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Molecular Cytometry Facility

High-Throughput Technologies
High-speed flow cytometry/rare cell 

sorting
BioMEMS – microfluidic cytometry
Rapid imaging, laser ablation and 

opto-injection

Regenerative Medicine
Nanomedicine for cell and tissue 

regeneration
Molecular biosensor control of 

therapeutic genes in-situ
Adult stem cell therapeutics 

Engineering & nanotechnology Biology & Medicine

Cytomics
Microgenomics technologies             Single cell molecular biology

Cancer Diagnostics/Therapeutics
Detection of rare cancer cells
Molecular characterizations of rare 

tumor cells
Autologous transplantation with tumor 

purging
Single cell cancer prevention

Drug Discovery and Delivery 
Technologies

Development of autonomous nano-
medical systems for nanomedicine 

Combinatorial chemistry library 
screening technologies

Data Mining/bioinformatics



Concepts of Medicine
In 1490, 1966 and 2005

Art:  Da Vinci’s 
“Vitruvian Man” 1490 1966 science fiction 2005 science



Biomimicry Biomimicry –– Can Nature Provide Can Nature Provide 
Some of the Answers?Some of the Answers?

From the Greek “bios” = life 
and “mimesis” = imitation…

“Biomimicry is a new science 
that studies nature’s models 
and then imitates or takes 
inspiration from these 
designs and processes to 
solve human problems.”
[from the preface of Biomimicry]



http://www.nsf.gov/od/lpa/priority/nano/nano_intro.htm



The nanoworld challenges our perspectives on 
size – if you lived in a nanoworld…

nanoparticle
DNA molecules

You would need to think about nanoparticles as some-
times smaller than the molecules attached to them 
(antibodies are quite large) and the cell would be 
proportionately the size of a very large banquet room!



Nanomedicine Concept
of Regenerative Medicine 

“Fixing cells one cell at-a-time”

• Conventional therapies try to cut out the bad cells 
(surgery), burn them out (radiation therapy), or 
poison the bad cells faster than the good cells 
(chemotherapy).

• Nanomedicine attempts to make smart decisions to 
either remove specific cells by induced apoptosis or 
repair them one cell-at-a-time. Single cell 
treatments will be based on molecular biosensor 
information that controls subsequent drug delivery 
at the appropriate level for that single cell.



Features of Nanomedicine
Beyond the obvious application of nanotechnology to 

medicine, the approach is fundamentally different:
Nanomedicine uses “nano-tools” (e.g. smart 
nanoparticles) that are roughly 1000 times smaller than 
a cell (knives to microsurgery to nanosurgery … )
Nanomedicine is the treatment or repair (regenerative 
medicine, not just killing of diseased cells) of tissues 
and organs, WITHIN individually targeted cells, cell-by-
cell.
Nanomedicine typically combines use of molecular 
biosensors to provide for feedback control of treatment 
and repair. Drug use is targeted and adjusted 
appropriately for individual cell treatment at the proper 
dose for each cell (single cell medicine).



Why does Nanomedicine Represent a 
Huge Promise for Health Care?

Earlier diagnosis increases chances of survival. By the 
time some symptoms are evident to either the doctor or 

the patient, it may be already too late.

Conventional medicine is reactive to tissue-level problems 
that are happening at the symptomatic level. Nanomedicine 
will diagnose and treat problems at the molecular level 
inside single-cells, prior to traditional symptoms.
Conventional medicine is not readily available to much of 
humanity because it is labor-intensive and that labor is 
sophisticated and expensive. Nanomedicine will be much 
more preventive, comparatively inexpensive because it will 
minimize use of expense human experts, and can be more 
readily mass produced and distributed.



Preventing cancer at the single 
cell level using nanosystems?

Concept: Since cancer is a multi-step process 
is it possible to not only destroy cells in the very 
early stages of carcinogenesis but perhaps 
redirect them back onto normal pathways? The 
current boundary between very early detection 
and prevention will blur.



Autonomous vs. Non-autonomous 
Nanomedical Systems

Both are self-guiding, adaptive, multicomponent systems on 
the nanoscale for diagnostic and therapeutic prevention or 
treatment of disease. These “smart” nanomedical systems 
can deal with changing conditions, are error-correcting, and 
can provide proper dose of therapeutic response on a cell-
by-cell basis. 

Non-autonomous systems additionally require modulation 
from outside the body, e.g. heating from light or ultrasound; 
guiding or modulation by external electromagnetic fields; etc.



