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Nanotechnology for Next Generation BioSensors , InNanotechnology for Next Generation BioSensors , In--
Vivo Drug Delivery Motherships and Other ApplicationsVivo Drug Delivery Motherships and Other Applications
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Potential ApplicationsPotential Applications

•• Bio/Chem SensorsBio/Chem Sensors

•• Drug Delivery NanoVesiclesDrug Delivery NanoVesicles

•• PhotovoltaicsPhotovoltaics

•• Fuel CellsFuel Cells

•• BatteriesBatteries

•• Optical filmsOptical films

•• Nanophotonic films/devicesNanophotonic films/devices

•• Ceramic materialsCeramic materials

•• Morphing nanocompositesMorphing nanocomposites

Directed SelfDirected Self--Assembly Nanofabrication Assembly Nanofabrication 

Hua Ai,*,1 Steven A. Jones, and Yuri M. Lvov,
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Molecular Lego
Nanocomponents:

- Biomolecules
- Nanotubes
- Nanofilaments
- Nanoparticles
- Quantum-Dots
- Polymers
- Fullerenes
- Dendrimers
- Cells
- CMOS Lift-Off Devices

Integrated 3D 
NanoStructures

Component Release and 
Further Assembly

Electric Field Directed Self-Assembly and Heterogeneous 
Integration for 3D Hierarchical Nanomanufacturing 

“Synergy of Top-Down and Bottom-Up Processes”

Electric Field Directed SelfElectric Field Directed Self--Assembly and Heterogeneous Assembly and Heterogeneous 
Integration for 3D Hierarchical Nanomanufacturing Integration for 3D Hierarchical Nanomanufacturing 

““Synergy of TopSynergy of Top--Down and BottomDown and Bottom--Up ProcessesUp Processes””

Electric Field Array
Assembler Device

Electric Field Array Device



Electric Field Directed SelfElectric Field Directed Self--Assembly NanofabricationAssembly Nanofabrication

No No No

Hydrogel
W/Streptavidin

Biotin-
Dextran

Streptavidin

40nm
Red Streptavidn 
Nanoparticles

40nm
Green Biotin 
Nanoparticles
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Electric Field Directed Nanoparticle Assembly Electric Field Directed Nanoparticle Assembly 
Dehlinger DA, et al.,  J. Assoc. Lab Automation, October 2007; Dehlinger DA, et al.,   SMALL, V3, 

#7, pp. 1237-1244, 2007

•• A and B show the results of a biotin A and B show the results of a biotin 
starting surface, C and D the results of starting surface, C and D the results of 
a streptavidin starting surface. Both a streptavidin starting surface. Both 
experiments were run for 20 layers.experiments were run for 20 layers.

•• Chip activated in sets of three columnsChip activated in sets of three columns

•• Streptavidin nanoparticles only (left)Streptavidin nanoparticles only (left)

•• Biotin nanoparticles only (right)Biotin nanoparticles only (right)

•• Both Biotin and Streptavidin Both Biotin and Streptavidin 
nanoparticles (center)nanoparticles (center)

•• A and B are the same electrodes under A and B are the same electrodes under 
different filter sets With a biotin surface. different filter sets With a biotin surface. 
C and D are a different set of C and D are a different set of 
electrodes with a streptavidin surface. electrodes with a streptavidin surface. 
A and C show biotin beads, B and D A and C show biotin beads, B and D 
show streptavidinshow streptavidin

•• Streptavidin beads show good Streptavidin beads show good 
stringency, Biotin beads show stringency, Biotin beads show 
moderate stringency, possibly the moderate stringency, possibly the 
result of the bead spectraresult of the bead spectra

0.025

uAmps

0.40

Biotin SurfaceBiotin Surface StreptavidinStreptavidin
SurfaceSurface

BiotinBiotin
Beads 1Beads 1

BiotinBiotin
Beads 2Beads 2

StreptavidinStreptavidin
Beads 1Beads 1

StreptavidinStreptavidin
Beads 2Beads 2

(A)(A) (B)(B) (C)(C) (D)(D)



