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Original fluorescence spectra;

(b) fluorescence spectra after smoothing

TEHEAT 61 23 7 b BRI, A7 — &8 73 6 3% XA
AU B EUR 5 32 FEA N R 85 R R O
TARA T 2R W TS A SR B MER R . P, A S
AR A5 3 1 D' 3 il 2 RRAE B R IR BRI B BL
A IZ R B BE AR S A5 B AT 20 #r

H1 2 L 3% M 4 RT T, AE 487 nm Ab A Y 3K 7R
(1 5 50 BE IR B 1 i e (L A SOHE XA W (B I A
DRFE LA . HRIEDEOE LT e Y FRAE L 20 °C 1

I 7Y 9% O O 1% 1 2 W 4 98 X N I B (462 ~
520 nm) WY I 2R 5 T IX 43, D5 I 36 i 0k B A
FEOE DR B . DL BE Ay B A A, A 03 3R A e Ol
SR AN ARPEIR I 5 BT s, AT LLAE 7
REAIE U A VR AE I B Y TR Y L B IR RE T L A
T3] 0 2 ' i B 24 B 2% M /DN L & e/ IR
BIEBHERZE ) R =0.992(487 nm 4b) il
R*=0.990(462~520 nm % B ) ; & I 3 5 7Y

0307002-4



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

ORI B 5 W U OC, A O R AL - o )
S —0.996 fil—0.995, L5 FW . FEEELE
BTG P T8 & 7 FR AR B K 487 nm &b, iE 2
TERFAE B BE 462~520 nm P . 46 03 577 1 2% 06 5
JE 4 B iR B e R AR Ak 5 E PR I R R D B UK

12000

@ r=—0.996
11000 | <0.0001
0 *
=1
£ 10000 |
2
< 9000 F
=
i)
g 8000
=
7000
6000 L ! !
20 30 40

Temperature /°C

P8 XU 2 XoF 8 SR 1Y 0 5 R Al e 7 A R T
TEFFNEPEBE 462~520 nm K, R FI V- ¥ 98O0 58 i B
G IRAM RPN AL o 78 B IR AEL 8] P ) o A v AT o
A A il 0 T BE 22 S R R AT B O B i 0 A ofe
B PR ARG E

9000

() r=—0.995
" 2<0.0001
£ 8000 |
[=1
=
2
< 7000 -
2
0
=1
g
E 6000
5000 L L L
20 30 40

Temperature /°C

P 5 Rt AR 2 0 i BE IR 1 A8k . () FERFAR BRI K 487 nm Ab; (b) TEAFME Bt 462~520 nm

Fig. 5 Variation of fluorescence intensity of detection reagent changes with temperature. (a) At characteristic wavelength

487 nm; (b) in characteristic wavelength band of 462—520 nm

3.2 RGEAEWHEMNIINIE

T B UEAS 72 G A Bz Uk IR P I TR ) T B
PE A SCKE 2 G000 4 45 55 SO 603 D o 25 A R AT
TR, IR [ AR BRI A AR B S 43 B R A 5
rh I IR R Rz JER v e IR R R AR O Y
FIEL ] 2 gt e v

AR 5T AT BAESE T 80 44 323 & 0 17 v 7 38
TESCS AR R S50 58 5 7 rh BB B A IR 4 R
W BE B2 F B 2 A S R B AT 4. Sa . JE
AR SC RS DN 2R 0 A 0 A7 3K R ORI T I 5 e T
SEISUE » 400 pll TEIK £ B UK 0 38 437 B 5k AF 3]
P 2 min, 75 31 K kAR FE B2 A BV, AR ) 0 TR T 2
WEVR TR T 07K 20 B b CRE [ B A oo 3k B 4 i) oAy
1,2,5,10,25,50 pg/mL) . 3% M 66 3% vk 46 ) iH
BB SR ISR R . i 4R, DB-5 sk A
YRR RS A AR A =99, 99% . H
SE U (2.4 mL/min) s A CREP THIED 19400 4 i
A 200 °C 4 1 min, 2R )5 LL 30 °C/min B TR 3
FIFZE 280 °C {54 10 min; i 0 EE K 280 °C ;4
MR R 290 Cs HEFEEA 1 pLs T N A
SYRES, S 1 min FATIFRIIT; SR W E N
350 mL/min; @R Wi &= N 30 mL/min, $f 0 &
P WV R4 S0l AR G S0 78 T R 3 A5 1
T A o A T U T L SRR DA T R B R A AR
b W TR G AL bR, 2 AR et 2 . SR 05 K B kI
] Bt 4 TR 1 A S 2 5 A e i e 0 T AR 5 A b

