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Outline

* Motivations
» Biophotonics inspired by Nature

* Biologically-inspired Optics

* Biologically-inspired Fluidics
 Biologically-inspired Electronics
 Summary

http://biopoets.berkeley.edu

Quantitative Biomedicine by BioPOETS*

*Bigmolecular Photonics- Optofluidics-Electronics Technology & Science

Nanocrescent for In-
vivo Molecular Probes
Biologically Inspired
Optical Systems
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> 8
Optofluidics for * Y Nanoplasmonic SERS

Biophotonic Controls Sfor In-vitro Diagnostics

Cellular BASICs: Biologic Application Specific Integrated Circuits



Quantitative Biomedical Science

* Rapid collection of large experimental data sets

* Intelligent consolidation of quantitative values

Nano-Biophotonics
Inspired by Nature

for Cellular Galaxy Biophysics
and Imaging
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From Telescope to Satellite Telescope




Sharp edge
(scattering
“hot site”)

Local Electromagneti Enhancement Effect

Y. Lu, G. L. Liu, J. Kim, Y. Mejia, & L. P. Lee, Nano Letters, 5(1), 119-124 (2005).
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SERS-based Nanocrescent's LFE

Rhodamine 6G SERS spectra of different concentrations of R6G
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Magnetic
Nano-

Crescent

SERS

G. L. Liu, Y. Lu,
J. Kim, J. C. Doll,
and L. P. Lee
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Plasmonic Resonance

Energy 1ransfer
(PRET)
Nanospectroscopee Imaging

G. Liu, Y. Long, Y. Choi, T. Kang, and L. P. Lee (Nature Methods, 2007)




Quantized Nanoplasmonic D|p
Spectroscopy by PRET |

k T T T T T
400 450 200 250 600 650 700
Anm

Burface Conjugated
Blp,malgede Oyt e

=?§
\ihite Light ~ 2 n —_“wf}, 3
Musmination 3 £

aie ¥
e £

i

+ A/ ton
p- %’;" - sé}
Y 0 I

S

ﬂhmﬁsaﬁerhgl_ight» [ ¥ %

X

B mFrgﬁnglr Opiia Plasman Resanance Peak

g, Resonanoe _
; Nangpariicle
Ulumination/\ /\ /\ » ; i Fi with PRET
[ H ;"

Pﬂll‘lj

Plasmen Quenching Dips

Valence
Band

Wavelengih
Hybrid Energr!hgam Naneoparticle Scafterlng Spectrum




Molecular Dynamics of Cyt c
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The BioPOETS
1C Berelev

PRET Nanospectroscopic Imaging
Spatially Resolved in-vivo Cellular Imaging
Mapping of Cellular Processing: Apoptosis Dynamics

/Cytochrome c

Dynamc
Molecular Ruler

Jfor Measuring Nuclease Activity
& DNA Footprinting

G. L. Liu et al. (Nature Nanotechnology, 2006)
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Mechanism of Plasmon Resonance

Wavelength Shift by Nucleolytic Reactions

. Effective size change after
DNA digestion.

. Dielectric constant of dsDNA
is dependent on its length
(Langevin model).

. lonic condensation condition
change due to the DNA
length change
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Footprinting
of the Binding

HE W
T T R T T ST RN T T T R R R
(LLLTTILINaNNNR L] EELTTRNNN IIIIIIIIIIII|||I

T T T Y S R T T TR TP O

\;I EH’ Excouciease
Position of

EcoRI )‘j
Mutant } o .
My,

Tl ||'|F|:|'|'| T fTill-lTﬁllu I[:l;}?
FrFHTRET Fey T HHH-H‘L_T‘H'I'H'& 'p-
MF“’ Exonaclease

‘IIFHW'I FH:-I? |

EooRiMEen n*u 1 el Mudant

Unrestricted Digestion

Nature
Nanotechnology
(2006)

Rewicigd Digestion




Plasmon Resonance Detection
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Oligonucleotides on a
Nanoplasmonic Carrier

Optical Switeh (ONCOS)
Precise Temporal and Spatial Controls of Localized
Gene Regulation and Protein Translation

Eunice S. Lee, Gang Liu, Franklin Kim, Yitao Long, and Luke P. Lee
(unpublished)
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Biologically-
mnspired
Optical Systems

for Biological microprocesor controls,
automations, and imaging

Learn from Natu;, : fch out carefully
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Biologically Inspired Optical
System for Advanced

