from the low-temperature
refrigerator were placed at room temperature for
30 min. Then, only normal saline was added to the
samples of the control group, while normal saline
and silver nanoparticles (Ag NPs) solution were
added to the samples of the experimental group at
the same time. The nanoparticle concentration of
the solution used in the experiment is 0.1 mol/L.
Since the time of obtaining Raman image is much
shorter than that of OCT, the samples were first
used to measure the Raman data, and then used for
obtaining the OCT image. During data measure-
ment, the sample is placed in a petri dish with
normal saline. Because the penetration of nano-
particles in cartilage changes with time, in order to
obtain the change law of OCT image with time, we
explore the change of OCT signal slope of cartilage
tissue with time in the process of nanoparticle
penetration, and improve the reliability of experi-
mental data, we conducted 4h continuous OCT
imaging for each sample, recorded an OCT image
every minute. Then the clearest OCT image was
selected for relevant data analysis.

SERS measurement: The sample taken from the
low-temperature refrigerator was placed at room
temperature for 30 min. The sample of experimental
group was added with 2ml Ag NPs solution, and
2ml Ag NPs solution was added again 10 min later.
The sample of control group was added with 2 ml
normal saline, and 2ml normal saline was added
again 10 min later. 5 min later, the Raman spectrum
of the sample was measured by SERS system. SERS
spectra data were collected five times for each
sample and averaged. The data collected were
smoothed, and baseline correction and noise re-
moval were also performed.

Fig. 1.

OCT data acquisition: The OCT system was
used to collect OCT image for each prepared sam-
ple, once every 1 min, and continuously monitor for
4 h for each sample. A total of 240 OCT images were
obtained for each experimental sample.

2.3. Synthesis of Ag NPs

The preparations of Ag NPs are as follows. Before
the experiment, the tetrafluoroethylene magnets
and the glass instruments related to the experiment
were put into an acidic solution for eight hours,
then, they were rinsed with deionized water, and
dried in an oven for experimental use. Ag NPs so-
lution was prepared by reducing AgNO; solution
with sodium citrate.*! First, 18 mg AgNOj3 (99.8%,
Shanghai, China) was dissolved in a beaker and was
put into a 100ml volumetric flask. Second, the
AgNO;3 solution was poured into the flask and
heated to boiling while stirring; at this time, 2 ml of
1% sodium citrate aqueous solution was quickly
added to the solution. Finally, the above mixture
was kept slightly boiling under stirring for about
60 min, until the solution turned celadon, and then
the heating was stopped. The mixture was cooled to
room temperature with stirring. The resulting so-
lution is stored at —4°C for experiment.

Ag NPs were characterized by scanning electron
microscope (SEM) (FEG Quanta 250, America)
and ultraviolet visible (UV-2600, Japan) spectros-
copy. Samples for SEM were prepared by dropping
the particle suspensions onto a silicon slice and
evaporating. The electron micrographs of Ag NPs
are shown in Fig. 1(a). Ag NPs are uniform in shape
and size. The average particle size can be deter-
mined by counting (Nano Measurer 1.2) more than
200 particles. The size of Ag NPs is mostly between

Absorbance

400 600 800
Wavelength (nm)

SEM images and UV-Vis spectra of Ag NPs. (a) SEM of Ag NPs and (b) UV-Vis spectra of Ag NPs.
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60 nm and 70 nm. It can be seen from the figure that
silver nanorods exist in the solution, while relevant
studies have proved that silver nanorods also have
good surface enhancement.’” The illustration in
Fig. 1(b) is an enlarged view of part of Fig. 1(a).
Figure 1(b) shows the UV-visible near infrared
absorption spectrum of Ag NPs. The UV-Vis
absorption peak of Ag NPs appears at 400 nm.

