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Collaborating Institutions 
 

 
Individuals from the following departments and institutions collaborated with the Center’s faculty and staff in the research 
reports included in this year’s publication (for individual attributions see specific reports): 

Collaborating Columbia University Departments: 

• BioMEMS Laboratory 

• Department of Environmental Health Sciences, 
Mailman School of Public Health 

• Department of Medicine, Division of Cardiology 

• Department of Medicine, Division of Infectious 
Diseases 

• Department of Radiation Oncology 

• Department of Surgery 

• Department of Systems Biology 

 

Collaborating Institutions: 

• Biosciences Department, Brookhaven National 
Laboratory, Upton, NY 

• British Columbia Cancer Agency, Victoria, BC, 
Canada 

• Department of Chemistry, University of Illinois at 
Urbana-Champaign, Champaign, IL 

• Department of Electronic Engineering, University of 
Surrey, UK 

 

• Department of Human Molecular Genetics, Banaras 
Hindu University, Varanasi, India 

• Department of Natural Sciences, Hostos College of the 
City University of New York, Bronx, USA 

• Department of Pathology, Dr. Gustavo Fricke Hospital of 
Viña del Mar, Valparaiso, Chile 

• Department of Physics and Materials Sciences at the City 
University of Hong Kong 

• Departments of Radiology, Medicine, and Microbiology 
and Immunology, Albert Einstein College of Medicine, 
Bronx, NY 

• Institute for Advanced Research and Department of 
Health Science, Tarapacá University, Arica, Chile 

• IREC, School of Medicine, St. Luc Hospital, University 
of Louvain, Brussels, Belgium 

• Kapi’olani Medical Center for Women and Children, 
Honolulu, HI 

• Lovelace Respiratory Research Institute, Albuquerque, 
NM 

• University of Hawaii Cancer Center, Honolulu, HI     ■ 
 
 
 
 
 
 

 

Upper row (left to right): Manuela Buonanno, Bill Morgan; Ed Azzam, 
Ellie Blakely; Charles Waldren, Bill Morgan, Diane Vannais.  
Lower row (left to right): Howard Lieberman, Marc Mendonca. 
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Lee Goldman, Scott Hammer, David Brenner, and Henry Spotnitz with the prototype 
Excimer surgical sterilization lamp, built by the CRR Machine and Design Shop. 
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A Word from the Director…. 
 

 
The US is unusual among most of the developed 

nations in having cut back on funding low-dose radiation 
research over the past few years. Europe and Japan, by 
contrast, have gone in exactly the opposite direction, and 
have vibrant national and international low-dose radiation 
research programs. But perhaps things are improving in 
the US: The US House of Representatives just (November 
2014) passed the Low-Dose Radiation Research Act of 
2014, and it now moves for consideration in the US 
Senate. 

The first paragraph of this Act calls for "... a research 
program on low dose radiation. The purpose of the 
program is to enhance the scientific understanding of and 
reduce uncertainties associated with the effects of 
exposure to low dose radiation in order to inform 
improved risk management methods".  

As I've discussed several times in past "Introductions", 
when we are thinking about large numbers of people 
exposed to very low doses of radiation, we really do need 
to "enhance the scientific understanding” and “reduce 
uncertainties".  Fukushima is a case in point, where 
around 100,000 people remain displaced from their 
homes, some involuntarily, some voluntarily, because of 
the very low dose exposures that remain after the 
Fukushima accident. The regulatory aspect focuses on 
two "magic numbers": First 20 mSv/y, which defines the 
evacuation zones, and then 1 mSv/y, which defines the 
target for cleanup activities.  

It would be hard for anyone to make the claim that we 
"know" quantitatively the risks associated with 1 mSv/y, 
and yet the consequences of this number are enormous, 
both  from  an economic  and  from a  human perspective. 

We need to learn what lessons we can from the 
Fukushima disaster, and one of them surely is that we 
need our regulatory requirements to have a firm scientific 
basis. At present, our regulations are based on the "best 
science we have", but the best science we have is still not 
as good as it should be.  

So the main goal of the Low-Dose Radiation Research 
Act "to enhance the scientific understanding of and 
reduce uncertainties associated with the effects of 
exposure to low dose radiation in order to inform 
improved risk management methods" is exactly on the 
mark. This remains one of the primary goals of our Center 
for Radiological Research, along with radiation studies 
relevant to single cell biology, space travel, diagnostic 
applications, cancer therapy, and national security.      

David J. Brenner, CRR Director  ■ 

 
 

Workers at a school sports field in Hirono, outside the 
Fukushima nuclear exclusion zone, prepare bags of radiation-
contaminated earth for shipment to a dumping ground. – AP 

Left to Right: Monique Rey, Steve 
Marino; Radek Pieniazek, Drake 
Pieniazek; David Brenner. 
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Staff News 
 

 
Dr. David Brenner continued as a member of the 

National Academy of Sciences Nuclear and Radiation 
Studies Board, and was a member of a NAS study on 
“Research Directions in Human Biological Effects of 
Low Level Ionizing Radiation.”  He was interviewed in 
the press and on television on issues ranging from 
radioactive contamination in Queens to the possibility that 
Yasser Arafat was poisoned by polonium. He continued 
to serve as an Associate Editor of the journal Radiation 
and Environmental Biophysics.  

Dr. Tom Hei presided over the 59th Annual Meeting 
of the Radiation Research Society in New Orleans, 
concluding his term as President.  He holds an Adjunct 
Professorship at the Chinese Academy of Sciences, a 
Chair Professorship at Soochow University, and is a 
Distinguished Visiting Scientist at the National Institute 
of Radiological Sciences (NIRS) in Chiba, Japan. He 
launched a new Committee on Space Research 
(COSPAR) journal, Life Sciences in Space Research, 
published by Elsevier and serves as its Editor-in-Chief. In 
addition, he continues to serve as an Editor of Advances 
in Space Research and as an Associate Editor of the 
Journal of Radiation Research and Translational Cancer 
Research.  

