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Lens—free on—chip microscopy: theory, advances, and applications
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Abstract: Wide field—of —view (FOV) and high—resolution is one of the goals of optical microscopy.
However, limited by the optical design in traditional optical microscopes, the space bandwidth product
(SBP) is generally in the order of megapixels, and thus, high —resolution and wide FOV cannot be
achieved at the same time. On the other hand, complex optical systems have also made microscopes
increasingly expensive, cumbersome, complex and difficult to maintain, greatly limiting their promotion
and application. Lensfree on—chip microscopy is a new computational imaging technology: without the
imaging lens to focus, the sample is directly attached to the imaging sensor to record the diffraction
patterns and the object information can be achieved with the corresponding reconstructed method. Due to
its wide FOV, high—resolution, label—free detection, low—cost, perfect portability and three —dimensional

(3D) imaging, the lensfree on —chip microscope is expected to expand the boundaries of traditional
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microscopic imaging technology and becomes a new type of fast, point—of—care testing (POCT) tool. In

this paper, a review was given to introduce the basic principles, experimental systems, reconstruction

methods and applications of lens —free imaging. Finally, the changeling problems as well as future

research directions were also discussed.
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Tab.1 Spatial bandwidth product of typical

microscopic objectives

Objective(Magnification/
jective(Magnification Resolution(incident

numerical aperture/field wavelength: 532 nm) SBP/megapixel
number)
1.25x/0.04/26.5 8113 nm 21.5
2x/0.08/26.5 4 057 nm 33.5
4x/0.16/26.5 2 028 nm 33.5
10x/0.3/26.5 1 082 nm 18.9
20x/0.5/26.5 649 nm 13.1
40x/0.75/26.5 433 nm 7.4
60x/0.9/26.5 361 nm 4.7
100x/1.3/26.5 250 nm 3.5
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Fig.1 Schematic diagram of the lens—free microscopy based on
shadow imaging. (a) Compact lensless imaging device with
independent temperature control™; (b)—(c) ePetri imaging
platform, with the LED screen of a smartphone as the

scanning light source!™
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Fig.3 (a) Cross—sectional scheme of the optofluidic microscopy;

(b) photo of the lens—free optofluidic microscopy. (The red

line represents the microfluidic channel); (c) schematic

diagram of operation mode; (d) top view of the device.
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Fig.4 Schematic diagram of the lens—free fluorescent imaging
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imaging platform for resolution improvement
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Fig.7 Sensitivity of propagation phasors to various imaging parameters.
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Fig.8 Schematic diagram of the pixel super—resolution based the

lens—free microscopic imaging set—up. The source to object

distance is much larger than the object to detector distance

(z1 >>7,). Schematic diagram of the lens —free super —

resolution microscope based on (a) multi sample—to—sensor

distances'*!, (b) fiber—optic array'® (weighing ~95 g),(c)

multi illumination angles!"™, (d) parallel plate scanning'™.

The range of rotation angle is about —50°-50°

3.1 B E
3.1.1 AR TS ey e b A

/N R R TG B 4 8 AR R A S [ il 4 B
BAG B — ARG, AT 0 AGORAN RT A g
e 87 B 1) BALTRR 5 VK 52 R B T SRR A R 1
RABBIKE 7k o 3 5 125 1) 5 2 T 4 A3 A4
P 753 Bl P9 S T ) S R AR A 48 G, SR 1
PR A B BB Bk B ST AR R A2 (B A

0603009-10



GRS & k]

% 6 www.irla.cn % 48 %
HT 55X e By R AR el SR I R 1 [ L’ a ( ‘t;._
| < L (O y ‘:

AR B T BT AR LA (R 4
0 7%, SR A S i Sy 1 PR S i Ak 1
SRR U, G9R 08 15 5, T S AR, %
R U COIUAT S U k 4R T e B ) 37 4
K0) R D 63 A2 08 0000 T , 0 D 900260 1 S B 1
ot A 4% ) 16 T T () Y6 7 LR AT ST, ML AR
A, RASHNERIE U % IR A LT
7, [RVRE ) FE 43 R ) 91907 1 1 4 S5 L B
2RI U, JCRR A BT, SRR UL R
JEIBFREAY, A R A I RIS B

@ Collimating lens

Single :
maode fiber

Il Hologram | I

Forward
| propagation

)
Back Constraint in
| propagation | | sample plane |

U

Constraint in
sensor plane

P O FE T SRR A B WTE AR BL R B 5 Tk

Fig.9 Fow chart of iterative phase retrieval based on support domain

{540 Feng 255>F] B Ronchi Y&H (4 & 10(b) it
7 ) S B B JR 1R O M BE R R S 6 2 T ]
E10(a) s , 15 10 B35 R AR B EHMZ T E 10(d) | (e)

