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Fig. 2 Collinear reflection Mueller matrix microscope based on dual rotating retarders™™ .

splitter ﬁm — —
ohyeciive I; R1 Pl collimating lens
sample PSG

AEST

()P (b) 5 K]
6]

(a) Physical map; (b) structural diagram

1E T 1) Sz S5 28 8 i I S B )R T A o
R AR R 4 43 e be B8 A B A AR B A D R 1 I
FLWT B8 23 A6 et 245 2 vh ] N ) € FAH 07 2B R iR
%, FEFZENARGIRZEAIE . R MM LER 6,
FAEIRZE e, R2 WA IEIR &, FIMAEIRZE €,
P2 W F BE IR 22 €5 o o0 e B S I il 9 A2 ) 4 B M,
1355 B ity PO BRI A ML, o DO R 0 2 o ) o o
H, CCD IS @ BOBIRAE 5 AT L3RR
I.G)=c[1 0 0 0]Mp(e)Mpy (i \5,.e,) »

MM . Mg My, G081 e )My S g o (6)

AESLRST R 4 X030 By I i A & 8 B G RS
30X 4 [ i 5% 114 102 40 B AL 3R D 25 RS D 25
(AR P A T 58 0 P S BT B R i B s L ] AR
B RGP E F

F'(G)=vec[G"() QAT ()], (7
Wy ¢6) 3 mr LA £k Sk
I =cF « vec(M i) » (8)

K ivee (M) 378 43 $ B 38 55 5 19 72 ) 4
Wi, RGAARERE F A5 T ERRGERE BT &
BLiRZEFP K L H O R 2% A AE XE LUK A 4 5 A0 O
fEbr Ik, N TR R G R 2= T bR 5 R HE, BF
g B T BUE R AR AR (Numerical Calibration
Method, NCM)'™*™ S fifi I 5 G I & £ 4> 4
HERE A 10 1 i 2 A AR 2 e D7 R AR ) 0y R 4 L IR
3 B R i BT R R IR 2 I E AR
35 (10 LS AN R AR B AR BE T AT R T R B R
iR S TRE ¥ A Y LR ST 1 T T B A P
MOR AR 2T R R IR ZE S RGN H AL
ar AR FE F AT DAORS B A D)4 00 R 5 Y A2 0 R B
s 2
vec(M gpie) =F"'. I s (9

T e HRFREAR BG5S .

H T HCRE T 1) S 35 ARG R S A =X
P W P RO 45 2R 0 22 S FRATT 23 ) ) T AE 75 1) S
S 2R W R I A DA B 20° RSO IR s g X
T2 M R I TR 2R 8 0] HL 9 22 21 YA AR SR AT AR A B
JRAG S I3 B T REAS B9 05 2 FA R 07,90°, 180° A
270° I Y2 W RE B X T R — 2 A, FRAT AR I 5
TR e R R B g = Jm, ml, F
ro = ST T L X B G A T
(frequency distribution histogram, FDH) , 45 5 40
B3 R SRR M T AR A S R R g
B B R &R g i i 45 SR L 3(a) L (b) ], 1E
T 1) S5 S 2R A e A I A 3 4 O R 2 B0
FDH JUL-F A 5 5 A nys2m LB 3 (oL (D ],
IXAT BT o3 B R A i B 4 JBRRE o ) 5 6 A
SR Tmy  SEHE B Wl  R 4 L S h  R

3 BT MLk CCD rY & 4 02 )
LT 6

SR e 1 14T A 4 258 W i 1 3 () B Ol
e V) Ty i s AR X O R A BT PR A Ak B R i AT 0
S, SR HT R BV i B 98 & 1 40 DoFP £k i Pk
CCD 7] LA 52 B WU 6 i F 25 0% () e P ) o, 3 e
HE AR E CCD &G R R E 3 5 A H A
TR A o AT S B0 O 4 RS , H AT RS R R
JIN I SR B A AR A 3 T T O A A
DoFP Zif#k CCD 425 #4418l 4 Ca) Fiost™, 483k
MR I A 0°,45°,90°, 135° 75 1] ) I 41 A
BAEE LR AR A AR I — 4 4 77 ), AT AT
PLTA] B 3R B 4 A 1 30 38 19 658 AR (o Ty oL o
Iyss) o 33 X6 3 A i B 308 38 1Y) P A% A7 R0 2k 1 4l

1517002-4



(@)

0.06

d1, noncollinear

0.04 ——sample rotates 0°
—sample rotates 90°
——sample rotates 180°
—sample rotates 270°

0.02
0
0 0.05 0.1 0.15
©

0.06
4\, collinear

0.04
——sample rotates 0°
—sample rotates 90°
——sample rotates 180°

0.02 sample rotates 270°

0 0.2 0.4 0.6 0.8

#4835 £ 15 H/2021 £ 8 B/ E# ¢

(b)
0.08
T, noncollinear
0.06 ——sample rotates 0°
—sample rotates 90°
0.04 ——sample rotates 180°
' —sample rotates 270°
0.02
0
0 0.05 0.1 0.15
0.1
@
0.08
T G
- [ collinear
—— sample rotates 0°
—sample rotates 90°
0.04 ——sample rotates 180°
sample rotates 270°
0.02
0
0 0.2 0.4 0.6 0.8

3 IE T 1) 2 5 78 4 S R AR R R A O I B S R ) 6 e A 2R B T ) 2 AR T
(a) (b) &HA S 6 BB s 3 =0 B A B iR R 52 s (o) (d) DRR-CRMMM

Fig. 3 Results measured by DRR-CRMMM and oblique incident illumination reflection Mueller matrix imaging system™® .