Dr. Howard Lieberman was a member of the Israel 
Cancer Research Fund Scientific Advisory Board.  He 
continued to serve as Associate Editor for both Radiation 
Research and the Journal of Cellular Physiology.  

Dr. Sally Amundson continued to serve on the 
Scientific Advisory Committee of the joint U.S.-Japan 
Radiation Effects Research Foundation (RERF), and as a 
member of the NCRP, for which she is chairing a 
committee preparing a commentary on the integration of 
basic science and epidemiology for low dose radiation 
risk assessment.  She was also a member of a National 
Academy of Sciences committee on backscatter x-ray use 
for airport passenger screening. Dr. Amundson remained 
an Associate Editor of Radiation Research, and a 
Councilor-at-large of the Radiation Research Society.  

Several new researchers joined the Center in 2013, 
Associate Research Scientists M.A. Sureshkumar and Li 
Wang, Staff Associate Mohammad Durrani, Postdoctoral 
Research Scientists Stanley Lue, David Welch, and 
Jinhua Wu, as well as Technician B Mashkura 
Chowdhury.  The Center also hosted Visiting Research 
Scientist Xuezhong Gong. Former faculty member 
Yongliang Zhao took up an Adjunct Assistant Professor 
position, maintaining his connection to the Center. 

Ms. Monique Rey, who served as our administrator 
for many years, retired at the end of the year. Dr. 
Oleksandra Lyulko, Dr. Sunirmal Paul, and Ms. Lilian 
Oling also left the Center in 2013.  We wish them all well 
in the future.                    ■ 
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Laboratory Colloquia and Seminars 
    

 
Approximately every four months, the Center 

organizes morning-long colloquium sessions featuring 
presentations of recent work by Center researchers and 
guest speakers.  These colloquia are attended by Center 
professional and technical staff and graduate students, 
as well as by physicians and scientists from other 
departments at CUMC.  They serve as a forum for 
discussions and forging future collaborations.  The 
2013 Colloquium Series was organized and coordinated 
by Dr. Lubomir Smilenov. 

 
May Colloquium:  
• Dr. Vladimir N. Ivanov, CRR: “Regulation of 

signaling pathways and gene expression during 
radiation-induced bystander response.” 

• Dr. Igor Shuryak, CRR: “Prophylactic mammary 
irradiation (PMI) as a potential breast-conserving 
approach to reduce contralateral second breast 
cancer risks.” 

• Prof. Benjamin Tycko, Institute for Cancer 
Genetics, Columbia University Medical Center: 
“Genetic influences on DNA methylation 
patterns.” 

 
July Colloquium: 
• Dr. Alan Bigelow, CRR: “Raman spectroscopy 

of irradiated biological samples.” 
• 

 
• Prof. Ekaterina Dadachova, Dept. of Radiology, 

Albert Einstein College of Medicine: “Physical, 
chemical and biological insights into the 
interaction of ionizing radiation with melanin 
pigment in cells.” 

• Dr. Constantinos Broustas, CRR: “RAD9 
controls multiple aspects of prostate cancer 
progression.” 

 
 
In addition to our colloquium series, we have also 

welcomed a number of distinguished guest speakers 
from around the country and around the world.  Guest 
speakers during 2013 included the following: 

• Dr. Yan Liu, SUNY at Stony Brook: “Down-
regulation of Rad51 activity during meiosis in 
yeast prevents competition with Dmc1 for repair 
of double-strand breaks.” 

• Prof. Qamar Rahman, Amity University, 
Lucknow, India: “Are carbon nanotubes really 
following the footprints of asbestos fibres?” 

• Prof. Haiying Hang, National Laboratory of 
Biomacromolecules, Institute of Biophysics, 
Chinese Academy of Sciences, Beijing, China: 
“Rad9: two more tricks in DNA repair and New 
project: therapeutic antibodies.”            ■ 

 

Left to right: Manuela Buonanno, Alan Bigelow, Brian Ponnaiya, and Andrew Harken in the last days of the P41 resubmission. 
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Faculty and Staff 
    

 
Faculty: 
 DAVID J. BRENNER, Ph.D., D.Sc. 

Ø Director 
Ø RARAF Director 

Higgins Professor of Radiation Biophysics 
Professor of Radiation Oncology 
Professor of Environmental Health Sciences 

 TOM K. HEI, Ph.D. 
Ø Associate Director 
Ø Vice-Chairman, Dept. of Radiation Oncology 

Professor of Radiation Oncology 
Professor of Environmental Health Sciences 

ERIC J. HALL, D.Phil., D.Sc., FACR, FRCR, FASTRO 
Higgins Professor Emeritus, 
Special Lecturer in Radiation Oncology, 
Special Research Scientist 

CHARLES R. GEARD, Ph.D. 
Professor Emeritus of Clinical Radiation Oncology 

HOWARD B. LIEBERMAN, Ph.D. 
Professor of Radiation Oncology 
Professor of Environmental Health Sciences 

SALLY A. AMUNDSON, Sc.D. 
Associate Professor of Radiation Oncology 

GUY GARTY, Ph.D. 
Associate Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

PETER GRABHAM, Ph.D. 
Assistant Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

LUBOMIR SMILENOV, Ph.D. 
Assistant Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

YONGLIANG ZHAO, Ph.D. 
Adjunct Assistant Professor  

 

Research Staff: 
GERHARD RANDERS-PEHRSON, Ph.D. 

Senior Research Scientist 
ADAYABALAM BALAJEE, Ph.D. 

Research Scientist 
VLADIMIR IVANOV, Ph.D. 

Research Scientist 
HONGNING ZHOU, M.D. 

Research Scientist 
ALAN BIGELOW, Ph.D. 

Associate Research Scientist 
CONSTANTINOS BROUSTAS, Ph.D. 

Associate Research Scientist 
GLORIA CALAF, Ph.D. 

Adj. Associate Research Scientist 
CONGJU CHEN, Ph.D. 

Associate Research Scientist 
SHANAZ GHANDHI, Ph.D. 

Associate Research Scientist 
ANDREW HARKEN, Ph.D. 

Associate Research Scientist  
PREETY SHARMA, Ph.D. 

