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Abstract: Fourier ptychographic microscopy (FPM) is a promising label-free computational imaging
technique with high resolution, wide field-of-view (FOV) and quantitative phase recovery. Due to its
flexible setup, promising high-contrast performance without mechanical scanning and interferometric
measurements, FPM has wide applications in the digital pathology, observation and dynamic imaging of
label-free cells in vitro. In this review, the principle, research status and the latest advances were
introduced in several aspects of FPM such as the system calibration methods, high-throughput imaging
and high-speed imaging. The current problems and future trends were also presented.
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Fig.1 (a), (bl), (b2) Reconstructions of resolution target with block processing (150 pixelx150 pixel); (a) center of FOV; (b) edge of FOV;

(¢), (d) corresponding segments of Figs.1(a) and 1(b), respectively, red boxes: segments that do not match the ideal LSI model;

Sequence number: update order; (e), (f) error matrix of Fig.1(a) and Fig.1(b) respectively, red: error curves with iterations,

Blue line: error curves with sub-iterations for each segment, a full iteration contains 225 updates (sub-iterations )"

TR N ATEIR 23 52 0 43 B 1 DR s 5 an el 1 (d) 21
HE BT/, Bt AU St Ze an 18] 1(H TR, X PIASAS L
BCA TP R UGE A AR 2 SRS R iR 2, H 35
PRSI, PRI SR I AR ) S 5 g
ANVERE LST AR IS, Y8 7 P A VL AL Y R
ZJa B EAYEE RN 1(62) R, D2 IR
14 ZERERE

ANFERZEREILEORE, (B H T et
JE e 500 1 A B 2 B AR TR 3 s ), PR s R R
WAL — 05, E TSR E BT, AR E
AR T S E XA RG IR Z AR IER L, (B2
ﬁﬁﬁ%@%%ﬁ%ﬁ%%%%%%iﬁﬁﬁﬁﬁ
ST, PRI R FH IR A o v 3 i B S 2

MR, SRR HEESE E kS, 55—, REiR
ZEA R MR ERA TR, P IRER
IEFEATRE S R, R & R — AN S FH B JE S R )
RAIRERIEREEAEW B YA, Pan 5 AU G
WFFE T AN ) 15 22 B 1) e 25 P [m] 8T, & 30 LED 5%
IR RN R 514 25K &2 1L O (EPRY —-FPM) 3
AR [[(= K7 L6 QKA RO Tl ON S B s 2 kst = R
(Adaptive—FPM) 5 LED i & 5 1E 5 15 ")(pcFPM) /7
TEARMEA N BAE  l Br AR R SR 22 Z R 9 A
HAEHSER, NEREMERS TAFE R e 5k
SRR, A A R AL 1 R SR 25 I AR AR A )
g5 ZOTHEFR N SC—FPM, BILA Y R SR 24 15 1 i
SRV LASMIR2E Y RT LA — AR SRR

0603012-5



GRS & k]

%68

www.irla.cn

% 48 %

L(N)=wiF o s ypne* (DL (3)
Ao i ST E A F w, %78 LED 3R JE A
IR 2E S AHALI & AR TR S SRR T I, Hh MR A 5
A, LED i B %22 WA & A FAEHG, 51 AN E DR
25000 Ak;, SC—FPM ML T .
B, R FH A2 WP 5 e A /N B I 115 (B 37 1
BOHEAT 10 Yk AR, B AL A b SR BT HLR Ak RITEE
LMERNALLE 4 A2 RIS 4,  [F EHT L E eR
B [ X 4 >4 R S BORDG I ok 8, B LED 3%
JERE B A R EAC 3 Uk, BT X i 2 i
ZERR T LI UGE AR 75 S W) ik Z J5 45 1k LED
SREERCIE Ty, Al A R R RCR PR ORI E 2k

(al)