2.4. Data analysis
2.4.1. OCT data analysis

In this study, cartilage tissues (including NKJ tis-
sues and OA tissues) were continuously examined
by OCT. An average of A-scans was taken from a
horizontal surface of each OCT B-scan. B-scans
images obtained from each test were stored in a
computer for further processing. Through ImageJ
data processing software, the signal strength at a
specific depth of the OCT image of the sample was
first integrated along the z-axis within the box area
(as shown in Fig. 2(a)), and the average processing
was done. Then, the OCT signal strength of the

corresponding depth was obtained. Through data
processing of image at other depth by similar
methods, the one-dimensional distribution of OCT
signal strength within the whole imaging depth
range with depth can be achieved. By integrating
the signal strength of the whole area of OCT image
at a certain time point of a sample, the total OCT
signal strength of the sample at the corresponding
time was obtained. Similar data processing was
performed on 240 OCT images obtained within 4 h
to obtain the distribution of the OCT signal
strength of the sample with time. Then, the change
of OCT signal slope with time can be obtained by
data processing software. The linear region with the
minimum fluctuation of 1D OCT signal was selected
to analyze the changes of optical properties of the
samples over time.

OCT imaging is based on the difference of light
attenuation. The change of OCT signal with depth
follows Lambert-Beer law.?> According to Lam-
bert—Beer law, the light attenuation law in tissue
is exponential. The average signal intensity data
of cartilage tissue in NKJ group and OA group

180 | superficial layer

’_\160 3 P radiation layer

=140 F ’ cartilage
—120F matrix
100} calcification
80} layer

SJ \ -

transitional layer

100 200 300 400
Depth (pm)

(b)

- -
" "- - l. -
Pk Ll

OCT signal slope (arb. units)

| = OCT signal'slope &
—— Smoothed OCT signal slope
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time (min)

()

Fig. 2. B-scans and corresponding one-dimensional OCT signal images of NKJ tissue. (a) OCT image; (b) OCT signal; (c) OCTSS
graph of NKJ: The two vertical lines area represents the Ag NPs diffusion interval.
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were obtained by exponential fitting curve. The
fitting equation is applicable to OCT signals in
cartilage tissue:

y = A exp(pux) + yo, (1)

where p is the attenuation coefficient and z is the
penetration depth.

2.4.2. SERS data analysis

When the monochromatic light beam with fre-
quency v, irradiates on the material, some of them
are transmitted, some are reflected and some are
scattered. In the scattered light, in addition to the light
with the same frequency as the incident light vy, there
is also a series of light with the frequency of vy + Awv;.
The light whose frequency changes is Raman scattering
light, where Aw; is the Raman shift.**?°

In order to confirm that SERS spectroscopy data
can indeed play a role in distinguishing and identi-
fying normal tissues and diseased tissues, PCA
analysis on the SERS data obtained from the
experiment was performed.

PCA aims to model the variance—covariance
structure of a data matrix and extract the eigen-
values corresponding to the principal components.*°
Each principal component is a linear combination of
the n independent wavenumber variables x, x5, x3,
..., T,. For example:

PCl = a1y + A9 To + a3 + -+ QAp Ty, . (2)

In this paper, we first calibrate the baseline, remove
the background and normalize the SERS spectros-
copy data through Origin software. Then, the SERS
spectroscopy data in the range of 925-1025cm ™!
and 1245-1345cm ! of 27 samples including nine
NKUJ tissues, nine MiKOA tissues and nine SAKOA
tissues were extracted, respectively, Then, PCA
analysis based on SERS spectroscopy data in the
range of 925-1025cm~! and 1245-1345cm~! was
carried out by using Unscrambler x 10.4 (Camo
software as, Oslo, Norway) software, so as to con-
firm the role of SERS spectroscopy in distinguishing
and identifying normal tissues and diseased tissues.

3. Results and Discussion
3.1. OCT image analysis

Figure 2(a) is the OCT image of NKJ tissue, and
Fig. 2(b) is the corresponding OCT intensity profile.
As shown in Fig. 2(a), the layered structure of NKJ

