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Photothermal Microimaging: A Non-Invasive and
High-Resolution Imaging Technique
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Abstract Super-resolution optical imaging technology has significant implications for biology, life science, and materials
science. The mainstream technology to achieve super-resolution optical imaging relies on fluorescence imaging, but
{luorescence-based super-resolution imaging cannot reveal molecular-specific information and causes cytotoxicity to living
cells. In contrast, photothermal microscopy is a promising analytical technique that allows noninvasive imaging of
molecular bonds. Therefore, photothermal microscopy can overcome the inherent limitations of super-resolution
fluorescence imaging, making it an attractive option with excellent application prospects. This review discusses the
theoretical basis of photothermal microscopy, development of the imaging technique, and the methodological
developments that improve the detection limit and spatial resolution. We further provide future perspectives for promoting
the development of high-sensitivity and super-resolution photothermal imaging technology.

Key words photothermal imaging; infrared imaging; high-sensitivity; high spatial resolution

K RAT R T 062245 55 PR, 8 A5 0F 5 3% A1 B A2 44 fif B0

L5l 5 L5 R G RN b o B8 i AT S BR A AR Y7 . RSk

2 R B AT A IG5 A R B LA TG
BB RE 8, MR (R MR RR 2 IR BT R A A A
FAF ST AL T e ml T HL R SRR, (HD 2 BB 2O
A0 5 A% PR RR ], 25 8] 43 9% 22 A AE 5 3k 21 2 I KR
(200~300 nm) , 3 378 378 AN e 1 2 A T4 E 240 B 44 K
MR RO EE W IR R T5 R o B HEE AR

B o HEOC A R I B SR RO AR IC R, 5
AT LAY SR PR 2 - — 2K S 1 o A ) R O B /DN R
B PR B (PSF) 52 8w 7 B AR, 40 52 0 4m O # =
(STED) 2 U AR £ A F) 1 36 I8 #8682 980/
PSF 94 R, 45146 BB 5B (SIMD) ™ 5 1 44
J B IR 2% SO I A S R Y B RR 5 5

KRB H: 2023-04-03; fEEBAH: 2023-05-05; FRABH: 2023-05-15; WMEEAXBH: 2023-05-26

BIS1E& . pengsiying@westlake.edu.cn

2200001-1


https://dx.doi.org/10.3788/LOP231026
mailto:E-mail:pengsiying@westlake.edu.cn
mailto:E-mail:pengsiying@westlake.edu.cn

HEXE -HEER

KR I T HA Do F HEAT RS 0 6 5 BH 55 43 B b Ak
AR, G0 S WS (PALM) W RIBE AL G 2% 5 2
BB (STORM) "5 o Fifi BIL 3849 A7 5 4% B 225 1] pAy B
21,45 5 PSF A9 o 47 B, DL SE BT B 98
O3B ok B L R — RN R &0, A AR AR
1 o FEER o 3K S8 L T 0 Y = A3 AR AR S 2
OB B R R B L0k KRR T Ok
b B TE 485 7% 2 M 85 /) S A= ) A A ELAE AR T
HIRE T, K KRHES) T A m B2 MR R R, (HE%E
Fe WAL AN RE8 7~ 0 T I H 45 M B R S A5 B, T H &
O3 e AR BE AR bR g, T BE 1 AN ML B BT
P45 TR A T R, AT 552 M) S 160 235 SR 104 9 ff 42 A0 TT B
=R

SRy ik A L R R A3 B BUAR BAR A Sk B [EA JR FR
PR Z W5 B T Rbnic & 5 FEE AR L.
Horpr P& AR H AR A 2 A S B B
RE B TR A8 7R A dh I AL 22 B8 (5 S TR 2B W R 2 O Ay
HEEN . fr g B HOSR W] LR T2 L STED #L il
B Zs (8] 4y BE 2R, 040 AN 32 H = B (saturation-
stimulated Raman scattering ) i 888 Al 4 FUAH T 2 37
FC T8 A7 & B AT (saturated coherent anti-stokes Raman
scattering ) i fWUBE ", 3 A3 7E 4 AR T 4R B U
15 5 D /N A0 RR B A I 5 R FH 45 A Ol IR S B
B HERL R LL T TR BRSNS R 2 B R Y
23 [8) 43 R T2 70 nm L Y S B 9E A2 0 AR P
) B L85 ) RN A2 ) 4 1 0 A S DRk S A T
MG B o (H2 58 W R B R W A7 7 R FR M, AR
AR EAEE /N (~10 % em®sr '), PR T 5 409 46
REE" S M2, LA BOL I (MIP) 5 A%
R E R RIS HE T — P RE SE B 7 o BERG AR R A4
BB AR L2 AR I 1 (~ 10 % em®esr ') FL L 2 4R
I S AN BEH . A, MIP B O A% 2 R BE g A4
B L e AR B 2T AR S (FTIR) LA B A = ok ig
PR ECEE MW OGS, B RN 2 B R R B R R
ABRFAEWE B HAEZEME ., MIP B MR B AR
FHAR I ' 1 5 B (] 422 5 A 1) 21 A W s g 7, JHE
BAG o B B BRI i B K e o H mnaE R kot
%, MIP B4 © BAS 52 30T ' 5 107 5 i PR 1) 2 ] 4 9 3
(~300 nm) " B FAEGLAAIMSIAEHEEAR . E—2 b,
3 A I R 2 20 R B ORI AR R s
MIP A5 5 AR . i 4K 15 58 1 A7 569 4 BIR 1) 2 (8] 43 B 5%
%K F] 120~150 nm Ay K F.