4

= Il W} E
=l ... 0E

I(){) um- III

i
**saz”
=M.
nr.ak
1Y

=
==
g
4

LED intensity

Original FPM 7
correction

Adaptive-FPM

Pl 2 AR LT o B A e g 4%

PEENEE— A 4 A2 REKSE, [H A DL
il BRE; 17 4 D2 RS EGRE G 5 IR KRR
A MRS ] A 2P S 1 B O i ek A
T, HLEDD RSN ZE | B S 1k
Oy PERMA LB A R 2 Fros . M T A
;%??f, K SC—FPM R % JC 516 55 i A5 2] LU A 4 i Pk
VSO g il SC-FPM PR & (1) 4 4~
H%ﬁﬁ?AJEtA%;(z?ﬁﬂiF THME, HEA S B4
&l 2(06)~(d6) 7, 45 AL 4f T pcFPM ;%:P&EKJ
55, Ui SC-FPM BIL K E M RS & RS H
pcFPM B R ERfFa 5 . SC—FPM Bk il A A0 A ]
HEAE R A A,

‘{‘:2}

(b35) 8 9
Isllll'g;
illl

SEM
s=m W=

Original FPM
with offset

PC-FPM SC-FPM
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(b),(c), (d) ARG AR T Y5 BE A1 HL 3% g4 52 45 1)

Fig.2 Experimental results of resolution target with different algorithms. (al) full FOV captured with a 4x/0.1 NA objective;

(a2) enlargement of a sub-region (90 pixelx90 pixel); (b), (c), (d) recovery results of intensity, phase and Fourier spectrum!™!
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_ NA,=0.4

Condenser

3 HET R ROCHA Z % 19 LED V451 19 REFPM DGR . (a) SCH02%E B A6 LED FEF iz ROL8( .2 NA)H
PR 74 B2 (10x/0.40 NA) ; (b) REFPM ~F- 5 BB R G AR Y 5 (¢) REFPM - 65 75350 4sl v 1) 5 B LA 13 i 1!
Fig.3 Optical path of REFPM platform based on oil-immersed condenser and dense LED array. (a) Experimental setup involves an LED

array, an oil-immersion condenser (1.2 NA) and an Olympus 10x/0.40 NA objective lens; (b) schematic diagram of the

illumination system in REFPM platform; (c) synthesized apertures in the Fourier space using REFPM platform!"*"!
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Fig.4 Reconstructions with different wavelengths via REFPM platform!"
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stage
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Wi~ 3D FTENHY I 43 2 — 3R P I AEHE ST 5 (b3) 21 BRI BT AL A S B 5 (), (d) X R FR 4t 1 24y e )
Fig.5 (al) Schematic of traditional FPM platform with LED board; (a2) 32x32 programmable LED matrix; (a3) light path diagram of

an inverted microscope; MO: microscope objective; TL: tube lens; M1 and M2: mirrors; BS: beam splitter; (bl) schematic of

the SRFP platform with hemispherical digital condensers; (b2) assembly of two 3D—printed quarter-spherical condensers;

(b3) photography of the hemispherical digital condensers; (c) and (d) photographs of the corresponding optical setups,

respectively!"™
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0.5

Normalized intensity

0.1 L ;
50 (U] 50

Humination angle/(")

0 L

6 LED 5t FEAZIET ¥ o (a), (b) i LED R BRI ROL B RIS ; (), (d) SEll ¥ i LED FI%CT 2 BRIE SOL B T A% T
AT AR BV — A58 BE A3 417, B8 b1 LED 38 B2 43 A5 IE L T cos', BUT2F IRIE BOLBT I L IE LT cosO(H (A5 Lk);
(e), () “F1 LED VL2 BRI 5 645 ) I — fh 5 B2 70 A 40 ] 052
Fig.6 LED intensity correction method. (a), (b) Model of planar LED array and hemispherical digital condenser respectively;
(¢), (d) normalized intensity falloff as a function of incident angle with the LED board and the condenser respectively.
Falloff is proportional to cos'@ for the LED board and cosf for the condenser (black line); (e) and (f) top view

of the normalized intensity of each LED element for the planar LED array and the condenser respectively!™

