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Abstract: Computational optical microscopy imaging technology combines optical encoding and computational
decoding to retrieve multi-dimensional information of microscopic objects through optical manipulation and
image algorithm reconstruction, providing a powerful boost for microscopy imaging technology to break through
traditional imaging capabilities. The development of this technology has benefited from the optimization of
modern optical systems, image sensors, and high-performance data processing equipment, and is also enabled by
the development of advanced communication technologies and equipment. As a highly integrated electronic
device, the smartphone platform has an advanced image sensor and a high-performance processor, which can
collect the image of the optical system and run the image processing algorithm, creating a new way for the
realization of computational optical microscopy imaging technology. Furthermore, as a mobile communication
terminal, the open operating system and various wireless network access methods of the smartphone platform
endow the microscope with flexible and intelligent control capabilities and rich display and processing analysis

functions, which can be used to realize diversified biological detection applications in various complex
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environments. In this paper, the computational optical microscopy imaging technology based on the smartphone

platform was reviewed from four aspects. First, the design of the new microscopic imaging optical path based on

the smartphone platform as an optical imaging device was reviewed. Next, the computational optical high-

throughput microscopy imaging technology based on the advanced sensor of the smartphone platform was

introduced. Then, the application of the data processing and interconnection capabilities of the smartphone

platform in computational microscopy imaging was introduced, and finally some of the existing problems and

solutions of this technology were discussed.
Key words: smartphone platform;
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Fig.1 Infinite microscope optical system
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Fig.2 Various objective lens types in microscope system based on smartphone platform. (a) Standard microscope objective and eyepiece; (b)

Customized lens; (c) Self-correcting microscopic optical path of inverted camera lens of smart phone
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Tab.1 Advantages and disadvantages of three types of new microscopic imaging optical path designs based on

smartphone platforms

Lens type Advantage

Disadvantage

Standard microscope
objective and eyepiece
Single lens (spherical lens,
aspheric lens, liquid lens)
Inverted camera lens of

mobile phone and obtain high-resolution image.

High resolution images are obtained in a limited
field of view with small aberrations.

The system structure is complex and the cost is high.

The lens has the advantages of low cost, easy The off-axis aberration of the system is large; In color imaging, serious
fixation and large optical magnification.

color difference will appear in any single lens method.

It can make full use of smartphone image sensor The optical magnification of the system is M = 1, which is limited in

applications requiring large magnification.
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Fig.3 Schematic diagram of various micro imaging systems of smartphone platform based on standard micro imaging optical path. (a) Schematic

(b) Optical design
Filter Eyepiece

Smartphone

diagram of microscope based on mobile phone platform proposed by Breslauer et al.*l; (b) Schematic diagram of microscope based on
smartphone platform proposed by Shan et al.*™); (c) Schematic diagram of microscope based on smartphone platform proposed by Shrivastava et

al.¥
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Fig.4 Schematic diagram of microscopic imaging systems of various smartphone platforms based on spherical lens. (a) Schematic diagram of

microscope based on smartphone platform proposed by bogoch et al'®”; (b) Schematic diagram of microscope based on smartphone platform

proposed by Jahan Tigh et al*?!. (c) Schematic diagram of microscope based on smartphone platform proposed by kutay et al ; (d) Schematic

diagram of microscope based on smartphone platform proposed by Zeng et al'®’; (e) Schematic diagram of microscope based on smartphone

platform proposed by Agbana et al®
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Fig.5 Schematic diagram of various micro imaging systems of smart phone platform based on aspheric lens. (a) Schematic diagram of microscope based

on smart phone platform proposed by ARPA et al®; (b) Schematic diagram of microscope based on smartphone platform proposed by Felton et

al.[67]
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Fig.6 Schematic diagram of microscopic imaging systems of various smartphone platforms based on PDMS lens. (a) Schematic of the manufacturing
process of PDMS inkjet printing lens and its microscope based on smartphone platform proposed by Sung et al”*; (b) Schematic diagram of
microscope based on smartphone platform proposed by Sung et al™); (c) Schematic diagram of fabrication process of liquid-driven lens and

microscope based on smartphone platform proposed by Fuh et al™

20220095-9



ISk A2

%28

www.irla.cn

o

%51 %

KA, R T PDMS W8 4T E[V 3 58 19 T L U
BRG] IR BAFE I B HOSURROCR, B SA A,
Ft e, WA SR B

£ 2017 4, Sung™ S A H A O Z AT 4R Y
PDMS Wi 85 FT BB S 1T T — 3K TR R F LT &
(2 (58 6 AR SE, A5 UIE 6 (b) s . %W
e G2 R 43 4 3 S 53 BRIVY, T AR 5825
A P = AR UL s FREE | BT A R A
PEF .

2016 4F, Fuh™ 428 7 —Fhli A P AR K i 2%
PR B A AU 7 B T VAR BIK B Al K 1T B (Liquid-
actuated Aspheric Lens, LAL) A&, DLSEE BB 28
£ WSS I BB EDLE RGBT @ R
TR AR BRI 75 b Sfe 4 ) 1 2 ] DA b A8 Y R 3R 3 A
B 2 B A0 B 1 12408 B 04 ) i kR R 4 B 45 A
K 6 (c) T 7, ¢ il f PDMS Mg 88 4T B 4% A fhl &
APL 558, 4 3% OB AR IR sh AR BR AT 5, 45 I 3 1)
N 4.3 mm-2.3 mm,

PDMS 15§ 55 4T E[J 35 455 AT 30 2ok e 728 3 i A BRI 6
TE VHk 8 SR A LA R TR A B R 5 . X
FTEN T2 B 2y, O BT DUB ek, Jr LA R
AR 7= AT I 3 o AR ofe P gk b TR A ke i £
NI 5, 3 B BN A BRI G2 R R, (AR
AT RE T RSB, MELLHIE
13 ETREFNELNERESELFNEER

R i it

BT 8 T HLARAR L B2 Sk T U8R KA
LR, FF7E R L RS DL /N 18 25 R R B
BB F BN 3.0~1.5, %R T 0.17~0.33 U
FLAE . BUE FLAR P R 1 8 1) 23 B 5 2R AR IR
JE . B RETFHLERAR Sk 1 AR W B, 208 3~5 mm,
A R LB A BB F-HLh . Bl 4N, iPhone XS
REFHLMEH T FECh 1.8, BN 4.25 mm M5k
Bidko AT AER/MEZERIEDL T SRR, HieT
UG SR Bk il T 2 Moot . B &S
38 5 R FH SR ORL U T 25 3, AR AS o 83K
RO TR I . 6 AR W A L2 KA
Fio BREFHLERAR L5 kA T B AL (Voice Coil
Motor, VCM) (132 sl F 1, VCM T8 535 5% 14 £5

P AR REAE W AUEE AR A T, B AT LA SR B 6
Bt ekt B8 £ ke AT oK, I HLAT Ly (i A T
38 H A

BT EARAR S  S i & T TR, i AR T AL
A AR IR S 27 o A 1 B A ) 5 T i
BT 55 110 5 B T 1 £ P 4 BV IR, S me] 1
2 R GEE A 1 5 PR A 2 (8 A o 3 Fi g
FEIS TN P oJC SR W, 51 R 912 W B R R A
HREE LR PR B DOREAS TR G

Bl 7 (a) e 7m 56 T BR B 45 10 8 BE 0L 8 SO 1%
F G5 T 7™ 03 RN AR BR AN H A5 24 5 3
B SRR E AR, M, B
H Bt H 02O R M G 2 B A smo MR 220 )
G, IF BB AT DA S AR s A 1 R iy g J
THRBETFIT 60 R HEUR RS, E 7 (b) Fix.
(B, TP C s JC VA 0 P 58 8 1) T HLAR IR A T o
SIPER R, 0 EARE B R H B A ST A
TIHC AL 22 G2 JIT 5 R (18 85 A1 18 5 2 B i 0k 1% B
GETIPNIERIK S O - a Nl s g IR RIE S
AR R B L, BRI A SRR TV G # TG
SR A . B E TR B R R T SRk B
A B 58 A DT L 4 A B2 AL, TR AT D) S8 A e 3 g
FHLEMG AL RS, K 7 (¢) Fin. SERBE . brifk
T P B R H B Y RGO L, TR E LR Sk
1 A RER AL F LT & USSR R G0 WAL 3 1Y
TEAR (18 200 B TR 245 R 4 A% A R A W AR AR 25 5 B
S, T 35K A R o o B A BRI Y R A
PR FRI 53 3% 32 52 31 B S BR ]

2014 4, Switz" 45 3L T3] B FHLEE Sk 1 A &L IE
R THLT & BRUSUR R ge i it 76 Hobn i e
RG22 B b 52 e i g, H R g4 1 dn
8 (a) BT . H T M55 BEBA R s 2 & W
(o, B R I AR AL Sk ) T HIL 0 1l 2 32 B UG B
11 cos ™ 7, X W] g 23 BRI R A 1 S P . A
It Switz & EC LA~ LED A B8 BA 46 B - = sh 25 1
FE AR AR LT 0, X 5 15 L W) LA R 1
S b e P R