Sample under illumination

Ronchi grating Sample  Sensor

Ronchi grating

gy e G

25 ; R
BSRRRS TB id ad T

10 25T 55 AR TR 16 M B 0y 244 445 2R el (PR AR AR 0 228 SCRR (5918 BT K )

Fig.10 Reconstructed results based on Talbot grating illumination

FaR SR 5 BT OGME W 1 0 IS S 8065 0, IRt
B DU AR R Wy T 9 SRR, R AR AR S AR A R A T
(ROGER AN B 10(E) 7R o S MBIl 8 1] 57 B 35 R R
JEAERREA AT RARAS A o i P IR B 45 L, e ]
DIRTS Qi 10(g) gt RIS HRp A T itk Ry
T, A) LA R G ) TH R SR A (500 45 R 52

SR b 3R 1) 326 Fofr 40 T S A5 A O vk — FREE SR I
FRBLRE S O3 BB R AR A ME LUAS T P9 38 4 A 14 7
B, B T T AN A S SRR A T
1 S B A AL TR G 8 X R A A AL
Yrikess, W LUR ALY R TE SR FR T OG5 el
513K — BRI HEAT 290, DA 3k B2 1 B34 A 3 () A
At , Zhang &5 3T X —PEFHE T E sl W
I BUR B R S BUA T 5 S I iR R, ke

JRER AN 8(d) s . BEAk, Fr T 2 B AR
YA T3 1% , ) RS R) 4 b AR AR IT A4 45 L, AT LA SE 9
BRI HERI SRR . AR UL A T I a] 35
VAT (TTR ) IR0 318 6 #5 FLIES , 0 LA 325 ) s st 22 0 (FE 1)
Vi) Ay 42 ] o 0 Ik 9 S A A X 2 T A 52 e
i), HSL TGS USRI ERGR DL SR R
13 PRI e AEMUR A R  ANMUEI T
YR AR F B o B, TR 3 S 3 T % 28 A8 W 4
(Hela) (1) SERT S 2 A A%, aniEl 11 Bis

X L T H M 1 T 35 B S SR O o — A
P s, R R e B, PR iz M F 1 an oK s
A 007 27 A X T ST ek SRS i A 485 P SR
F T, AL G —LE A A A (] BB 2R T
T2 G PR FR) AT LA S 5 40 M ) 3z s W

0603009-11



GRS & k]

%68

www.irla.cn

% 48 %

Lmm

(i 00:00 06:00 12:00

Phase

- /ﬂs \{“
\ /\/\ (i)

| /’\,é\"’
//\/ | (J 0 2.5 :1.0

18:00 24:00 30:00

Phase/rad

1.0
0.5

20 448 ¢ 2.0 4.48 2.0 4.48 2.0 4.482.0 4.482.0
= ] 0 A
S5 15/ N [336= 15k ) ~ 336150/ 336 L5 3.361.5F / 3.361.5F / 336
o -. < | ol
gg ™ = / | i
VR g 2242 1o - 22410 - 224108 - 22410 : 2.241.0 . 2.24
0 5 10 1] 5 10 0 5 1o 0 9 10 0 5 10 0 5 1
Xipm Xum Afpm Xfum Afuwm Xipm

11 (a) FIBLELHERAR B JEUG T4 5 (b) Sk (a) P HEZRAE IR T IAT 5 () BRMR 035 1 58 B0 SR B0 O WA 4R 5 (d) L (F) L (h) S22 Rt
HAEFMMLER; () (9) (1) BT I TALES I3 (IR IR TH B8 4338 1 51 sm A s A 145 5 5 () Hela 4 A9 B S AR AL S ™

Fig.11 (a) Raw image obtained in a single shot; (b) enlargement of the boxed area in (a); (c) full FOV image captured with an Olympus

Plan objective lens;

(d),(f),(h) reconstructed results with the single frame algorithm;

(e),(g),(i) reconstructed results based on the

Infinite Impulse Response (IIR) low pass filter theory and uniform intensity constraint; (j) dynamic phase imaging of Hela cell
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Fig.15 Flowchart of the pixel—super—resolved lens—free imaging based on the adaptive relaxation factor and the axial scanning!™
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Fig.16 (a) Optical setup of the pixel-super—resolution lens—free microscopic imaging based on the wavelength—scanning. A fiber—coupled

tunable light source is placed above the object. The wavelength

is scanned within a spectral range of 10-30 nm. Multiple sample—

to—sensor distances and synthetic aperture imaging configurations are also integrated into this setup to enable phase retrieval. (b)

Lens—free holograms at different wavelengths before and after digital sampling at the image sensor plane