Photanic Systems
(Science, Nov. 2005)

Materials
“\ Biolpgy

5

S bR

facet lens

Artificial L S
Compound Eye i '

facet lens

crystaline cone

rhabdom

photoreceptor cells

natural compound eye natural ommatidium

D
H - microlens L= microlens
1 polymer cone A
I o waveguide
v 4L ‘ L polymer cone
e 1 ] waveguide core
\ Al — waveguide cladding
L/ photodetector
artificial compound eye arfificial eommatidium
UV light omni-directional light
Numu," Wi
s iical . M -l Ry ARy
. g e ot A -
Inspired Artificial = W &
” g olymer poly I-directi 1
Compound EyeS, SCIence, mIF::rI:Iansos waveguides detection

312, 557-561 (2006)

16



Biologically Inspired Optical System

Ki-Hun Jeong, “Biologically Inspired Artificial Compound Eyes,” Science, vol. 312, p. 557-561 (2006)

Omni-directional Imaging System

Honeycomb-Packed Polymer Microlens
Arrays on a Curvilinear Surface

waveguides
coupled with ISA

CMOS Image Sensor Array

Potential applications:
Handheld miniaturized Imaging System for wide field-of-view, Endoscopic imaging
system, Omni-directional sensor array for surveillance detection.
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Biologically-
Zﬁ‘ﬂb red
Fluidic 1Cs

for Quantitative Cell Biology and
Quantitative Medicine on Chip

Cellular BASICs*

*Biological Application Specific Integrated Circuits

BASIC #1 Integrated Microfluidic Patch-clamp Array Chip
BASIC #2 Single Cell Electroporation Chip

BASIC #3 High-density Single Cell Analysis Chip

BASIC #4 Dynamic Cell Culture Chip for Systems Biology
BASIC #5 Cell-cell Communication Chip

BASIC #6 Cell Lysing Devices for Sample Preparation
BASIC #7 Biomimetic Cell Sorting Microfluidic Devices
BASIC #8 Micro PALM for Cell Manipulations

BASIC #9 Integrated Cell Culture & Lysing & Harvesting
BASIC #10 Biomimetic Artificial Livers on a Chip

BASIC #11 Biofluidic Self-assembly of Spheroids on a Chip

http.//biopoets.berkeley.edu
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I'he BioPOETS

Basics of BASICs: Fluidic Resistance

Pressure Driven Navier-Stokes
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BASIC #3

High-density
Single Cell
Analysis Chip

BASIC#3: High density Single Cell Array
via Hydrodynamic Single Cell Tweezers

o o
B S cell ) & &9 0D
suspension I EeY S

20



Figure 1
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* Probed with Calcein

AM — fluorogenic
substrate

» Two different cell
types:

— Human cervical
carcinoma vs.

human kidney cells

* Key result:

— Statistically larger
esterase activity in kidney
cell line.

— Means: 50 nM vs. 125 nM
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NDGA Inhibition

Key results: s i

o4 ——INDGA] = 80 uM

* 1C,, of 233 nM for ] —powirm
[NDGA] = 50

carboxylesterase and § 0] —noon-ou
isozyme inhibition :

20 nM of 50 nM total
activity is not inhibited by
NDGA.
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oty
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Future: Various fluorogenic
substrates having different
enzyme specificity.
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Long-term Cytotoxic Drug Assay viaM
Single-Cell Microfluidic Array

Single Cell Culture Chamber Media Inputs Drug Input
f 2 ) P O e (

L %
Waste Output

Apoptosis Mechanism is Concentration»’w
Dependent

100nM Taxol,1ulL min-' perfusion

low conc. of Taxol (<200nm) [

l '_ —=— apoptosis

Eraapid
1

1 1 1 1 L L L
0 10 20 30 40 50 60 70
Time (hour)

- 100 nM taxol
Apoptosis

y o) o

0
0 5 10 15 20 25 30 35 40 45 50
Lifetime (hour)

T Wang, et al., CANCER (88), 2000
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Apoptosis Mechanism is Concentration
Dependent

ngh conc. of Taxol (02_30#”7) 10HM Taxol 20minS,1uL min-’

|

Cultural Revolutions

for Physiologically Relevant
Cell Culture Array

Creating Dynamic Cell
Culture Systems
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Cell Growth and :|
“Interstitial” /|
Space