3D Nanoparticle Structures With Up To 100 Alternating 
Layers of 40 nm Biotin and Streptavidin Nanoparticles

SEM top view surface w/o nanoparticles      SEM top view  layereSEM top view surface w/o nanoparticles      SEM top view  layered structured structure

500 nm500 nm500 nm500 nm

Very little nonVery little non--specific specific 
binding even after 50 binding even after 50 
exposures to biotin exposures to biotin 

nanoparticlesnanoparticles

Relatively smooth Relatively smooth 
surface after 100 surface after 100 

nanoparticle nanoparticle 
addressingsaddressings



Layers with 40 nm and 40nm/200 nm BiotinLayers with 40 nm and 40nm/200 nm Biotin--Streptavidin Streptavidin 
NanoparticlesNanoparticles

500 500 
nmnm



20 Layer DNA Derivatized Nanoparticles Structures20 Layer DNA Derivatized Nanoparticles Structures
Using 51mer DNA Template and Complement on 40 nm Red FluorescentUsing 51mer DNA Template and Complement on 40 nm Red Fluorescent

NanoparticlesNanoparticles
Initial                                                         Initial                                                         FinalFinal

45     30     20    15 
Seconds

0.10

uAmps

0.40

45     30      20    15 
Seconds

45     30     20    15 
Seconds

45      30      20    15 
Seconds

BB--DNA TemplateDNA Template
Complementary  DNA Complementary  DNA 

and Template DNA and Template DNA 
NanoparticlesNanoparticles

BB--DNA TemplateDNA Template
Complementary  DNA Complementary  DNA 

and Template DNA and Template DNA 
NanoparticlesNanoparticles



Heterogeneous Nanoconstruction Materials
Streptavidin
Polyacrylamide Streptavidin
Dextran-Biotin Polymer (10,000 MW)
Silica Particles (~10nm-20nm)

40 nm Nanoparticles (Biotin, Green Fluorescence)
40 nm Nanoparticles (Streptavidin, Red Fluorescence)
200 nm Nanoparticles (Streptavidin, Red Fluorescence)

15 nm Quantum Dots (Streptavidin, Red Emission 610nm)
12 nm Quantum Dots (Biotin, Green Emission 506nm)
50 nm Gold Nanoparticles (Streptavidin)

5’-Biotin-GAA-CAG-CTT-TGA-GGT-GCG-TG-3’ (Initial Template)
40nm Streptavidin Nanoparticle-5’-Biotin-GAA-CAG-CTT-TGA-GGT-GCG-TG-3’
40nm Streptavidin Nanoparticle-5’-Biotin-CAC-GCA-CCT-CAA-AGC-TGT-TC-3”

5’-Biotin-GAA-CAG-CTT-TGA-GGT-GCG-TGT-TTG-TGC-CTG-TCC-TGG-GAG-
AGA-CCG-GCG-CAC-3’ (Initial Template)
40nm Streptavidin Nanoparticle-5’-Biotin-GAA-CAG-CTT-TGA-GGT-GCG-TGT-
TTG-TGC-CTG-TCC-TGG-GAG-AGA-CCG-GCG-CAC-3’
40nm Streptavidin Nanoparticle-5’-Biotin-GTG-CGC-CGG-TCT-CTC-CCA-GGA-
CAG-GCA-CAA-ACA-CGC-ACC-TCA-AAG-CTG-TTC-3”
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Electric Field Assembler Array
With Driving Electrodes and Contact/Bonding Sites
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Electric Field Assembler Array
With Driving Electrodes and Contact/Bonding Sites

