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Science for Life 

Flow Cytometry and Cell Separation 

Research examples 
The iCyt Reflection Cell Sorter is being used for Dr. Ratliff’s group to 
purify live, myeloid derived suppressor cells from prostates and 
spleens of mice with prostatitis.  These purified myeloid derived 
suppressor cells are then used to study their suppressive function in 
vitro as a co-culture assay with T cells.     

  Figure 5:  An initial sort gate was made around the PE-Cy7 CD45 positive cells (left).  
A second gate was then used to sort the APC-GR1 and PE-CD11b double positive 
cells, which are the myeloid derived suppressor cells. 

Frequently rare cells obtained by high-speed flow cytometry/cell sorting 
can be obtained by enrichment sorting bit there are not enough cells 
remaining (e.g. 100 sorted cells) to re-process to complete purity by re-
sorting. We are now combining high-speed enrichment sorting of live 
cells and then performing laser ablation sorting using the LEAP 
technology. In this collaboration with Dr. Davisson’s group we flow-
sorted HCT 116 cancer cell clones and then enriched to 100 percent 
purity using LEAP which could also identify HCT116 clones on the basis 
of morphology. Figure 6: The cell sorter was 

configured to perform a high-
yield sort, sacrificing purity. A 
rare population (1%) of DiO 
labeled HCT116 cells were 
doped into a sample of DiI 
labeled MCF7 Cells 

Figure 7: Live DiO stained 
(red fluorescent) HCT116 
cells were flow sorted and 
LEAP purified to single cell 
purity and then grown into 
small colonies for further 
studies.  

Equipment 
Figure 1: An iCyt 
Reflection (Champaign-
Urbana, IL) 3-laser 
(405nm, 488nm, and 
647nm), 12-color 
fluorescence, high 
speed, flow cytometer/ 
cell sorter within a BSL-2 
hood designed specially 
for high-speed sorting of 
live cells. 

Figure 2: A Beckman-Coulter 
Quanta, 3-color fluorescence, 
Coulter volume (instead of 
forward scatter) benchtop flow 
cytometer analyzer with robotic 
sample processing and with, 
possible excitation lines at 355, 
405, 435, 546, 578 nm from the 
arc lamp and 488 nm from the 
blue laser. 

The facility contains two other novel and advanced cell 
separation technologies 

Figure 3: A beta 
version ultra high-
throughput 
quadrupole magnetic 
flow-through cell 
sorter (QMS) 
(IKOtech, Inc.) 

Figure 4: A beta-version, manual LEAP (Laser Enabled 
Analysis and Sorting) interactive imaging system, 
Cyntellect, Inc.) with laser ablation sorting of attached 
cells. An NIH Shared Equipment S10 application for a 
fully automated LEAP instrument (shown in the lower 
right hand side) with laser optoinjection of genes and 
molecules capability recently received an outstanding 
score for likely funding. 

 The Flow Cytometry and Cell Separation Shared Resource is newly 
evolved from the former Analytical Cytology Shared Resource and 
began operations in March of 2009. The cell sorting and single cell 
analysis capabilities have been enhanced and extended in response a 
growing need by Purdue University Center for Cancer Research 
members to isolate and analyze rare populations of live human cells, 
which require a specialized environment and expertise.  
     The new shared resource takes advantage of the recent 
recruitment of Dr. James Leary to the Cancer Center who is a 
nationally recognized leader in the field of flow cytometry and cell 
separation. He brings special expertise to the detection and high-
speed sorting of rare cell subpopulations including a number of newly 
evolving and complementary cell separation technologies. He is also 
an expert in advanced data analysis techniques for analysis of 
complex multicolor flow cytometric data.  
    Flow operator, Dr. Jill Hutchcroft, with degrees in microbiology, and 
biochemistry, with postdoctoral experience in immunology, brings more 
than 20 years laboratory experience, as well as her organizational 
skills, to this new facility. 
     This Flow Cytometry and Cell Separation Shared Resource is 
viewed as a synergistic facility that will interface with a developing, 
new campus-wide institutional Imaging Facility and existing genomics 
and proteomics facilities. 