2015 4, D’ Ambrosio”” ] BA | FH 5] & FHLEE 4
o4 3k A LED FEFNI T T 3 F R B8 FHLF 7 19 B i

20220095-10



i E ok A2

%24 www.irla.cn % 51 %
Optical Microscope Phone .
design attachment camera Full field of view Zoom
pr— rr— p— —
(a)
Ball lens
)
Sample Camera  Camera
lens sensor
Objective
lens and ﬂ
eyepiece
Reversed mobile phone
camera lens

K7 BETERETHT B I RAMBEEHN LA, (a) JETEIREEL THLRMEBUR EIE; (b) 26 THRA BT B RS THL R MBI 2 (o)

ST BTk B I

Fig.7 Comparison of microscope structures based on smartphone platforms'™®. (a) Schematic diagram of a spherical lens-based cell phone microscope;

(b) Schematic of a cell phone microscope based on a standard infinity microscope system; (¢) Schematic diagram of a microscope based on an

inverted mobile phone lens
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Fig.8 Schematic diagram of various self-correcting intelligent mobile phone platform microscopic imaging systems based on inverted mobile phone
lenses. (a) Schematic diagram of the smartphone platform-based microscope proposed by Switz et al™); (b) Schematic diagram of the smartphone
platform-based microscope proposed by D’Ambrosio et al’”); (c) Schematic diagram of the smartphone platform-based microscope proposed by

Kim et al”; (d) Schematic diagram of the microscope based on smartphone platform by Kheireddine et al””
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Fig.10 Schematic diagram of typical computational optics high-throughput microscopy imaging technology based on advanced sensors and its

principle!®®!
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Fig.11 Schematic diagram of the computational optics high-throughput microscope based on the mobile phone platform. (a) Schematic diagram of the

microscope based on the smartphone platform proposed by Tseng et al.*”); (b) Schematic diagram of the microscope based on the smartphone

platform proposed by Seung et al™®*!
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Fig.12 Schematic diagram of various microscope applications based on smartphone platforms. (a) Overall work flow chart of "blood analysis"

application proposed by Zhu et al**; (b) Work flow chart of Android application customized and developed by Navruz et al®); (c) Schematic

diagram of mobile phone fluorescence microscope and application proposed by Wei et al®; (d) Workflow diagram of Android application

proposed by Phillips et al'*"
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Fig.13 Steps for quantitative, reproducible imaging using a smartphone platform-based microscope ”\. (a) Standardize illumination source and

brightness; (b) Set focal state on a field with known dimensions or features; (c) Set exposure and gain using a clear field of view; (d) Acquire

images of samples while keeping capture settings constant; (e) Information content can be preserved by selecting lossless or high quality

compression settings
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Fig.14 (a) Work flow chart of wireless transmission using smart phone platform proposed by Zimic'""; (b) Workflow diagram of micro system based on

[1o1].

smart phone platform proposed by Rabha et al®®; (c) Work flow chart of real-time wireless observation of microscope system based on smart

phone platform proposed by Wan et al.l'™®)
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Fig.15 Various smartphone platform-based microscopes combined with deep learning. (a) Schematic diagram of smartphone microscope system

structure and deep learning results proposed by Rivenson et al'"*"; (b) The structure diagram of smartphone microscope system and the workflow
diagram of two deep learning networks proposed by Han et al ['*"; (c) The structure diagram of smartphone microscope system and the workflow

diagram based on deep learning style transfer method proposed by Bian et al'"”!
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Fig.16 Schematic diagrams of various brightfield microscopes based on smartphone platforms. (a) Schematic diagram of the brightfield microscope

based on the smartphone platform proposed by Hutchison et all'*!; (b) Schematic diagram of the smartphone platform-based brightfield

microscope proposed by Orth et al'?’); (c) Schematic diagram of brightfield microscope based on smartphone platform proposed by Cai et al!'*
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Fig.17 Schematic diagram of various darkfield microscopes based on smartphone platforms. (a) Schematic diagram of the microscope based on the

smartphone platform proposed by Sun et al'**; (b) Schematic diagram of the smartphone platform-based microscope proposed by Ogasawara et

al™); (c) Schematic diagram of the smartphone platform-based microscope proposed by Kheireddine et al*l; (d) Schematic diagram of the

microscope based on the smartphone platform proposed by Rabha et al!''®!
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Fig.18 Schematic diagram of various differential phase contrast microscopes based on smartphone platforms. (a) Schematic diagram of the smartphone

platform-based microscope proposed by Jung et al.'*); (b) Schematic diagram of the smartphone platform-based microscope proposed by

Ogasawara et al.l"*");(c) Schematic diagram of the smartphone-based microscope proposed by Kheireddine et al.!'*!
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Fig.19 Schematic diagram of various quantitative phase imaging microscopes based on smartphone platforms. (a) Schematic diagram of the smartphone

platform-based microscope proposed by Lee et al.™;(b) Schematic diagram of the microscope based on the smartphone platform proposed by

Meng et al.l"*; (c) Schematic diagram of the smartphone platform-based microscope proposed by Phillips et al.”!
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Fig.20 Schematic diagrams of various smartphone-based fluorescence microscopes. (a) Schematic diagram of the microscope based on the smartphone
platform proposed by Coskun et al; (b) Schematic diagram of the microscope based on the smartphone platform proposed by Cai et al.l"*". (c)
Schematic diagram of the microscope based on the smartphone platform proposed by Zhu et al.l'®; (d) Schematic diagram of the microscope
based on the smartphone platform proposed by Wei et al.”; (e) Schematic diagram of the microscope based on the smartphone platform

proposed by Dai et al.'*]
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Fig.21 Schematic diagram of the polarization microscope system based on the smartphone platform proposed by Pirnstill et al; (b) No polarizer images

of starch molecules were collected; (c) The polarizer and polarizer cross collect the images of starch molecules at 90 °!

6 & it

TESCH, S8 ARG B T 3 TR RETFHLF 5 1
ARG T A5 SO O B B Y R RE
TR BEFHLF 5 e B AL BRI A6 1w il 0 Ak
WAREA o 3T TR BE T HLF- 5 e it o dl A 2 AE
JIFNEIRRE ST RIS 5 b B B A4 AR 7 > 45
DT o TR RETHLF & B EOL Y BRUR
B R GEARESE BT 1y H £ 20 BB A R A S8 5l
REMUSIRBE 7, 1T HL N %28 52 23R 85 Fp i) B 7 AGL I 25
B T IR AT

g /N R A 85 5 B 4R Y 0 B R 4, 2 T
BRETHLF G A RROIR R GEC )12 0 T i i
DX H P 12 W R T G 25 40, Bt T — o B ey
RN TR, UG TR Z ORI R
B AL, TR AETHLT 5 09 0 GOk 5 &R e nT AR
JHTRT Ml ) 32 O RUASE, LA ) A R A L 3 3 4k
HHRE ST\ J5 () JC Lk i 1 AE ) A0 o SR AR AL AR %
o SR, FETH PTG 0 BHRERE LA —
S ) B IE Fp A R

B RETHLERAG K 5 B 7 e~ UGN Hh i) el
BEEFARHLAN ], HTC 2 7 b 4 ) B ' i 18] 0 11 ~F-
SR, HAET FHLH G o A ERAE R G N B H A
LR RET- LRGP R, e A A MIBLER 1 1Y
HLCEGAL PRI RETCIEEE I, 22 A St A TR AT

170]

ARG AL BRI RE . PRI, BT RE AP (3 Y 5k
R R GRE R B EA R ER N . BRX L
i A 22 B WK Z2 B2 W L R X R il B A TE
A SN, (BT R AR 5 B2 AU &
255 o ISR THLERG Sk TR % AR B IR A FRIA
N EETT AR S5 W9, A 2 5T oy BT LR 14 SR FR
e, I e R G P45 4 52 e 22 A MR ) D 3
DA ok o BIFEN B3] 3 i 5 T ML 3 g AR R L
T e N 53 B 5 A S BO0F T WL 48 Sk B i sz 47 1, T
R AN ) A FH e 3 0 4 P B Ak B P R 23 M2 W
FP, TR BA R R BETHLN BT o IR
AR BES AT K st i R it 7 A8 R B Inf 2k
EARBGSWHE R, Wl R TARE R G4

A 2 B — Rt 2, 7R R BT, A
AR BAG B E & AL ARIBCE o EC R 25 3,
A A6 A7 T JCPR AR B, (ELAT: o] = W A L P i
PE, 5T b A RN A R BT A T — 2R 51
IR 22 4277 ThT RO [R) REURI PR R s 1] A e i
A AL D AR RAVR A 5 2 . BARE RET-HL
63 (9 RO A L B P B R AR 2R G A I O A i 2K
A0 E ) 40 S B ) A SR 1R, R0 T £ H
AR P A e E R B AL MR B OCE E X B
WEAR I T ZOR . BAH 2R — B
BLH T vk, 4 2 G0 VRO 14 22 2k, R P Rl