THE A5 I i Y v I T e ) ok R
ORI RGN AE 5 A @RS
[ AR G . AL 6 TR, >R 9% 0 O 3k 125 TN 45 1)
B PR AE [ A i 5 ASOME 6 2k 0 = H Z TR] 3 A
X, r=0.905(p<C0.0001) , BilF T i% & 4 1€ Kz Ik i
[ st 5 et 0 Sk IR AT AT
0.8

r=0.905
p<0.0001

e
o
T

=]
Do
I

Skin cholesterol content obtained by
fluorescent spectrometry
(=]
N
T

6
Skin cholesterol content obtained by gas
chromatography /(ug - mkL)

Bl 6 AAH RS 5 0 St vk B AR DM A i
Fig. 6 Correlation analysis between gas chromatography

and fluorescent spectrometry

3.3 R BkBEEEE T 64 i K 36

R T HE 2 R i R G I R R A 1A 43
XoF T R Bl ook A A Ak e XU AT 19 Bz BBk T [
Pt 5 AT R

ARRIERIIEIESE T 89 &4 2k &, Hoh Bk
39 %4,k 50 &, A B To AR Ye Mk R R 0 L B
£ T2 1 /N0 PR R AL R 58 3% L TR L TG B A

0307002-5



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

AL B S R I, TP O i L DI RE RS 4L — A H
MR MR AR RE B 25 25 . AR L g ot T2 B
S BEBE R AE I AR B B s e B AL, EE R A&
PETF ARG E 2 Jr 7 A I o 7 L ) 22 130 F %/
B A Jz JER AL [ e 5 A7 ARG O AT 4R 32 5 I AR
KA kA P 2 R (CIMTO {5 B . 8 I RS
S B TR JIEL ] 0 i, B SPSS 24, 0 R4 X B4R
HEAT A3 AT AL 3L

CIMT 2 52 Wi 5l Jik o6 A% 58 £ 95 g 110 o 28 P R
Z =D CIMT Wy 3 5 5 2 ik kg R 4k ™ o e B
35 MG AT LA Sy 3l Tk B B AR 2 T B AR AR
HRAE CIMT $8 b5 » 65 52 150 TE 2 o 1E 5 40 = KU
4, CIMT /NF 1.0 mm M ABEN IEH 4, CIMT K
ANF 1.0 mm B ATE R & R4, srdl e . 1B 4l
43 N MBS0 46 N, AN TR CHE Bz JBk IR [ e 1 A
W25 AN 7 fr 7R, BT UL IE H AR R R [ S 2
{Eh 0. 36 5 = JRURS: 4 1 ok AR 11 e 15 i 304E R 0. 42,

0.6

(P<0.001)

0.4}

0.2F

Skin cholesterol content

normal group high risk group
Group

PR 7 L LR Sk o AR A8 e XU 4L A A ) 45

Fig. 7 Skin cholesterol contents of normal and

atherosclerosis high risk groups

SR ¢ A58 Xk A A R H AT o A AN
B DR AR [ e 5 e A 3 Mk 25 5. P <70, 001 (P =
0.0004) . XKW IZTCAIKE I 2 GE T LLHTT 3l Bk ot
PR Ak i XS AT £ 9

4 4 v

AW FE A BAEE T P01 i it T — Bl B K AR
Ifi] P bR TE B A U R 8 . 1% AR e i I o R R
I P A S P 4 00 RS DN 3K R0 119 9 D ot 3 bl T
P S R KA B R X RSB R
' R 5 R 6 TE AR R L RE A% X itk J3E R D' 5 5 I8 5
1S 0 I e 4 2R 22 BEAT B OE AR W T RGN
YA P AR E 1

A S AT BN 2 SRR €3 32 I i T AR O P Y

B R T e, RE DN 45 2R 5 AR G AR I A B ik
JUEL ] Pt 32 A7 AR SR 23 AT, B 1 G I D vk B R AT
PRSI 2R S8 09 WERRPE . L Ah 38 2R AT R GE XT3l
Jok 5K AR A A v IXURG: AR AR L AR A TR I T st 5
AT TR A2 A SRR % AR G T T Bl K
oF5 A B AL i XS T ) O 2

TEFE T R BB IE A AT BAORE 47 55 B 22 32 3003
LB AR B AR MR AR AR OG5 B T
BEDTIE I, B 7 Bl K o9 A 5 1 frg IXURS: R 1) 0 5 )
SE . PR A TR PR | RO AR A O
A T RS A 1 S IXURG 07 £  IX B B 3 R
X0 ML AE P A By 5 B A T L

2 X% X #

[1] Gao P, He Z Y. Clinical analysis of correlation
between ankle-brachial index, carotid atherosclerosis
and ischemic cerebral infarction [ J]. Medical
Innovation of China, 2010, 7(36): 98-100.