Description 

Services/ Directions/ Future Plans 
• Advanced cell and particle analysis with flow cytometry 
• Very high speed sorting of live cells 
• Training in flow cytometry/sorting technologies 
• Data analysis consultation 
• Identification, isolation, and characterization of cell types,  
   including rare cell populations 
• Coordination with other high throughput capabilities (proteomics, 
  metabolomics, high content screening, imaging, robotics, QMS, 
 and new automated LEAP for laser optoinjection of molecules) 
• Protocol development for cell analyses and separations 
• Expert input for flow and sorting methods in grant proposals 

Scientific Core Director:  James F. Leary, Ph.D.         Operator:  Jill Hutchcroft, Ph.D 



An iCyt Reflection (Champaign-Urbana, IL) 3-laser (405nm, 
488nm, and 647nm), 10-color fluorescence, high speed, 
flow cytometer/ cell sorter within a BSL-2 hood designed 
specially for high-speed sorting of live cells. 

High-speed flow cytometry/cell sorting of live cells 
in a BSL-2 environment 



A beta version ultra high-
throughput quadrupole 
magnetic flow-through 
cell sorter (QMS) 
(IKOtech, Inc.) 

High-throughput, continuous flow, magnetic sorting of 
live cells in closed system sterile environment 

Application: Isolation of adult stem 
cells for subsequent reprogramming 
for regenerative medicine (alternative 
to organ transplants). 



New LEAPTM (Laser Enabled Analysis 
and Processing) “Interactive Imaging” 

Optical methods for the Detection, 
Analysis and Isolation of Circulating 
Tumor Cells and Cancer Stem Cells 

A new technology using lasers to shoot genes and 
transcription factors into cells for regenerative medicine …. 



LEAP (Laser Enabled Analysis and Sorting) interactive imaging 
system, Cyntellect, Inc.) with laser ablation sorting of attached cells 
and high-speed laser opto-injection of small molecules into selected 
single cells.  

LEAP (Laser Enabled Analysis and Sorting) 
interactive imaging system for isolation of rare 
circulating tumor cells and cancer stem cells 



Shooting cells with LEAP™ 
•  Cells are identified 

based on morphological 
or fluorescence 
parameters. 

•  Targeting decisions are 
made using gates similar 
to those found in flow 
cytometry. 

•  By adjusting the laser 
wavelength and power 
one can ablate or induce 
apoptosis in target cells. 

•  A whole plate can be 
processed in 30 minutes. 



LEAP Ablation of Undesired Cells 
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Y Y Cell targeting and entry 

Intracellular targeting 

Therapeutic genes 

Magnetic or Qdot core 
(for MRI or optical 
imaging) 

Concept: Smart Nanomedicine Systems with 
Control of Gene/Drug Delivery within Single Cells 

Y 
Y 

Y 
Y 

Y 
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Targeting molecules (e.g. an 
antibody, an DNA, RNA or peptide 
sequence, a ligand, a thioaptamer), 
in proper combinations for more 
precise nanoparticle delivery 

Biomolecular sensors 
(for error-checking and/
or gene switch) 

Leary and Prow, PCT (USA and Europe) Patent pending 2005 



Concept of nanoparticle-based 
“nanofactories” (NF) manufacturing therapeutic 

genes inside living cells for single cell treatments 

cell membrane 

Multilayered 
nanoparticle 

The nanoparticle delivery system delivers the therapeutic gene template which 
uses the host cell machinery and local materials to manufacture therapeutic 
gene sequences that are expressed under biosensor-controlled delivery. 

nucleus 

cell 

cytoplasm 

Y Y Y Y Y
 Y Y 

NF 

NF 

Molecular Biosensor 
control switch  

Gene manufacturing 
machinery 

Therapeutic gene/drug 



1. Prow, T.W., Smith, J.N., Grebe, R., Salazar, J.H., Wang, N., Kotov, N., Lutty, G., Leary, J.F. "Construction, Gene Delivery, and Expression of DNA Tethered 
Nanoparticles" Molecular Vision 12: 606-615, 2006 
2. Prow, T.W., Grebe, R., Merges, C., Smith, J.N., McLeod, D.S., Leary, J.F., Gerard A. Lutty, G.A. "Novel therapeutic gene regulation by genetic biosensor 
tethered to magnetic nanoparticles for the detection and treatment of retinopathy of prematurity"  Molecular Vision 12: 616-625, 2006 



Multi-scale engineering… 

Going from macroscale to microscale 
using the advances in other fields 
(nanophotonics, digital signal 
processing, …) 





deflection 
plates 

light 
scatter 

High-Speed Flow Cytometer / Cell Sorter for High-
Throughput Sorting for Functional Genomics 

unwanted cells 
are deflected 

to waste 

Second  laser 

First laser 

+ 
+ + + 

+ 

+ 
+ 
+ + 

+ 
+ 

+ 

+ 
+ + + 

+ + 

high-speed 
 straight-ahead 

sorting for 
rare cell 
isolation 

6-color (3 shown) 
collection optics 

    SPECIAL FEATURES 
B.  High-speed (>100 000 cells/ 

sec) real-time data classifi-
cation and error-checking 

D. Real-time, second-stage data 
classification & cell sorting 

E. Algorithmic "flexible sorting" 
strategies for improved yield 
and purity of sorted cells 

C.  Generation of multi-variate 
classifier functions of input 
parameters in real-time 

F.  High-resolution cell sorting 
with costs of sorting 
misclassification 

A. 