tissue (superficial layer, transitional layer, radiation
layer and cartilage matrix calcification layer) is
clearly visible. It indicates that the normal cartilage
layer is arranged in dense and orderly order. OCT
images of NKJ tissue show smooth and uniform
surface of cartilage (Fig. 2(a)). OCT signals are
strongest in the surface layer of cartilage, and then
decreases significantly in the transition layer below
the surface layer (white arrow). In the radiation
layer, the signal becomes stronger again, and
maintains a strong signal in a wide area, and then
gradually weakens. At the bottom is the calcifica-
tion layer, where there is a strong signal. These
correspond to the one-dimensional signals of OCT.
Figure 2(c) shows a typical OCTSS diagram
during the penetration of Ag NPs into cartilage
tissue. It can be found that after adding the Ag NPs
solution, the penetration of Ag NPs in the tissue
causes the change of optical properties of the tissue.
The OCT signal begins to enhance and the OCTSS
rises slowly. After about 25min, the OCT signal
enhancement speed slows down and the signal slope
begins to decline. With the further penetration of
Ag NPs, the OCT signal tends to be saturated.
After that, due to the infiltration of water on the
surface of the tissue into the tissue, the relative
concentration of Ag NPs in the tissue decreases, the
OCT signal begins to decline, and the OCTSS fur-
ther decreases. At about 100 min, the decline speed
of OCT signal slows down and the OCTSS reaches
the minimum value and then it begins to rise again.
At about 180 min, the OCTSS reaches the equilib-
rium. It is worth noting that although the scattering
of nanoparticles may cause the signal-to-noise ratio
of OCT image to change, such as affecting the
baseline of OCT data, in terms of comparing the
penetration difference of nanoparticles in the dif-
ferent tissue and the relative distribution of nano-
particles in the tissue, and realizing the qualitative
discrimination and identification of the tissue, the
scattering of nanoparticles should not affect the
final analysis conclusion. This is because the pene-
tration and distribution of nanoparticles in the tis-
sue are initially affected by the tissue difference.
Figure 3 shows a representative OCT image of
early knee cartilage injury (Fig. 3(a)) and the cor-
responding OCT intensity distribution (Fig. 3(b)).
Comparing Figs. 2 and 3, it can be found that,
similar to NKJ tissues, the OCT signal on the sur-
face layer of MiKOA tissue is the strongest, and the
OCT signal on the radiation layer becomes weaker.
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chapped

Fig. 3.
(b) OCT signal.

OCT images show that the cartilage surface of
MiKOA tissue is similar to that of NKJ tissue,
which is relatively complete, but the bone tissue of
the radiation layer of MiKOA tissue is unevenly
distributed and cracked.

Figure 4 shows a representative OCT image of
MoKOA tissue (Fig. 4(a)) and the corresponding
OCT signal intensity distribution (Fig. 4(b)).
Regions of diminished back scattering can be ob-
served in the OCT image, which is associated with
areas of hypocellularity and diminished matrix in
histological preparations.?? OCT images show that
the cartilaginous layer is significantly thinner and
separated from the calcified layer. In addition,
subchondral bone tissue is disordered. As can be
seen from Fig. 4(b), the OCT signal strength of the
cartilage layer is weakened, while the OCT signal
strength of the calcified layer is strongest.

Figure 5 shows the OCT image of severe knee
joint lesions cartilage (Fig. 5(a)) and the corre-
sponding OCT signal intensity distribution (Fig. 5(b)).
As can be seen from Fig. 5(a), the surface layer
of cartilage is extremely uneven. It is difficult to
identify the interface between the surface layer of

disordered

separated

superficial layer c2rtilage

N o
S S
—|

= matrix
:3/1 radiation layer calcification
'T'; 9wl \ layer
cn
— 60
O
Sl \/|
of—/
0 50 100 150 200 250 300 350
Depth (um)
(b)

Two-dimensional OCT image and corresponding one-dimensional OCT signal images of MiKOA tissue. (a) OCT image and

cartilage and the transitional layer. In the middle
part of the OCT image, cartilage is missing and
bone is exposed to the surface.?” As can be seen from
Fig. 5(b), the OCT signal intensity of the cartilage
layer decreases or even disappears, while the OCT
signal intensity of the calcified layer is the strongest.
Figure 5(c) is a picture of SAKOA tissue. It can be
observed that the cartilage surface layer (white
arrow) loses its initial function and the cartilage
even disappears. The inset is a back view of the knee
joint. Figure 5(d) shows the OCT image changes of
SAKOA tissue within 4h before and after the ap-
plication of Ag NPs. Due to the penetration and
accumulation of Ag NPs in the tissue, the overall
OCT image becomes brighter and clearer with the
passage of time. The main reason is the strong
backscattering of probe light by Ag NP, which
indicates that more Ag NP diffuses into cartilage
tissue. After 3h, the intensity of OCT signals
almost no longer changes, indicating that the
infiltration and accumulation of Ag NP in knee
cartilage reach a balance.