WA, X T 4x/0.1 NA WA SR K SRFP FHBRATH T HT 4x/0.1 NA W50 E
68.5%, i /£ T FPM T 75 B A RAEZORUVHIEI %1 1.05NA, i 465 nm S % 55 B 43 H % 35 5| 244 nm
LA™ 3T AR BRI, nT LU AT R NA B9 (114 1), % 14.6 em?, RPN ZS[]4 S RUA 24 500
BEARAF I = 1 3 HER AN A S R W HEM TR RJLE 7) M TG 3 R, SRFP 47 %8 1
G AR SR PIE , SEGRRICHEAR AT A5 SBPULEEE R IR 1), iSRRI 40x/
AR, AP EECE AU AR R BB NA, 0.6 NA ¥4, AH LL T 2% T°F- Mt LED #1448 FPM,

R 1ARRBAXFEMYETHFEEEDPE WIHR T E G ER LR
Tab.1 Comparison of the measured half-pitch resolution, FOV, and SBP with different illuminators

and objectives™

Theoretical Measured

‘ Theoretical . Theoretical SBP 3 M d SBP
Objective lens FOV/mm®>  NAg, coretica half-pitch eoretica half-pitch easurec
NA, . /megapixel . /megapixel
resolution/nm resolution/nm
4x/0.1 14.60 0.10 0.20 1163 10.8 1740 4.8
Conventional 4./ 3 2.34 0.30 0.60 388 15.5 775 3.9
incoherent ; B

microscopy 20%/0.45 0.58 0.45 0.90 258 8.7 548 1.9

40%/0.6 0.15 0.60 1.20 194 3.9 388 1.0

0.53 0.63 369 107.2 488 61.3

0.58 0.68 342 124.8 435 77.2

Conventional 0.63 0.73 318 144.4 388 97.0
FP with LED 4x/0.1 14.60

board 0.67 0.77 302 160.1 388 97.0

0.70 0.80 291 172.4 388 97.0

0.73 0.83 280 186.2 388 97.0

SRFP 4x/0.1 14.60 0.95 1.05 221.4 297.9 244 245.2
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SBP Wi TWfE LA B MAb, 454 LED SRS IE 280, SF IR T Ax, Ay, g H 1 o2

7 B (R A ME) A1 LED v B K¢ U347 (SC-FPM) , i#F X =pSIN( 8,4 @)+ Ax

— I T R R EE 7 FiR), EH LED V& Viun=IwCOS( 8,4 @)+ Ay (4)
BeHEFER OB 15 SC-FPM BSAT R, 363 MREE 30T o, g RO 5, AT x st s
"Wy, ‘ <l
.%“_ P s\\\;& Y,
KO //ll\\f,u,m N

0.0072 Mo
(h1)

Ground truth Mixed error

A without B B without A4 A+B
B 7 R ARGIRER IER BT SRFP R 58 T R ELRISEE 25 . (al), (b1) 15 ELE AR BEFIARAL ; (a2)~(a5), (b2)~(b5)Fl
(c1)~(cd) A[ETEE N 05 EKE A9 50 BE ARG G B35 AT M A9 B s IR A2 45 R AR X JRUAR 45 SR Y 24 J7 12 22
(d1)~(d4) FI(el)~(ed) F3 B AR o B AT L M- 19 S B0 WK A2 4524 A . LED SR IEJ7 ¥ , B LED i B AL HER 31
Fig.7 Simulations and experimental results in SRFP platform. (al) and (b1l) Simulated original intensity and phase; (a2)—(a5), (b2)—(b5)
and (cl)—(c4) recovered results of intensity, phase and spectrum with different processing procedures in simulations. The numbers

listed in the bottom right indicate the RMSE relative to the simulation ground truth. (d1)—(d4) and (el)—(e4) The recovered results

of intensity and spectrum of USAF resolution target with different processing procedures in experiments. A: LED intensity

correction method; B: LED position correction method!"!