R TSR BER AR R e s
FiAR) , TCiE e b TSR T B A R Y TR A o )
AAALIR S AN A (8] RCRAE (AR 23 B RAR) . & 2 ,E'\?:rku
T UG T R BRI AR AR ) FIR R IR &
(R ZE PR, IR 2 DLKE 7(a) il LUE
AR RN T I HAR A T BR A 1R T, 243

IEU”rﬁ’

L=2A
ALl

PRI R AR, Mo, IR 2 MIE 7 el IR
O BR TR AR R LA Hofth 2R 58 S 5 CRE
FIEIRAS O BE B, BB A A ) By AR B n] DL
T[] Bk 52 A SR 52 O B L B 450) 43 B 6 1 4
(HBRMR RIS, ARk mIan , 3T 2 # B R
RS BRI A T (3.2.2 1Y) .

K2 EERERBRGHPEFGEURGERREEBNER A XN

Tab.2 Summary of the methods used for the elimination of twin image noise and spatial aliasing signal

terms in lens—free microscopy'*

Lateral shifts(xg ,, yshi, )

distance z,

Sample—to—sensor

Illumination wavelength A, Illumination angle 6,, ¢

Method: lateral shift—based

Twin image noise pixel super—resolution (e.g.,

Multi—height based pixel

Method: wavelength Multi—angle based pixel

climination Refs super—resolution (e.g., scanning pixel super— super—resolution (e.g.,
[16,50,60,63,64,113,117- Refs [52,70,76]) resolution (e.g., Ref [67]) Ref [52])
120])

Method: multi—
based phase retrieval (e.
g., Refs [19,30,60-62,64-

Aliasing signal

elimination Not applicable

65,70,115,1

height Method: multi—
wavelength based phase
retrieval (e.g., Refs

[56,67,75,121-122])

Method: synthetic aperture
(e.g., Ref [113])
18])
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15 8 [H R X e R OR AR T 22 5 Ak B M 7E A W ot
FEATI ST ek LR Y — S T R, F IR
BN TCE B 0 U AR B R AR ok R v ) A R
2 AT AR (BPAZAAY 2 ATRARAS), AT AT AR
25 5y Mt S ORI B R S, AT L3RS — R
() = 4ER 53 o (H IR X 5 2k Bl oy B AR AR, HL
SRR RST AT 06 10— f e 5 A it J2 s
D IS IR/ NEOE = B o ) o S P u K
FHZ DI GURHEAT = A I 502 H s 25 4 5] 4
Bl 17 iR,

(a) At ZEAR AL T J80 5 04 B 1) 52 3% T LAAE by JE AR 1 15 R 1 £
JEZ A RREIC, At e A ) £ 5 ) 2 )
(a) Shadow of each sample shifts laterally on the sensor plane as a
function of the illumination angle of the incoherent source,

encoding its axial position!'®!

(b) fEBIJLAG2 0GR, S SURE 7R AR AL T 100 1) 1L A5 5 B o
) C g el
(b) Based on the geometrical optics, the matching of the samples’
shadows and the corresponding illumination angle can be

achieved™™!

Packaged system

(c) JoiE B =482 M WA BE ey
(c) Photograph of the lens—free three—dimensional tomographic

microscope!™!

(d) EEGIENT BB RE SRR &, o LED §31 &
FRIT BR AR IR 25 5 R G o )
(d) Diagrammatic sketch of the image acquisition in lens—free
tomographic microscope. An LED array sequentially

illuminates the sample with different LED elements'™!

Zlum

10 Xpm

() =4kl L i 40 i B R ) O BR 1 A = 4R SR A A R
(e) 3D inverse Fourier transform yields 3D tomogram of the bead!™
& 17 BET 2 i B2 R 09 JC 388 B8 = 46 )2 07 UG s B R K]
Fig.17 Schematic diagram of the lens—free three—dimensional
tomographic imaging based on the multi—angle

illumination

TE H T 2 ffy 2 BRI 1) JC 28 B2 = 48 J= AT 19 J7 1%
TR R e TR R 1 5 R A DA T A
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Mapping on
spherical caps

Pl 18 ol L It S 5% FHIE 1R L AT A R IR o — 24 o B AR f6oiy B 0 f ) = A 2 [l RUUORE ke e o 0 T IR BITIR OL j, i
AR A AT ST Ul 180 20025 (R RARUSR IR 2R AR >F ok T 0% e S48 0 S 9B 1) — AR IBUBORI ) 2 (1) — AR USRI R AE — e, ik S gk

LG 7 16 R P B BOR T BRI I [k, o (5, g, i) DARAR SR N 020

Fig.18 Illustration of the geometrical interpretation of the Fourier diffraction theorem. A 3D Fourier transform links the 3D spatial and frequency

domains of the scattering potential f. A 2D Fourier transform links the 2D spatial and frequency domains of the diffracted wave Uy

for each lighting situation j. A mapping on spherical caps link the 2D frequency domain of the diffracted wave and the 3D frequency