Associate Research Scientist 

 
M.A. SURESHKUMAR, Ph.D. 

Associate Research Scientist  
SUNIL PANIGRAHI, Ph.D. 

Associate Research Scientist  
SUNIRMAL PAUL, Ph.D. 

Associate Research Scientist 
BRIAN PONNAIYA, Ph.D. 

Associate Research Scientist 
MIKHAIL REPIN, Ph.D. 

Associate Research Scientist 
IGOR SHURYAK, M.D., Ph.D. 

Associate Research Scientist 
HELEN TURNER, Ph.D. 

Associate Research Scientist 
ANA VASILEVA, Ph.D. 

Associate Research Scientist 
LI WANG, Ph.D. 

Associate Research Scientist 
YANPING XU, Ph.D. 

Associate Research Scientist 
ERIK YOUNG, Ph.D. 

Associate Research Scientist 
XUEZHONG GONG, Ph.D. 

Visiting Research Scientist 
KEVIN M. HOPKINS, M.S., Senior Staff Associate 
STEPHEN A. MARINO, M.S., Senior Staff Associate 
MOHAMMAD DURRANI, M.S., Staff Associate 
KONG KWAN LAM, Staff Associate 
JAY PERRIER, Staff Associate 
RADOSLAW PIENIAZEK, Staff Associate 
MARIA TAVERAS, R.N., Research Nurse  

 

Post-Doctoral Research Scientists: 
MANUELA BUONANNO, Ph.D. 
STANLEY LUE, Ph.D. 
KUNAL CHAUDHARY, Ph.D. 
DAVID WELCH, Ph.D. 
JINHUA WU, Ph.D. 
BO ZHANG, Ph.D. 

 

Design & Instrument Shop: 
GARY W. JOHNSON, A.A.S., Senior Staff Associate 
Ø Design & Instrument Shop Director 

DAVID CUNIBERTI, B.A., Instrument Maker 
DENNIS KEAVENEY, Instrument Maker 
ROBERT C. MORTON, Instrument Maker 

 

Technical Staff: 
CUI-XIA KUAN, Technical Assistant 
MASHKURA CHOWDHURY, Technician B  
OLEKSANDRA LYULKO, Ph.D. Junior Programmer 

 
Administrative & Secretarial Staff: 

MONIQUE REY, B.A., Center Administrator 
ERICA PENA, B.A., Business Manager 
LILIAN OLING, M.A., Project Manager 
ANGELA LUGO, B.A., Administrative Coordinator 
ANNERYS RODRIGUEZ, Bookkeeper 
MARGARET GERMAN, Secretary B    ■  
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 Faculty and Staff 
 

 

 
 
Front Row (l-r): Ms. Erica Pena, Dr. Gerhard Randers-Pehrson, Dr. Tom Hei, Dr. David Brenner, Dr. Howard 
Lieberman, Dr. Sally Amundson, Dr. Eric Hall. 
 
 
2nd Row:  Mr. Gary Johnson, Ms. Annerys Rodriguez, Ms. Angela Lugo, Dr. Helen Turner, Ms. Maria Taveras, 
Ms. Cui-Xia Kuan, Dr. Ana Vasileva, Dr. Congju Chen, Dr. Jinhua Wu, Dr. Manuella Buonanno, Mr. Jay Perrier. 
 
 
3rd Row: Mr. Haseeb Durrani, Dr. Chi Zhang, Dr. Kunal Chaudhary, Dr. Guy Garty, Mr. Radek Pieniazek, Dr. 
Peter Grabham, Dr. Alan Bigelow, Mr. Kevin Hopkins. 
 
 
Back Row: Youping Sun, Dr. Hongning Zhou, Dr. Constantinos Broustas, Dr. Sunil Panigrahi, Mr. Robert 
Morton, Dr. Andrew Harkin, Dr. Lubomir Smilenov, Dr. David Welch. 
 
 
Not Pictured: Dr. Gloria Calaf, Ms. Margaret German, Dr. Shanaz Ghandhi, Dr. M.A. Sureshkumar, Mr. Dennis 
Keaveney, Ms. Angela Lugo, Dr. Sunirmal Paul, Dr. Charles Geard, Dr. Preety Sharma, Dr. Mikhail Repin, Mr. 
David Cuniberti, Dr. Vladimir Ivanov, Mr. Stephen Marino, Dr. Adayabalam Balajee, Dr. Yanping Xu, Dr. 
Stanley Lue, Dr. Igor Shuryak, Dr. Brian Ponnaiya, Dr. Li Wang, Dr. Thomas Templin, Dr. Bo Zhang, Dr. Sasha 
Lyulko. 
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We are developing automated platforms integrated 

with our microbeam systems, to provide precise 
regulation and control of environmental conditions for 
biological samples before, during, and at long times after 
microbeam irradiation. The systems will allow for 
establishing, maintaining, and changing prescribed 
conditions (e.g., temperature, pH, pCO2, pO2 and drug 
concentrations) for the culture environments surrounding 
cells, tissues, and small organisms, to enable short- and 
long-term observations in vitro and in vivo within the 
microbeam irradiation platforms. We are developing two 
different, though similarly motivated systems, AMOEBA 
(Automated Microbeam Observation Environment for 

Biological Analyses) and  µAMOEBA. Both will be 
automated feedback-based systems leveraging off 
essentially the same control electronics. The AMOEBA 
system is compatible with standard dish-based 
experiments, and    is   designed   to     facilitate      tight 
environmental controls over long periods; µAMOEBA is 
a microfluidics-based version, and as such allows precise 
control and rapid changes of environmental parameters, 
such as hypoxia, and also allows use of much smaller 
volumes of material. This development will support 
extended experiments, such as those involving monitoring 
the kinetics of DNA repair, cell-cycle progression, and 
chromosomal domain dynamics.  

Automated Microbeam Observation Environment 
for Biological Analyses (AMOEBA) 

Alan Bigelow, Matthew Englanda, David Welch, and David J. Brenner 

aDepartment of Electronic Engineering, University of 
Surrey, UK.  