+ -

Sorted 
droplets 
containing 
cells of 
interest 

G.  Single-cell sorting for 
subsequent PCR 
characterizations 



This high-speed flow cytometer/cell sorter is the world’s fastest 
instrument and is used for separating rare cells or particles of interest. 

Example of a Unique Technology:  High-Throughput Technologies 
for Drug Discovery and Cancer Diagnostics/Therapeutics 

Sorting of thioaptamer combinatorial chemistry library beads with bound 
protein, is one way to isolate a specific drug. Up to 100 million drug 
candidates can be screened in a single day using high-throughput 
technologies. 

High-throughput (>100,000 cells/sec) cell 
and bead-based chemistry can be used to 
explore vast cell and bead libraries to 
search for the cells or beads with optimal 
characteristics. Isolated rare cells or 
beads can be subsequently analyzed or 
sequenced. We are using these methods 
to select nanoparticle targeting molecules 
for nanomedicine. 



BioMEMS Application # 1 

High-Speed BioMEMS Microfluidic 
Flow Cytometer/Cell Sorter for 

Biomedical Applications 

Collaborators:  Drs. Irazoqui (BME), Jung (ECE), Sands (Materials Eng/
BNC), Wereley (ME/BNC), Summers (Univ. Swansea, Wales, UK) 



In Development: An Ultra-fast (> 106 cells/sec) 
multi-stage microfluidic cell sorter 

US Patent # 7,452,725  issued (November 18, 2008)  

( Divisional for additional patents filed October 29, 2008 ) 



A new concept for high-speed 
optical biochips 



High-Speed, Multistage, BioMEMS Closed-System 
Sorting of Multiple Rare Cell Subpopulations 

The ability to quickly perform sorts and re-sorts multiple times within a closed microfluidic 
sorting system would represent a major advance critical to many research and clinical 
applications, especially for separation of rare or biohazardous cells (Leary et al., 2005 patent 
pending). This is done by queuing and re-queuing boluses of fluid (instead of droplets) and 
sending undesired boluses of fluid down alternative pathways until the boluses contain single 
cells of interest and can be sorted to high purity. 

Top View 



Designs for higher speed microfluidic 
optical biochips 



High-Speed BioMEMS Whole Blood Analysis Device 
with Disposable PDMS Microfluidic Chip Insert 

LED excitation sources 

Avalanche photodiodes 

PDMS microfluidic chip 

Optical filters  

Superluminescent LEDs 

Avalanche photodiode detectors 

Cell 
inputs 



Avalanche 
photodiode (APD) 
detectors  

LED 
Excitation 
Sources 

Concept of the proposed parallel processing, multistage, fluidic sorter. The power of having 
parallel processing of sample and multiple stages of enrichment sorting before final high 
purity sorting yields a high-throughput yield and purity of live cell subpopulations. The sorting 
is not at single cell level on the initial stages and becomes so only in subsequent stages 
resulting in “exponential”, multi-stage sorting. 

Parallel / Exponential Microfluidics for  
high-speed lab-on-a-chip applications 

PDMS fluidic 
chip 

PDMS fluidic chip 



Concept:  One “Y-stage” branch point showing increase in inter-particle 
distances with lowering of branch cross sectional areas even in the absence 
of an active sorting step (which would increase the inter-particle distances) 

Cell or particle of 
interest 

Cell or particle of 
not-of-interest 

Excitation light Detector 

B 
B 

Inter-particle spacing in Stage 1 

Inter-particle spacing in Stage 2 

Inter-particle spacing in Stage 1 
Inter-particle spacing in Stage 2 

A 

Average distributed spacing (individual 
spacings Poisson distributed): 

A 

A Design Dictated by Queuing Theory 



Some Challenges and Proposed Solutions 

•  Need to eliminate large light sources and detectors 

 Use miniature superluminescent LEDs for excitation and avalanche 
photodiode arrays for detectors 

•  Operation of droplet (aerosol) based cytometers in BL-2/3/4 
environment is challenging and prohibitive 
 Disposable micro-fluidic based closed devices 

