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Atherosclerotic cardio-cerebral vascular disease is the most common disease that threatens human health. Many
researches indicated that oxidatively modified low-density lipoprotein (ox-LDL) is a key pathogenic factor of atherosclero-
sis. Here, we report the change of the secondary structure of ox-LDL caused by photoirradiation in an optofluidic resonator.
The content ratios of amphipathic α-helices and β-sheets of ox-LDL are changed under laser beam illumination, resulting in
an increasing binding rate of ox-LDL and ox-LDL antibodies. Our findings may provide a potential way for clinical athero-
sclerosis treatment and prompt recovery rate of atherosclerotic cardio-cerebral vascular disease by optical technology and
immunotherapy.
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1. Introduction

Cardiovascular disease is the leading killer of human beings
during the past two decades. About two million people died
from cardiovascular disease in 2019, constituting 16% of all
global deaths (from the World Health Organization, 2020).
Therein, atherosclerosis is one of the direct causes of various
cardiovascular diseases[1–3]. Atherosclerosis plaque, which is
present along the arteries, is caused by fatty deposits. With the
plaque formation, the arterial walls will thicken, and blood flow
will be blocked, which causes high blood pressure. Eventually,
the ruptured plaque leads to atherothrombosis, coronary heart
disease, insufficient oxygen, and nutrient delivery to the end
organs. Based on previous studies, the low-density lipoprotein
(LDL) is a significant risk factor of the atherosclerosis plaque
genesis. Meanwhile, oxidized LDL (ox-LDL) is the key deter-
mining pathogenic factor of vascular atherosclerosis and plays
a more harmful role in the initiation and progression of athero-
sclerosis than LDL[4–8]. Furthermore, ox-LDL is throughout

all stages of the atherosclerosis process, including inducing
endothelial cell apoptosis[9], promoting foam cells and
thrombosis[10–13], and accelerating atherosclerosis plaques rup-
turing[14–16]. Many clinical studies reported that an elevated
level of ox-LDL in blood is the criteria that can diagnose patients
with cardiovascular disease[17]. Therefore, ox-LDL is a specific
biomarker in atherosclerosis diagnosis and treatment. The nor-
mal detection method of ox-LDL is enzyme-linked immuno-
sorbent assay (ELISA) based on a variety of antibodies, such
as 4E6, E06, and DLH3[18]. Recently, there are many new meth-
ods to detect ox-LDL from blood, such as the fluorescence probe
technique[19], capillary electrophoresis[20,21], and gold nanopar-
ticle conjugation[22,23]. However, the majority of researches are
devoted to the pathogenicity mechanism and detection methods
of ox-LDL, which focus on the properties of ox-LDL and indirect
treatment support of atherosclerosis. Because exceeding ox-LDL
is removed by effective and simple ways to treat atherosclerosis
directly, treatment has been focused on and sought in the medi-
cal and interdisciplinary fields.
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In this paper, we demonstrate a new way to study ox-LDL by
optical technology, which can change the secondary structure of
ox-LDL by laser irradiation in an optofluidic resonator. The
optofluidic resonator is a hollow-core metal-cladding waveguide
(HCMW) constituted by three layers of slab glass. Based on free
space coupling technology[2] and cavity mode resonance, the
density of light in the HCMW can be enhanced and reach a
large value with a low-power incident laser. After low-power
continuous-wave (CW) laser irradiation, the content ratio of
the α-helix and β-sheet of ox-LDL are changed, which promotes
ox-LDL antigen-antibody binding. Meanwhile, the cause of ox-
LDL secondary structure variation has been elucidated, and the
parameters in the irradiation experiment have been discussed,
whichmay pave a newway for clinical atherosclerosis treatment.