Shows electric field transport, positioning and activation of anShows electric field transport, positioning and activation of an LED LiftLED Lift--Off device on an electronic array Off device on an electronic array 
platform. (Edman CF, Gurtner, C, Formosa RE, Coleman JJ, Heller platform. (Edman CF, Gurtner, C, Formosa RE, Coleman JJ, Heller MJ. 2000. ElectricMJ. 2000. Electric--FieldField--Directed PickDirected Pick--
andand--Place Assembly. HDI. (3)10: 30Place Assembly. HDI. (3)10: 30--35; and Edman CF, Swint RB, Gurthner C, Formosa RE, Roh SD, Lee 35; and Edman CF, Swint RB, Gurthner C, Formosa RE, Roh SD, Lee KE, KE, 
Swanson PD, Ackley DE, Colman JJ. Heller MJ, 2000. Electric FielSwanson PD, Ackley DE, Colman JJ. Heller MJ, 2000. Electric Field Directed Assembly of an InGaAs LED d Directed Assembly of an InGaAs LED 
onto Silicon Circuitry. IEEE Photonics Tech. Letters, 12(9):1198onto Silicon Circuitry. IEEE Photonics Tech. Letters, 12(9):1198--1200).1200).

Electric Field Integration of LiftElectric Field Integration of Lift--Off CMOS Devices and Directed  Off CMOS Devices and Directed  
Nanoparticle Assembly to Create Novel BioSensores and inNanoparticle Assembly to Create Novel BioSensores and in--Vivo Drug Vivo Drug 

Delivery DevicesDelivery Devices



Micronsize Bio/Chem Sensors and LabMicronsize Bio/Chem Sensors and Lab--onon--Chip Chip 
Devices by Nanoparticle Assembly Devices by Nanoparticle Assembly 



Active Glucose Sensor (Micronsize/Dispersable)Active Glucose Sensor (Micronsize/Dispersable)
(HRP and GO Nanoparticle Activity Retained)(HRP and GO Nanoparticle Activity Retained)



•• Controlled Propulsion/MotionControlled Propulsion/Motion
•• Sensing/DiagnosticsSensing/Diagnostics
•• Drug delivery mechanismDrug delivery mechanism
•• Logic/CommunicationLogic/Communication
•• Power supplyPower supply
•• Soft flexible encapsulationSoft flexible encapsulation
•• Biocompatible outer coatingBiocompatible outer coating
•• Not larger than 10 micronsNot larger than 10 microns

Electric Field Integration of LiftElectric Field Integration of Lift--Off CMOS Devices with Off CMOS Devices with 
Nanoparticle Assembly to Create Micron Scale InNanoparticle Assembly to Create Micron Scale In--Vivo Vivo 

Drug Delivery/Biosensors DevicesDrug Delivery/Biosensors Devices

Creating viable InCreating viable In--Vivo Drug Delivery/Biosensor Vivo Drug Delivery/Biosensor 
Devices Devices ““Fantastic Voyage MothershipsFantastic Voyage Motherships”” by by 

present fabrication technologies is an present fabrication technologies is an 
integration nightmare and not cost effective!integration nightmare and not cost effective!
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Cancer: Evolution of a Cell that Grows Uncontrollably      Cancer: Evolution of a Cell that Grows Uncontrollably      
(Dr. Dennis Carson, UCSD)(Dr. Dennis Carson, UCSD)

1

1000

1 million

1 billion

1 trillion

Number of 
cancer cells
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DEP separation of E. coli from human blood DEP separation of E. coli from human blood 
(Nature Biotechnology Vol. 16, 541(Nature Biotechnology Vol. 16, 541--546, 1998)546, 1998)

Earlier DEP Work Demonstrating Separation of Bacteria  Earlier DEP Work Demonstrating Separation of Bacteria  
from Blood and Cancer Cell Separation from Blood and Cancer Cell Separation 

DEP separation of closely related cell types DEP separation of closely related cell types 
/(monocytes U937, human T lymphoma cells /(monocytes U937, human T lymphoma cells 
(Jurkat), HTLV(Jurkat), HTLV--1 tax1 tax--transformed human T cells transformed human T cells 
(Ind(Ind--2), peripheral blood mononuclear cells 2), peripheral blood mononuclear cells 
(PBMC), glioma cells (HTB), and neuroblastoma (PBMC), glioma cells (HTB), and neuroblastoma 
cells SHcells SH--SY5Y  Anal. Chem. 74, 3362SY5Y  Anal. Chem. 74, 3362--3371, 20023371, 2002