20220095-29



ISk A2

www.irla.cn

%28

% 51 %

PEATA S L fR A

REHIETHEFHT 6 0 BHUUR R 5 HE
AT HREE RS R BETHL. AR5 B GE T-HL,
AR BIALE . RGP RZANE S PR e S B R A
RETF-HLF- £ AOBE P42 1 BB S0 R , S el BB
I8 AU ES Y T TS T 2 38 BE THLF 55 50
R — SR B THL BT HLAS B 230 A B A LR
Lk, SRR N TR SERE AR . A, ST AR
B 5 1Y ORG24 IR PP 1 5 L6 0 e s
BIR, I BSHAT G AR . I 50 A [ 5
YER G RET-HLF 6 I A AR R DI RE B9 L AR

UTAFR, TR BE 7 ) PR PR A Ji%, TRAE IR AR B
R U A SRR AL B A Y I RS TR R
I, AR AT TR TR BE 27 > HOR I T RE L. A Ik
NTRGERMN T8 RET- LA 2 a3, 25 K FHLH i 7
RREEHE R T HA N TR REAL BT 1 n B RE THL. (H
FURGAE 1 TR I 27 > R 9 B 30 00 3 640 2 Ed
WA 2 IR 55 e oA 58 WU AT BT SRR, (LSRR A ik
SAETREBETHLE 2 I 55 a4 2 18] 10 BOdl 15 iy >k (9
AR IEA/N, 0 2R G 3 3 B[] RS 3 5 4 11 FL k0
Mo AR RERE B BE T HLAS S (9T H BE I LA A,
[ P 8 D 107 FH 2 P ) A2 38 I [R] AR 8 RE - BIL A v £
THFEAL T BV R A, SRR R e i TR L o > R
TER RETHLBORR T & BRI, 2528 T IR
57 > BRI A 7038 B 65 T A R, 37 R B H]
T

fipp o _E SR T, off5 2 TR BETFALP 6 A SO &
ARG BEA W 583, (A5 HAR BT I PRI IX A 1
ARV RHIE A B 7 S5 6 3 o g 45 X e — e 4
THT AT 52, TR 2 2 W ol B B ) — KSRl , o i aze
i DX B Ml 55 4 AR R B R

S 3k

[1] Lichtman J W, Conchello J A. Fluorescence microscopy [J].
Nature Methods, 2005, 2(12): 910-919.

[2] Renz M. Fluorescence microscopy-a historical and technical
perspective: Fluorescence microscopy [J]. Cytometry Part A,
2013, 83(9): 767-779.

[3] Agard D A, Hiraoka Y, Shaw P, et al. Chapter 13 Fluorescence
Microscopy in Three Dimensions[M]/Methods in Cell
Biology, 1989, 30: 353-377.

(4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

20220095-30

Gustafsson M G L, Webb W W. Nonlinear Structured-
illumination microscopy: wide-field fluorescence imaging with
theoretically unlimited resolution [J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2005, 102(37): 13081-13086.

Willig K I, Rizzoli S O, Westphal V, et al. STED microscopy
reveals that synaptotagmin remains clustered after synaptic
vesicle exocytosis [J]. Nature, 2006, 440(7086): 935-939.

Hell S W, Wichmann J. Breaking the diffraction resolution
limit by stimulated emission: stimulated-emission-depletion
fluorescence microscopy [J]. Optics Letters, 1994, 19(11): 780.
Hess S T, Girirajan T P K, Mason M D. Ultra-high resolution
imaging by fluorescence photoactivation localization
microscopy [J]. Biophysical Journal, 2006, 91(11): 4258-4272.
Bagnell C R. Chapter 10 Phase Contrast[M]. 2012.

Li J, Chen Q, Sun J, et al. Multimodal computational
microscopy based on transport of intensity equation [J].
Journal of Biomedical Optics, 2016, 21(12): 1.

Eils R, Athale C. Computational imaging in cell biology [J].
Journal of Cell Biology, 2003, 161(3): 477-481.

Mait J N, Euliss G W, Athale R A. Computational imaging [J].
Advances in Optics and Photonics, 2018, 10(2): 409.

Fan Y, Li J, Lu L, et al. Smart Computational Light
Microscopes (SCLMs) of Smart Computational Imaging
Laboratory (SCILab)[R]. In Review, 2021.

LuL, Fan Y, Sun J, et al. Accurate quantitative phase imaging
by the transport of intensity equation: a mixed-transfer-function
approach [J]. Optics Letters, 2021, 46(7): 1740.

Zhang R, Cai Z, Sun J, et al. Optical-field coherence
measurement and its application in computational imaging [J].
Laser & Optoelectronics Progress, 2021, 58(18): 1811003.
Loterie D, Farahi S, Papadopoulos I, et al. Digital confocal
microscopy through a multimode fiber [J]. Optics Express,
2015, 23(18): 23845.

Bianchi S, Di Leonardo R. A multi-mode fiber probe for
holographic micromanipulation and microscopy [J]. Lab Chip,
2012, 12(3): 635-639.

Zuo C, Chen Q, Asundi A. Boundary-artifact-free phase
retrieval with the transport of intensity equation: fast solution
with use of discrete cosine transform [J]. Optics Express, 2014,
22(8): 9220.

Fan Y, Sun J, Chen Q, et al. Adaptive denoising method for
Fourier ptychographic microscopy [J1. Optics
Communications, 2017, 404: 23-31.

Chowdhury S, Dhalla A H, Izatt J. Structured oblique


https://doi.org/10.1038/nmeth817
https://doi.org/10.1002/cyto.a.22295
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1038/nature04592
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1529/biophysj.106.091116
https://doi.org/10.1083/jcb.200302097
https://doi.org/10.1364/AOP.10.000409
https://doi.org/10.1364/OL.422095
https://doi.org/10.1364/OE.23.023845
https://doi.org/10.1039/C1LC20719A
https://doi.org/10.1364/OE.22.009220
https://doi.org/10.1016/j.optcom.2017.05.026
https://doi.org/10.1016/j.optcom.2017.05.026
https://doi.org/10.1038/nmeth817
https://doi.org/10.1002/cyto.a.22295
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1038/nature04592
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1529/biophysj.106.091116
https://doi.org/10.1083/jcb.200302097
https://doi.org/10.1364/AOP.10.000409
https://doi.org/10.1364/OL.422095
https://doi.org/10.1364/OE.23.023845
https://doi.org/10.1039/C1LC20719A
https://doi.org/10.1364/OE.22.009220
https://doi.org/10.1016/j.optcom.2017.05.026
https://doi.org/10.1016/j.optcom.2017.05.026

%28

s Gk A2

www.irla.cn

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

illumination microscopy for enhanced resolution imaging of
non-fluorescent, coherently scattering samples [J]. Biomedical
Optics Express, 2012, 3(8): 1841.

Ford T N, Chu K K, Mertz J. Phase-gradient microscopy in
thick tissue with oblique back-illumination [J]. Nature
Methods, 2012, 9(12): 1195-1197.

Sugimoto R, Maruyama R, Tamada Y, et al. Contrast
enhancement by oblique illumination microscopy with an LED
array [J]. Optik, 2019, 183: 92-98.

Rodenburg J M, Faulkner H M L. A phase retrieval algorithm
for shifting illumination [J]. Applied Physics Letters, 2004,
85(20): 4795-4797.

Jin H, Liu J. Research on WiFi-based wireless microscopy on a
mobile phone and its application [J]. Chinese Journal of
Medical Instrumentation, 2012, 36(6): 391-395.

Yuan Y, Liu J. Mobile phone based wireless microscopy
imaging technology [J]. Chinese Journal of Medical
Instrumentation, 2011, 35(2): 79-82.

Quesada-Gonzalez D, Merkogi A. Mobile phone-based

>

biosensing: An emerging “diagnostic and communication ’
technology [J]. Biosensors and Bioelectronics, 2017, 92: 549-
562.

Roda A, Michelini E, Zangheri M, et al. Smartphone-based
biosensors: A critical review and perspectives [J]. TrAC
Trends in Analytical Chemistry, 2016, 79: 317-325.

Pfeil J, Dangelat L N, Frohme M, et al. Smartphone based
mobile microscopy for diagnostics[J]. 2018, 4: 57-65

Kanchi S, Sabela M I, Mdluli P S, et al. Smartphone based
A review [J].

Biosensors and Bioelectronics, 2018, 102: 136-149.

bioanalytical and diagnosis applications:
Vashist S K, Mudanyali O, Schneider E M, et al. Cellphone-
based devices for bioanalytical sciences [J]. Analytical and
Bioanalytical Chemistry, 2014, 406(14): 3263-3277.

Geng Z, Zhang X, Fan Z, et al. Recent progress in optical
biosensors based on smartphone platforms [J]. Sensors, 2017,
17(11): 2449.

McCracken K E, Yoon J-Y. Recent approaches for optical
smartphone sensing in resource-limited settings: a brief review
[J]. Analytical Methods, 2016, 8(36): 6591-6601.
Contreras-Naranjo J C, Wei Q, Ozcan A. Mobile phone-based
microscopy, sensing, and diagnostics [J]. IEEE Journal of
Selected Topics in Quantum Electronics, 2016, 22(3): 1-14.
Hernandez - Neuta I, Neumann F, Brightmeyer J, et al.
based  clinical towards

Smartphone - diagnostics:

democratization of evidence - based health care [J]. Journal of

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

20220095-31

Internal Medicine, 2019, 285(1): 19-39.