In order to visually compare the differences be-
tween NKJ, MiKOA, MoKOA and SAKOA tissues,

radiation layer: strong

!

cartilage

matrix

.

200 300
Depth (pum)

(b)

superficial layer: weak

100

Fig. 4. Two-dimensional OCT image and corresponding one-dimensional OCT signal images of MoKOA tissue. (a) OCT image

and (b) OCT signal.
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Fig. 6. One-dimensional OCT images of NKJ, MiKOA,

MoKOA and SdKOA tissues.

The 1D OCT signal diagrams of NKJ, MiKOA,
MoKOA and SAKOA tissues are shown together in
Fig. 6. It can be found that the distribution of one-
dimensional OCT signal intensity in depth direction
is quite different in different tissues. Compared with
NKJ tissue, the OCT signal intensity of the radia-
tion layer of MiKOA tissue decreases, and the OCT
signal intensity of the surface layer tissue does not
change significantly, while the OCT signal intensi-
ties of the radiation layer of MoKOA and SAKOA
tissue increase significantly. Moreover, from the
distribution of OCT signal intensity, there is no
obvious distinction between the surface layer and

radiation layer of MoKOA and SAKOA tissue.
Pathologically, the typical pathological changes
after knee lesions mainly occur in the articular
cartilage layer. The knee cartilage will degenerate
and degenerate, and the subchondral bone will
harden or calcify. The change of the tissue structure
of the surface layer of MiKOA tissue leads to the
change of its optical properties, which reduces the
OCT signal intensity of the radiation layer below it.
With the further development of knee arthritis,
chondrocytes further degenerate and apoptosis. The
cartilage surface layer of MoKOA and SAKOA tis-
sue is incomplete or even disappeared, and the ra-
diation layer tissue is exposed. These changes in
tissue structure leads to the increase of OCT signal
intensity in the radiation layer of MoKOA and
SAKOA tissues, and the boundary between the
surface layer and the radiation layer disappears.
This shows that with the progress of knee arthritis,
the morphological structure of its tissue has indeed
undergone some changes. With the aggravation
of the disease, the difference between its tissue
structure and normal tissue is becoming larger
and larger, which leads to a great difference in the
distribution of OCT signal intensity with depth.

3.2.

In order to study the changes in the composition
and deep microstructure of knee cartilage and sub

Raman spectrum analysis
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Fig. 7. Raman spectra of MiKOA tissue. Raman spectra of Ag NPs background, Raman spectra of MiKOA tissue and SERS

spectra of MiKOA tissue.

bone tissue during the progression of the lesion,
Raman spectroscopy was used to study NKJ,
MiKOA and SAKOA tissues. In order to verify that
the nanoparticle solution used in the experiment as
the Raman enhancement matrix has a strong en-
hancement effect on the SERS spectroscopy signals
of the sample, The conventional Raman spectros-
copy (Samples was from the control group) and
SERS technology (Samples of the experimental
group were used) were used to study the MiKOA
tissue for comparative analysis. Figure 7 shows the
conventional Raman spectrum and SERS spectrum
of MiKOA tissue in the range of 800-1860cm !
(The number of samples used to obtain each spec-
trum is about 9, and the best spectrum is selected as
the experimental data). The results show that the
conventional Raman spectroscopy signal is rela-
tively weak, only weak Raman characteristic peaks
were detected at 965, 1308, 1446 and 1653 cm L.
Compared with the conventional Raman spectrum,
the SERS spectrum of MiKOA tissue is significantly
enhanced, and the overall Raman signal intensity is
significantly improved. At the same time, in addi-
tion to the above conventional Raman characteris-
tic peaks, new Raman characteristic peaks were
detected at 1086 cm ! and 1271 cm~!. From Fig. 7,
it can be found that the Raman spectrum of
MiKOA tissue shows some Raman spectra char-
acteristics of hydroxyapatite phosphate and hy-
droxyapatite carbon, and the characteristic Raman
peak at 964 cm ! is v; symmetrical tensile vibration