•  Sorting of multiple rare cells from the same sample is challenging in a 
closed system 
 Novel designs with sort and resort approaches and novel diversion 

schemes in BioMEMS micro-fluidic devices 



Light Sources Objects to sort Filters/Detectors 

Bright, small LEDs 1-20 micron diameter 
beads, cells 

Avalanche photodiodes 
(APDs) for greater sensitivity 

0.1 mW blue LED 

0.1 mW Red LED 

Objects move at  
10 - 100 cm/sec 

APD arrays at different 
gains to solve signal 
dynamic range problem 

Illumination 
spot 1 mm dia 

One color, two sizes 

Or two colors? 
Bond filter directly to APD 
to block exciting light 

Microfluidic Sorter – Some Optics 
Specifications 

Continuous, non-
pulsed light source 

106 – 108 objects/ml 
16, 20 or 24 bit ADC 
to handle 103 -104 range 
of signals digitally 

Assume sheathless system with microchannels approximately 
50 microns in diameter 



Rapid Prototyping Using National Instruments PXI Embedded 
Controller System and LabView Programming  



( in collaboration with Dr. Pedro Irazoqui’s laboratory) 

APD = Avalanche PhotoDiode   ASIC= Application Specific Integrated Circuit 

DSP = Digital Signal Processing   LEDs = Light Emitting Diodes 



Soft Lithography Microfabrication of Flow Chips 
at the Birck Nanotechnology Center 



Microbead flow in 
microfluidics channels 

Flow Rate µL/min Cross Section 
µm2 Velocity mm/sec 

0.5 6000 1.38 

0.5 3000 2.77 

0.5 1500 5.55 

0.8 6000 2.22 

0.8 3000 4.44 

0.8 1500 8.88 

1.5 6000 4.16 

1.5 3000 8.33 

1.5 1500 16.66 

5 6000 13.88 

5 3000 27.77 

5 1500 55.55 

10 6000 27.77 

10 3000 55.55 

10 1500 111.11 

40 6000 111.11 

40 3000 222.22 

40 1500 444.44 

50 6000 138.88 

50 3000 277.77 

50 1500 555.55 

100 6000 277.77 

100 3000 555.55 

100 1500 1111.11 

Video 1 0.8µL/min flow rate, 10x 
objective, 9.9µm beads 

Table 1 Corresponding flow 
rates and linear velocities 



Bead Spacing 

•  Spacing increases as 
particles move into a 
smaller cross section 

•  Streamlines are 
important 

•  0.8µL/min flow rate 
•  9.9µm beads 
•  120µm to 60µm 

channel widths 

(a) Time 0.0s 

(b) Time 0.25s 

(c) Time 0.5s 

(d) Time 0.75s 

(e) Time 1.0s 

Video 2 Beads following stream 
lines and increasing spacing 

Figure 3 Still frames highlighting the 
increased spacing between beads 



Cell Flow through microfluidic 
channels 

•  Live KG-1a cells, 
1µL/min, 10x 

•  Live KG-1a cells, 
0.1µL/min, 10x 

Video 3 Cells moving quickly Video 4 Cells at a slower rate 



Elastomeric Valve Structures 

•  Elastomeric valve 
•  1-10ms switching 

time possible 

Figure 4 Schematic of 
current valve set-up Video 5 Comsol valve function simulation 

Courtesy Han-Sheng Chuang  

( in collaboration with Dr. Steve Wereley’s group, 
Mech Eng/BNC) 



Avalanche Photodiode (APD) 

•  SensL Technologies, 
Ltd, Cork, Ireland 

•  High Gain, 10^6 
•  High S/N 
•  Low Bias, 30V, can 

be converted to 5V 
•  Insensitive to 

magnetic fields Figure 4 APD Spectral Description 



Sigma Delta Modulation 
•  Current sensing  

increases dynamic 
range 

•  Low power (2mW)  
•  Robust against existing 

noise  2 level pulse 
density modulated 
(PDM) signal and first-
order feedback loop 

B. Geheb, M. Grafton, J. Jang, L.M. Reece, J.F. Leary, J. Kwon, and B. Jung, “Low-Noise Wide Dynamic 
Range Readout Circuit for Multi-stage Microfluidic Cell Sorting Systems” IEEE/NIH Life Science Systems 
& Application Workshop 2009 (In Press). 