 

Figure 1.  Example “flow” diagram for the AMOEBA flowing medium across cells plated in a microbeam dish before, during, and 
after irradiation. The purge gas cylinder represents any purge gas source used to maintain prescribed gas concentrations in 
reservoirs and microbeam dishes. 
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AMOEBA 
Our AMOEBA solution for environmental control will 

comprise off-the-shelf modular components arranged as 
in Fig. 1. In general, medium is dispensed into and 
aspired from the microbeam dish using peristaltic pumps. 
Our AMOEBA is being developed with a lab-in-a-box 
approach, allowing a facility user to select their preferred 
configuration from a provided array of component 
modules. The AMOEBA platform will provide a unified 
interface for multiple sensors and actuators, under 
feedback control. Interchangeable modules will be 
provided for control of: temperature, pH, oxygenation, 
drug dispensing, mechanical stress, and inline 
microfluidic devices. 

µAMOEBA 
Our µAMOEBA (depicted in Fig. 2) will be a 

customized microfluidic environmental control system to 
maintain appropriate cell-culture conditions for biological 
samples, and to provide rapid, precise alterations in these 
conditions. It includes the following features: 1) a 
microfluidic chamber integrated with micro resistive 
heaters and thermistors, as well as microsensors for pH 
and absorbed gas (O2 and CO2) [1, 2]; 2) a thin silicon 
nitride (Si3N4) substrate localized to a small area to allow 

particle microbeam irradiation; and 3) valves for 
introducing specific reagents (e.g., trypsin, fluorescent 
dyes, drugs, etc.).  

Using standard processes, we will microfabricate 
µAMOEBA devices of polydimethylsiloxane (PDMS) on 
a Si3N4-coated substrate compatible with the RARAF 
microbeam, similar to the one used for the FAST 
microbeam [3].  PDMS provides good gas permeability 
for effective CO2 and O2 exchange in the cell culture 
chamber [4], which will enable a tunable environment by 
controlling pH and concentrations of absorbed gas. The 
pH sensors, oxygen sensors, and the accompanying 
microfluidics for these devices will be fabricated using 
established processes at the Columbia University Clean 
Room.  Beginning with a silicon substrate, the process 
flow includes backside etching of the silicon to leave a 
thin silicon nitride window for irradiation, noble metal 
deposition to form microelectrodes, chemical vapor 
deposition for insulators, as well as photolithography 
throughout the process for patterning. Multilayer soft 
lithography microfluidics with integrated valves will also 
be fabricated using established methods [5], which we 
have employed in previous work [6].  Additional 
machining, assembly, and integration of the microfluidic 

Figure 2. Top and side conceptual schematic views for our µAMOEBA development (not drawn to scale). The circulating gas module 
is depicted only in the side view, and would realistically be positioned upstream of the sample well. 



MICROBEAM STUDIES 

 
  

Page⏐13  

devices to interface with the microbeam endstations will 
be performed at RARAF. 

Cells in solution will be introduced through the 
Medium Inlet in the µAMOEBA (Fig. 2); once attached 
on the thin Si3N4 substrate cells can be irradiated and 
observed while medium is continually replenished 
through flow from the Medium Inlet to the Medium 
Outlet (Fig. 2).  In addition to medium exchange, the 
basic environmental maintenance functions of the 
µAMOEBA include temperature regulation and 
maintenance of pH and oxygen levels. Along with the 
maintenance of a constant cell culture environment, which 
is also provided by the AMOEBA, the µAMOEBA offers 
options for real-time adjustment of environmental 
parameters. This will accommodate facility users who 
require rapid variations in conditions to alter normal cell 
behavior or dynamic conditions to simulate environment 
fluctuations. 

Some experiments require the precisely timed addition 
of reagents, such as chemotherapy drugs for the 
investigation of chemo-radiation interactions. Controlled 
amounts of drugs can be released from buffer reservoirs 
into the cell-culture environment by opening and closing 
individual pneumatic valves. If the removal of a drug or 
other reagent is needed after an elapsed time, the small 
volume of the µAMOEBA chamber can be quickly 
purged, rinsed, and replaced with a fresh flow of culture 
medium not containing the drug or other agent. A similar 
approach will also allow the constant or episodic delivery 
of other reagents, such as fluorescent dyes or probes. 
Oxygen levels can also be modified rapidly by adjusting 
the amount of nitrogen at the gas-medium boundary 
membrane. A nitrogen pulse can be used to achieve rapid 
hypoxia in the culture, while rapid reoxygenation can be 
achieved through injection of a precise amount of air or 
pure oxygen into the gas.  

Software Control 
We have based our control systems on accessible low-

cost electronics hardware and user-friendly software, 
written at RARAF, to encourage widespread 
dissemination of our design. This control and feedback 
system is compatible with both our AMOEBA and 
µAMOEBA development and consists of three modules: 
1) the client program, 2) the server, and 3) the sensor 
controller network that connects sensors and connectors 
via a controller area network (CAN) bus. The use of a 
server-client configuration allows the user to monitor and 
control the experiment remotely, of particular interest to 
users with very long time points. 

The backbone of the sensor network is a CAN bus 
connected to a series of ATMEGA328P microcontrollers 
(Atmel, San Jose, CA) that act as interface modules 
between the CAN bus and individual sensors and 
controllers. The client program, written in Python, runs on 
the user’s computer providing a convenient graphical user 
interface, and allowing real-time control of an 
experiment. The user can monitor the values of all 

measured parameters (temperature, pO2, etc.) and modify 
the set points and feedback parameters for each one.  

The client communicates (wirelessly or over the 
internet) with the server, a Raspberry Pi single-board 
computer running the Raspbian Wheezy operating system  
(Raspberry Pi Foundation, UK). The server software is 
also written in Python and it manages the interface 
between the client program and the sensor controller 
network via a USB connection. The sensor network has 
two types of nodes: sensor and controller. Sensor nodes 
read in data from sensors and send the data to controllers 
when it is requested. Controller nodes receive data from 
sensor nodes and respond by setting actuators to modify 
system states. 

