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Table 1 Simulation results of concentration quantification

. Cn/ Cim / Cam /
(mgemL™")  (mgmL ")  (mgmL ")
1.00 1. 00 2.00 1.41
2.00 2.00 3.00 2.24
3.00 3. 00 4. 00 3.16
4.00 4.00 5.00 4.12
5.00 5.00 6.00 5.10
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Fig. 1 Error of concentration quantification results. (a) Triangle of error coefficients for linear and nonlinear methods; (b) concentration

quantification error of two methods

28, BRI 7R 45 95 [ Ra=1 B9 i 25 1 T, AR Ze vk O ik
9 AF X 15 22 Tb M 7 125N 6006, 415 SR AE AE BT 1Y
%%O

3 LIRS

SCH RGN 2 s . TAEBE K R 532 nm
K IO g R Y O R 2 o k0 R RO A
(NDF, NDC-50C-4M, Thorlabs) [ 2 i , A 5F & 1% 45
1(LLA1134-A, Thorlabs, ££ 5 60 mm) Jf & £ , # & ik
A 1X 2443 R 2§ (TM105FL1B, Thorlabs, 43 % It
50:50) B9 A ST o 20 SRERFE A SR A A, I
R 25 g (VOAMME , Thorlabs) Z 5 A S &
2X 2 W 4F 4 o #5 (TM105R5F 2B, Thorlabs, 4% i It

laser 1X2
lens 1 coupler

attenuator

NDF fiber delay line

50:50) , 75 — W& 3 4 4E I 28 (25 3t H AR 105 pum , 3
LR 0. 22, ZERT 268 ns) A B B A0 . A #4819 H:
oA A s 05 O B R 4F (PD, DETI0A,
Thorlabs ) 3 4 , JI LA W 0 3806 bk o (%) B &2 8 20 5 59 —
A 5 o B B O R 4 it & BE 2 (LALST6-A,
Thorlabs, £ # 12 mm) # B , X /5 i B 8 9 5
(PLN10X, ££ #E 20 mm) 2 £ T # i (% £ 7 PEBAX
I B A ) L 3R BO6 T S S  ERE R (V376
Olympus, 1.0 i R 30 MHz) 32 W, JF i I & 1%
(5073PR, Olympus) #E47 B K o 67 15 5 5 SOt bk wp
{55t AN 3505 R R (ATS9371, AlazarTech, Kk
K1 GSa/s) . ARG T AR, FE & A fE 2% I 712 % 1
EELEES LN

objective /

lens sample

!
o3 2 transducer

N O

PD

K2 900 R s K
Fig. 2 Schematic of experiment system

4 KNS A

SIS =R T R YR AR A £t Rk
KL PCB pigment, 8iff, . 5521 ) 5 (@ 4L 8L ()7 k. PCB
pigment, B8 : 5 8 ) P FP GLRFEAR A B IR A .
Hodp @ e R E I 8 B o, R R B 2 4
6.8.10 mg/mL; #5 €& Y wbVE Ry 15 5o al o3, J it ok B I
BN 6 mg/mL, FESHI SR 1) FREE 20,40,
60.80.100 mg AYLL YRR R , 23 A 54 25048
2) FR i 60 mg W (YL B R LA — B LB 3) TR
P8R 1) IR R B 08 43 BN A 60 mg # 5 4
B A s 4) i RS W AR £ B B0 I A 10 mLL 28
WK IEFE IR IR % 28 IR AT 1 min; 5) X EiR 1145
O A8 TP U TROBURE | B BRI W) B A — A4 PEBAX

7 WAE 6 A ity R A T 28

BT oy FHREFE S 0 S8 H I RE S AL BT
B 6G (Rhodamine 6G) . Ifil £ & 1 (Hemoglobin) . I+
WA A AN F LB AR G . o B PR 6G 1R
CL A3, FH T RS0 1] B 4R 7 s kb DX 88 Y PR, T o
WIEBEE N 1.2.4.6.8 mg/mL; Ifi 41 % 11 FH T4 408
DI IV TS R 4) . 275 R IV B I AT 8 A
T8 TR E R E R 150 mg/mL"Y L RE S &
i 55 YLl S50 AH R o