Figure 8 ΣΔ interface schematic 



Preliminary Data 

•  ΣΔ method clearly 
distinguishes water from 100 
FITC molecules, where as 
TIA method does not Figure 6 105 FITC molecules, time-

domain response of ΣΔ interface  

Figure 7 105 FITC molecules, 
time-domain response of TIA 



Data Acquisition 

•  MatLab algorithm, DSP board 
•  1Mhz sampling rate 

Figure 6 Comparison of peak values 
recorded by a macro sorter and the new 
MatLab programming with DSP board 

Figure 5 Flow cytometric data, 
4095 channels at 12-bit resolution 

( in collaboration with Dr. Pedro Irazoqui’s laboratory) 



BioMEMS Application # 2 

NASA SBIR Phase I* (Techshot, Inc.) 

Microfluidic Multichannel Flow 
Cytometer for  

On Orbit Cell Counting and Analysis 
Capability  

(a portable blood analyzer) 

*Phase II awarded, start January 1, 2010 



Statement of the Problem… 
NASA needs to monitor the health of astronauts in 
space. Problems exacerbated by ultra-low gravity 
include: 

  Infections 
  Anemia  

 Immune deficiency 

Backdropped by Earth's horizon and 
the blackness of space, the 
International Space Station is seen 
from Space Shuttle Discovery as the 
two spacecraft begin their relative 
separation. Earlier the STS-128 and 
Expedition 20 crew concluded nine 
days of cooperative work onboard the 
shuttle and station. Undocking of the 
two spacecraft occurred at 2:26 p.m. 
(CDT) on Sept. 8, 2009.  



But sampling astronauts’ blood in space is 
still done as it was 40 years ago – and it is 

never actually processed in space!  

(it is returned to Earth for analysis) 

Astronaut Kernan takes 
blood of astronaut 
Charles Conrad in 
space (1973) 



On-Chip Microfluidic Magnetic 
Sorting Design 

•  30µm depth 
•  Less cells in 

narrower 
channels 

•  Increased 
spacing in 
narrower 
channels 

•  Standard soft 
lithography 

•  PDMS Chip 

Whole 
blood 

Red blood 
cells (RBCs) 

White blood 
cells (WBCs) 

RBCs 



Whole (peripheral human)  blood 
(WB) is labeled with magnetic and 
Qdot nanoparticles for subsequent 
valveless sorting of WBC from WB 
and RBC counting 

RBC Path 

90 percent 
of RBC 
volume 

10 percent sampling of 
RBC total volume to permit 
slower counting of RBCs 

RBC Light scatter APD 
detector/ counter 

B-cells (e.g. CD19-Qdot565) 

Schematic of RBC and WBC Classification and Counting 

T-cells (e.g. CD3-Qdot 525) 

Neutrophils (e.g. 
CD11b-Qdot605 ) 

All WBCs will be labeled with a 
magnetic beads (e.g. BioMagCD45) for 
valveless sorting down this WBC 
channel for subsequent fluorescence 
analysis of WBC subsets using Qdots 
conjugated to appropriate antibodies. 

Non-sorting bifurcation point to 
divide volume 10:1 

365 nm 
superluminesc
ent LED plus 
excitation slits 

480 nm blue LED 

magnet 

480 nm blue LED WBC Light 
scatter APD 
detector/ counter 

WBC Path 



Simultaneous Excitation and Detection of Cells 
Labeled with 5 Qdot-conjugated antibodies 

Figure Y:  At least 5 colors of Qdots conjugated to desired antibodies for WBC 
subset analysis can all be excited at 365 nm using a Luxeon LED. The 
fluorescence emission spectra of each quantum dot type can be filtered 
through appropriate bandpass filters prior to detection on Sensl Technologies, 
Ltd. SMPMicro silicon photodetector avalanche photodiodes (APDs). 



B.  Reagent plug-in 
module (anti-CD45 
MNPs, McAb-Qdots,…) E.  365 nm LED 

A.  Capillary 
uptake tube 
for blood 
drop input 

D. Micro-
syringe 
drive 

C. Blood 
sample-reagent 
mixing 

Initial Device Integration 

J. User Interface 

Blood 
measurement 
outputs 

F.  Fluorescence 
emission filters 

G.  APD 
Detectors 

H. Initial Signal 
Processing 

I. Digital signal 
processor with 
algorithms 

WB RBC 

WBC 

WB = Whole blood 
WBC = White Blood Cells 
RBC = Red Blood Cells 



Comparison – No magnet versus 
magnetic diversion 

No magnet Magnet – time 1 Magnet – time 2 Magnet – time 3 

“In-chip” magnetic microfluidic sorting of Hoechst 33342 labeled human peripheral 
white blood cells. “M” shows approximate position of magnet. Yellow arrows 
indicate cells in motion. For panels B – D this is the same cell in motion. 