Coulibaly J T, Ouattara M, D’ Ambrosio M V, et al. Accuracy
of mobile phone and handheld light microscopy for the
diagnosis of schistosomiasis and intestinal protozoa infections
in cote d’ivoire [J]. PLOS Neglected Tropical Diseases, 2016,
10(6): €0004768.

Huang X, Xu D, Chen J, et al. Smartphone-based analytical
biosensors [J]. The Analyst, 2018, 143(22): 5339-5351.

Huang C. Identification of authenticity of Chinese Herbal
Pieces by smartphone microscope [J]. China Pharmaceuticals,
2018, 27(22): 21-25.

Shen L, Hagen J A, Papautsky I. Point-of-care colorimetric
detection with a smartphone [J]. Lab on a Chip, 2012, 12(21):
4240.

Sowerby S J, Crump J A, Johnstone M C, et al. Smartphone
microscopy of parasite eggs accumulated into a single field of
view [J]. The American Journal of Tropical Medicine and
Hygiene, 2016, 94(1): 227-230.

Yang P, Zhou L, Xian Q, et al. Application of microscope
imaging with smartphones in the teaching of pathology [J].
Basic Medical Education, 2017, 19(10): 787-789.

Breslauer D N, Maamari R N, Switz N A, et al. Mobile phone
based clinical microscopy for global health applications [J].
PLOS ONE, 2009, 4(7): ¢6320.

Banik S, Melanthota S K, Arbaaz, et al. Recent trends in
smartphone-based detection for biomedical applications: a
review [J]. Analytical and Bioanalytical Chemistry, 2021,
413(9): 2389-2406.

Jahan-Tigh R R, Chinn G M, Rapini R P. A comparative study
between smartphone-based microscopy and conventional light
microscopy in 1021 dermatopathology specimens [J]. Archives
of Pathology & Laboratory Medicine, 2016, 140(1): 86-90.
Chen W, Yao Y, Chen T, et al. Application of smartphone-
based spectroscopy to biosample analysis: A review [J].
Biosensors and Bioelectronics, 2021, 172: 112788.

Alawsi T, Al - Bawi Z. A review of smartphone point - of -
care adapter design [J]. Engineering Reports, 2019, 1(2):
€12039.

Dendere R, Myburg N, Douglas T S. A review of cellphone
microscopy for disease detection: [J]. Journal of Microscopy,
2015, 260(3): 248-259.

Naqvi A, Manglik N, Dudrey E, et al. Evaluating the
performance of a low-cost mobile phone attachable microscope
in cervical cytology [J]. BMC Women’s Health, 2020, 20(1):
60.


https://doi.org/10.1364/BOE.3.001841
https://doi.org/10.1364/BOE.3.001841
https://doi.org/10.1038/nmeth.2219
https://doi.org/10.1038/nmeth.2219
https://doi.org/10.1016/j.ijleo.2019.02.068
https://doi.org/10.1063/1.1823034
https://doi.org/10.1016/j.bios.2016.10.062
https://doi.org/10.1016/j.trac.2015.10.019
https://doi.org/10.1016/j.trac.2015.10.019
https://doi.org/10.1016/j.bios.2017.11.021
https://doi.org/10.1007/s00216-013-7473-1
https://doi.org/10.1007/s00216-013-7473-1
https://doi.org/10.3390/s17112449
https://doi.org/10.1039/C6AY01575A
https://doi.org/10.1111/joim.12820
https://doi.org/10.1111/joim.12820
https://doi.org/10.1371/journal.pntd.0004768
https://doi.org/10.1039/C8AN01269E
https://doi.org/10.1039/c2lc40741h
https://doi.org/10.4269/ajtmh.15-0427
https://doi.org/10.4269/ajtmh.15-0427
https://doi.org/10.1371/journal.pone.0006320
https://doi.org/10.1007/s00216-021-03184-z
https://doi.org/10.1016/j.bios.2020.112788
https://doi.org/10.1111/jmi.12307
https://doi.org/10.1186/s12905-020-00902-0
https://doi.org/10.1364/BOE.3.001841
https://doi.org/10.1364/BOE.3.001841
https://doi.org/10.1038/nmeth.2219
https://doi.org/10.1038/nmeth.2219
https://doi.org/10.1016/j.ijleo.2019.02.068
https://doi.org/10.1063/1.1823034
https://doi.org/10.1016/j.bios.2016.10.062
https://doi.org/10.1016/j.trac.2015.10.019
https://doi.org/10.1016/j.trac.2015.10.019
https://doi.org/10.1016/j.bios.2017.11.021
https://doi.org/10.1007/s00216-013-7473-1
https://doi.org/10.1007/s00216-013-7473-1
https://doi.org/10.3390/s17112449
https://doi.org/10.1039/C6AY01575A
https://doi.org/10.1111/joim.12820
https://doi.org/10.1111/joim.12820
https://doi.org/10.1371/journal.pntd.0004768
https://doi.org/10.1039/C8AN01269E
https://doi.org/10.1039/c2lc40741h
https://doi.org/10.4269/ajtmh.15-0427
https://doi.org/10.4269/ajtmh.15-0427
https://doi.org/10.1371/journal.pone.0006320
https://doi.org/10.1007/s00216-021-03184-z
https://doi.org/10.1016/j.bios.2020.112788
https://doi.org/10.1111/jmi.12307
https://doi.org/10.1186/s12905-020-00902-0

% 2

4

ISk A2

www.irla.cn

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Ame S M, Utzinger J, Bogoch I I, et al. Mobile phone
microscopy for the diagnosis of soil-transmitted helminth
infections: A proof-of-concept study [J]. The American
Journal of Tropical Medicine and Hygiene, 2013, 88(4): 626-
629.

Ozcan A. Mobile phones democratize and cultivate next-
generation imaging, diagnostics and measurement tools [J].
Lab Chip, 2014, 14(17): 3187-3194.

Zhao W, Tian S, Huang L, et al. A smartphone-based
biomedical sensory system [J]. The Analyst, 2020, 145(8):
2873-2891.

Celik S, Aridogan I A, Izol V, et al. An evaluation of the
effects of long-term cell phone use on the testes via light and
electron microscope analysis [J]. Urology, 2012, 79(2): 346-
350.

A S M W. Study on blood cell counting using mobile phone-
based portable microscope [J]. International Journal of
Clinical and Biomedical Research, 2018: 76-79.

Greb C. Infinity optical systems [J]. Optik & Photonik, 2016,
11(1): 34-37.

Zhu W, Gong C, Kulkarni N, et al. Smartphone-based
microscopes[M]. Smartphone Based Medical Diagnostics
Elsevier, 2020: 159-175.

Zuo C, Sun J, Li J, et al. High-resolution transport-of-intensity
quantitative phase microscopy with annular illumination [J].
Scientific Reports, 2017, 7(1): 7654.

Sun J, Zhang Y, Chen Q, et al. Fourier ptychographic
microscopy: theory, advances, and applications [J]. Acta Optica
Sinica, 2016, 36(10): 1011005.

Sun J, Chen Q, Zhang Y, et al. Efficient positional
misalignment correction method for Fourier ptychographic
microscopy [J]. Biomedical Optics Express, 2016, 7(4): 1336.

Shan Y, Wang B, Huang H, et al. On-site quantitative Hg,+
measurements based on selective and sensitive fluorescence
biosensor and miniaturized smartphone fluorescence
microscope [J]. Biosensors and Bioelectronics, 2019, 132:
238-247.

Shrivastava S, Lee W I, Lee N E. Culture-free, highly sensitive,
quantitative detection of bacteria from minimally processed
samples using fluorescence imaging by smartphone [J].
Biosensors and Bioelectronics, 2018, 109: 90-97.

Shrestha R, Duwal R, Wagle S, et al. A smartphone microscope
method for simultaneous detection of (oo)cyst of
Cryptosporodium and Giardia[R]. Pathology, 2020.

Bidney G W, Brettin A, Jin B, et al. Improving cellphone

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

(721

20220095-32

microscopy imaging with contact ball lenses[C]//2019 IEEE
National Aerospace and Electronics Conference (NAECON),
2019: 672-674.

Smith Z J, Chu K, Espenson A R, et al. Cell-phone-based
platform for biomedical device development and education
applications [J]. PLOS ONE, 2011, 6(3): e17150.

Bogoch I I, Koydemir H C, Tseng D, et al. Evaluation of a
mobile phone-based microscope for screening of schistosoma
haematobium infection in rural ghana [J]. The American
Journal of Tropical Medicine and Hygiene, 2017, 96(6):
1468-1471.

Zeng Y, Jin K, Li J, et al. A low cost and portable smartphone
microscopic device for cell counting [J]. Sensors and
Actuators A:Physical, 2018, 274: 57-63.

Agbana T E, Diehl J C, van Pul F, et al. Imaging &
identification of malaria parasites using cellphone microscope
with a ball lens [J]. PLOS ONE, 2018, 13(10): ¢0205020.

I¢6z K. Image processing and cell phone microscopy to analyze
the immunomagnetic beads on micro-contact printed gratings
[J]. Applied Sciences, 2016, 6(10): 279.