5 SCEmLER

501 BETHEBARERNREBRTXR
HOC, R T ALt geR S O SR R D
PG T, B BE 2 0 25 A LR BE BB, A T

2317001-3



T 07, A SCHR R 20 R VRS 5 0 S KA B AR
5 M A AR AT 0 — A b B JE 2R 15 5 SR FH A
] 9 b By 5, 45 SR A0 2 PR o L ad 0 —1kiE B, DA
2 2D F(3) I 5 p AR B ¢ LA AR 4 Ho Al 4 2
T, HE T S R - R R R A B — X N G R %%243
5T H Ry oo 72K 21 €8 Y R0 G 28 1P A5 5 I (B PR LA S (8
YuRh LR S IR AE AR AR 19
X IO A B0 A 65 SR AN P 3 BT s, DA TR o R
%nszréf:vmmﬁﬁ At Ee IR [ (1) I —
B R, A ZER=0.99, ¥ 7 #i% 2% RMSE
J0.027] ; FE S v R AE 2R M0 S R AT A AR Lt B
w20 (3) BB R B e &, R°=0.99,
RMSE 5 0.04]. Jf H , B R 2515 518y 1B %0 14 5T
R R 10 mg/mL,E?LJXT?E%'FE{EEW@EE‘JI%l

BRI b R ERAE L MEAE 5 50 5 N y=0. 1z
@
4
(<]
T osf Lo
%: ,
8 06} 0
S 04t . &
E L’ y=0.1024x
Z 02F ,@ R?=0.99
7 RMSE: 0.02
7 1 1 | |
0 2 4 6 8 10

Concentration /(mg-mL™)

K3 2 el i o i
Fig. 3
Bl , R AR T PR QORHE SR WAL A R 5 IR AR
P30 (5) 5 (7) BEAT W BE A A7 , 45 SR AN 1] 4 () BT M
P A Ca) vhon] LA, A5 2 M 05 vk 1 Ml A 4 R 4
LGB BRI o BRI T Wk AT %E’J*ﬁﬂlﬁ%
QA 4(h) B, AZ SE g 25 1 n] LU BE 1S 75 H

%43 % £ 23 #1/2023 £ 12 B/ RFFR

2 LOGRE RS I ORI R S IR
Table 2 Signal amplitudes of red dye solution and blue dye

solution

) Normalized amplitude
Concentration /

Sample (mg-mL") - of signal . Ry
Linear ~ Nonlinear
2 0.20 0.02 1.11
4 0.42 0.20 2.33
Red dye 6 0.64 0.42 3.56
8 0.83 0. 69 4.61
10 1.00 1.00 5.56
Blue dye 6 0.18 0.04 —

JEE -5 i (BB P o () 1

Scatter diagrams of mass concentration-amplitude of red dye. (a) Linear signals; (b) nonlinear signals
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Fig. 4 Experimental results of red dye. (a) Results of concentration quantification; (b) relative error (absolute value)
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Table 3 Signal amplitudes of Rhodamine 6G solution and hemoglobin solution

Normalized amplitude of signal

Sample Concentration /(mgemL ") - - Ry whos
) Linear Nonlinear )
1 0.15 0.02 1.00
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6 0.76 0.62 5.07
8 1.00 1. 00 6.67
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Fig. 5 Scatter diagrams of mass concentration-signal amplitude of Rhodamine 6G. (a) Linear signal; (b) nonlinear signal
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Abstract