Details:  2655FF1 (no magnet), 2649FF1-FF3 (Magsort magnet) MGGExp. 7-2-2009 



A more widely used application of this technology… 

Rapid operating room blood analysis 
for newborns 

http://www.123rf.com/stock-photo/newborn.html 
Newborns have 100-200 ml total blood (compared to 5000 – 7000 ml in adults). So it is 
not possible to draw 7-10 ml of blood for conventional blood analyses. 

However, every baby born in the USA has a heel prick for a drop of blood (approx. 0.05 
ml) done as birth for a PKU (phenylketonuria) (“Guthrie test”) and a growing number of 
metabolic diseases using the plasma (not the blood cells). 

What if we could use a second drop of blood for a rapid (10 minute) blood analysis to 
screen for anemia and susceptibility for infections (low white blood cell subset counts)? 



BioMEMS Application # 3 

USDA food pathogen detection  

Portable Microfluidic Image Cytometer for  
Food Pathogen Detection 



•  There has been an increased incidence of 
pathogen contaminated food supplies. 

•  Current methods to screen for food-borne 
pathogens: 
– Metabolic tests:  Require culture of 2-7 days 
– PCR tests:  expensive, takes hours 
– Flow cytometry:  expensive instrumentation 
– ELISA:  tests take many hours 
– All of these methods have to be performed in 

a laboratory setting. 
48 

Need for new methods for the 
detection of food-borne pathogens 



•  Portable 
– The device must be small and compact. 
– Must be sturdy and robust. 
– Battery powered 

•  Short detection time 
– Rapid testing of sample in the field 
– Must eliminate need for culture, target labeling 

and target amplification. 
– System must be sensitive 

49 

Design goals for a field-ready 
pathogen detector 



•  Self contained and disposable 
– Microfluidic chip based assay 
– PDMS is inexpensive and relatively simple to 

mass produce. 
•  Multiplexed Detection 

– Must be able to screen for many known food-
borne pathogens simultaneously. 

•  Pathogen State information 
– Determine whether pathogens are viable. 

50 

Design goals for a field-ready 
pathogen detector (cont.) 



•  Surface plasmon resonance is a very 
sensitive label-free technique that can be 
used to measure small changes in surface 
dielectric properties. 

•  The changes in reflectivity that occur upon 
binding can be imaged using a CCD to 
show where binding occurs on a surface. 

51 

SPR Imaging 



What is Surface Plasmon Resonance (SPR)? 



Basic Principle of SPR 

A plasmon can be defined as a ray of light bound onto a surface – 
propagating along the surface and presenting itself as an 
electromagnetic field. 

Thickness of the metal film is important! 

Kretschmann configuration uses a  
metal film thin enough to monitor 
the plasmon. 



Angle dependence of SPR signal 



•  2D array of specific 
capture ligands 
(peptides, antibodies, 
aptamers) 

•  Magnetic pre-
concentration (if 
necessary) 

•  SPR imaging from 
bottom of sensor chip 
to detect pathogens. 

•  Epi-fluorescence 
imaging from top of 
PDMS chip to 
determine pathogen 
state, and perform 
secondary validation of 
pathogen identity. 

55 

A provisional US Patent #60/983,412 
has been filed for this device. 

Overall design strategy for device 



56 

The device has been designed and constructed using an optical cage design  
(Microptic, AF Optical, Fremont, CA).  The prism is mounted at the center, and  
continuous angle plates allow for the optimal SPR angle to be set for each assay.   
The device is rigid, robust, and can be locked into alignment. 

Construction of hybrid SPR/
molecular imaging device 



Assembly process for biosensor 
flow-through chip 

Microfluidics fabrication 

Microarray fabrication 

SU-8 photoresist 
pattern on silicon chip 

PDMS molding from 
SU-8 pattern on silicon chip 

PDMS replica  
with microchannels 

Photolithography  
on quartz glass chip 

Gold evaporation  
and lift-off 

Alignment and bonding of  
 microarray and microfluidics 



Functionalization of the chip with 
peptide ligands specific for a pathogen 

Peptide 
Ligands 



Specific Capture of Pathogenic Bacteria 



•  The biosensor is built 
on a two-dimensional 
array of gold spots. 

•  A capture ligand 
specific to a pathogen 
is immobilized on each 
spot. 

•  Each spot in the array 
can have a different 
ligand. 