[ L I O = i QR @ R = 2 L AR 7 QM
i ML FE AR SC P Ry I R 23 BT (0] . h E R 08r, 2010,
7(36): 98-100.

[2] Jiang H, Cao L S. Diagnosis and treatment of
dyslipidemia [ J]. Journal of Clinical Cardiology,
2004, 20(10): 638-640.

FLr, AR, AR SR 2l SR U] RO
MG A7, 2004, 20(10): 638-640.
[3] Veronese E,

Estimation of prenatal aorta intima-media thickness

Tarroni G, Visentin S, et al.

from ultrasound examination[J]. Physics in Medicine
and Biology, 2014, 59(21): 6355-6371.

[4] LiJ K, Chen XD, Wang Y, et al. Sidelobe canceller
algorithm for ultrasonic imaging [J]. Laser &
Optoelectronics Progress, 2019, 56(7): 071103.
FEFE, BRBEA, TER, . IS TR BRI
MWEFEEL] . BOLS e F2% 3R, 2019, 56(7):
071103.

[5] Basu S P, Sen Gupta B K. Radiographic study of the
heart and the aorta in atherosclerosis[]]. Bulletin of
the Calcutta School of Tropical Medicine, 1966, 14
(3): 90-91.

[6] LiuQ, Jin T, Chen Q, et al. Research progress of

miniaturized photoacoustic imaging technology in
biomedical field[J]. Chinese Journal of Lasers, 2020,
47(2): 0207019.
Xk, &K, BRff, 5. NELG A R EARTE LY
B BE gt e [J]. P E O, 2020, 47(2):
0207019.

[7] Long X Y, Tian C. Biomedical photoacoustic

microscopy: advances in technology and applications

0307002-6



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[J]. Chinese Journal of Lasers, 2020, 47 (2):
0207016.

ez, Bl AP BEEOGE AU BRI ]
L. P EBOE, 2020, 47(2): 0207016.
Girardet M, Jacotot B, Cachera J P, et al. Cutaneous
cholesterol in coronary disease in man. Comparison of
2 technics of extraction[]J]. Paroi Arterielle, 1977, 4
(1): 59-63.

Zhang F, Chen X T, Zhang X H. Algorithm of
automatic detection of blood vessel stenosis with sub-
pixel level of digital subtraction angiography [J].
Laser & Optoelectronics Progress, 2018, 55 (4):
041101.

TR, BRAAAE, SRBILL. B S & 5 452 4
ERAETRREADRMEET]. WO 56 7
PERE, 2018, 55(4): 041101.

Mazzone T,  Pustelnikas L.  Growth-related
skin fibroblast
distribution and metabolism [J].
Biophysica  Acta  ( BBA )-Lipids and
Metabolism, 1990, 1047(2): 180-186.
Bouissou H, de Graeve J, Legendre C, et al. Skin

modulation of human cholesterol
Biochimica et

Lipid

cholesterol and skin apoprotein B in atherosclerosis
[J]. Biomedicine & Pharmacotherapy, 1982, 36(3):
159-162.

Melico-Silvestre A A, Jacotot B, Buxtorf J C, et al.
Study of free and esterified cholesterol in skin in
atherogenic hyperlipidemias[J]. Pathologie-biologie,
1981, 29(9): 573-578.

Sprecher D L, Goodman S G, Kannampuzha P, et
al. Skin tissue cholesterol (SkinTc) is related to
angiographically-defined cardiovascular disease [J].
Atherosclerosis, 2003, 171(2): 255-258.