Tissue 100pm Microfluidic
—

100-300 um 50-1000 pm
Circulatory Flow (c) 700 pm/s 80-4,000 pm/s
Interstitial Flow (i) 0.1 uym/s 0.08-4 uym/s
Extracellular Matrix Complex Surface Coating

Microtiter CSTR Microfluidic
Plate Bioreactor Bioreactor
Volume 50 pl 2L 3

Cell Density 5% <10%
(v/v)

Medium 3days 0.5-3days 2-120

Turnover
Throughput 1-384

25



Nanoliter Scale Microbioreactor
Array for Quantltatlve CeII Blolo_gy

Design for Uniform Fluid Velocity
Profile s

Channels & Cell Culture Chamber

Perfusion rfusion
Inlet Outlet

High Aspect Ratio between the Perfusion / \

Cell Culture 100pm
Chamber ‘Waste

With different flow rates applied
from the perfusion inlet, shear
stresses inside the chamber
can be adjusted. This would
potentially be beneficial for
study the responses of cells Perfusion
under various shear conditions. Channels

26



Device Fabrication

Key Features:

* Biocompatible
Rapid Processing Time
1.5-250 um PR Available
Optically Transparent

27



Attachment Factor

Cell Growth

5 a2y

Cell Growth (HeLa, 30
min/frame, 38 hours)
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Physiologically-
inspired Artificial

I zver Sinusoids

Lee et al., Biotechnology and Bioengineering 97, 1340 (2007)
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Sinusoid Space Cell Inlet

I To Central Vei
Endothelial o Central Vein

Cell Barrier

Mutrient/Drug
Flow

Microfluidic
Endothelial
Barrier
Hepatacytes

Endathelial
Cell Barrier

Central Veln ) .
Sinusoid Space

Cell Culture  Transport
Area Channel

" H
Branch of epatocytes
Hepatic Artery From Hepatic Artery

& Portal Vein

 Sinusoid space transports blood to hepatocytes
* Lined with fenestrated endothelial barrier
* Hepatocytes form extensive cell-cell contact

40 sec

b

* Microfluidic endothelial barrier
* High density hepatocyte culture
* Continuous flow mass transport .
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7 Day Viability (%)

Effect of Hepatocyte Density

[N, -~

.Low density = dead cells

 Microfluidic culture without ECM coating
» “Spheroid” effect previously documented

8

O High density

A Low density

38 8 8

W Dish (no coat)

Viability (% Initial)

1 &
Dish Dish  Microfluidic 0 1 2 3 4 5 6 7 8
(No Coating)  (Collagen)  (No Coating) Days in Culture

>4

» Collagen coating required for dish based
hepatocyte culture

« High density loading can rescue viability in
absence of ECM coating
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Microfluidic Assembly of Spher0|ds

“Tumor factory” to Accelerate
Cancer Drug Development

The BioPOETS

Effects of Flow Rate in Spheroids
Assembly for Drug Screenlng

(a) average flow rate = 20um/sec

(U] () ] 0 1] (o

(b) average flow rate = 80um/se
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(c) average flow rate = 4000um/sec 10 15 20 25
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(d}cell spreading in a Petri
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Cell Loading/Assay Selection

YYVYVYVYVFYVY

Concentrion Gradient

High Throughput
Experimentation

Known Stem Cell Modulators

Shear Stress Growth Factors
Nutrient Content ECM Contact
Surface Material Oxygen Level ure
Electrical Signaling Temporal Modulation Parameter| —
Co-Culture Genetic Manipulation "

Time

Data Analysis and Optimization

Information Technology

*iIMDs: Innovative Medical Diagnostic Systems



Summary

Biologically-inspired photonics and optical systems are
being developed for innovative healthcare systems.

Cellular BioASICs are being developed for quantitative
biology & medicine.

Quantum nanoplasmonic molecular probes, molecular
ruler, ONCOS (gene regulator & protein expression
controller) are developed for molecular/cellular imaging,
and quantitative in vivo biology.

High-content Integrated Quantitative Molecular
Diagnostic (iIQMD) system can be created for future
preventive, personalized medicine, and integrated health
& environmental monitoring systems.
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