Arpa A, Wetzstein G, Lanman D, et al. Single lens off-chip
cellphone microscopy[C]// 2012 IEEE Computer Society
Conference on Computer Vision and Pattern Recognition
Workshop, 2012: 23-28.

Felton E J, Velasquez A, Lu S, et al. Detection and
quantification of subtle changes in red blood cell density using
a cell phone [J]. Lab on a Chip, 2016, 16(17): 3286-3295.
Huang H, Zhao Y. Smartphone based focus-free macroscopy
using an adaptive droplet lens[C]//2018 Solid-State, Actuators,
and Microsystems Workshop Technical Digest, 2018: 334-337.
Huang S, Zhang Y, Pan M, et al. Design and realization of a
portable microscopy based on liquid micro-lens [J]. Optical
Instruments, 2021, 43(2): 72-78.

Fuh Y-K, Chen P-W, Lai Z-H. Mechanically tunable aspheric
lenses via additive manufacture of hanging elastomeric droplets
for microscopic applications [J]. Journal of Modern Optics,
2016, 63(12): 1129-1135.

Pechprasarn S, Kaewsonthaya L, Thipla K, et al. Performance
characterization of aspheric polymer lens formed by gravity
and surface tension: A high magnification portable microscope
for smartphone and tablet[C]//2016 9th Biomedical
Engineering International Conference (BMEiCON), 2016: 1-4.
Fuh Y K, Chen P W. Novel dual-function lens with

microscopic and vari-focus capability incorporated with an

aberration-suppression aspheric lens [J]. Optics Express, 2015,


https://doi.org/10.1039/C4LC00010B
https://doi.org/10.1039/C9AN02294E
https://doi.org/10.1016/j.urology.2011.10.054
https://doi.org/10.31878/ijcbr.2018.43.16
https://doi.org/10.31878/ijcbr.2018.43.16
https://doi.org/10.1038/s41598-017-06837-1
https://doi.org/10.3788/AOS201636.1011005
https://doi.org/10.3788/AOS201636.1011005
https://doi.org/10.1364/BOE.7.001336
https://doi.org/10.1016/j.bios.2019.02.062
https://doi.org/10.1016/j.bios.2018.03.006
https://doi.org/10.1371/journal.pone.0017150
https://doi.org/10.4269/ajtmh.16-0912
https://doi.org/10.4269/ajtmh.16-0912
https://doi.org/10.1016/j.sna.2018.03.009
https://doi.org/10.1016/j.sna.2018.03.009
https://doi.org/10.1371/journal.pone.0205020
https://doi.org/10.3390/app6100279
https://doi.org/10.1039/C6LC00415F
https://doi.org/10.1080/09500340.2015.1128007
https://doi.org/10.1364/OE.23.021771
https://doi.org/10.1039/C4LC00010B
https://doi.org/10.1039/C9AN02294E
https://doi.org/10.1016/j.urology.2011.10.054
https://doi.org/10.31878/ijcbr.2018.43.16
https://doi.org/10.31878/ijcbr.2018.43.16
https://doi.org/10.1038/s41598-017-06837-1
https://doi.org/10.3788/AOS201636.1011005
https://doi.org/10.3788/AOS201636.1011005
https://doi.org/10.1364/BOE.7.001336
https://doi.org/10.1016/j.bios.2019.02.062
https://doi.org/10.1016/j.bios.2018.03.006
https://doi.org/10.1371/journal.pone.0017150
https://doi.org/10.4269/ajtmh.16-0912
https://doi.org/10.4269/ajtmh.16-0912
https://doi.org/10.1016/j.sna.2018.03.009
https://doi.org/10.1016/j.sna.2018.03.009
https://doi.org/10.1371/journal.pone.0205020
https://doi.org/10.3390/app6100279
https://doi.org/10.1039/C6LC00415F
https://doi.org/10.1080/09500340.2015.1128007
https://doi.org/10.1364/OE.23.021771

%28

s Gk A2

www.irla.cn

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

(83]

(84]

(85]

(86]

23(17): 21771.

Sung Y L, Jeang J, Lee C H, et al. Fabricating optical lenses by
inkjet printing and heat-assisted in situ curing of
polydimethylsiloxane for smartphone microscopy [J]. Journal
of Biomedical Optics, 2015, 20(4): 047005.

Sung Y, Campa F, Shih W C. Open-source do-it-yourself
multi-color  fluorescence  smartphone  microscopy  [J].
Biomedical Optics Express, 2017, 8(11): 5075-5086.

Fuh Y K, Lai Z H, Kau L H, et al. A lab-on-phone instrument
with varifocal microscope via a Liquid-actuated Aspheric Lens
(LAL) [J]. PLOS ONE, 2017, 12(6): €0179389.

Switz N A, D’Ambrosio M V, Fletcher D A. Low-cost mobile
phone microscopy with a reversed mobile phone camera lens
[J]. PLOS ONE, 2014, 9(5): €95330.

D’Ambrosio M V, Bakalar M, Bennuru S, et al. Point-of-care
quantification of blood-borne filarial parasites with a mobile
phone microscope [J]. Science Translational Medicine, 2015,
7(286): 286re4.

Kim J H, Joo H G, Kim T H, et al. A smartphone-based
fluorescence microscope utilizing an external phone camera
lens module [J]. BioChip Journal, 2015, 9(4): 285-292.
Kheireddine S, Perumal S A, Smith Z J, et al. Dual-phone
illumination-imaging system for high resolution and large field
of view multi-modal microscopy [J]. Lab on a Chip, 2019,
19(5): 825-836.

Zuo C, Chen Q, Qu W, et al. High-speed transport-of-intensity
phase microscopy with an electrically tunable lens [J]. Optics
Express, 2013, 21(20): 24060.

Li J, Matlock A, Li Y, et al. High-speed in vitro intensity
diffraction tomography [J]. Advanced Photonics, 2019, 1(6):
066004.

Cybulski J S, Clements J, Prakash M. Foldscope: Origami-
based paper microscope [J]. PLOS ONE, 2014, 9(6): e98781.
Zhang Jialin, Chen Qian, Zhang Xiangyu, et al. Lens-free on-
chip microscopy: Theory, advances, and applications [J].
Infrared and Laser Engineering, 2019, 48(6): 0603009. (in
Chinese)

Ozcan A, McLeod E. Lensless imaging and sensing [J]. Annual
Review of Biomedical Engineering, 2016, 18(1): 77-102.
Zhang J, Chen Q, Li J, et al. Lensfree dynamic super-resolved
phase imaging based on active micro-scanning [J]. Optics
Letters, 2018, 43(15): 3714-3717.

Seo S, SuT W, Tseng D K, et al. Lensfree holographic imaging
for on-chip cytometry and diagnostics [J]. Lab on a Chip,

2009, 9(6): 777-787.

(87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

20220095-33

Tseng D, Mudanyali O, Oztoprak C, et al. Lensfree microscopy
on a cellphone [J]. Lab on a Chip, 2010, 10(14): 1787-1792.
Lee S A, Yang C. A smartphone-based chip-scale microscope
using ambient illumination [J]. Lab on a Chip, 2014, 14(16):
3056-3063.

Isikman S O, Bishara W, Mavandadi S, et al. Lens-free optical
tomographic microscope with a large imaging volume on a chip
[J]. Proceedings of the National Academy of Sciences, 2011,
108(18): 7296-7301.

Pech-Pacheco J L, Cristobal G, Chamorro-Martinez J, et al.
Diatom autofocusing in hrightfield microscopy: a comparative
study[C]//Proceedings 15th International Conference on Pattern
Recognition, 2000, 3: 314-317.

Mudanyali O, Oztoprak C, Tseng D, et al. Detection of
waterborne parasites using field-portable and cost-effective
lensfree microscopy [J]. Lab on a Chip, 2010, 10(18): 2419-
2423.

Su T W, Isikman S O, Bishara W, et al. Multi-angle lensless
digital holography for depth resolved imaging on a chip [J].
Optics Express, 2010, 18(9): 9690-9711.

Zhu H, Sencan I, Wong J, et al. Cost-effective and rapid blood
analysis on a cell-phone [J]. Lab on a Chip, 2013, 13(7): 1282-
1288.

Navruz I, Coskun A F, Wong J, et al. Smart-phone based
computational microscopy using multi-frame contact imaging
on a fiber-optic array [J]. Lab on a Chip, 2013, 13(20): 4015-
4023.

Wei Q, Luo W, Chiang S, et al. Imaging and sizing of single
DNA molecules on a mobile phone [J]. ACS Nano, 2014,
8(12): 12725-12733.

Phillips Z F, D’Ambrosio M V, Tian L, et al. Multi-contrast
imaging and digital refocusing on a mobile microscope with a
domed LED array [J]. PLOS ONE, 2015, 10(5): e0124938.
Skandarajah A, Reber C D, Switz N A, et al. Quantitative
imaging with a mobile phone microscope [J]. PLOS ONE,
2014, 9(5): €96906.

Amin R, Knowlton S, Yenilmez B, et al. Smart-phone
attachable, flow-assisted magnetic focusing device [J]. RSC
Advances, 2016, 6(96): 93922-93931.