MIP i f Bl A5 4 A 2 5 7 25 T R 0 2 R 1 5 A2
A3 BT T H A I ' BN T B SR R T S 5 AR
A 2R S B o DA MR (PAD ! [R)BE 2 3 T4 A
B 6 AL N S, (HOR [R]F MIP A%, PAT 2 i 1 48 0
S A R R AT S AR BURE R B Y o DR Y 2
BREPE  PATRE IS 800 K 62 0 G IR B, 3R T 1z
T S AR . B OGS RY =E (A]

% 6055F 228/2023 £ 11 B/BAEXEFEHRE
SRR, — B LT ROR B LE ROK , LS
BAR T i AT RE 3K B ~2 pm By 25 8] 4> BE R MIP
OSSR HOR A B A TR 2y BER R T IZHOR AL
i AR AT AR A5 ] 43 B W BB HR I 3T 50 pm 1 A
GUREE" Rk, MIP % # AR Je Hod R g B =
A AT S R AR K G S T] 43 3% 58 R0 B3 3 R A
WL TR, HAE A B2 Al 2R b R
TR AR AT EL A B R Y R T S . MIP UG 4
AR B A S R M A, PR R A A AN W58 3, 7 ]
45 5 5 AR 5 BB S P ) 4R S B £ T Rk
JAG A o B MIP SRR 4 AR A1, S 8 AR 4
ARRT AT WA S S8 A] UL O I Bt HOBR -
TET] UG B, D BOBAR AR 5 IR T H - B4R S R IR
W, B A A v B ROBRE o AT DO I B HRORUAR R 8 S
IR PR T A S I (0 e a1 A RS I R AT A
PR U5 0 I G R A T AR AR AR

//f&&mgx\

- wol &
\ 9? _ &/
R I\f te{\f//
\\H_ __;M} e

P OB DL 4 Fn Rz A

Fig.1 Advantages and applications of photothermal imaging
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Fig. 2 Transient photothermal properties of a PMMA bead. (a) Illustration of the transient photothermal process of a PMMA bead,
the solid circle indicates the sample, and the peripheral part of sphere represents the phenomenon of sample thermal expansion
caused by photothermal conversion after being excited by light; (b) center temperature of a PMMA bead varing with time under
a single pulse, with pulse width =100 ns; (¢) temperature profile of a PMMA bead and the medium at /=100 ns along the x-

axis passing through the center of PMMA bead, the dotted circle indicates the boundary of the sample at xz cross-section, r

represents the distance from the center of the PMMA bead
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Fig. 3 Tllustration of the optical path for visible wavelength photothermal imaging. (a) Scanning imaging"”; (b) wide-field imaging"”
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Fig. 6 Tllustration of the optical path for mid-infrared photothermal imaging system. (a) Backpropagation scanning imaging optical

path™”; (b) backpropagation wide field imaging optical path™
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Fig. 7 Applications of mid-infrared photothermal (MIP) imaging. (a) 3D MIP imaging of lipids in living cells and in vivo imaging of

lipid in C. elegans”; (b) MIP imaging for recording cell division of oligodendrocytes by selective excitation of the protein amide

I band™; (c) raw phase image and MIP images of living 3T3 cells, the arrow position indicates nucleic acids and the dashed circle is

the IR illumination area™; (d) local heterogeneities in cation distributions of mixed cation FA, ,MA, (Pbl; perovskite films™
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Table 1 Comparison of limit of detection, spatial resolution, and specificity

Technology Limit of detection Spatial resolution Specificity (Y/N)
MIP™! 10 pmol/L 120-600 nm Y
PALM"/STED"" single-molecule 15-40 nm N
SRI™ sub-pmol/L 80-300 nm Y
PAT ™ pmol/L >1pm Y
NMR " ~ mmol/L 10 pm—1 mm Y
MSH 1 microgram of analyte per gram of tissue >1 pm Y
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Fig. 8 Contrast mechanism and detection limits of photothermal imaging™”. (a)(b) Aoy, and A6, ., contributions to the overall

photothermal signal for PS and PMMA; (c) relative contributions of A 6,4 and A 6y, to signal as a function of the

refractive index of medium(n,.) for PS; (d) SNR vs. radius () from photothermal imaging measurements conducted on
individual PS bead
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Fig. 9

Typical approaches to improve the spatial resolution of MIP imaging. (a) Resolution improved by counter-propagating

configuration', upper right is the MIP image of a 0. 1-pm diameter PS bead and lower right is the corresponding line profile

showing a full width at half-maximum (FWHM) of 0.3 um""; (b) resolution improved by deep learning convolutional neural

network"”, images of individual 0. 3-pm diameter PS (left) before and (middle) after processing, and (right) corresponding cross

section strength of Gaussian fitting, scale bar is 500 nm
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Table 2 Key parameters influencing the spatial resolution of the MIP imaging system

Spatial o o Probe Medium /
Year ) Visible/IR objective IR source

resolution /pm wavelength /nm Substrate

2009 1.1 0.5 NA reflective 780 Nd: vanadate laser Water/CaF,
2016"" 0.6 0. 65 NA reflective 785 QCL —/CaF,
2017 0.3 1.2 NA refractive/0. 65 NA reflective 530 OPO air/glass
2021 0.15 0. 95 NA refractive/0. 65 NA reflective 532 OPO air/CaF,
20231 0.12 1. 2 NA refractive/0. 5 NA reflective 405 QCL air/CaF,
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Fig. 10 Degradation of spatial resolution due to the heat diffusion effect™”
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