J

domain of the object. The orientation and radius of these caps directly depend on the illumination directions k, o< (pf,, q;, mJ“) and

the associated wavelengths A’ 127
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SR =GRS P (o) FEF LR PE L7 z=3 pm i
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Fig.19 Three— dimensional tomographic reconstructions based on
multi—angle illumination lens—free microscope. (a) Recovered
refractive index depth sections of a slice of the uterus of
Parascaris equorum'™; (b) 3D renderings of the refractive
index for the boxed area in (a) '™; (c) tomogram for the
entire worm corresponding to a plane that is z=3 pm
above the center of elegans!™!; (d1-d2) y—-z ortho slices
from the anterior and posterior regions of the worm,
respectively ™), (el—e2) x—z ortho slices along the direction

of the solid and dashed arrow in (c), respectively!™!

5 HBERREG
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PR

. Lens-free amplitude

(a) T 5 32 2 B0 MR A4 D028 S 4% 0 618 A 3l (B LR s 2R
(a) Lens—free amplitude image was automatically colored using

a transformation that mapped intensity to color

Microscope 40 x .75 NA

(b) H1 40 f5FW8%(0.75 NA) SR 4 2 (1 X R (a) H X 381 (5115

(b) Microscope images of (a) taken with a 40 x objective lens

(0.75 NA)
& 20 FLARIE TG SR IR O £ [511%

Fig.20 Lens—free pseudocolor image of human breast carcinoma

P 20 r & 40 i 2 AE Y G 40 2 4R 28 R i 20 i
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(a) Direct superposition of reconstructions from multiple color

channels which may result in washed —out colors and

rainbow—like artifacts

(b) SR YUV 2 i) 0,7 2 77 1 A i i % € I A%
(b) Color images with the method of averaging image colors

in the YUV color space

(c) K Dijkstra #5854 J5 15 A2 A % (2%

(c) Color images with the Dijkstra’s shortest path method

(d) R HL 20x I BB W BE AT 10 R AR
(d) Color images acquired using a conventional 20x

microscope objective
P 21 Toifs B (O AR &5 R (BHGUR ARG 225 Sk 6418 B imi ok )

Fig.21 Lens—free color imaging
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Fig.22 Network structure of deep learning based single—frame complex amplitude reconstruction
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Fig.23 (a) Cytometry based on the lensfree microscope; (b) Flow chart
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of the cell counting based on convolutional neural network (CNN)
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(a) Schematics of color SROFM system showing sequential
RGB LED illumination and SROFM device controlled by

a computer

(b) FHHET MR AZ AR 19 SROFM it 1 FIHE AR Sk 4RI
SROFM

(b) SROFM device composed of the CMOS sensor—based
SROFM chip and camera head
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Sample inlet . _PDMS channel

CMOS image sensor

(c) Fi PDMS FH( it 138 3 HI CMOS Pl A% 3RS 4 B 1
SROFM & i Y 71 7 4]
(c) Schematics of a single SROFM chip composed of a PDMS

microfluidic channel and a CMOS image sensor

Illumination
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(d) Detailed view of color imaging area in Fig.(c)
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(e) Color images of P. falciparum schizont—stage RBCs stained

with Toluidine blue
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(f) Color images of naive RBCs (stained with toluidine blue)
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(g) 100x bright field microscope images of P. falciparum schizont—
stage and naive RBCs stained with toluidine blue
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Fig.24 Schematics and prototypes of sub—pixel resolving

optofluidic microscope(SROFM) device
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Fig.25 (a) Time-lapse imaging of Hela cell culture on the smart Petri dish (ePetri) platforms; (b) experimental setup;

(c) tracking trajectories of three cell families and the corresponding lineage trees for these cell families
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Fig.26 Three—dimensional(3D) tomographic reconstructions based on multi—angle illumination lens—free on—chip microscope. (a) Reconstructed
3D spatio—temporal trajectories of 998 horse sperms that were tracked inside a volume of ~9.0 mL at a frame rate of 143 FPS; (b)

—(c) are two chiral ribbon trajectories recorded over a duration of 4.6 s
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Fig.27 (a)—(b) The lens—free holographic microscope; (c) a robust toxicant detection platform based on a bioluminescence whole cell sensor

array biochip;

mixture is demonstrated;

(d) automated detection of water—borne parasites (Giardia Lamblia Cyst and C. Parvum) within a heterogeneous

(e) bioluminescence response of yqjFB2Al:lux induced by 200 pg/m hydroquinone at 22,27, 32 and

37 C; (f) bioluminescence response of recA:lux stimulated by at 22, 27, 32 and 37 T
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