Preliminary Studies 
While we aim to duplicate all aspects of an incubator 

environment in our AMOEBA development, controlling 
pH is a high priority for cell survival outside an incubator. 
Though preferred pH values differ across cell lines, most 
cell media use a recommended CO2 tension and 
bicarbonate concentration to maintain the correct pH and 
osmolality when placed in an incubator atmosphere, 
typically 5% CO2 in air. To establish proper pH control 
outside an incubator, we have included in our AMOEBA 
design a mechanism to regulate the CO2 flow over the 
medium and thus control media pH. We have designed, 
built and tested an electronics interface between our 
prototype AMOEBA control and feedback system and our 
pH meter from Lazar Research Labs, Inc. (Los Angeles, 
CA). Fig. 3 includes a picture of the electronics interface 
circuitry and a plot of pH measurement that demonstrates 

 
 
 
 
 
Figure 3. Picture of prototype 
AMOEBA electronics interface, 
designed and assembled at 
RARAF for sensing / controlling 
pH (left). Plot of pH control and 
monitoring during preliminary 
AMOEBA trials (below). 
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our successful approach for regulating pH over time in an 
AMOEBA system, outside of an incubator. 

We have also established constant temperature control 
in a prototype AMOEBA system. Our fluid-flow trials 
have shown that we can maintain system temperature at 
37+/-1 °C without using feedback control. Fig. 4 shows 
temperature readings of pre-heated fluid flowing across a 
microbeam dish containing 30 ml fluid and recorded each 
30 seconds. After 27.5 min the AMOEBA circulation was 
turned   off   and   the   fluid    quickly   cooled    to   room 

temperature. With feedback control, we will be able to 
achieve tighter temperature stability. 
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Introduction 

Last year we reported on the Electron Multiplied 
Charge-Coupled Device (EMCCD) camera integrated into 
our charged-particle microbeam system enabling us to 
improve our imaging practices and explore the further 
potential of imaging for microbeam targeting. 

This year we have expanded our measurement 
capabilities with the real-time image acquisition and have 
integrated a new fast switching multi-color LED light 
source enabling acquisition of multi-color real-time 
movies. 

Rapid acquisition and analysis 
There has been a major emphasis put on short-term 

radiation responses (<1 min after exposure) that our users 
have expressed interest in being able to observe.  We have 
developed techniques using the EMCCD camera’s high 
sensitivity to image cells in a ‘real time’ movie 
acquisition.  Previously, as shown in Figure 1, we had 
established a 3 frame per second image acquisition 
showing the formation of a focus at the location of 

irradiation in a single HT1080 cell with GFP-tagged 
XRCC1 protein. 

We have expanded this imaging capability to observe 
and measure multiple cell nuclei simultaneously.  Figure 
2 is a frame captured following irradiation of nine cells on 
the microbeam.  The acquisition image is accompanied by 
measurements across a single cell, tracking of the foci 
maximum intensities in the nine targeted cells, and 
tracking of the foci area in the nine targeted cells.  

The maximum focus intensity is normalized to one of 
the non-irradiated cells to control for illumination 
intensity and potential photobleaching.  The area of each 
focus is the pixel count inside the focus region bounded 
where the GFP intensity is above 10% of that target cell 
intensity average before irradiation. 

Multi-Color Acquisition 
We have recently incorporated a new fast switching 

multi-color LED light source (SOLA, Lumencor Inc., 
Beaverton, OR, USA), which allows us to acquire real-

Real-Time Imaging and Measurement at the RARAF 
Andrew D. Harken, Gerhard Randers-Pehrson, and David J. Brenner 

Figure 4.  AMOEBA prototype test. The temperature was set 
to maintain 37°C (red line) and temperature was measured 
every minute (blue line).  After 27.5 min AMOEBA circulation 
was switched off. 
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time movies using multiple colors.  The colors are 
acquired consecutively as individual images and then 
reconstructed as a movie in MATLAB.  Figure 3 shows a 
single frame from a multi-color movie.  The three colors 
represent calcium signaling (green), mitochondria (red), 
and DNA/nucleus (blue).  The target cell was irradiated at 
the pink cross and calcium response in that cell and its 
neighbors was observed for 8 minutes.  The fluctuations 

of calcium signals in the surrounding cells is an ongoing 
investigation.  

Conclusion 
 We have continued to develop our ability for 

observation of samples on our microbeam endstation 
before, during and after irradiation.  We have recently 
expanded this capability to track multiple sample 
variables through multi-color fluorescent imaging in real-
time. As the focus of RARAF is single-cell responses to 
targeted irradiation, this ability to observe, in real time, 
short-term irradiation effects is vital for continuing 
studies.           ■ 

 
 

Figure 1. Image series of HT1080 cells with GFP-tagged XRCC1 DNA repair proteins expressed in the nucleus.  At 2 seconds, the cell 
in the middle right was irradiated with 100 alpha particles. The XRCC1 proteins coalesce around the damage site as they perform 
their step in the repair process forming a GFP focus over the course of the next minute.  This image series shows XRCC1 protein 
relocation over the first 52 seconds after irradiation. 
 

Figure 2. Frame showing acquisition image (upper left), 
intensity profile along the magenta line for a single cell 
(upper right), the intensity of the foci in all the irradiated cells 
(lower left), and area of foci in irradiated cells (lower right).  
 

Figure 3. Frame of multi-color real-time movie tracking 
calcium response in an irradiated cell and its neighbors. The 
target cell was irradiated at the pink cross and then 
continuously monitored for 8 minutes. 
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Introduction 

We have designed a microfluidic fluorescence-
activated cell sorting (microFACS) system at RARAF.  
The microFACS system is designed to fit within the end 
station geometry of the RARAF microbeam irradiator and 
to ultimately be coupled directly to our microfluidic cell 
handling and irradiation tools. 

This development will allow RARAF users to sort 
cells based on fluorescent markers immediately prior to or 
following irradiation. The overall design of the 
microFACS is a sorting system that can be used as a 
standalone bench top unit or integrated with the other 
microfluidic systems at RARAF. 

Reported here is the overall design for our 
microFACS system and the preliminary testing of the 
flow cytometry section. 