(a) (b) Oblique incident illumination reflection Mueller matrix imaging system;(c)(d) DRR-CRMMM
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Fig. 4 DoFP linear polarization CCD

and corresponding Mueller matrix microscope.

(a) Diagram of pixelated

micropolarizer array of DoFP linear polarization CCD™® ; (b) schematic of transmission Mueller matrix microscope

based on dual DoFP linear polarization CCDs
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Table 1

Average acquisition time, average RMSE and condition number of three different Mueller matrix imaging methods

[22]

Acquisition

Average RMSE

Conditional number

Imaging method

time /s Linear polarizer Wave plate PSG PSA

DRR-UTMMM 192 0.0126 0.0208 3.612 3.612
DoFPs-UTMMM+ scheme 1 14 0. 0070 0. 0062 3.677 2.217
DoFPs-UTMMM + scheme 2 9 0. 0069 0.0049 3.537 2.217
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Abstract

Significance  Polarization imaging technology has the advantages of non-invasive detection, rich information,
sensitivity to the microstructure of the sample, and compatibility with traditional optical imaging technology, which
makes it suitable for combining with microscopy techonology based on staining methods to distinguish the
characteristics of different microstructures of pathological tissues. By adding the polarization state analyzer (PSA)
and polarization state generator (PSG) modules to the commercial transmission and colinear reflection optical
microscopes, the Mueller matrix microscopic imaging can be performed. The Mueller matrix can realize the complete
characterization of the polarization properties of the sample.

Progress We have established the upright transmission Mueller matrix microscope (Fig. 1, DRR-UTMMM) and
collinear reflection Mueller matrix microscope (Fig. 2, DRR-CRMMM) based on dual rotating retarders in which
PSA and PSG modules consist of a fixed linear polarizer and a rotatable quarter-wave plate, respectively. The
working principles are based on Fourier coefficient analysis. During each measurement process, two quarter-wave
plates rotate with a fixed step angle ratio, and 30 images with different polarization states are collected to reconstruct
the Mueller matrix of the sample. In order to eliminate the possible systematic errors and improve the measurement
accuracy, the calibration of the Mueller matrix measurement system is necessary. For the transmission system, the
analytic calibration method (ACM) is adopted. The systematic errors can be accurately solved by establishing the
error model between each systematic error and the measurement signal. For the collinear reflection system, due to
the complex relationship between the measurement signal and errors, it is difficult to derive the expression directly,
so the numerical calibration method (NCM) is used to calculate the systematic errors and rebuild the system
instrument matrix, which has a higher applicable scope and flexibility. In order to perform the fast Mueller matrix
imaging, linear polarization CCD based on division of focal plane (DoFP) is used, which is capable of measuring the
linear polarization states of light by equipping micro-polarizer array in front of the ordinary imaging sensor. We
designed and implemented the upright transmission Mueller matrix microscope based on dual DoFP linear polarization
CCDs (Fig. 4, DoFPs-UTMMM). Two linear polarization CCDs are fixed in the transmission and reflection ends of a
non-polarized beam splitter, respectively, one of which is equipped with a fixed angle quarter-wave plate. The real-
time polarization state analyzer is realized by combining the multi-channel polarization data from two linear
polarization CCDs. In order to eliminate the parasitic polarization artifacts introduced by the beam splitter, the
Mueller matrix of the beam splitter is considered in PSA instrument matrix after calibration. Two different schemes
of PSG are also discussed. The performance of DoFPs-UTMMM is validated by conducting Mueller matrix imaging on
standard polarization samples with different azimuths. The results show that DoFPs-UTMMM has a higher
measurement accuracy and faster measurement speed compared to DRR-UTMMM, which make it suitable for
monitoring dynamic processes or living tissues.

In this article, we also introduce some biomedical applications of the Mueller matrix microscope. By perfoming
Mueller matrix imaging of cancerous liver tissues in different stages and calculating polarization parameters, it can
realize the characterization of the degree of liver fibrosis in the cancerous liver tissue (Figs. 5-7). By combining
with data technologies including machine learning, new polarization parameters used to quantitatively characterize
the microstructure of biological tissues can be derived, which can accurately distinguish specific pathological
structures (Fig. 8). Through the fast and accurate polarization measurement of blood cells (Fig. 9), it can be tested
that the system has the potential for real time and accurate polarization monitoring of the dynamic process of living
cells in the future.

Conclusions and Prospects In this article, we summarize several modular polarization microscopes implemented
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in our previous studies, including the transmission Mueller matrix microscope and the collinear reflection Mueller
matrix microscope based on dual rotating retarders, as well as the transmission Mueller matrix microscope based on
dual linear polarization CCDs. Then we introduce some applications of modular polarization microscope in the
biomedicine field. With the combination of microscopy and polarization imaging technology, Mueller matrix
microscope can be directly upgraded from ordinary optical microscopy methods. It has the following advantages:
suitable for the studies of biological living systems, capable of obtaining cross-scale image information, and easy to be
combined with data science technologies. Besides biomedicine, the Mueller matrix microscope can be also applied to
many fields including material science, defect detection, etc. There also exsit some aspects that need to be
improved: relatively small imaging area, and high requirement for system stability and residual polarization artifacts
of the optics inside the system. This article puts forward specific suggestions for the above problems. In the future,
the development tread of Mueller matrix microscope is faster measurement speed and higher measurement accuracy.
With the improvements of polarization modulation and measurement technology, the Mueller matrix microscope is
expected to perform real-time and accurate full-polarization measurement of living cells and in-vivo tissues, and
becomes an important tool to promote biomedical applications.
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