2. Materials and Methods

2.1. Experimental setup

The experimental setup (Fig. S3 in Supplementary Materials)
consists of a CW laser (532 nm, 100 mW, MSL-FN-532,
Changchun New Industries Optoelectronics Technology Co.,
Ltd., Changchun, China), an optical attenuator, two apertures,
a synchronous rotator, a photoelectric detector, and an HCMW.
The 532 nm laser beam was collimated by two apertures, and
then an optical attenuator modulated the laser beam intensity.
The HCMW filled with ox-LDL was illuminated for a time,
and the intensity of reflected light was measured and recorded
by a photoelectric detector.
The HCMW is a kind of optofluidic resonator, and the sche-

matic of the structure is shown in Fig. 1(a). It includes five parts,
and three layers in the middle constitute a 1 mm thick glass slab
cavity. The top and bottom surfaces of the glass slab cavity are
parallel (less than 4 in.). The upper silver film (about 35 nm
thick) can couple the incident light into the HCMW. Another
300 nm thick silver film is utilized for a substrate layer in the
bottom. The silver layers were fabricated by vacuum evaporation
technology. After ultrasonic cleaning, the HCMW was coated
with 300 nm Ag film on the bottom surface and 30 nm Ag film
on the top surface in a vacuum evaporator (Beijing Technol

Science Co., Ltd., Beijing, China). The Ag pellets were purchased
from ZhongNuo Advanced Material Technology Co., Ltd.
(Beijing, China). The purity of the Ag pellet is higher than
99.99%. The length and diameter of the Ag pellet are 5 mm
and 2mm, respectively. To prevent the Ag from evaporating into
the cavity, both sides of the cavity should be covered during the
vacuum evaporation.
Due to the thin metal coupling layer and the small effective

refractive index, the incident light can be coupled from the free
space into the guiding layer without any additional coupler such
as a grating or high-index prism[24,25]. Figure 1(b) shows the
COMSOL simulation electromagnetic field distribution of the
HCMW. The standing optical field oscillates rapidly between
the coupling layer and substrate layer, which results in many
properties such as strong field enhancement and high sensitiv-
ity[26]. Because of the symmetrical metal cladding, the incident
light can be trapped in the HCMW, which is filled with the low
refractive index liquid, so that the light and matter can interact
sufficiently. The high-density cavity modes in the HCMW can
be recorded, which are highly sensitive with fast responsivity to
detect the change of content's refractive index in the cavity. The
attenuated total reflection (ATR) simulation spectra of the
reflectivity change due to different dielectric coefficients with
the same incident angle are presented in Fig. 1(c). When the
dielectric coefficient of the liquid in cavity increases by
1 × 105, the reflectivity of the HCMW increases significantly.
As we know, the imaginary part of the refractive index repre-
sents the absorbance of light, and the secondary structure of
the bio-molecule change would result in the absorbance change
of the incident light. Thus, HCMW can not only form a strong
field to induce the change of ox-LDL’s secondary structure
under the light illumination, but also detect the change of the
content’s refractive index in the cavity in real time.
Human ox-LDL used in experiments was purchased from

Dalian Meilun Biotech Co., Ltd. (Dalian, China). The purity
of ox-LDL is more than 98%, and the concentration of ox-
LDL is 2.2 mg/mL. There are traces of phosphate buffered saline
(PBS) and ethylenediaminetetraacetic acid (EDTA)-Na2 in
ox-LDL. Ox-LDL and LDL are key risk factors for the genesis
of atherosclerosis plaque, they can transport cholesterol,
and ox-LDL-cholesterol migrates into coronary artery walls,
where they then accumulate under coronary artery walls, caus-
ing atherosclerosis[27]. Figures 2(a) and 2(b) are schematics of
LDL and ox-LDL, and the detailed components are described
in Supplementary Materials.