Concept: Smart Boolean Targeted, Programmed Sequence 
of Events, Multilayered Nanomedicine Systems with 

Biomolecular Sensors for Feedback Control of Gene/Drug 
Delivery within Single Cells
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Targeting molecules (e.g. an 
antibody, an DNA, RNA or 
peptide sequence, a ligand, a 
thioaptamer), in Boolean 
combinations for more precise 
nanoparticle delivery

Biomolecular sensors

Leary and Prow, US Patent pending

Cell targeting and entry

Intracellular targeting

Biomolecular sensing

Gene/drug delivery



Choice of Nanomaterials Nanocrystals 
or Nanocapsules for Nanomedicine?

Semiconductor Semiconductor 
nanocrystals or nanocrystals or 

““Quantum DotsQuantum DotsTMTM””
(Ref:  Clark et al., 2004 submitted)

OR
Biodegradable Biodegradable 

““nanocapsulesnanocapsules””
(Courtesy: Dr. Yuri Lvov)

Probable answer:  Nanocrystals for ex-vivo optical diagnostics and some form of hybrid 
biodegradable nanocapsule with MRI contrast agent core for in-vivo simultaneous diagnostics 
and therapeutics (“theragnostics”).



Nanocapsule Technology: LBL Assembly by 
Alternate Adsorption of Oppositely Charged Linear 

Polyions and Nanoparticles or Proteins

LBL (layer-by-layer) 
self-assembly

The LBL-assembly 
regimes for more 
than 40 different 
compounds have 
been established. 

Work of collaborator: Dr. Yuri Lvov



The Challenge:  Optimal Drug 
Delivery to the Single Cell

A potential solution: Deliver a drug 
manufacturing (in-situ) factory, not a drug. 
Then manufacture exactly the optimal amount 
for that particular cell under feedback control 
of an upstream molecular biosensor.



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

cells for single cell treatments

cell membrane

Multilayered 
nanoparticle

nucleus

cell

cytoplasm

Therapeutic gene

Biosensor control
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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.
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Biosensor Labs
Biosensor molecular biology
Results evaluated in targeting labs 

Nanomaterials biocompatibility labs
Microscopy/image analysis/LEAP
Gene expression microarray analyses

Interactions Between Technologies for 
Development of Nanomedical Systems

Nanoparticle fabrication and 
quality control labs

Nanochemistry
Dynamic Light scattering sizing
Zeta Potential
Atomic Force Microscopy

Cell and intracellular targeting labs
Flow cytometry
Imaging (laser opto-injection and 

ablation) cytometry
Confocal (one- and multi-photon analysis)

Transient Gene Therapy (“gene drugs”)
Construction of therapeutic genes for 
specific biomedical applications

Animal testing/comparative medicine
Human clinical trials



High-throughput Cell Separation for Delivery of Highly 
Enriched Cell Subpopulations for Gene Expression 

Microarray Analysis
LEAP™ (Laser-Enabled 
Analysis and Processing) 
has throughputs greater than 
100,000 events/sec, high cell 
purity, yield and viability. 
It can process several cells 
or a billion cells with an 
expanded cell range 
including fragile cells. 
Another advantage is that it 
can analyze and purify 
biohazardous cells without 
generating aerosols .

Fluorescence 
collection optics of 
LEAP instrument

Shooting at cells 
inside 384-well 
plates to eliminate 
undesired cells and 
capture desired 
cells for 
subsequent gene 
expression 
microarray analysis



LEAP (Laser Enabled Analysis and Processing) 
(Oncosis, Inc., San Diego. CA)

LEAP Laser Optoinjection

We are testing a beta version of this instrument 
in our laboratory. Not only does it perform high-
speed imaging of cells, but it can also shoot 
selected cells with a laser beam to either 
eliminate them for cell sorting, or to optoinject 
them with molecules or nanoparticles.



High-Speed laser Opto-Injection of 
Nanomaterials into Selected Single Cells

LEAP (Laser Enabled Analysis and Processing) (Cyntellect, Inc.) 
laser opto-injection of nanoparticles into human cells for 
subsequent characterization of the global gene response to 
nanomaterials using gene expression microarrays

human cell

nanoparticle
532 nm laser beam

(Ref:  Clark et al., 2004)



LEAP laser opto-injection of 
macromolecules into selected living cells

Confocal images (right hand 
side) of optoinjected suspension 
cells (HeLa).  Panels 1 and 2. All 
cells within the targeted square 
area (dashed square) were 
opto-injected with tetra methyl 
rhodamine-conjugated dextran; 
MW=10kD. Panels 3&4, Higher 
magnification (63x) images of 
the optoinjected area showed a 
visual difference between the 
dextran uptake of individual 
cells. In other experiments we 
successfully optoinjected 
dextrans up to 100kD.