Im H, Castro C M, Shao H, et al. Digital diffraction analysis
enables low-cost molecular diagnostics on a smartphone [J].
Proceedings of the National Academy of Sciences, 2015,
112(18): 5613-5618.

Bastawrous A, Armstrong M J. Mobile health use in low- and

high-income countries: an overview of the peer-reviewed


https://doi.org/10.1117/1.JBO.20.4.047005
https://doi.org/10.1117/1.JBO.20.4.047005
https://doi.org/10.1364/BOE.8.005075
https://doi.org/10.1371/journal.pone.0179389
https://doi.org/10.1371/journal.pone.0095330
https://doi.org/10.1126/scitranslmed.aaa3480
https://doi.org/10.1007/s13206-015-9403-0
https://doi.org/10.1039/C8LC00995C
https://doi.org/10.1364/OE.21.024060
https://doi.org/10.1364/OE.21.024060
https://doi.org/10.1117/1.AP.1.6.066004
https://doi.org/10.1371/journal.pone.0098781
https://doi.org/10.3788/IRLA201948.0603009
https://doi.org/10.1146/annurev-bioeng-092515-010849
https://doi.org/10.1146/annurev-bioeng-092515-010849
https://doi.org/10.1364/OL.43.003714
https://doi.org/10.1364/OL.43.003714
https://doi.org/10.1039/B813943A
https://doi.org/10.1039/c003477k
https://doi.org/10.1039/C4LC00523F
https://doi.org/10.1073/pnas.1015638108
https://doi.org/10.1039/c004829a
https://doi.org/10.1364/OE.18.009690
https://doi.org/10.1039/c3lc41408f
https://doi.org/10.1039/c3lc50589h
https://doi.org/10.1021/nn505821y
https://doi.org/10.1371/journal.pone.0124938
https://doi.org/10.1371/journal.pone.0096906
https://doi.org/10.1039/C6RA19483D
https://doi.org/10.1039/C6RA19483D
https://doi.org/10.1073/pnas.1501815112
https://doi.org/10.1117/1.JBO.20.4.047005
https://doi.org/10.1117/1.JBO.20.4.047005
https://doi.org/10.1364/BOE.8.005075
https://doi.org/10.1371/journal.pone.0179389
https://doi.org/10.1371/journal.pone.0095330
https://doi.org/10.1126/scitranslmed.aaa3480
https://doi.org/10.1007/s13206-015-9403-0
https://doi.org/10.1039/C8LC00995C
https://doi.org/10.1364/OE.21.024060
https://doi.org/10.1364/OE.21.024060
https://doi.org/10.1117/1.AP.1.6.066004
https://doi.org/10.1371/journal.pone.0098781
https://doi.org/10.3788/IRLA201948.0603009
https://doi.org/10.1146/annurev-bioeng-092515-010849
https://doi.org/10.1146/annurev-bioeng-092515-010849
https://doi.org/10.1364/OL.43.003714
https://doi.org/10.1364/OL.43.003714
https://doi.org/10.1039/B813943A
https://doi.org/10.1039/c003477k
https://doi.org/10.1039/C4LC00523F
https://doi.org/10.1073/pnas.1015638108
https://doi.org/10.1039/c004829a
https://doi.org/10.1364/OE.18.009690
https://doi.org/10.1039/c3lc41408f
https://doi.org/10.1039/c3lc50589h
https://doi.org/10.1021/nn505821y
https://doi.org/10.1371/journal.pone.0124938
https://doi.org/10.1371/journal.pone.0096906
https://doi.org/10.1039/C6RA19483D
https://doi.org/10.1039/C6RA19483D
https://doi.org/10.1073/pnas.1501815112

ISk A2

www.irla.cn

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

literature [J]. Journal of the Royal Society of Medicine, 2013,
106(4): 130-142.

Zimic M, Coronel J, Gilman R H, et al. Can the power of
mobile phones be used to improve tuberculosis diagnosis in
developing countries? [J]. Transactions of the Royal Society of
Tropical Medicine and Hygiene, 2009, 103(6): 638-640.

Rabha D, Sarmah A, Nath P. Design of a 3D printed
smartphone microscopic system with enhanced imaging ability
for biomedical applications [J]. Journal of Microscopy, 2019,
276(1): 13-20.

Wan X, Tao X. Design of a cell phone lens-based miniature
microscope with configurable magnification ratio [J]. Applied
Sciences, 2021, 11(8): 3392.

Zuo C, Huang L, Zhang M, et al. Temporal phase unwrapping
algorithms for fringe projection profilometry: A comparative
review [J]. Optics and Lasers in Engineering, 2016, 85: 84-
103.

Smith T W, Colby S A. Teaching for deep learning [J]. The
Clearing House:A Journal of Educational Strategies, Issues
and Ideas, 2007, 80(5): 205-210.

Deng L. Deep learning: methods and applications [J].
Foundations and Trends® in Signal Processing, 2014, 7(3-4):
197-387.

Angermueller C, Pdrnamaa T, Parts L, et al. Deep learning for
computational biology [J]. Molecular Systems Biology, 2016,
12(7): 878.

Schmidhuber J. Deep learning in neural networks: An overview
[J]. Neural Networks, 2015, 61: 85-117.

LeCun Y, Bengio Y, Hinton G. Deep learning [J]. Nature,
2015, 521(7553): 436-444.

Hoffman D P, Slavitt I, Fitzpatrick C A. The promise and peril
of deep learning in microscopy [J]. Nature Methods, 2021,
18(2): 131-132.

Rivenson Y, Gorocs Z, Giinaydin H, et al. Deep learning
microscopy [J]. Optica, 2017, 4(11): 1437.

Ouyang W, Aristov A, Lelek M, et al. Deep learning massively
accelerates  super-resolution localization microscopy [J].
Nature Biotechnology, 2018, 36(5): 460-468.

Oktay A B, Gurses A. Automatic detection, localization and
segmentation of nano-particles with deep learning in
microscopy images [J]. Micron, 2019, 120: 113-119.

Kraus O Z, Grys B T, Ba J, et al. Automated analysis of high -
content microscopy data with deep learning [J]. Molecular
Systems Biology, 2017, 13(4): 924.

Liu Z, Jin L, Chen J, et al. A survey on applications of deep

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

20220095-34

learning in microscopy image analysis [J].
Biology and Medicine, 2021, 134: 104523.
Rabha D, Biswas S, Chamuah N, et al. Wide-field multi-modal

Computers in

microscopic imaging using smartphone [J]. Optics and Lasers
in Engineering, 2021, 137: 106343.

Wang P, Di J. Deep learning-based object classification
through multimode fiber via a CNN-architecture SpeckleNet
[J]. Applied Optics, 2018, 57(28): 8258.

Wang K, Li Y, Kemao Q, et al. One-step robust deep learning
phase unwrapping [J]. Optics Express, 2019, 27(10): 15100.
Bian Y, Jiang Y, Huang Y, et al. Smart-phone phase contrast
microscope with a singlet lens and deep learning [J]. Optics &
Laser Technology, 2021, 139: 106900.

Rivenson Y, Ceylan Koydemir H, Wang H, et al. Deep learning
enhanced mobile-phone microscopy [J]. ACS Photonics, 2018,
5(6): 2354-2364.

de Haan K, Ceylan Koydemir H, Rivenson Y, et al. Automated
screening of sickle cells using a smartphone-based microscope
and deep learning [J]. Digital Medicine, 2020, 3(1): 76.

Fan Y, Sun J, Chen Q, et al. Optimal illumination scheme for
isotropic quantitative differential phase contrast microscopy [J].
Photonics Research, 2019, 7(8): 890.

Li J, Chen Q, Sun J, et al. Optimal illumination pattern for
transport-of-intensity quantitative phase microscopy [J]. Optics
Express, 2018, 26(21): 27599.

Li J, Chen Q, Zhang J, et al. Optical diffraction tomography
microscopy with transport of intensity equation using a light-
emitting diode array [J]. Optics and Lasers in Engineering,
2017, 95: 26-34.

Zuo C, Chen Q, Sun J, et al. Non-Interferometric phase
retrieval and quantitative phase microscopy based on transport
of intensity equation: a review [J]. Chinese Journal of Lasers,
2016, 43(6): 0609002.

Heng X, Erickson D, Baugh L R, et al. Optofluidic
microscopy —a method for implementing a high resolution
optical microscope on a chip [J]. Lab Chip, 2006, 6(10): 1274-
1276.

Knowlton S M, Sencan I, Aytar Y, et al. Sickle cell detection
using a smartphone [J]. Scientific Reports, 2015, 5(1): 15022.
Hutchison J R, Erikson R L, Sheen A M, et al. Reagent-free
and portable detection of Bacillus anthracis spores using a
microfluidic incubator and smartphone microscope [J]. The
Analyst, 2015, 140(18): 6269-6276.