•  A SPR image can be 
taken of the entire 
array, and the spatial 
position of binding 
events will determine 
the identity of the 
captured pathogen. 

60 

Multiplexed array of capture ligands 



•  PDMS chip 
encloses the 
biosensor array. 

•  Attached using 
Corona etching, 
which allows for 
shorter binding 
time at low 
temperatures. 

•  PDMS is 
transparent to 
visible light, so 
the array can be 
imaged through 
the chip. 
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CAD Drawing of microfluidic chip 



Immunomagnetic Concentration of E. coli 

Immunomagnetic  
concentration of E. coli  

E. Coli 
suspension  

E. coli capture 

N 

Santi-E.coli anitbody  
coupled magnetic beads 

How do we analyze macro fluids in a microfluidic device? 
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Selective capture of pathogenic E. 
Coli O157:H7 

* 

* * 

* 

Experimental positives 

* * 

* 

* Positives 

Sample map Fluorescent image of array 



•  Very high specific 
capture of 
pathogenic E. coli 
O157:H7. 

•  Low level of non-
specific binding. 

•  ImageJ (NIH) 
software was 
used to count the 
number of 
bacteria bound to 
each spot. 
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Selective capture of E. Coli O157:h7 



•  The BacLightTM 
(Invitrogen, 
Carlsbad, CA) kit 
was used to 
measure 
bacterial viability.   

•  The captured 
pathogens were 
found to be 97 
percent viable. 
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SYTO9 
fluorescence 
(all bacteria) 

Propidium 
Iodide 
fluorescence 
(non‐viable 
bacteria) 

Viability of E. Coli O157:h7  



•  Using a previous 
SPR imaging 
system we have 
imaged fields of 
E. coli O157:H7 of 
different densities 
using both SPR 
imaging (left) and 
fluorescence 
imaging (right). 
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SPR/fluorescence images of bacteria 

SPR Fluorescence 



•  10 micron green 
fluorescent beads 
were imaged on 
hybrid prototype. 

•  Can resolve 
individual beads 
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Epi-fluorescence images of fluorescent 
beads on prototype 



•  The hybrid SPR/molecular imaging device 
is small, robust and can be battery 
powered so it is portable 

•  The SPR detection is label-free and does 
not require any culture or sample 
amplification. 

•  Each assay is performed in a disposable 
PDMS microfluidic chip. 

•  The array of capture ligands allows for a 
spatially resolved multiplexed detection of 
pathogens. 68 

How the new prototype fits the 
design constraints  



Recent Progress in Presentations 
and Publications 

HYBRID MICROFLUIDIC SPR AND MOLECULAR IMAGING DEVICE 

James F. Leary, Kinam Park, Ghanashyam Acharya, Arthur Aronson, Michael 
D. Zordan     Purdue  University, PCT/US08/81571 (October 29, 2008) 

Zordan, M.D., Grafton, M.M.G,  Acharya, G.,  Reece, L.M., Cooper, C.L., 
Aronson, A.I.,  Park,K., Leary, J.F.  Detection of Pathogenic E. coli 
O157:H7 by a Hybrid Microfluidic SPR and Molecular Imaging Cytometry 
Device.  Cytometry Part A 75A: 155-162, 2009. 

Zordan, M.D., Grafton, M.M., Acharya, G., Reece, L.M., Aronson, A.I., 
Park,K., Leary, J.F. A microfluidic-based hybrid SPR/molecular imaging 
biosensor for the multiplexed detection of food-borne pathogens. 
Proceedings of the SPIE, Volume 7167, pp. 716706-716706-10 (2009). 

Publications: 

Patents: 



How effective is this 
concentration strategy? 

•  We have achieved 1000-fold reduction in 
volume from 10 ml initial sensing volume 
to 10 ul microfluidic analysis volume 

•  We retain >90 percent of the magnetic 
sensors within this 10 ul volume from this 
10 ml initial volume 

•  We are working on designs for a 10-fold 
larger initial volume and think this is 
achievable.  



•  Use small targeting peptides as capture 
ligands. 

•  Assess the sensitivity of the device. 
•  Design software that allow for greater 

automation of the assay. 
•  Use a technique like microarray spotting to 

make a smaller array of capture 
biomolecules, (go from 1 cm X 1cm total 
grid size to 1mm X 1 mm). 