2.2. Ox-LDL ELISA

The ox-LDL ELISA reagent kit (48T) was purchased from
Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai,
China). As shown in Fig. 3(a), 48 well microplates had been
precoated with captured ox-LDL antibodies. Then, 100 μL of
ox-LDL without illumination and ox-LDL after 40 min illumi-
nation were added into the wells, respectively. Meanwhile, one
negative sample was included in each run as a control. Then,
100 μL of the enzyme-conjugated antibody was added into each

Fig. 1. Structure and properties of the HCMW. (a) HCMW 3D schematic
diagram. (b) The COMSOL simulation image of the HCMW. (c) The reflectivity
simulation image of the HCMW with different imaginary parts of dielectric
coefficient εi (from 0 to 1 × 105).
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well. After incubating at 37°C for 1 h, the plate was washed five
times, and the substrate was added (100 μL/well). The plate was
intubated in dark at 37°C for 15 min again. The color reaction
was stopped by adding 100 μL/well of stopping solution. Color
intensity was measured by using a microplate reader with a
450 nm filter. The optic density (OD) values of the test samples
were “blank corrected” by subtracting the OD value of the
negative control. The ELISA experiments were carried out
10 times. The microplate reader ARM-100 was purchased from
Hangzhou Allsheng Instruments Co., Ltd. (Hangzhou, China).
The 450 nm filter was chosen.

2.3. NMR, micro-IR, and circular dichroism

The 1H nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance Neo 700 spectrometer (700 MHz,
Bruker, Rheinstetten, Germany). The spectra were recorded
with the following acquisition parameters: temperature, 298 K;
sweep width, 14,705.883 Hz, frequency of observing channel,
700.23 MHz; acquisition time, 1.114112 s; relaxation delay,
d1=2 s. All NMR data were processed and analyzed using the
Bruker software TopSpin 4.1 (Bruker, Rheinstetten, Germany),
and linewidth broadening (LB) was set to 0.3 Hz.
Before recording micro-infrared (IR) spectra, the sample was

freeze-dried[28] in freeze-dried powder using freeze dryer
Scientz-10 N/A (Ningbo Scientz Technology, Ningbo, China).
Ox-LDL (30 μL, 2.2 mg/mL) that was both illuminated and unil-
luminated was contained in vials, respectively. The samples were
freeze dried for 24 h at −58°C. The vacuum degree was set to
10 Pa. Micro-IR spectra were recorded on a Thermo Scientific
Nicolet iN 10 micro-IR spectrometer (Thermo Fisher Scientific,
MA, USA). The measurement range was set to 700–4000 nm.
Circular dichroism (CD) spectra were recorded on a Jasco

J-1500 CD spectrometer (Jasco Corporation, Tokyo, Japan).
Diluent 20 μL ox-LDL (2.2 mg/mL) was both illuminated and
unilluminated with PBS (pH 7.4) to a concentration of 88 μg/mL.
The illuminated and unilluminated ox-LDL samples were
injected in micro cuvettes, respectively. The measurement range
was set to 195–350 nm, the cell length to 10 nm, the data pitch to
0.5 nm, scanning speed to 50 nm/min, and bandwidth to 2 nm.
The calculation of the simulation curves and analysis of secondary
structures were supported by Spectra Manager II software (Jasco
Corporation, Tokyo, Japan).

3. Results

3.1. Ox-LDL illuminated in HCMW and cuvette

Ox-LDLwas injected into the HCMWand cuvette by using elec-
tronically controlled micro-syringe channel 1 and channel 2,
respectively, as shown in Figs. 2(c)–2(f). The 532 nm CW laser
(30 mW) was used to illuminate ox-LDL in the HCMW and
cuvette. The intensity of reflected light of the HCMW filled with
the ox-LDL solution was recorded by a photoelectric detector
during the irradiation time. The curve of reflectivity measured
from the HCMW tended to be flat after 45 min of laser beam
illumination and achieved dynamic equilibrium in the same
interval of reflectivity after another 40 min irradiation by the
same laser beam, as shown in Fig. 2(g). Then, ox-LDL injected
into the cuvette was illuminated by the same laser beam, and the
illuminated ox-LDL in the cuvette was transferred into the
HCMW to measure the intensity of reflected light. The mea-
sured reflectivity curves of the HCMWs, which were filled with
5 min (red), 45 min (blue), and 90 min illuminated ox-LDL
(green) are presented in Fig. 2(h), respectively, which show little
change. Compared with HCMW experimental data, the varia-
tion of reflectivity implied the structure of ox-LDL illuminated
in HCMW changed after the laser irradiation.