Ref:  Szaniszlo, P., Rose, W.A., Wang, N., Reece, L.M., Tsulaia, T.V., Hanania, E.G., Elferink, C.J., Leary, J.F.  "Scanning 
Cytometry with a LEAP: Laser-Enabled Analysis and Processing of Live Cells In Situ" Cytometry (In Press) 2006 



High-Speed Laser Ablation of Non Opto-Injected 
Cells

intact cell

nanoparticle 532 nm laser beam

Laser-
ablated cell

LEAP (Laser Enabled Analysis and Processing) (Cyntellect, Inc.) 
laser opto-injection of nanoparticles into human cells for 
subsequent characterization of the global gene response to 
nanomaterials using gene expression microarrays (after laser 
ablating non-optoinjected cells)



LEAP Imaging System 
Laser Optoinjection for high-speed 

microinjection of genes and other molecules 
into selected cells

Robotic delivery of multi-well 
dishes or other culture vessels for 
LEAP analysis

Laser ablation or optoinjection of 
cells, in this case on a slide, under a 
cover slip



LEAP optoinjection and sorting

Recently we have successfully accomplished two-step LEAP laser 
opto-injection and laser elimination of non-optoinjected cells for 
subsequent gene expression array analysis. The gene arrays are still 
being analyzed in detail. But a preliminary analysis shows minimal 
distortion of the gene expression profile by laser opto-injection. We 
have also proven that one can remove the mRNA of the laser ablated 
cells from the analysis of the remaining desired cells. 



Why is it important to target Why is it important to target 
INSIDEINSIDE single cells?single cells?

Getting a nanoparticle to the surface of a 
targeted cell is only the first leg of a much longer 
and more complex journey. Since individual 
nanoparticles are one millionth to one-billionth 
the volume of a human cell, we need to target to 
the correct region inside the cell. Otherwise, the 
therapy may get sequestered or degraded in 
other regions of the cell. 



Multispectral Confocal Microscopy for Determining 
Nanoparticle Locations within Living Cells

“optical sectioning”

On next generation, multispectral confocal 
microscopes it is possible to separate highly 
spectrally overlapping fluorescence in 
samples. One must collect the entire 
fluorescence spectrum and distribute it over 
multiple detectors (META portion of 
instrument). Then differences in a portion of 
the fluorescence spectrum can be used to 
“deconvolute” the heavily overlapping 
portions of the spectra of two or more 
fluorescent probes in a sample by spectral 
un-mixing (“emission fingerprinting”). Zeiss 510 META confocal Microscope

Source: http://www.zeiss.com



NASA Application
Continuous DNA Repair 

to Prevent Radiation-
Induced Cancer



From an Early Era of Nanomedicine …

NASA Press Release:   Today, April 13, 2000, NASA Administrator Daniel S. 
Goldin and National Cancer Institute (NCI) Director Dr. Richard Klausner 
signed a Memorandum of Understanding to develop new biomedical 
technologies that can detect, diagnose and treat disease here on Earth and in 
space. The development of such technologies will improve life on Earth and 
one day revolutionize medicine and space travel. 

UTMB: As one of the original 13 groups (& NASA-funded, 6 NCI funded) 
nationwide funded by this program, UTMB and collaborating scientists are 
developing nanomedical systems for NASA to continuously repair and combat the 
effects of radiation on astronauts. (This research was funded by the Biomolecular, 
Physics and Chemistry Program under NASA-Ames grant NAS-02059 (BAA N01-
CO-17014-32 )



Partial Protection from Radiation 
on Earth and Near Earth

In addition to providing us with spectacularly beautiful aurora, the magnetic field of 
the Earth helps shield us (and shuttle and space station astronauts, cosmonauts 
and now taikonauts) from space radiation.        Source: NASA website



No Blue Sky and Lots of Radiation on Mars!