Overall Design 
The microFACS design builds off our successful 

microfluidic cell sorter [1] by adding a  

fluorescence detection module as the input channel.  
Figure 1 is a 3D rendering of a completed system in a 
standalone configuration with three distinct sections: A) 
sample input and flow focusing, B) fluorescence and 
scatter detection and C) binary sorting of cells.  

Flow Cytometry 
The first two parts of the microFACS compose a basic 

flow cytometer.  The sample input uses Dean vortexing, 

based on the work of Mao, et.al. [2], to sheath flow focus 
the sample into a small column in the center of the flow 
channel.  This focusing allows for more even illumination 
and detection of the samples. Figure 2 is the focusing 
system modeled using COMSOL Multiphysics simulation 
software.  

The detection section uses fiber optics for illumination 
and detection channels.  The illumination comes into the 
flow channel from the perpendicular fiber.  The detection 
channels are at 20 degrees (forward scatter), -45 degrees 
(side scatter) and -135 degrees (fluorescence).  The 
combination of these three detection outputs is used to 
score the samples and control the switching of the sorting 
section. 

We have performed a preliminary test of this flow 
cytometry section using AG1522 cells labeled with 
CellTracker orange at 500 nM for 30 minutes. Figure 3 
shows oscilloscope traces of cell detection events in the 
three output channels: forward scatter (blue), side scatter 
(green) and fluorsescence (red).  The inset is a single 
event detection at time zero. All three signals are acquired 
simultaneously and have been scaled to the forward 
scatter intensity for visibility. 

 

Microfluidic Fluorescence-Activated Cell Sorting 
(microFACS) at RARAF 

Andrew D. Harken, David Welch, Gerhard Randers-Pehrson, and David J. Brenner 

Figure 1.  3D rendering of the microFACS design in a 
standalone configuration.  There are three main parts: 
(A) Sample input and flow focusing, (B) sample detection 
and (C) sorting. 

Figure 2. COMSOL model showing the Dean flow focusing 
of the sample input.  The color of the trajectories 
corresponds to the velocity: slower (blue) to faster (red). The 
ingoing arrows are the focusing streams.  The column 
diameter at the exit is 40 nm. 
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Sorting 
The sorting section is based on our microfluidic cell 

sorter [1].  The sorter as previously designed, required a 
user to observe the cells and manually switch the outputs.  
The new microFACS design uses the detection outputs to  

trigger the sorting outputs.  The integration of the 
microfluidic detection and sorting into a monolithic 
system reduces handling and stress on the samples, while 
improving throughput by automating the sorting process. 

Conclusion  
We have designed a new microfluidics fluorescence-

activated cell sorting (microFACS) system.  Preliminary 
work demonstrates the ability of the flow cytometry 
section to detect cells labeled with a method previously 
used at RARAF.  The continued testing and integration of 
the whole system is ongoing and we look forward to 
offering this technology to our users. 
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At the Radiological Research Accelerator Facility 
(RARAF) we are developing various microbeam-coupled 
single cell analysis tools for studying gene expression and 
chemical changes within individual cells [1, 2]. One of 
our goals is to quantify the formation of Reactive Oxygen 
and Nitrogen Species (ROS/RNS) and the oxidation of 
glutathione, one of the more abundant ROS/RNS 
scavenger molecules. 

Due to the small amount of material present in single 
cells, any chemical analysis technique used must be 
extremely sensitive. The nanoliter sample sizes used in 
capillary electrophoresis (CE) [3] make this technique 
suitable for small-scale biochemical applications and in 
particular for single-cell studies, as the molecules are not 
diluted as much in a small volume CE separation as they 
would be in a larger volume separation, making their final 
characterization (after the separation) easier. CE is a 

                                                             
a Department of Chemistry, University of Illinois at Urbana-
Champaign, Champaign, IL 
 

separation technique where analytes migrate through a 
thin glass capillary under high electric field and are 
separated by their electrophoretic mobility differences 
(Figure 1). In CE, there are two superimposed flow 
modalities experienced by the analytes in the sample plug: 
(1) Electrophoretic flow, responsible for separating the 

Measuring Reactive Oxygen Species in Single Cells 
Guy Garty, Mohammad Usman Ehsana, Jonathan V. Sweedlera, and David J. Brenner 

Figure 3.  Oscilloscope traces of single-cell detection events 
(peaks) in the microfluidic flow cytometer channel. Forward 
scatter (blue), side scatter (green), and CellTracker Orange 
fluorescence (red) signals are acquired simultaneously. Inset 
is a blow up showing all three signals for a single-cell 
detection event at time zero.  Traces are scaled to the 
forward scatter intensity for visibility. 
 

Figure 1. Separation of analytes by electrophoretic mobility 
(represented by letter size) and charge on the capillary 
walls; the red arrow denotes electrophoretic flow of the 
analytes with respect to the buffer. The yellow arrow 
denotes the electroosmotic flow of the analytes and buffer 
within the capillary, from ground to negative high voltage, 
which causes all analytes to move in the same direction, 
regardless of their individual electrophoretic mobilities. 
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analytes by their charge and Stokes radius [3]. (2) 
Electroosmotic flow, which drives the buffer and analytes 
(regardless of polarity) toward the outlet of the capillary 
and the detector. The electroosmotic flow is driven by the 
interaction of electrolytic liquid with the capillary walls 
leading to the formation of a mobile Debye layer of 
charges and is much stronger than the electrophoretic 
flow, ensuring that all analytes will reach the detector. 
Migration time of individual analytes is given by: 

𝑡 = !!

!"
    (1) 

where L is the length of the capillary, V, the applied 
voltage, and µ is the electrophoretic mobility [4]  

Coupled to CE, laser-induced fluorescence (LIF) 
provides highly sensitive detection, particularly for 
brightly fluorescent molecules. Using LIF, repeatable 
detection limits on the order of 70 molecules have been 
achieved [5]. This level of detection is enabled by the fact 
that each fluorescent molecule can cycle repeatedly 
between excitation and emission, thus generating 
thousands of photons before undergoing photo-bleaching.  