Objective  Photoacoustic molecular imaging has been extensively applied to biomedical research. The accurate
quantification of molecular probe concentrations has paramount importance in relevant disease investigation. Nevertheless,
during in-vivo detection, the signals emitted by exogenous probes are often mixed with those originating from endogenous
biological tissues, thereby diminishing the quantification accuracy of probe concentrations. Traditional photoacoustic
molecular imaging relies on the linear photoacoustic effect, and some methods have been proposed to enhance the
concentration quantification accuracy under complex environments. One approach is based on multi-wavelength detection,
but multi-wavelength switching complicates the signal acquisition process and reduces the quantification speed. Another
approach is proposed according to single-wavelength background subtraction, while it lacks universality due to reliance on
employing molecular probes with switchable responses. Consequently, it becomes an urgent need to develop a
concentration quantification method predicated on single-wavelength excitation that does not depend on specific probe
responses to advance photoacoustic molecular imaging. The Griineisen-relaxation nonlinear photoacoustic effect exhibits
promising potential to meet this need. Unlike the linear relationship between signal amplitude and absorption coefficient in
the linear photoacoustic effect, the Griineisen-relaxation (GR) photoacoustic effect shows a quadratic nonlinearity between

the two physical parameters. Based on this, we propose a method for quantifying concentrations using the Griineisen-
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relaxation nonlinear photoacoustic effect by single-wavelength excitation. This approach adopts the nonlinear relationship
between the two physical parameters to improve the ratio between the target and background signals, effectively
diminishing the background interference. Consequently, we present a novel and promising solution for improving the

concentration quantification accuracy.

Methods To demonstrate the advantages of our method, we conduct theoretical numerical simulations followed by
experimental validations to assess its feasibility. For the first experiment, we first construct a Griineisen-relaxation
nonlinear system. Subsequently, we perform an experiment using phantom samples comprising red dye (representing the
target component) and blue dye (representing the background component). This initial experiment serves as a preliminary
validation of the principle feasibility of our method. Then, we validate the feasibility of the method in a simulated scenario
that is close to in-vivo photoacoustic molecular imaging. In the second experiment, we utilize a sample consisting of the
molecular probe Rhodamine 6G (representing the target component) and hemoglobin (representing the background

component) to simulate the scenario in which the probe encounters interference from endogenous components.

Results and Discussions The numerical simulation results from concentration quantification in different signal-to-
background ratios (Rg;) are shown in (Table 1). The error coefficients of the linear and GR nonlinear methods can be
visually represented as different sides of a triangle in Fig. 1(a). The sum of two perpendicular sides of the triangle
corresponds to the error coefficient of the linear method, while the hypotenuse length represents the error coefficient of the
nonlinear method. According to the triangle inequality, the sum of the lengths of any two sides of a triangle is always
greater than the length of the third side. Therefore, the error coefficient of the linear method consistently exceeds that of
the nonlinear method. Consequently, the quantification results obtained from the nonlinear method exhibit a closer
approximation to the actual value of the target component compared to those obtained from the linear method. Fig. 1(b)
illustrates the relative error of the concentration quantification results. Compared with the linear method, the nonlinear
method not only performs well at high Ry, values but also significantly reduces the concentration quantization error at low
Rg; (Ryy=1). Therefore, the method has good applicability over a wide range of Ry, values. For the experimental results,
Figs. 4(a) and 6(a) show the concentration quantification outcomes for both pigment and molecular probes respectively.
The relative errors of the quantification results for both methods are depicted in Figs. 4(b) and 6(b). The experimental
results show a decrease in concentration quantification errors for both methods with the increasing Ry,. Additionally, the
quantification results obtained from the nonlinear method are always closer to the actual concentration of the target
component. The consistency between the experimental and theoretical results not only confirms the reliability of the

proposed method but also validates its error suppression capability, affirming its robust applicability in diverse scenarios.

Conclusions  We present a novel method to suppress background interference and improve the concentration
quantification accuracy. Compared to conventional linear single-wavelength methods, the proposed method yields
concentration quantification results closer to the target component concentration. Meanwhile, the relaxed generation
conditions associated with the Griineisen-relaxation nonlinear effect render this method highly versatile and applicable in
various situations. We provide a novel approach to the concentration quantification of photoacoustic molecular imaging and

lay a foundation for future applications.

Key words biotechnology; photoacoustics; Griineisen relaxation; concentration quantification; molecular imaging
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