Orth A, Wilson E R, Thompson J G, et al. A dual-mode mobile

phone microscope using the onboard camera flash and ambient


https://doi.org/10.1177/0141076812472620
https://doi.org/10.1016/j.trstmh.2008.10.015
https://doi.org/10.1016/j.trstmh.2008.10.015
https://doi.org/10.1111/jmi.12829
https://doi.org/10.3390/app11083392
https://doi.org/10.3390/app11083392
https://doi.org/10.1016/j.optlaseng.2016.04.022
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.15252/msb.20156651
https://doi.org/10.1016/j.neunet.2014.09.003
https://doi.org/10.1038/nature14539
https://doi.org/10.1038/s41592-020-01035-w
https://doi.org/10.1364/OPTICA.4.001437
https://doi.org/10.1038/nbt.4106
https://doi.org/10.1016/j.micron.2019.02.009
https://doi.org/10.15252/msb.20177551
https://doi.org/10.15252/msb.20177551
https://doi.org/10.1016/j.compbiomed.2021.104523
https://doi.org/10.1016/j.compbiomed.2021.104523
https://doi.org/10.1016/j.optlaseng.2020.106343
https://doi.org/10.1016/j.optlaseng.2020.106343
https://doi.org/10.1364/AO.57.008258
https://doi.org/10.1364/OE.27.015100
https://doi.org/10.1021/acsphotonics.8b00146
https://doi.org/10.1364/PRJ.7.000890
https://doi.org/10.1364/OE.26.027599
https://doi.org/10.1364/OE.26.027599
https://doi.org/10.1016/j.optlaseng.2017.03.010
https://doi.org/10.3788/CJL201643.0609002
https://doi.org/10.1039/B604676B
https://doi.org/10.1038/srep15022
https://doi.org/10.1039/C5AN01304F
https://doi.org/10.1039/C5AN01304F
https://doi.org/10.1177/0141076812472620
https://doi.org/10.1016/j.trstmh.2008.10.015
https://doi.org/10.1016/j.trstmh.2008.10.015
https://doi.org/10.1111/jmi.12829
https://doi.org/10.3390/app11083392
https://doi.org/10.3390/app11083392
https://doi.org/10.1016/j.optlaseng.2016.04.022
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.3200/TCHS.80.5.205-210
https://doi.org/10.15252/msb.20156651
https://doi.org/10.1016/j.neunet.2014.09.003
https://doi.org/10.1038/nature14539
https://doi.org/10.1038/s41592-020-01035-w
https://doi.org/10.1364/OPTICA.4.001437
https://doi.org/10.1038/nbt.4106
https://doi.org/10.1016/j.micron.2019.02.009
https://doi.org/10.15252/msb.20177551
https://doi.org/10.15252/msb.20177551
https://doi.org/10.1016/j.compbiomed.2021.104523
https://doi.org/10.1016/j.compbiomed.2021.104523
https://doi.org/10.1016/j.optlaseng.2020.106343
https://doi.org/10.1016/j.optlaseng.2020.106343
https://doi.org/10.1364/AO.57.008258
https://doi.org/10.1364/OE.27.015100
https://doi.org/10.1021/acsphotonics.8b00146
https://doi.org/10.1364/PRJ.7.000890
https://doi.org/10.1364/OE.26.027599
https://doi.org/10.1364/OE.26.027599
https://doi.org/10.1016/j.optlaseng.2017.03.010
https://doi.org/10.3788/CJL201643.0609002
https://doi.org/10.1039/B604676B
https://doi.org/10.1038/srep15022
https://doi.org/10.1039/C5AN01304F
https://doi.org/10.1039/C5AN01304F

%28

s Gk A2

www.irla.cn

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

light [J]. Scientific Reports, 2018, 8(1): 3298.

Cai F, Wang T, Lu W, et al. High-resolution mobile bio-
microscope with smartphone telephoto camera lens [J]. Optik,
2020, 207: 164449.

Kheireddine S, Smith Z J, Nicolau D V, et al. Simple adaptive
mobile phone screen illumination for dual phone differential
phase contrast (DPDPC) microscopy [J]. Biomedical Optics
Express, 2019, 10(9): 4369.

Dénmez S I, Needs S H, Osborn H M I, et al. Label-free
smartphone quantitation of bacteria by darkfield imaging of
light scattering in fluoropolymer micro capillary film allows
portable detection of bacteriophage lysis [J]. Semnsors and
Actuators B: Chemical, 2020, 323: 128645.

Li Zhenyu. Miniature optofluidic darkfield microscope for
biosensing [C]//SPIE Optical Engineering + Applications,
International Society for Optics and Photonics, 2014, 9198:
91980G.

Sun D, Hu T Y. A low cost mobile phone dark-field
microscope for nanoparticle-based quantitative studies [J].
Biosensors and Bioelectronics, 2018, 99: 513-518.

Jung D, Choi J-H, Kim S, et al. Smartphone-based multi-
contrast microscope using color-multiplexed illumination [J].
Scientific Reports, 2017, 7(1): 7564.

Ogasawara Y, Sugimoto R, Maruyama R, et al. Mobile-phone-
based Rheinberg microscope with a light-emitting diode array
[J]. Journal of Biomedical Optics, 2018, 24(3): 1.

Watanabe W, Koda K, Uenoyama S, et al. Image acquisition
with smartphone-based LED array microscope [C]/Biomedical
Imaging and Sensing Conference, 2018: 107111Z.

Zuo C, Chen Q, Yu Y, et al. Transport-of-intensity phase
imaging using Savitzky-Golay differentiation filter - theory and
applications [J]. Optics Express, 2013, 21(5): 5346.

Fan Y, Sun J, Chen Q, et al. Single-shot isotropic quantitative
phase microscopy based on color-multiplexed differential phase
contrast [J]. APL Photonics, 2019, 4(12): 121301.

Sun J, Zuo C, Zhang L, et al. Resolution-enhanced Fourier
ptychographic microscopy based on high-numerical-aperture
illuminations [J]. Scientific Reports, 2017, 7(1): 1187.

Lu L, Sun J, Zhang J, et al. Quantitative phase imaging camera
with a weak diffuser [J]. Frontiers in Physics, 2019, 7: 77.

Fan Y, Chen Q, Sun J, et al. Review of the development of
differential phase contrast microscopy [J]. Infrared and Laser
Engineering, 2019, 48(6): 0603014. (in Chinese)

Hamilton D K, Sheppard C J R, Wilson T. Improved imaging

of phase gradients in scanning optical microscopy [J]. Journal

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

20220095-35

of Microscopy, 1984, 135(3): 275-286.

Zheng G, Horstmeyer R, Yang C. Wide-field, high-resolution
Fourier ptychographic microscopy [J]. Nature Photonics,
2013, 7(9): 739-745.

Tian L, Waller L. Quantitative differential phase contrast
imaging in an LED array microscope [J]. Optics Express, 2015,
23(9): 11394.

Zuo C, Sun J, Feng S, et al. Programmable aperture
microscopy: A computational method for multi-modal phase
contrast and light field imaging [J]. Optics and Lasers in
Engineering, 2016, 80: 24-31.

Zuo C, Sun J, Feng S, et al. Programmable colored illumination
microscopy (PCIM): A practical and flexible optical staining
approach for microscopic contrast enhancement [J]. Optics and
Lasers in Engineering, 2016, 78: 35-47.

Cao L, Wang Z, Zong S, et al. Volume holographic polymer of
photochromic diarylethene for updatable three-dimensional
display [J]. Journal of Polymer Science Part B: Polymer
Physics, 2016, 54(20): 2050-2058.

DilJ, Li Y, Xie M, et al. Dual-wavelength common-path digital
holographic microscopy for quantitative phase imaging based
on lateral shearing interferometry [J]. Applied Optics, 2016,
55(26): 7287.

Dan D, Lei M, Yao B, et al. DMD-based LED-illumination
super-resolution and optical sectioning microscopy [J].
Scientific Reports, 2013, 3(1): 1116.

Zhao Y, Cao L, Zhang H, et al. Accurate calculation of
computer-generated holograms using angular-spectrum layer-
oriented method [J]. Optics Express, 2015, 23(20): 25440.

Zuo C, Chen Q, Qu W, et al. Noninterferometric single-shot
quantitative phase microscopy [J]. Optics Letters, 2013, 38(18):
3538.

Zuo C, Li J, Sun J, et al. Transport of intensity equation: a
tutorial [J]. Optics and Lasers in Engineering, 2020, 135:
106187.

Yang Z, Zhan Q. Single-shot smartphone-based quantitative
phase imaging using a distorted grating [J]. PLOS One, 2016,
11(7): €0159596.

Meng X, Huang H, Yan K, et al. Smartphone based hand-held
quantitative phase microscope using the transport of intensity
equation method [J]. Lab on a Chip,2017, 17(1): 104-109.

Gao P, Prunsche B, Zhou L, et al. Background suppression in
fluorescence nanoscopy with stimulated emission double
depletion [J]. Nature Photonics, 2017, 11(3): 163-169.