Fluorescent Detection of Reactive Oxygen Species 
As reactive oxygen species do not natively fluoresce, 

they need to be derivatized using redox-sensitive 
fluorescent dyes. These are non-fluorescent analogs of 
standard dyes, which can permeate the cell, nuclear and/or 
mitochondrial membranes and which are oxidized by one 
or more types of reactive species into a fluorescent form. 
Figure 2 shows, for example, the derivatization of 
superoxide (𝑂!!) by dihydrorhodamine 123 (DHR-123). 

A similar approach can be applied to other non-
fluorescing molecules. A particularly interesting one is 
glutathione (GSH), an ubiquitous anti-oxidant present in 
mM quantities in most cells, and one of the cell’s primary 
defenses against oxidative stress [6]. In the presence of 
ROS, such as those generated by radiation, GSH 
neutralizes the radicals, undergoing oxidation primarily to 
form a glutathione disulfide dimer (GSSG). The native 
monomer (GSH) and oxidized dimer (GSSG) can be 
easily separated by CE [7].  In order to detect GSH, a 

thiol reactive dye, such as NDA (2,3-
naphthalenedicarboxaldehyde) [8] is typically used.  

Single cell analysis at the microbeam. 
Over the next few years we will build a CE-LIF 

system into the RARAF Microbeam, similar to the one at 
the University of Illinois at Urbana-Champaign (UIUC) 
[9]. Using our automated probe holder the capillary tip 
will be brought in close proximity to the cell being 
irradiated. Similar to our prior cell-picking studies [10], a 
small amount of trypsin will be dispensed onto the cell, 
followed by aspiration of the (released) cell into the 
capillary as seen in Figure 3. The capillary will be 
automatically removed from the dish, and placed into a 
grounded vial containing background electrolyte (BGE). 
Cell lysis and separation of analytes are performed within 
the capillary, after application of high voltage across the 
capillary. The outlet end of the capillary is inserted into a 
sheath flow cuvette where the analytes are fluorescently 
detected [9].  

To demonstrate the type of experiments under 
development, Figure 4 shows an electropherogram of a 
single human HL60 cell, measured at UIUC. The cell was 
derivatized with rhodamine 123 and NDA, 

Figure 2: Fluorescence spectra of DHR-123 before (red) 
and after (blue) addition of potassium superoxide (KO2). 
The spike at 473 nm is scattered light from the excitation 
laser.  
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Figure 3: Loading a selected individual whole cell from a 
cell suspension into the CE capillary. 

Rhodamine 123
(cell)	  (standard)

A NDA-‐glutathione
(cell)	  (standard)

7

6

5

4

3

2

0

Fl
uo

re
sc
en

ce
	  [A

U
]

1

8 10 12 14 18 20
Time	  [min]

16

Figure 4:  An electropherogram of a single human HL-60 
cell labeled with rhodamine 123 and NDA (Solid green 
line). The dashed lines denote electropherograms of 
rhodamine (red) and NDA-labled glutathione (blue) 
standards.  
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hydrodynamically loaded into the capillary under video 
monitoring, and lysed by the electric field within the 
capillary. The identified peaks correspond to the elution 
times observed in 15 nl samples of fluorophore standards 
run under the same conditions. Repeating this type of 
experiment for many individual cells would allow for the 
first time investigation of the processing of ROS by 
glutathione.  
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 David Brenner lectures at the annual Microbeam Training Course in the Nevis Mansion. 
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We are planning to build a unique coupling of our 
microbeam with a commercial Raman spectroscopy (RS) 
system, to provide an approach for non-invasive, label-
free identification and assessment of the distribution of 
biomolecules and chemicals within single cells in real 
time. With this innovative coupling of technologies, 
RARAF will be the first microbeam facility with on-line 
RS capacities for studying radiation response in single 
cells and tissues, where the same cell can be followed 
before irradiation, and at different times post irradiation. 
The technique is applicable to the study of effects in 
isolated single cells or single cells within 3-D tissues, as 
we show in our preliminary studies described below. 

Introduction 
Raman spectroscopy is a powerful tool that allows the 

dynamic characterization of live individual cells without 
the need for fluorescent stains. In the context of radiation-
induced biological damage, RS effectively probes 
conformational changes in large biomolecules / 
chromatin, and there is rapidly increasing interest in this 
technique for single-cell analysis [1, 2].  

Several collaborative projects are motivating the 
implementation of Raman spectroscopy for the RARAF 
microbeam. Our collaborator Quinn Matthews has 
provided much of the inspiration for the development of 
Raman Spectroscopy at RARAF. In particular, his earlier 
published work [3-5] looked at variations in radiation-
induced Raman spectra in partially synchronized 
individual cells: he showed that a) cell cycle effects 

appeared to be major, b) there were large cell-to-cell 
variations in response, and c) the dominant effects 
induced by radiation arise from changes in lipids, nucleic 
acids, amino acids and conformational protein structures. 

Approach 
We will acquire an inVia Raman system from 

Renishaw Inc., a leader in Raman spectroscopy, and 
design and build an interface between the microbeam and 
this Renishaw system, shown schematically in Figure 1.  
We will use one of our no-stain imaging modes to locate 
and position cells for Raman analysis coupled with 
microbeam irradiation. 

Single-Cell Raman Spectroscopy 
Alan W. Bigelow, Manuela Buonanno, Quinn Matthewsa, and David J. Brenner 

aBritish Columbia Cancer Agency, Victoria, BC, Canada 
 
 

Figure 1. Schematic of our planned integration of a 
commercial Raman spectroscopy system with the RARAF 
microbeam irradiator. The periscope will include adjustable 
mirrors and beam-shaping optics to tune the beam envelope 
for each objective back aperture. 