Fig. 3. ELISA experiment of ox-LDL after laser illumination. (a) Schematic illus-
tration of ELISA experiment. (b) Optical density comparison of unilluminated
ox-LDL and 40 min illuminated ox-LDL in the HCMW, respectively.

Fig. 2. Variation of ox-LDL in different light fields. (a) and (b) Structures of LDL
and ox-LDL, respectively. Meanwhile, the detailed components are described
in Supplementary Materials. (c) HCMW 3D schematic diagram. (d) Quartz
cuvette. (e) The ox-LDL, which is illuminated in the HCMW. (f) The ox-LDL, which
is illuminated in the cuvette. (g) The experimental reflection spectra for ox-
LDL with different time exposures to the laser in the HCMW. (h) The exper-
imental reflection spectra for ox-LDL with different time exposures to the
laser in the cuvette.
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3.2. Ox-LDL ELISA experiment

OD values represent the ox-LDL binding rate of ox-LDL anti-
body. A microplate reader was used to measure the OD values
of both illuminated ox-LDL and unilluminated ox-LDL. OD val-
ues of ox-LDL without illumination and after 40 min illumina-
tion are presented in Fig. 3(b). All 10 times ELISA experiment
results demonstrate that the OD value of the illuminated ox-
LDL well is higher than without being illuminated in the same
run. The average OD value of unilluminated ox-LDL wells is
0.2023, the average OD value of 40 min illuminated ox-LDL
wells is 0.2267, while the value of 40 min illuminated ox-LDL
wells increases 12.15% on average, as shown in Table 1. The
results of the ELISA experiment indicate that the illuminated
ox-LDL in the HCMW can increase the binding rate of ox-
LDL and antibodies.

3.3. Comparison of different experiment parameters

Some parameters may influence the experiment results, the
wavelength of the laser, the power of the beam, and the time
of irradiation, for instance. Therefore, we compared the results
with different irradiation parameters in Fig. 4. As shown in
Fig. 4(a), the reflectivity spectra of different irradiation times
are presented. The results demonstrate that the slope of mea-
sured ATR curves of incident light becomes smaller and tends to
oscillate in a small range around a value during the first 30 min
of laser beam irradiation (CW, 532 nm, 30 mW). Eventually, the
ATR keeps dynamic equilibrium and oscillates in the same inter-
val. As shown in Fig. 4(b), the variation of ATR peak ΔR, which
represents the maximum value of one ATR peak minus the min-
imum (ΔR = Rmax − Rmin), quickly declines in the first 30 min,
and then stays around the same value in the next 60 min. It illus-
trates that the change of the ox-LDL secondary structure caused
by irradiation in the HCMW is irreversible, and the new

structure is stable. By comparing Figs. 4(c) and 4(d), the ATR
peak variation rates and final stable intervals are different with
the different irradiation power. In the first 20 min, the ATR
curves tend to flatten with 50 mW incident light irradiation,
and 5 mW incident light makes ATR change to small values.
During the next 30 min, the ATR curves keep flat with 5 mW
and 50 mW incident light irradiation, respectively. But, the final
states of ATR are different, the 50 mW final interval of ATR is
wider than the 5 mW result, and the 50 mW average reflectivity
is lower than the 5 mW result. Finally, the different laser wave-
lengths are compared, as shown in Figs. 4(e) and 4(f). The varia-
tion rate of ATR with the laser wavelength of 473 nm irradiation
is higher than at 532 nm, and the variation trends of ATR are
almost identical under the 473 nm and 532 nm incident light
illumination. Thus, comparing the experiment results with dif-
ferent parameters, the secondary structure of ox-LDL is changed
by photocatalysis, and we provide a more detailed result differ-
ence caused by incident light wavelength, irradiation time, and
laser power, which might be a reference in therapy.

4. Discussion

4.1. Ox-LDL change

To confirm the cause of binding rate increment of the ox-LDL
antibody and 40 min illuminated ox-LDL, the 1H NMR spectra

Table 1. Experiment Data of ox-LDL ELISA, Both Exposed and Unexposed.