of v; PO%~ (hydroxyapatite phosphate (PO,). The
characteristic Raman peak at 1086cm~! corre-
sponds to the Tensile vibration of CO of hydroxy-
apatite carbonate. After surface enhancement,
MiKOA tissue shows a Raman peak of glucose at
1123 cm~!. The characteristic peak at 1271 cm ! is
the Tensile vibration of C-N and the bending vi-
bration of N-H in amide III band. These results are
also consistent with the results of the relevant lit-
erature.®” % The important vibration peak in this
interval is 1660 cm !, which is the Tensile vibration
peak of C = O double bond in amide I band. The
peak 1442 cm ™! is the antisymmetric vibration peak
of CHy/CH3 (phospholipid). There are a series of
characteristic vibration peaks at 1442, 1445 and
1305cm~!. They all belong to the deformation vi-
bration peak of CHy/CHjs in unsaturated fatty acid
chain.***? Their existence is produced by methyl
and methylene in long-chain fatty acid molecules.
The frequency and distribution of Raman features**°
are shown in Table 1.

Figure 8 shows the SERS spectra of NKJ,
MiKOA and SdKOA tissues. Figure 8(a) shows
SERS spectra of NKJ cartilage tissues and MiKOA
cartilage tissues in the range of 800-1860 cm~!. As
can be seen from Fig. 8(a), the SERS spectroscopy
signal of MiKOA tissue is much stronger than that
of NKJ tissue. The characteristic peaks of NKJ
appear at 964, 1073, 1306, 1452 and 1660 cm™!.
Raman peaks of MiKOA tissue are at 964, 1086,
1271, 1305, 1442, 1660 and 1763 cm~!'. Compared
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Table 1. Raman frequency and distribution in human knee tissue.

Frequency

(cm™1) Assignment (proteins) local coordinate

854 (C-0-C) polysaccharides

961-965 Symmetric stretching vibration of v; PO3~
(phosphate of hydroxyapatite)

1074 Carbonate symmetric stretching vibration of
calcium carbonate apatite

1087 vy CO%, vy PO, v(C-C) skeletal of acyl
backbonein lipid (gauche conformation)

1123 Glucose

1269 v (CN) and 6 (NH) amide IIT

1308 6 (CH,) deformation (lipid), adenine, cytosine

1448 6 (CH,) and 6 (CHjy)

1658 Amide I v (C=0) of proteins

Note: v: stretching vibration and 6: bending vibration.

with the SERS spectra of NKJ, the Raman char-
acteristic peaks of MiKOA tissue have some shifts,
moving from 1073 cm~! to 1086cm~! and from
1542cm™! to 1442cm~!. At the same time, the

200k 964 —— SERS of NKI tissuc
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1442

1660

ensity/(a.u)
® 2
g 2

170k b

160k F

aman nt

150k F

<

140k

R

1073 \l
130k
800 1000 1200 1100 1600 1800
Raman shift /(cm™")
(a)
250k —— SERS of MiKOA tissud]
240k F 1245, 1256 WSI'QRS of SAKOA tissue
_— Y ] N
=230kf  o43 1285, 1297, 1311, L,
~—

1200 1400 1600 1800

800 1000
Raman shift /(cm™ ")

()
Fig. 8.

MiKOA tissue has a new Raman characteristic peak
at 1271 cm ™! which does not appear in the SERS
spectra of the NKJ tissue. These results show that
the contents of protein, lipid and polysaccharide in
knee tissue are changed due to the pathological
changes of knee joint. Therefore, it is speculated
that the changes of these substances are the cause of
local redness and pain of knee joint. Figure 8(b)
shows SERS spectra of NKJ cartilage tissues and
SAKOA cartilage tissues in the range of 800-
1860 cm . As can be seen from Fig. 8(b), the SERS
spectroscopy signal of SAKOA tissue is much
stronger than that of NKJ tissue. In the range of
1244-1344cm~!, the NKJ tissue only shows a
Raman peak at 1306 cm !, while the SAKOA tissue
shows more Raman peaks, at 1245, 1256, 1272,
1285, 1297, 1311, 1321 and 1344 cm~!'. Compared
with the SERS spectra of NKJ, the characteristic
peaks of SAKOA tissue move from 964cm~! to
943cm~!, from 1452cm~! to 1453cm~!, from
1661cm~! to 1671cm~! and from 1763cm~! to

