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A different view of the Moore’s Law

Mega-pixel Count on Mobile Phone Cameras

100 vs. Transistor Count in CPUs 10
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Smart-phones as super-computers

Processor Speed Comparison (Mobile Phone vs. PC)
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Cell phones are now everywhere:
A great potential for Telemedicine needs

The average cost of data transmission over cellular
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e ~7 billion cell phones are being used worldwide.
e ~15 billion cell phones have been sold so far.

e >75% are in developing countries. (International Telecommunication Union)



roviding a new platform for telemedicine

Cellphone
Fluorescent
Microscope

Lensfree
Microscope

Tomographic
Microscope

Lensfree
. Cellphone
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! _Holographic
Microscope Microscope

Ozcan Research Lab @ UCLA



roviding a new platform for telemedicine

Google Glass

letector Heavy metal detector based Dl'agnoitics

Blood Analyzer



E. coli sensor

Heavy metal detector

Blood Analyzer



The u-Internet

Big Data

New opportunities in micro-analysis, medical
diagnostics and epidemiology



LUCAS:
Lensfree (On-Chip Imaging)
Compact, Cost-effective
High-throughput
Highly sensitive (Incoherent Holography)
Tolerant to Misalignments

LUCAS: Lensless, Ultra wide-field Cell monitoring Array platform
based on Shadow imaging
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imaging
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Imaging of shadows

Cell Shadows
imaged using
lensfree on-chip
imaging

CMOS/€CD sensor-array

H<1-2 um - contact on-chip imaging
H ~ 10 - 1,000 um - holographic on-chip imaging

12
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Cell Density




Spatially Incoherent Light

= Cell plane

z,
] Sy ..
1

Plans

Incoherent Lensfree Holography Using Large Apertures:

-Reduced speckle noise and multiple interference noise
-Reduced cross-talk among cells

-Tolerant to misalignments; No need for coupling optics

-No need for lasers; LEDs would be sufficient
-Significantly larger field of view




3) [terative reconstruction of microscopic images

Object (e.g.. cell): s(xp, vp )
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Hologram _~| Support
(red blood cell) // constraint \
e Digital Digital
propagation to propagation to
e object plane hologram plane
.......... Ty Update |-
Bl A Phase
[l(XD,yD)]O = N: number of iterations (e.g., <20)
2m 2 Lensfree image
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Iterative phase recovery eliminates the twin image:
Exact transfer function enables convergence with <20 iterations

Recovered

Hologram
Phase
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Reconstructed Reconstructed 40X objective
amplitude pha microscope
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hannels based on LUCAS
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Measured Reconstructed Recovered 10X objective 40X objective
Intensity Amplitude Phase microscope microscope

b ]
o

Test feature 1

| L nsfree Incoherent Holography on a Chip
*Field of view: 24 mm?
*Numerical Aperture: ~0.15-0.2

Test feature 2

*Weight: <45 grams (<1.6 ounces)
*Source: LED

Test feature 3

Sperms — Phase Image

.



Super-resolution in lensfree
on-chip imaging

Sub-micron resolution over 30 mm? field-of-view

21



' . micro-
" controller
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CMOS sensor



Improving resolution to sub-micron
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~0.9 and a half-pitch

resolution of <250 nm is confirmed
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smodium
ciparum

5 Megapixel
CMOS imager



Raw lens-free Super-resolved Conventional

NA209‘10 FOV>2O mm2 holograms lens-free images  microscope images

161 om grating Noes 363 nm grating |I11||1{||ﬂ 363 nme graling fines
GO, MA =085, air

, Color (RGB) CMOS
sensor chip

—
4 pm

338 e grating Hnes 338 nm grating FAnes [akr) 338 nim grating [ines
BIH, NA = 0UES, air

Lens-free hologram
(field-of-wiew = 20.5 mm?)

E0pr g ating, Tige: 0 i grating lines
: GOX, NA = 1.00, waler

Raw lens-free hologram

Red blood cells

Nature Methods (2012)




Synthetic aperture based on-chip microscopy

a b Angle No. i
Optical fiber tip Angle No. «» Source shift for

i+l = super resolution
q[

image stack  Image stack
MNo. i Mo, f+1

Source shift at -
each angle

Image sensor Diffraction pattern
on sensor plane

Light: Science & Applications (2014)




Synthetic aperture based on-chip microscopy
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Light: Science & Applications (2014)



a

Normal
illumination

Spatial frequency passband

700 nm illumination

Synthetic aperture
Two axes, tilt range: -51:17:51°

Spatial frequency passhand

Incident
waves




Lensfree hologram of breast cancer tissue captured
using a 1.12 pm-pitch, 18.4 Megapixel CMOS image sensor

FOVis of lens-based
digifal microscope




Micro
controller

LED

array " Unfiltered
4 region

Multi-
mode
fibers

Z-stage

Color filtered Unfiltered
green LED blue LED




(b)