•  New biomedical application area – 
detection of microbes in nose/throat 
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Future Work 



New biomedical application area – 
detection of microbes in nose/throat 

http://www.wellsphere.com/
wellpage/sore-throat-stuffy-
nose 

http://www.medicinenet.com/sore_throat_pictures_slideshow/article.htm 

Your doctor must make an immediate  diagnosis and 
perhaps prescribe anitbiotics if he/she thinks that it is a 
bacterial (not viral) infection. Meanwhile the lab tests take 
several days and are done largely as they were 40 years 
ago. What if you could do a test in a doctor’s office and have 
a result within 10 minutes? 



1.  Grafton, M., Reece, L.M., Irazoqui1, P.P., Jung, B., Summers, H.D., Bashir, R., Leary, J.F. 
Design of a multi-stage microfluidics system for high-speed flow cytometry and closed 
system cell sorting for cytomics. Proc. SPIE 6859, 1-10 (2008). 
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stage, microfluidic sorting fluidic architectures) Second divisional patent pending. 
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food-borne pathogens. Proceedings of the SPIE, Volume 7167, pp. 716706-716706-10 
(2009). 

5.  Michael D. Zordan, Meggie M. G. Grafton, Ghanashyam Acharya, Lisa M. Reece, Christy L. 
Cooper, Arthur I. Aronson, Kinam Park, James F. Leary  Detection of Pathogenic E. coli 
O157:H7 by a Hybrid Microfluidic SPR and Molecular Imaging Cytometry Device.  
Cytometry Part A 75A: 155-162, 2009. 

6.  Leary,J.F., Park, K., Acharya, G. Aronson, A.  Hybrid SPR/Molecular Imaging Microfluidic 
Device for Detection of Pathogens. Full International Patent PCT/US08/81571 (filed 
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Dynamic Range Readout Circuit for Multi-stage Microfluidic Cell Sorting System”, IEEE/NIH 
LiSSA 2009, pp 40-43, April 2009 (application of sigma-delta method to microfluidic 
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A Few Relevant Recent References 



Our MCF Team and Current Collaborators 
Molecular Cytometry Facility 

Director: James Leary 
Lisa Reece (SVM) – flow cytometry/ 
BioMEMS; tissue culture; high-speed 
magnetic sorting 
Christy Cooper (SVM) - bioanalytical 
chemistry, nanochemistry, XPS, AFM 
Meggie Grafton (BME) - BioMEMS 
Mary-Margaret Seale-Goldsmith * 
(BME) – multi-layered magnetic 
nanomedical systems  
Michael Zordan (BME) – prostate 
cancer, rare cell flow/image cytometry 
LEAP sorting, SPR imaging 
Trisha Eustaquio (BME) – gene 
silencing/therapy; interactive imaging 
Jaehong Key(BME)- 3D/MRI imaging 
Lehanna Sanders (DURI)- high-
speed magnetic sorting 

Combinatorial chemistry/ 
Drug Discovery 
David Gorenstein (UTMB) 
Xianbin Yang (UTMB) 

MRI Imaging 
Tom Talavage (Purdue) 
Charles Bouman (Purdue) 

Nanoparticle technology 
Kwangmeyung Kim (KIST, Korea) 
Kinam Park (Purdue) 
Alex Wei (Purdue) 
Huw Summers (Swansea U. UK) 

BioMEMS/Microfluidics 
Rashid Bashir (Purdue) 
Steve Wereley (Purdue) 
Kinam Park (Purdue) 
Pedro Irazoqui (Purdue) 
Byunghoo Jung (Purdue) 
Huw Summers (Swansea U, UK) 
Paul Todd (Techshot, Inc.) 

LEAP Interactive Imaging 
Fred Koller  (Cyntellect, Inc.) 
Jo Davisson (Purdue) 
Ray Fatig (Purdue) 

Nanochemistry 
Don Bergstrom (Purdue) 
David Thompson (Purdue) 

Nanomedicine studies 
Debbie Knapp (Purdue) 
Deepika Dhawan (Purdue) 
Sophie Lelievre (Purdue) 
David Thompson (Purdue) 

X-ray Photon Spectroscopy 
Dmitry Zemlyanov (Purdue) 

Nanotoxicity studies 
James Klaunig (IU-SOM) 

High-Energy TEM 
Eric Stach (Purdue) 
Dmitri Zakharov (Purdue) 

Atomic Force Microscopy 
Helen McNally (Purdue) 

Magnetic Cell Sorting 
Paul Todd (Techshot, Inc) 
David Kennedy (IKOTECH, LLC) 

Extramural Funding from NIH, NASA, USDA, Techshot, Inc., IKOTECH, LLC, 
Dow AgroSciences, Inc., and Army Breast Cancer Program 

Plant NanoScience studies 
Pon Jayakumar(DowAgroScience) 