17

1.1. Separation and identification of cancer cells, hmwSeparation and identification of cancer cells, hmw--DNA DNA 
nanoparticulates and therapeutic/drug delivery nanoparticles in nanoparticulates and therapeutic/drug delivery nanoparticles in 
blood/plasma blood/plasma (advanced disease and chemotherapy monitoring (advanced disease and chemotherapy monitoring 
~100ng hmw~100ng hmw--DNA /ml blood or plasma) DNA /ml blood or plasma) 

2.2. Early detection and residual disease monitoring of hmwEarly detection and residual disease monitoring of hmw--DNA DNA 
nanoparticulates and cancer cells from blood/plasma nanoparticulates and cancer cells from blood/plasma (<1ng hmw(<1ng hmw--
DNA/ml blood or plasma) DNA/ml blood or plasma) 

3.3. ExEx--Vivo Diagnostic/Chemotherapy Monitoring Systems Vivo Diagnostic/Chemotherapy Monitoring Systems (blood (blood 
tested rapidly, directly, with no dilution and returned to patietested rapidly, directly, with no dilution and returned to patient)nt)

NanoTumor Center ExNanoTumor Center Ex--Vivo DEP System GoalsVivo DEP System Goals

Overcome the basic limitation of DEP  Overcome the basic limitation of DEP  ““requiring all requiring all 
separations of  cells, nanoparticles, DNA and proteins to separations of  cells, nanoparticles, DNA and proteins to 

carried out at low ionic strength /conductances <1carried out at low ionic strength /conductances <1--10 mS/M10 mS/M””
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DEP Microarray System Used for Cancer Cell, DNA DEP Microarray System Used for Cancer Cell, DNA 
BioMarkers and Nanoparticle Experiments BioMarkers and Nanoparticle Experiments 
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Separation of 60nm DNA Nanoparticles and 10 Micron Separation of 60nm DNA Nanoparticles and 10 Micron 
Particles Particles 

60 nm DNA Derivatized
Red Fluorescent Nanoparticles

10 µm Particles
or

Jurkat Cells

Mixture of 10 um polystyrene particles and 60 nm DNA derivatized red 
fluorescent nanoparticles before DEP field applied to group of 9 electrodes

(under green filter)                       (red fluorescence emission)

Results after “7 seconds” applied DEP field at 10 kHz/10 V
(under green light)                        (red fluorescence emission)

Red fluorescent 
DNA nanoparticles

10 um 
Particles

100 microns

DEP Separation of Nano from Micro
DEP electric field conditions have been 
discovered which allow the rapid high 
resolution separation of 60 nm DNA 
coated nanoparticles from 10 micron 
polystyrene microspheres. The 60 nm 
DNA derivatized red fluorescent 
nanoparticles serve as an analog for 
hMW-DNA nanoparticulates as well as for 
drug delivery nanovasicles (see below)
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Separation of 200 nm Nanoparticles and 10 Micron Particles 
in High Conductance Solutions (1XPBS)

e) f)

h)g)
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1x PBS (1.68 S/m)

1x TBE (109 mS/m)
0.1x PBS (172 mS/m)

Separation of 60nm/200 nm Nanoparticles and 
10 Micron Particles in High Conductance Solutions 
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Summary  Summary  

New DEP Theory/ConceptsNew DEP Theory/Concepts

New DEP ParametersNew DEP Parameters

New DEP Devices New DEP Devices 

New LossNew Loss--Less & LabelLess & Label--Less Less 
ApplicationsApplications
•• Cancer & Stem CellsCancer & Stem Cells
•• Drug Delivery NanoparticlesDrug Delivery Nanoparticles
•• hMW DNA and RNA hMW DNA and RNA 
•• Cellular NanoparticulatesCellular Nanoparticulates
•• Bacteria & VirusBacteria & Virus
•• Nanoparticle AssemblyNanoparticle Assembly
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