Tashakkor A 'Y, Mancini G B J. The relationship
between skin cholesterol testing and parameters of
cardiovascular risk: a systematic review[]]. Canadian
Journal of Cardiology, 2013, 29(11): 1477-1487.
Lademann J, Jacobi U, Surber C, et al. The tape
stripping procedure - evaluation of some critical
parameters [ ] ]. European Journal of Pharmaceutics
and Biopharmaceutics, 2009, 72(2): 317-323.
Zawydiwski R, Sprecher D L, Evelegh M J, et al. A
novel test for the measurement of skin cholesterol
[J]. Clinical Chemistry, 2001, 47(7): 1302-1304.
Hou H Y, Fang Z H, Zhang Y Z, et al. Simulation
and in wvivo experimental study on noninvasive
spectral detection of skin cholesterol [J]. Chinese
Journal of Lasers, 2016, 43(9): 0907001.

Sk, JreAng, sKona, 4. Bz RO R R RDO6
A U ABLIUAN 7E R S 30 F 5 (U] O, 2016, 43

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

0307002-7

(9): 0907001.
Hou H'Y, Dong M L., Wang Y K, et al. Rapid and
noninvasive detection of skin cholesterol with diffuse
reflectance spectroscopy technology[J]]. Spectroscopy
and Spectral Analysis, 2016, 36(10): 3215-3221.
AR, R, EMM, % 8RO E AR PR
To A6 0 B IR L[ B (] . O3 2 506 4 T, 2016,
36(10): 3215-3221.

Xu C, Fang Z H, Dong M L, et al. Design of non-
invasive skin cholesterol detection system based on
spectroscopy [ J ].  Opto-Electronic
Engineering, 2018, 45(4): 24-31.

VR, JTRANE, SESEm, AF. T MRIOG IS BOR Y R
JoR B [ T ) A R e ket (U] Ot TR, 2018,
45(4): 24-31.

Liu Y, Wang Y K, Ni J S,

detecting reagent and its preparation method, and

absorption

et al. Fluorescence
system and method for measuring skin cholesterol:
CN108204963A[P]. 2018-06-26.

XNBE, EReIR, (R4, 5. —Fh 0w I 7] K i
7R B T B B E T B R M B R g K5 i
CN108204963A[P]. 2018-06-26.

Huizenga C, Zhang H, Arens E, et al. Skin and core
temperature response to partial- and whole-body
heating and cooling[J]. Journal of Thermal Biology,
2004, 29(7/8): 549-558.

Dinh T T N, Thompson L D, Galyean M L, et al.
Cholesterol cholesterol
L]
Comprehensive Reviews in Food Science and Food
Safety, 2011, 10(5): 269-289.

Torkhovskaya T 1, Fortinskaya E S, Khalilov E M,

content and methods for

determination in meat and  poultry

et al. Quantity of cholesterol extracted from the

human skin surface: a possible discriminant of
atherosclerosis?[J]. Bulletin of Experimental Biology
and Medicine, 1992, 113(5): 645-648.

Stein ] H, Tzou W S, DeCara ] M, et al. Usefulness
of increased skin cholesterol to identify individuals at
increased cardiovascular risk (from the predictor of
advanced subclinical atherosclerosis study) [J]. The
American Journal of Cardiology, 2008, 101(7): 986-
991.

Tzou W S, Mays M E, Korcarz C E, et al. Skin
cholesterol content identifies increased carotid intima-
LJ].
American Heart Journal, 2005, 150(6): 1135-1139.

Grobbee D E, Bots M L. Carotid artery intima-media

media thickness in asymptomatic adults

thickness as an indicator of generalized atherosclerosis
[J]. Journal of Internal Medicine, 1994, 236 (5):
567-573.



E48%5 F3H/2021 F£2 A/HEHN

Rapid Non-Invasive Technology for Skin Cholesterol Detection Based
on Fluorescent Spectrometry

Wu Peng'?, Ni Jingshu”*, Hong Haiou®’, Li Xiaojing®, Yao Bei’, Zheng Haoran®,
Hua Changyi®', Wang Xia”', Zhang Yuanzhi®', Zhang Yang®',

Wang Yikun®"', Dong Meili”""
" College of Physics and Electronic Information, Anhui Normal University, Wuhw, Anhui 241000, China ;

* Anhui Provincial Engineering Laboratory for Medical Optical Diagnosis & Treatment Technology and Instrument,
Anhui Institute of Optics and Fine Mechanics, Hefei Institute of Physical Science, Chinese Academy of
Sciences, Hefei, Anhui 230026, China;

* Health Management Centre, the First Affiliated Hospital of University of Science and Technology of China,
Hefei, Anhui 230001, China;