—— SERS of NKIJ tissue

———SERS of SdAKOA  tissue
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1321, 1344
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SERS spectra of NKJ, MiKOA and SAKOA tissues in the range of 800-1860 cm . (a) SERS spectra of NKJ and MiKOA

tissues; (b) SERS spectra of NKJ and SAKOA tissues; (¢) SERS spectra of MiKOA and SAKOA tissues; (d) SERS spectra of

MiKOA, SAKOA tissues and SAKOA-NKJ difference spectrum.
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1764cm~!. On the other hand, the SAKOA tissue
has some new Raman characteristic peak at 854,
1008, 1568 and 1641 cm ~! which don’t appear in the
SERS spectra of NKJ tissue. While the Raman
characteristic peak at 1074cm™' of NKJ does not
appear in the SERS spectra of the SAKOA tissue.
The Raman peak at 854 cm™! is the vibration of C—
O in the polysaccharide, indicating the increase of
sugar content in the process of cartilage tissue lesion.

It can be seen from the intensities of the Raman
peaks that the overall intensity of SERS spectra of
SAKOA tissue is greater than that of MiKOA tissue.
Compared with the SERS spectra of the MiKOA
tissue, the characteristic peaks of SAKOA tissue
move from 964cm~! to 943 cm !, from 1305cm !
to 1311cm ™!, from 1442cm~! to 1453 cm™!, from
1660cm~! to 1671cm~! and from 1763cm~! to
1764 cm 1. SAKOA tissues have more Raman peaks
than MiKOA tissues. The SAKOA tissue has some
new Raman characteristic peaks at 1008, 1245,
1272, 1344, 1568 and 1641 cm ! which don’t appear
in the SERS spectra of MiKOA tissue. While the
Raman characteristic peak at 1086 cm ' of MiKOA
tissue does not appear in the SERS spectra of the
SAKOA tissue. These results are also consistent
with the results of OCT images. As can be seen from
Figs. 2(a) and 3(a), the surface cartilage of NKJ and
MiKOA tissue are almost intact, but the layered
structure changes significantly. Therefore, com-
pared with the SERS spectra of NKJ tissue, the
Raman peak intensities of MiKOA tissue have ob-
vious changes, and its Raman spectra have some
frequency shifts or new Raman characteristic peaks.
As can be seen from Fig. 5(a), not only the layered
structure of SAKOA tissue changes significantly,
but also its surface cartilage almost disappears.
Therefore, compared with the Raman spectra of
NKJ and MiKOA tissue, the Raman characteristic
peaks of SAKOA tissue have a more obvious shift,
and some new Raman peaks also appear. These
results indicate that the content of protein, lipids
and polysaccharides in the knee joint tissue have
been changed in the course of knee joint disease. In
Fig. 8(d), 1 and 2 show the average SERS spectra of
NKJ tissue and SAKOA tissue, respectively. In
Fig. 8(d), 3 shows the difference between the spectra
of SAKOA tissue and NKJ tissue. It can be found
that there are some differences in SERS spectra and
Raman peak intensities of SAKOA tissue and NKJ
tissue. The SERS spectral intensity of SAKOA tis-
sue is generally greater than that of NKJ, but the

relative intensity of the Raman peak of NKJ at
964 cm ! is greater than that of SAKOA tissue. This
is also consistent with the research results of rele-
vant literature.’® The spectra of SAKOA tissue
show a decrease in phosphate characteristics, indi-
cating that some changes have taken place in tissue
composition. Pathologically, after the occurrence of
knee joint lesions, the knee joint cartilage will de-
generate and degenerate, and the subchondral bone
will harden. The cartilage surface of the SAKOA
tissue has seriously degenerated or even dis-
appeared. So the SERS spectra measured in the
experiment may include the joint contribution of
cartilage tissue and subbone tissue. It is these
changes in the structure, morphology and compo-
sition of the tissue that leads to the changes in the
Raman spectra, Raman peak, the signal-to-noise
ratio and signal strength. Our current research
results can only qualitatively infer that some
changes may have taken place in the composition of
the tissue through the Raman spectrum changes of
the diseased tissue in different stages, so that we can
qualitatively distinguish the normal tissue and the
diseased tissue through the Raman spectrum chan-
ges in the future practical application. The specific
correlation between the characteristic peaks of the
Raman spectra and the biochemical or pathological
characteristics needs to be further studied.