Zheng J, Yang Y, Lei M, et al. Fluorescence volume imaging


https://doi.org/10.1038/s41598-018-21543-2
https://doi.org/10.1016/j.ijleo.2020.164449
https://doi.org/10.1364/BOE.10.004369
https://doi.org/10.1364/BOE.10.004369
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.bios.2017.08.025
https://doi.org/10.1038/s41598-017-07703-w
https://doi.org/10.1364/OE.21.005346
https://doi.org/10.1063/1.5124535
https://doi.org/10.1038/s41598-017-01346-7
https://doi.org/10.3389/fphy.2019.00077
https://doi.org/10.3788/IRLA201948.0603014
https://doi.org/10.3788/IRLA201948.0603014
https://doi.org/10.1111/j.1365-2818.1984.tb02533.x
https://doi.org/10.1111/j.1365-2818.1984.tb02533.x
https://doi.org/10.1038/nphoton.2013.187
https://doi.org/10.1364/OE.23.011394
https://doi.org/10.1016/j.optlaseng.2015.12.012
https://doi.org/10.1016/j.optlaseng.2015.12.012
https://doi.org/10.1016/j.optlaseng.2015.09.009
https://doi.org/10.1016/j.optlaseng.2015.09.009
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1364/AO.55.007287
https://doi.org/10.1038/srep01116
https://doi.org/10.1364/OE.23.025440
https://doi.org/10.1364/OL.38.003538
https://doi.org/10.1016/j.optlaseng.2020.106187
https://doi.org/10.1371/journal.pone.0159596
https://doi.org/10.1039/C6LC01321J
https://doi.org/10.1038/nphoton.2016.279
https://doi.org/10.1038/s41598-018-21543-2
https://doi.org/10.1016/j.ijleo.2020.164449
https://doi.org/10.1364/BOE.10.004369
https://doi.org/10.1364/BOE.10.004369
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.snb.2020.128645
https://doi.org/10.1016/j.bios.2017.08.025
https://doi.org/10.1038/s41598-017-07703-w
https://doi.org/10.1364/OE.21.005346
https://doi.org/10.1063/1.5124535
https://doi.org/10.1038/s41598-017-01346-7
https://doi.org/10.3389/fphy.2019.00077
https://doi.org/10.3788/IRLA201948.0603014
https://doi.org/10.3788/IRLA201948.0603014
https://doi.org/10.1111/j.1365-2818.1984.tb02533.x
https://doi.org/10.1111/j.1365-2818.1984.tb02533.x
https://doi.org/10.1038/nphoton.2013.187
https://doi.org/10.1364/OE.23.011394
https://doi.org/10.1016/j.optlaseng.2015.12.012
https://doi.org/10.1016/j.optlaseng.2015.12.012
https://doi.org/10.1016/j.optlaseng.2015.09.009
https://doi.org/10.1016/j.optlaseng.2015.09.009
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1002/polb.24124
https://doi.org/10.1364/AO.55.007287
https://doi.org/10.1038/srep01116
https://doi.org/10.1364/OE.23.025440
https://doi.org/10.1364/OL.38.003538
https://doi.org/10.1016/j.optlaseng.2020.106187
https://doi.org/10.1371/journal.pone.0159596
https://doi.org/10.1039/C6LC01321J
https://doi.org/10.1038/nphoton.2016.279

ISk A2

www.irla.cn

[158]

[159]

[160]

[161]

[162]

[163]

[164]

with an axicon: simulation study based on scalar diffraction
method [J]. Applied Optics, 2012, 51(30): 7236.

Wei Q, Acuna G, Kim S, et al. Plasmonics enhanced
smartphone fluorescence microscopy [J]. Scientific Reports,
2017,7(1): 2124.

Coskun A F, Nagi R, Sadeghi K, et al. Albumin testing in urine
using a smart-phone [J]. Lab on a Chip, 2013, 13(21): 4231.
Cho S, Islas-Robles A, Nicolini A M, et al. In situ, dual-mode
monitoring of organ-on-a-chip with smartphone-based
fluorescence microscope [J]. Biosensors and Bioelectronics,
2016, 86: 697-705.

Goenka C, Lewis W, Chevres-Fernandez L R, et al. Mobile
phone-based UV fluorescence microscopy for the identification
of fungal pathogens: mobile phone-based uv fluorescence
microscopy [J]. Lasers in Surgery and Medicine, 2019, 51(2):
201-207.

Zhu H, Yaglidere O, Su T-W, et al. Cost-effective and compact
wide-field fluorescent imaging on a cell-phone [J]. Lab Chip,
2011, 11(2): 315-322.

Dai B, Jiao Z, Zheng L, et al. Colour compound lenses for a
portable fluorescence microscope [J]. Light: Science &
Applications, 2019, 8(1): 75.

Miiller V, Sousa J M, Ceylan Koydemir H, et al. Identification

of pathogenic bacteria in complex samples using a smartphone

[165]

[166]

[167]

[168]

[169]

[170]

20220095-36

based fluorescence microscope [J]. RSC Advances, 2018,
8(64): 36493-36502.

Kihnemund M, Wei Q, Darai E, et al. Targeted DNA
sequencing and in situ mutation analysis using mobile phone
microscopy [J]. Nature Communications, 2017, 8(1): 13913.
Koydemir H C, Gorocs Z, Tseng D, et al. Rapid imaging,
detection and quantification of Giardia lamblia cysts using
mobile-phone based fluorescent microscopy and machine
learning [J]. Lab on a Chip, 2015, 15(5): 1284-1293.

Diederich B, Then P, Jiigler A, et al. cellSTORM —Cost-
effective super-resolution on a cellphone using dSTORM [J].
PLOS ONE, 2019, 14(1): €0209827.

Bellare J R, Davis H T, Miller W G, et al. Polarized optical
microscopy of anisotropic media: Imaging theory and
simulation [J]. Journal of Colloid and Interface Science,
1990, 136(2): 305-326.

Gordon P, Venancio V P, Mertens-Talcott S U, et al. Portable
bright-field, fluorescence, and cross-polarized microscope
toward point-of-care imaging diagnostics [J]. Journal of
Biomedical Optics, 2019, 24(9): 1.

Pirnstill C W, Coté G L. Malaria Diagnosis using a mobile
phone polarized microscope [J]. Scientific Reports, 2015, 5(1):
13368.


https://doi.org/10.1364/AO.51.007236
https://doi.org/10.1038/s41598-017-02395-8
https://doi.org/10.1039/c3lc50785h
https://doi.org/10.1016/j.bios.2016.07.015
https://doi.org/10.1002/lsm.23012
https://doi.org/10.1039/C0LC00358A
https://doi.org/10.1039/C8RA06473C
https://doi.org/10.1038/ncomms13913
https://doi.org/10.1039/C4LC01358A
https://doi.org/10.1371/journal.pone.0209827
https://doi.org/10.1016/0021-9797(90)90379-3
https://doi.org/10.1038/srep13368
https://doi.org/10.1364/AO.51.007236
https://doi.org/10.1038/s41598-017-02395-8
https://doi.org/10.1039/c3lc50785h
https://doi.org/10.1016/j.bios.2016.07.015
https://doi.org/10.1002/lsm.23012
https://doi.org/10.1039/C0LC00358A
https://doi.org/10.1039/C8RA06473C
https://doi.org/10.1038/ncomms13913
https://doi.org/10.1039/C4LC01358A
https://doi.org/10.1371/journal.pone.0209827
https://doi.org/10.1016/0021-9797(90)90379-3
https://doi.org/10.1038/srep13368
https://doi.org/10.1364/AO.51.007236
https://doi.org/10.1038/s41598-017-02395-8
https://doi.org/10.1039/c3lc50785h
https://doi.org/10.1016/j.bios.2016.07.015
https://doi.org/10.1002/lsm.23012
https://doi.org/10.1039/C0LC00358A
https://doi.org/10.1364/AO.51.007236
https://doi.org/10.1038/s41598-017-02395-8
https://doi.org/10.1039/c3lc50785h
https://doi.org/10.1016/j.bios.2016.07.015
https://doi.org/10.1002/lsm.23012
https://doi.org/10.1039/C0LC00358A
https://doi.org/10.1039/C8RA06473C
https://doi.org/10.1038/ncomms13913
https://doi.org/10.1039/C4LC01358A
https://doi.org/10.1371/journal.pone.0209827
https://doi.org/10.1016/0021-9797(90)90379-3
https://doi.org/10.1038/srep13368
https://doi.org/10.1039/C8RA06473C
https://doi.org/10.1038/ncomms13913
https://doi.org/10.1039/C4LC01358A
https://doi.org/10.1371/journal.pone.0209827
https://doi.org/10.1016/0021-9797(90)90379-3
https://doi.org/10.1038/srep13368

	0 引　言
	1 基于智能手机平台的新型显微成像光路设计
	1.1 基于标准显微成像光路的智能手机平台显微成像设计
	1.2 基于定制化透镜的智能手机平台显微成像设计
	1.2.1 球透镜
	1.2.2 非球面透镜
	1.2.3 液体透镜

	1.3 基于倒置手机镜头的自校正智能化手机平台显微成像设计

	2 基于智能手机平台先进传感器的计算光学高通量显微成像技术
	3 基于智能手机平台集成化数据处理能力的计算光学显微成像技术
	4 基于智能手机平台数据互联能力的计算光学显微成像技术
	5 基于智能手机平台的计算光学显微成像应用
	5.1 无标记相衬成像
	5.1.1 明场成像
	5.1.2 暗场成像
	5.1.3 差分相衬成像

	5.2 定量相位成像
	5.3 荧光成像
	5.4 偏振成像

	6 结　论