' Anhui Provincial Engineering Technology Research Center for Biomedical Optical Instrument, Wanjiang Center for

Development of Emerging Industrial Technology, Tongling, Anhwi 244000, China

Abstract

Objective Skin cholesterol is an important biomarker for early atherosclerosis screening. Atherosclerosis is the
leading cause of disability and death from cardiovascular disease. Effective control of pathogenic factors in the early
pathological stage may delay or prevent the development of asymptomatic atherosclerosis into cardiovascular
diseases. Thus, skin cholesterol detection becomes relevant in the prevention of cardiovascular diseases. Traditional
skin cholesterol detection methods, such as skin biopsy or tape stripping, are invasive and usually time consuming.
Alternatively, the recent three-drop method is being widely studied. In this method, three specific concentrations of
reagents that bind to skin cholesterol are used on the skin surface of a subject, and atherosclerosis can be diagnosed
by analyzing the reagent color changes. However, the three-drop method is sensitive to the application habits of the
operator. Moreover, the detection reagents contain enzymes, polymers, and small molecule compounds, hindering
quality control and increasing the sensitivity to environmental factors such as temperature and pH levels. We report
a non-invasive skin cholesterol detection technique based on fluorescent spectrometry. By measuring the fluorescence
spectrum of fluorescent-labeled skin, the cholesterol content can be calculated from the fluorescence spectra. This
method corrects the influence of temperature on the test results and provides stability under various environmental
conditions. Moreover, the skin cholesterol content can be obtained within 4 minutes. The proposed method provides
a rapid non-invasive and stable method for skin cholesterol detection and corresponding applications including early
atherosclerosis screening.

Methods The proposed non-invasive skin cholesterol detection system is composed of a light source, fiber probe,
spectrometer, photodiode, infrared temperature sensor, and computer. The fluorescence fluctuation of the detection
reagent caused by temperature variation is corrected by establishing the relation between temperature and the
fluorescence intensity of the detection reagent. To confirm the accuracy of the proposed skin cholesterol detection
system, we extract skin cholesterol with absolute ethanol after the non-invasive measurement. The cholesterol
content in the extraction liquid is determined by gas chromatography, and the correlation between the two results are
analyzed. Finally, the clinical applicability of the proposed system is confirmed by measuring skin cholesterol content
from both healthy subjects and subjects with high risk of presenting atherosclerosis.

Results and Discussions The schematic of the proposed non-invasive skin cholesterol detection system based on
fluorescent spectrometry is shown in Fig. 1. The system accurately detects skin cholesterol content after correcting
for temperature. The average fluorescence intensity of the detection reagent in the 462-520 nm wavelength band
decreases with increasing temperature, resulting in a significant negative correlation between fluorescence intensity
and temperature (= —0.995, p<<0.0001). This relation can be used to establish a calibration curve to correct for
temperature (Fig. 5). We recruited 80 subjects to verify the accuracy of the proposed system. The skin cholesterol
content measured using the proposed temperature-corrected system is highly correlated (correlation coefficient of
0.905) with that measured using gas chromatography (Fig. 6). These results verify the accuracy of the proposed
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system to measure skin cholesterol. To verify whether the proposed system can distinguish healthy subjects from
subjects with high risk of presenting atherosclerosis, we used the system in 43 and 46 subjects from the respective
groups. There is a significant difference in skin cholesterol content between the healthy and high risk samples
(p=0.0004) (Fig. 7). The proposed non-invasive skin cholesterol detection system can screen subjects with high
risk of presenting atherosclerosis. Nevertheless, clinical trials are required for verification given the small sample
size used in this study.

Conclusions  We propose a rapid non-invasive detection system for skin cholesterol based on fluorescent
spectrometry. The system quickly provides the skin cholesterol content on-site from the fluorescence spectrum of
detection reagents that specifically bind to skin cholesterol. The proposed system performs temperature correction to
prevent deviations of the measurement results and improve accuracy and stability. The system and its detection
accuracy are verified through comparisons with skin cholesterol results obtained from gas chromatography. The
proposed system may be used to screen people with high risk of presenting atherosclerosis by detecting skin
cholesterol content in healthy subjects and subjects at high risk. Overall, the proposed system can detect skin
cholesterol accurately, non-invasively, and quickly. We expect that the widespread adoption of this technology will
contribute to the prevention and control of cardiovascular diseases.
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