In order to better distinguish NKJ, MiKOA and
SAKOA tissues, principal component analysis was
used to analyze SERS spectra data and extract
useful information. To evaluate the classification
effect of the proteins and lipid-associated range on
NKJ, MiKOA and SAKOA tissues, PCA analysis
was performed on the SERS spectra in the range of
1245-1345cm~!. The correlation containing 27
variables is shown in Fig. 9. It can be seen that the
NKJ samples are scattered on the right of the scatter
plot, the MiKOA tissue samples are in the middle of
the scatter plot, and the SAKOA tissue samples are
on the left side of the scatter plot. The contribution
rates of PC-1 and PC-2 are 84% and 8%, respec-
tively, and the total contribution rate reaches 92%.
The results indicate that PCA based on the SERS
spectra in the range of 1245-1345cm™! can better
distinguish NKJ, MiKOA and SAKOA tissues.

Then, PCA analysis was also carried out based
on the SERS spectra in the range of 9251025 cm !
of NKJ, MiKOA and SAdKOA tissue. The charac-
teristic Raman peaks in this range are mainly the
SERS spectra of phosphate, protein and
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Fig. 10. Principal component scores plot of NKJ, MiKOA and
SAKOA tissues.

polysaccharide in cartilage tissue. The results are
shown in Fig. 10. It can be found that NKJ samples
are distributed on the right side of the scatter dia-
gram, MiKOA samples are mainly distributed on
the top of the scatter diagram, and SAKOA samples
are distributed on the left side of the scatter diagram.
The contribution rates of the first two principal
components PC-1 and PC-2 account for 77% and
16%, respectively, accounting for 93% of the total
contribution rate. This result shows that PCA based
on SERS spectra in the range of 925-1025cm~! can
also distinguish NKJ, MiKOA and SdKOA well,
which is consistent with the result in Fig. 9, however,
its resolution is slightly worse than that of Fig. 9.

4. Conclusion

In this paper, the differences of optical properties
of knee arthritis tissue and NKJ tissue were studied

by using OCT and SERS technology, hoping to
provide a feasible method for the early detection
and diagnosis of knee arthritis. OCT images can
clearly show the characteristic differences between
NKJ and knee arthritis, and a series of obvious
changes appear on the cartilage surface. SERS was
used to study and analyze the Raman spectrum
differences between NKJ and knee arthritis, and to
compare the Raman characteristic peaks of
MiKOA, SAKOA and NKJ tissues, which can pro-
vide judgment basis for the early detection and di-
agnosis of knee arthritis by analyzing the difference
of tissue composition. The results show that com-
pared with NKJ tissue, the SERS spectra signal of
MiKOA and SdKOA tissue is enhanced, and the
positions of the Raman peaks also change. It shows
that the contents of protein, lipid and carbohydrate
in the tissue have changed significantly during the
course of knee joint disease. The combination of
OCT, SERS spectroscopy and PCA can provide an
effective reference basis for the clinical early diag-
nosis of knee arthritis from the aspects of mor-
phology, optics and tissue composition. It is
expected to become a new medical detection tech-
nology. Of course, at present, we can only say that
in terms of theory and research results, with the
deepening and development of research work, the
OCT/SERS technology used in this research work
may be used in clinical applications in related
aspects in the future. However, at present, it is only
in the research stage of in vitro experiment. There
are still a lot of research works and technical pre-
parations to be further improved in order to trans-
form this method into clinical workflow and really
use it in clinical application. The application of
SERS is mainly used as a supplement to the appli-
cation of OCT imaging. It is hoped that SERS data
can provide further judgment criteria for the dis-
tinction between normal tissues and diseased tis-
sues, and improve the reliability and accuracy of
diagnosis and recognition. The sensitivity, cost and
workflow of OCT/SERS mode need to be further
studied in the future to obtain the experimental
basis.
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