'\/ PSR registered hologram #2

'\/ PSR registered hologram #3

\/ PSR registered hologram #M




Tilt corrections through field rotations

A B

H‘ Propagate the current
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sensor planes
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Breast Cancer Tissue

35



Lensfree imaging of histopathology slides

A Full FOV lens-free B Lens-free C Microscope D  Hologram
amplitude amplitude 40x0.75 NA

20<cFOV  40x FOV imm

Science Translational Medicine - AAAS (2014)
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amplitude

Lens-free

Lens-free
amplitude

Microscope
40 = 0.75 NA

Science Translational Medicine - AAAS (2014)
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Medicine




Pap Smear

Lensfree reconstructed
amplitude (colored)

Microscope
40X 0.75NA

S0um

Lensfree
reconstructed
amplitude
SClence
I'ranslational
Medicine
Microscope

40X 0.75NA






Lensfree imaging of a blood smear

lens-free microscope
amplitude 20= 0.5 NA
B

Full FOV lens-free amplitude

1 mm

lens-free microscope : lens-free
amplitude 20=10.5 NA : amplitude 20x= 0.5 NA
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Lens-free Hologram

Microscope
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Lensfree imaging of sickle cells

Normal smear

Normal smear

Sickle cell anemia Sickle cell anemia
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Science Translational Medicine - AAAS (2014)



Backpropagat ed Poel Super-Resolved Hologram
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Lensfree FOV
(CMOS)

{a) 1.5 Gigapixel Lensfree Image
Field-of-\View: ~18 cm® - Resolution: ~2.2 pm

o b

Field-of-view
Sample Volume

Holographic

®3) ~

Microscope
Objective

Reconstruction (40X - 0.4 NA)

. L -
¢ w Resolution
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Wide-field on-chip imaging of single viruses and nano-
particles using self-assembled nano-lenses

b c

U g 2 ri=coshlalies 11]/7ab i)

Light Source _
(e-g., an LED)

521 ™ {FOV = ~20.5 mm?}

Nature Photonics (2013)



Nano-Catenoid Lenses for Imaging of Single Nano-particles

Bead +
desiccated nano-lens

2
Eo.1 B Two Rings in Soap Solution
~ 0 . )
A 0 07 04 06 ,1& Without nano-lens Form a Catenozd— 1.C., a4
r{um) Minimal Surface that is self-
Nano-catenoid lenses assembled to have Zero Mean
Curvature.

(L. Euler - 1744)
Nature Photonics (2013)



Wide-field on-chip imaging of single viruses and nano-
particles using self-assembled nano-lenses

Full CMOS field of view Raw lensfree image Holographic reconstruction
5 S R

i 1 T e

570 % 670 pm

Pixel supu;ﬂ

resolution .

verifications 130 Am

Ipixel super
resolution
Raw lensfree image

100X Ob. [NA<1.25) _ 64 frames

i ¥ I,'-;":'!..T.; '1

36 frames 15 framas & framas 4 framas 1 frama

ENE = 1E.1 SNR =17.2 SNR = 17.6 SMR=116 EHR =104 SHIR = A
Lensfree Amolitude Reconstruction .

Nature Photonics (2013)



Lensfree Super-resolved
Holographic Image

Lensfree Amplitude
Reconstruction

5 pum
|

Lensfree Phase
Reconstruction

100X QOil Obj.
(NA=1.25)

Nature Photonics
(2013)

Scanning Electron
Microscope (SEM) Image
of a single H1N1 virus

300 nm

SEM Image of a
single adenovirus



Vapor condensed Tunable Nano-lenses

PS nanoparticles:  Au nanoparticles:
|magE' Sensor {f} Before cond. {|'_| Before cond.
"

Sample

Heated PEG

u" '
LED light % ,
source > (h) £ i '
‘ "E:c PEE i
NI

Ny =™ N

I i s5nmj 11

Polystyrene (PS) nanoparticles:

(c) Before condensation

ACS Nano (2014)



Vapor condensed Tunable Nano-lenses

0.10 -
14 x 101° &
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m Ty
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20 1m

ACS Nano (2014)



High-throughput and label-free
single nanoparticle sizing based on
time-resolved on-chip microscopy

Supplemental Video 1:
The Count-and-Clean Procedure

IMSE = 11 nm |

!