With an atmosphere only 1 percent 
that of Earth and virtually no 
magnetic field, the sky on Mars is 
black and floods the surface with 
solar and cosmic radiation harmful 
to humans. Source: NASA website



 

Voyage of the 
Nano-Surgeons

NASA-funded scientists are crafting 
microscopic vessels that can venture into the 

human body and repair problems – one cell at 
a time. 

 http://science.nasa.gov/headlines/y2002/15jan_nano.htm
January 15, 2002: It's like a scene from 
the movie "Fantastic Voyage." A tiny 
vessel -- far smaller than a human cell -- 
tumbles through a patient's bloodstream, 
hunting down diseased cells and 
penetrating their membranes to deliver 
precise doses of medicines.  

Only this isn't Hollywood. This is real 
science. 

Right: Tiny capsules much smaller than 
these blood cells may someday be injected 
into people's bloodstreams to treat conditions ranging from cancer to radiation damage. Copyright 
1999, Daniel Higgins, University of Illinois at Chicago. 



Nanomedicine - Continuous Therapy for 
Preventing Cancer in Astronauts

Engineered multilayered nanoparticles targeted to radiation-damaged cells can initiate repair of 
damaged DNA using DNA repair genes manufactured inside individual living cells under the 
control of molecular biosensor switches. 



Possible Algorithms for Programmable Nanoparticles
for

Nanomedicine for Prevention of Radiation-Induced Cancer 
in Astronauts

Targeted 
nanoparticles

Seek out radiation-
damaged cells

Expression of 
radiation-damage 

biosensor

Expression 
of biosensor

Does the cell show 
signs of radiation-
induced stress?

No Yes

Repairable
Cell entry and 
gene delivery

Not Repairable
(could give rise 
to cancer cells)

Express 
therapeutic 
(DNA repair) 

genes

Induce 
apoptosis



Is it feasible to find rare cancer cells in astronauts?

Nanoparticle Targeting Data

Conventional 
antibody labeling

Nanoparticle labeling

Note: Nuclei of cells are counter-stained blue with a DNA dye

Targeting strategies already developed can detect one rare cell 
in a million other cells (similar to the expected frequency of 
cancer cells in astronauts exposed to space radiation)

For review see:  Leary, 1994; Leary, 2000; Leary, 2005.



Concept: Ionizing Radiation 
Activates Biosensor Mediated DNA 

Repair Enzyme Expression

Irradiation

Normal Cell

Irradiated Cell
With DNA
Damage

Cell With
Repaired DNA

Transcription of DNA Repair Enzymes 
Initiated by ARE Complex Binding

DNA repairX

No transcription of DNA repair 
enzymes in normal cells

Sequence 
to produce 
DNA repair 

enzyme
ARE 

biosensor Expression

Copyright: Tarl 
Prow, Ph.D. Thesis 
(Leary lab) 2004

ARE 
proteins

ARE 
proteins



Data: ROS Activated Biosensor in 
Living Human Cells

Time (hrs): 0 24 60

Fluorescence 
photographed

Treatment: Unstressed cells Stressed cells

Methods: Cells were transfected 
with either ARE-GFP (stress 
biosensor) or TK-GFP (a control 
gene). 24 hours later the cells 
were stressed with a chemical to 
simulate space radiation stress. 
The cells were examined every 
12 hours post treatment. Weak 
fluorescence was present at hour 
48 and at hour 60 photographs 
were taken. 

Stressed cells Control cells Control cells

(No biosensors)ARE-GFP+
(ARE biosensor 

fluoresces green in 
the presence of ARE 

stress proteins)

ARE-GFP+
ARE biosensor 
background in 
unstressed cellsSource: Tarl Prow, Ph.D. Thesis

(Leary lab) 2004



Feasibility Example: A Strategy for 
accelerating DNA repair in human cells
• In humans, there is ONLY ONE mechanism to repair UV-induced damage to DNA

– Immune system suppressed 8-24 hrs.
– DNA damage removal takes 24-48 hrs.

• However, simpler organisms have TWO and sometimes THREE repair systems
• One of these repair systems is partially present in humans, BUT we are MISSING the 

FIRST STEP

PCNA
FEN-1
POL β or δ/ε
LIG I
LigIII/XRCC1

GLYCOSYLASE

AP LYASE
AP ENDONUCLEASE

POLβ
LIGI
LigIII/
XRCC1

OH
^

XX
UV Humans are 

missing this repair 
enzyme which can 
be transfected into 
human cells

• Using nanoparticle/biosensor technology we can supply this
missing first step to enhance DNA repair in human cells