H AT FPM [ — K, BF XX — ), — & 50 1Y
fife U7 VA AR AR AR B EE 1 A B R vk e
AT B R R B SIS RE S g, B LED 2B IR Mg FUIA U i 22 o R et

3 ET FPM WS EIESHE
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17 multiplexed
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Fourier space .k

Objective's
bandwidth

(c)
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10 min 30 min

coded FPM), i R4E 4 W& A X FR BEBH 1Y 0 37 B 4%
17 UEREHL 8 45 4% LED [F] i 5 22 1 15 37 A%
Xof MBS UR AT b, Lok A 21 MR i T R
TR i T G fa], B s /b T R R S
iR 4x/0.2 NA P55 2 0.8 NA, LT 1.25Hz
AR ANE 8 FIrR), X iHh e b T
AR BB, B e iR G 4 IR KRR Y 52 3 R
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—

10 pm

166 min 263 min

10 pm 10 pm
— —

Pl 8 RSP /IN B 22T 2 i 22 RUBE DR 25 )i 98 AR B AR 7 TE A ULAE, BRI BE 0.8 s REMT, (a) HRBI %A% FPM SR AL 4 08 137 R R 17 1

Z AR (b) 4 T 2GR EA S,

VT BEARG I 0.8 NA; (o) T I RORIA, b TR —47 2 14 2 i A

Z5504(1.25 Hz) ; I 10— 47 S 4 i (] i 00 7 ) Fsf 18] 52 78 45 53 (45 T 1 miin, 3£ 4.5 b7

Fig.8 Large—SBP phase video reconstructions for observing multiscale temporal dynamics of in vitro NSCs with a high SBP and

an acquisition time of 0.8 s per frame. (a) Our source-coded FPM captures four bright-field images and 17 multiplexed

dark-field images; (b) full-FOV phase reconstruction using a 4x objective and achieving 0.8 NA resolution; (c) sample

frames of reconstructed video for a zoom-in of one small area, top: successive frames at the maximum frame rate

(1.25 Hz); bottom: sample frames across the longer time lapse (4.5h at 1 min intervals)!

 x. WIIESMGRTTRS , iy B2 QRIS 5E
e,

PC/ .\ IT(r)_IB(r)
= ) )

P AR T.B FoR IR R AR 2R3, [H]
AR x MR EMR R W LB T

137]

FrEE 22 MALIE IR EHR B A PR 7 BER

2 H, (e (1)
B(r)=F| 6)
Z \H (u)l*+a

J

e R 220 BAt R K0 s H 9 AR AL AL 338 e R o
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Captured image
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— o
7
(e2)
" =
.. — [-9
o
wl
-
L
-
B

A9 B IR SFPM $EAR B K, (a) SFPM R4 ;(b1), (b2) B BB EIRE (1), (c2) 7 1112 I 2R P 5RA LI RE
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Fig.9 Color-multiplexed illumination patterns and the flowchart of SFPM technique. (a) SFPM system; (bl),(b2) color-

illumination patterns; (cl), (c2) captured color images at t1-72; (d1), (d2) recovered phase maps corresponding

to each color image; (e) flowchart of SFPM!"!

P& 10 it ] SFPM H¢ AR T H 41  351988 20 Jfd 1) S v O

40min

10 min 24 min 32 min

5 min

-
o .

EARAARGE R ,0.02s BEWL, (2) HE— Wi WG MAKE I (), (©) Kl(a)

O @ FILL @ IR T LA T O IAT 5 (d) i €0 I A ) AR R I, 3R 4R 40 miin, 7R 1 AR M 5~8 min 8] B 69 15 40
Fig.10 Single-shot QPI of HeLa cells in vitro using SFPM with an acquisition time of 0.02 s per frame; (a) one frame of the full-FOV

phase reconstruction; (b), (c) enlarged images of the blue-boxed and red-boxed regions in (a); (d) sample frames of a

reconstructed video for a zoom-in view of blue-boxed regions in (a) at 5—-8 min intervals across 40 min!"’
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