300 400 500
r{nm)




(a) Plasmonic Substrate (b) Transmission of the
Plasmonic Chip

Light: Science and Applications — NPG (2014)



(b)

Dual LED illumination

Microfluidic chambear

Ligand Protein

[ o] Target Protein

Plasmonic chip

Sci. Reports — NPG (2014)
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(a) (c) Before Binding (t,)

MMicrofluidic Chamber
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Lensfree Tomographic Imaging on a Chip
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"~ Full Field-of-View Holographic Image
S 0 Coxt S3sary . e ’




Microscope Microscope
Tomograms (x40 0.65-NA) Tomograms (x40 0.65-NA)




PNAS, 2011
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Plastic bridge
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-- Color filters
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Microscope
(40X 0.65-NA)

Lensfree Tomograms

Microscope
(40X 0.65-NA)
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PNAS, 2012

0.45 mm

Red LED

Blue LED

Multi-mode
Fiber

- 10.9 sec

5.5 sec

. 0.0 sec



0.0 ms

Lensfree Hologram

A=625nm,e=0"
A =470 nm, 6 = 45°
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PNAS, 2012

0.45 mm

Red LED

Blue LED

Multi-mode
Fiber

- 10.9 sec

5.5 sec

. 0.0 sec
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Scientific Reports, 2013
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Sperm Trajectories form Chiral Ribbons

Scientific Reports, 2013




Sperm Trajectories form Chiral Ribbons
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Sperm Trajectories form Helicoids
(Also Minimal Surface)
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A different view of the Moore’s Law

Mega-pixel Count on Mobile Phone Cameras

100 vs. Transistor Count in CPUs 10
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(b) Z stage Laser diode
Longpass Y

filter

A

Sample tray Power switch

Battery holder

Laser beam

Laser beam
Cover glass

Cover glass
= (hy =150 um)

Cellphone | l

fi = 4 - mm
attachment 1 External lens
[ Scattering

e, Longpass filter

5 AT, (hy =2 mm)

'3

Cellphone

Cellphone < f =8 mm lens

== Fluorescence

- CMOS
Longpass
ﬁﬁzr Cellphone External lens il

camera

ACS Nano, 2013



(b) Z stage Laser diode
Longpass hY :

filter

b

_ Battery holder
Power switch

Cell Phone

0.6 mm



sdo gL X / Spunos uojoyd

: 3.5
- Cell Phone 100 Photon counts
F 13
80
.
= L. 125
o
60 g '
o
]
40 @ 1.5
o
= 1
20
0.5
0 0
(c) (d)
350 - Single viruses 140 -
| I >"E 1204
@ 3001 £ E
= 1 ; = |
3 250 | 2 £ 1004
& 1 3 n 3
w 2004 | s § 801
- | ] - y
S 1 i -
> 1504 I @ E 60 - E
e | =i c 2
5 N\ 2§ a0l
£ 1004 gy Aggregates o = ] I;
=% 1 = =
= 5'}_ i 1 'ﬂ' ﬂ- ED"
2 : ¥ O g _ L
1 | = i
ﬂ |" ... T T T T T T T .\.r T T ] T ] D-—r—l—rrrnr'—l—l—rrﬂrq—r—!—rr'rnl—r—l—rrrnrr—l—l—rmrq—r—ﬁ
10 20 30 40 50 60 70 B0 90 10° 10  10°  10° 10

ACS Nano, 2013 Intensity (a. u.) Virus Concentration (PFU/mL)



Imaging and Sizing of Single DNA Molecules
on a Mobile-Phone
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ACS Nano, 2014



Imaging and Sizing of Single DNA Molecules
on a Mobile-Phone
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Quantification of Giardia lamblia cysts using
mobile-phone based fluorescent microscopy
and machine learning
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Quantification of Giardia lamblia cysts using
mobile-phone based fluorescent microscopy
and machine learning

Smart phone application
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An Analogy: From PCs to the Internet




The u-Internet

A opportunity or a challenge?



Diagnosis of Malaria using Crowd-Sourced
Games

http://biogames.ee.ucla.edu/



Diagnosis of Malaria using Crowd-Sourced
Games

More than 80 countries are playing BioGames, with
>2.5 Million cell diagnoses so far.



Each gamer is a “Repeater”
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Decoder: Maximum a Posteriori Probability (MAP)



Decoding of Diagnosis |’
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diagnose malaria infected cells

Non-expert human crowd can collectively

— Description of Test Gamers Positive Negative Control Aceurac SE PPV NPV
xperi u
s Images RBCs RBCs Images V

5055 test RBC images
crowd-sourced to human
gamers

5055 test RBC images
presented to a boosted set
of classifiers, trained on
1266 RBC images

459 low-confidence test
images taken from the
results of experiment 2
Hybrid diagnosis results
using experiments 2 & 3
7045 test RBC images
crowd-sourced to human

gamers
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Non-expert human crowd can collectively
diagnose malaria infected cells
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Sensitivity or True Positive Rate SE or TPR




Experts disagree with each other
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Inconsistency %

Expert ID

Experts are ‘not’ self-consistent
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Accuracy %
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Big Data Management: Crowd + Machine

MNew images
tobe
diagnosed

Pré-procesiing
Statistical Learning
Algorithms

Crowd:
Professionals + Non-experts
(Smart and Cost-effective Telemedicine) o7
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The u-Internet

e A opportunity or a challenge?



roviding a new platform for telemedicine

Google Glass

letector Heavy metal detector based Dl'agnoitics

Blood Analyzer
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