Feasibility example: Production and testing 
of novel UV-damage specific DNA repair 

enzymes with intracellular targeting 
sequences

1) Create genetically-modified DNA repair proteins 
that are specifically targeted to the cell’s nucleus or 
mitochondria to initiate repair at UV-induced 
DNA damage sites

a) Nuclear localization signals PKKRKRRL and 
PKKKRKRL at the C-terminus

b) Mitochondrial targeting sequence 
MALHSMRKARERWSFIRA and 
MGVFCLGPWGLGRKLRTFGKGPLQLLSRLCGDHLQ 
at the N-terminus



Feasibility Results:  Human cells transiently or 
stably transfected with missing DNA repair enzyme

T4 transfected DNA repair enzyme with no 
localization anchoring sequence, with 
transient expression 

Wt-T4-PDG-GFP in CHO-XPG. Transient 
expression. 100x objective

T4 transfected DNA repair enzyme with 
mitochondrial  localization anchoring 
sequence, with transient expression

MLS35-T4-PDG-GFP in CHO XPG. 100x 
objective

T4 transfected DNA repair enzyme with 
mitochondrial  localization anchoring 
sequence, with stable expression

MLS18-T4-PDG-GFP in hXPA. 100x 
objective



Feasibility Results: DNA comet assays show evidence of 
accelerated DNA repair in transfected human cells

T4 treatedNo T4 treatment
Hxpa DNA repair-deficient human cells NLSI DNA repairable-human cells

T4 treatedNo T4 treatment

Un-irrad

20 J  0h

20 J  6h

Note: Comet streaks show attempts to repair DNA damage which should be 
completed in about 6 hours as opposed to normal 72 hours. NLSI cells successfully 
repair, control Hxpa cells do not.



Feasibility StudyFeasibility Study
Question: Can we do non-invasive radiation 

dosimetry by in-vivo monitoring of  the 
presence and frequency of radiation damaged 

cells through the eye of an astronaut?

Methodology: Special glasses could image 
back on the retina of the eye and record the 

passage of blood cells to non-invasively 
sample blood with pre-selected sentinel 

nanoparticle probes that bind specific cells.



InIn--vivo flow cytometry in the retinavivo flow cytometry in the retina

CD95 fluorescently labeled BJAB cells (green) were tracked through the rat retina after 
injection. The path of the cells through an artery then capillary then vein is shown in blue
(collaborative work with Dr. Gerald Lutty’s group at Johns Hopkins University)



MCF Team and Some Current Collaborators
Molecular Cytometry Facility 

(MCF)
Director: James Leary

--------------------------------------------------
UTMB

Jacob Smith* – mathematics and 
scientific programming 
Tarl Prow** – nanotechnology; confocal 
microscopy; molecular biosensors for 
HCV
Peter Szaniszlo – HHV6/HIV; stem 
cells; microgenomics (UTMB)
Nan Wang – cell culture, molecular 
biology assays (UTMB)
Bill Rose–nanocapsule design (UTMB)
------------------------------------------------

Purdue
Lab Dir: Lisa Reece – flow cytometry/ 
cell-bead sorting for proteomics
Christy Cooper- bioanalytical chemistry 
of multilayered nanoparticles
Meggie Grafton (BME) -BioMEMS
Emily Haglund (BME)-nanomedicine
Mary-Margaret Seale (BME) -
nanomedicine
Michael Zordan (Purdue) - LEAP 
technology for tissue engineering

Mathematics/Statistics
(Purdue)

Combinatorial 
chemistry/aptamers
David Gorenstein (UTMB)
Xianbin Yang (UTMB)
Cagri Savran (Purdue) Confocal Imaging

Massoud Motamedi (UTMB)
Gracie Vargas (UTMB)
Paul Robinson (Purdue)

DNA Repair
Stephen Lloyd (Oregon Health 
Sciences Center)

In-vivo imaging 
Gerald Lutty (Johns Hopkins Un.)
Paul Robinson (Purdue)

Nanocrystal technology
Nick Kotov (Univ. Michigan)
Jo Davisson (Purdue)

Bioinformatics
Bruce Luxon (UTMB)
(Purdue)

Nanocapsule technology
Yuri Lvov (Louisiana Tech U)
Don Bergstrom (Purdue)
Kinam Park (Purdue) LEAP technology

Fred Koller  (Cyntellect, Inc.
San Diego, CA)

Proteomics
Alex Kurosky (UTMB)
Jo Davisson (Purdue) Microfluidics/engineering

Rashid Bashir (Purdue)

In-Vivo Animal Studies
Deborah Knapp (Purdue)
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