Group No. Before After Rate of Increase (%)

1 0.216 0.253 17.20

2 0.175 0.192 9.70

3 0.201 0.222 10.40

4 0.141 0.197 39.70

5 0.271 0.282 4.10

6 0.172 0.178 3.40

7 0.182 0.190 4.40

8 0.217 0.224 3.20

9 0.211 0.282 25.20

10 0.237 0.247 4.20

Average 0.2023 0.2267 12.15

Fig. 4. Comparison of different experiment parameters. (a) The measured
reflection spectra of the HCMW filled with different laser continuous irradi-
ation time ox-LDL. (b) Image ofΔR with different laser irradiation time. (c) and
(d) The measured reflection spectra of the HCMW filled with ox-LDL under the
irradiation of 5 mW and 50 mW laser beams, respectively. (e) and (f) The mea-
sured reflection spectra of the HCMW filled with ox-LDL illuminated by 473 nm
and 532 nm lasers, respectively.
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were measured as shown in Figs. 5(a) and 5(b). In terms of the
position of peaks and ratio of peak intensity in two spectra, the
primary structures of unilluminated ox-LDL and 40 min illumi-
nated ox-LDL are not different. Likewise, the measured micro-
IR spectra indicate the same results as the NMR spectra. As
shown in Figs. 5(c) and 5(d), the peak positions and peak ratios
in the two spectra are nearly the same, which implies that the
organo-functional groups of unilluminated and 40 min illumi-
nated ox-LDL are not different. According to NMR and micro-
IR spectra, the primary structure of ox-LDL is not changed
under the laser beam illumination in the HCMW. Therefore,
the CD spectra were recorded to detect the change of ox-
LDL’s secondary structures. CD records the absorption intensity
difference of left circularly polarized light and right circularly
polarized light[29]; thus, the changes of spatial structure can
be detected sensitively. As presented in Figs. 5(e) and 5(f), high
tension (HT) is voltage applied on the photomultiplier tube
(PMT) detector to amplify the detector’s sensitivity, and Abs
is the absorption of samples. The CD value of unilluminated
ox-LDL is obviously smaller than that of 40 min illuminated
ox-LDL at 195–200 nm, which is the characterized range of pro-
tein’s CD value[29]. Hence, the secondary structures of ox-LDL

lipoprotein changed after 40 min of laser illumination in the
HCMW, as shown in Fig. 5.
Based on the software simulation and analysis, the content

ratios of α-helix, β-sheet, and random structure of ox-LDL
before irradiation are 4.3%, 65.3%, and 30.1% (RMS value
12.823), respectively, while the content ratios of α-helix,
β-sheet, and random structure of ox-LDL after 40 min illumina-
tion (CW, 532 nm, 30 mW) in HCMW are 33.3%, 66.7%, and
0 (RMS value 8.257), respectively. By comparison of the above
results, the increase of the α-helix content ratio is considerable,
and the random structure content ratio is decreased, as shown in
Fig. 6 and Supplementary Materials. The analysis results well
explain that the combination rate of 40 min illuminated ox-
LDL and ox-LDL antibody is increased. According to CD
records, the content ratios of α-helix, β-sheet, and random struc-
ture of ox-LDL have changed in the HCMW.

4.2. Summary

In this work, we report a photocatalysis experiment reacting in
theHCMW,which changed the secondary structures of ox-LDL.
The HCMW provides a strong electromagnetic field, which can
support the reactions while the cuvette cannot. According to
the CD spectra, the significant content ratio variations of α-helix
and β-sheet in ox-LDL before and after irradiation were con-
firmed, which lead to the binding rate of ox-LDL and ox-LDL
antibody increasing.We also explored the impact on experiment
results with different irradiation parameters; higher irradiation
laser power and shorter irradiation laser wavelength can
improve reaction speed, speeding up the change of ox-LDL’s
secondary structures. Our findings may offer a new method
to remove ox-LDL in vivo, realizing non-invasive treatment of
cardiovascular disease and improving a patient’s quality of life.
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