Figure 2.  Single-cell Raman spectroscopy preliminary 
results from H460 cells irradiated at RARAF. Panel A 
compares PCA component #1 with the Raman spectrum for 
pure Glycogen. Panel B shows the PCA component #1 score 
for each single cell after exposure to either x-rays (x) or 
alpha particles (He); the mean for each experiment 
condition is indicated by a horizontal black bar. 
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Fig. 4: Raman spectrum of a single cell within the epidermis 
of a 3D skin model (MatTek) acquired at Columbia 
University. p: protein, l: lipid, d: DNA/RNA, A: adenine, T: 
thymine, G: guanine, C: cytosine, U: uracil, Phe: 
phenylalanine, Tyr: tyrosine, Trp: tryptophan, bk: 
backbone, def: deformation, tw: twist, sym: symmetric, 
asym: asymmetric, str: stretch.  

Figure 5.  Typical Raman spectra taken at Columbia as a 
function of location in the 3-D skin model. 

Preliminary Studies 
Single-cell Raman spectroscopy of cells irradiated in 

culture.  While Dr. Matthews used a broad-beam photon 
irradiator during his previous work, we were interested in 
obtaining single-cell Raman spectra from cells exposed to 
other forms of irradiation. We irradiated H460 cells at 
RARAF with 0, 2, 4, 6, or 8 Gy using either x-rays or 
alpha particles. Following irradiation, the cells were 
incubated for two days and then shipped to the British 
Columbia Cancer Agency, where we worked with Quinn 
Matthews to obtain single-cell Raman spectra and 
performed Principal Component Analysis (PCA) of the 
results. The results from this experiment are shown in 
Figure 2. PCA Component #1 and the Raman spectrum 
for pure glycogen are shown in Figure 2, Panel A.  Their 
alignment suggests that the greatest variation between the 
spectra from individual cells was due to a glycogen 
response. Panel B in Figure 2 indicates the dose response 
of glycogen in 400 individual H460 cells. The results 
from this study were consistent with a prior preliminary 
study with Dr. Matthews where H460 and LNCaP cells 
were x-ray irradiated at RARAF and then shipped to him 
for Raman analysis. Results from that experiment also 
suggested an increase in glycogen in H460 cells as a 
function of dose. 

Single-cell Raman spectroscopy of UV-irradiated 
tissue.  In the past year we have also performed single-
cell Raman spectroscopy experiments using a Renishaw 
inVia Raman spectrometer located in the Electrical 
Engineering Department at Columbia University. This 
spectrometer is the same model we plan to incorporate 
into the microbeam system at RARAF, though its present 
standard use is for solid state physics [6].  In the past year, 
we have successfully used this system to measure single-
cell Raman spectra in a 3-D full-thickness model of 
human skin (Figure 3), a model which we have used in 
earlier microbeam-based studies to measure radiation 

damage, though these earlier studies used invasive 
fluorescent staining techniques [7, 8].  

In this study, the 3-D tissue samples were irradiated or 
sham-irradiated, frozen and sectioned. Single cells in 
different locations within the skin tissue (epidermis, basal 
layer, dermis) were then analyzed using the Columbia 
inVia Raman spectrometer, with a 532 nm excitation 
laser. It is emphasized that the samples were frozen but 
not otherwise stained or processed. 

An important aspect of the study was that we used 
immersion optics during the Raman analysis; in addition 
to allowing for broad-field visualization of single cells in 
a tissue slice, this technique significantly enhances the 
Raman signal intensities that we obtained, allowing for 
decreased acquisition times. Figure 4 shows a typical 
single-cell Raman spectrum (of several hundred high-
quality spectra that we obtained) in the irradiated 
epidermis, acquired from a 0.7-µm laser-spot diameter 
using a 30 second integration time with the current 
Columbia Raman system. The resolution of the spectral 

Figure 3.  Image of a 30 µm thick slice of UV-irradiated 
artificial human skin (MatTek Corp.) prior to single-cell 
Raman spectroscopy using Columbia University’s Renishaw 
inVia system. 
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data that we obtained is high, enabling us to identify most 
of the major peaks, as annotated in Figure 4.  

Figure 5 shows further examples of Raman spectra 
that we acquired, here as a function of location in the 3-D 
skin model. These spectra have been analyzed using PCA. 
We have detected considerable cell-to-cell variations and 
we intend to continue this study to further understand the 
cell-to-cell variations and the differential effects in UV-
exposed skin as a function of wavelength. 
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While much has been learned from studying gene 
expression responses to radiation in cell populations, it is 
increasingly evident that cell-to-cell responses vary due to 
cell cycle, stochastics, and many other factors. We have 
previously reported gene expression profiles of single 
irradiated cells [1, 2] using flow sorting to isolate 
individual X-irradiated cells. Here we describe efforts to 
develop a preprocessing microfluidic chip that will couple 
the charged particle microbeam’s ability to irradiate 
individual cells to commercial systems that can assay 
gene expression levels in these single cells.  

The device is fabricated out of polydimethylsiloxane  
(PDMS) on a glass substrate. The components of the chip 
(Fig. 1) are a cell inlet to accept single cells from the 
microbeam, one or more inlets for reagents, a 
lysis/reaction microchamber with filter-shaped 
microstructures for cell trapping, a waste outlet, and a dispensing channel for outputting the reaction products to 

a tube or well. The PDMS surfaces are coated with 
Parylene to prevent evaporation / bubble formation [3].  

Development of a Microfluidic Device for Gene 
Expression Analyses of Single Cells 
Hao Suna, Jing Zhua, Qiao Lina, Brian Ponnaiya, and Sally A. Amundson 

Cell	  inlet 

Outlet 

Beads/reagent	  inlet 

Reaction	  chamber 

Figure 1. Prototype Pre-GEM chip 
 

aBioMEMS Laboratory, Columbia University, New 
York, NY 
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In brief, inside the Preprocessing for Gene Expression 
Measurement (Pre-GEM) chip, Oligo-dT magnetic beads 
are introduced and held in the reaction microchamber by a 
magnet. A single cell is introduced via the cell inlet, 
trapped, washed to remove any DNase and RNase, and 
lysed. The magnetic beads are then mixed with the lysate 
using an external magnet, capturing the mRNA released 
from the cell. Next, reverse transcription (RT) of mRNA 
is performed on the bead surface, and the resulting bead-
immobilized cDNA is washed. An optional pre-
amplification step can then be performed, depending of 
the requirements of the target measurement platform.  
(E.g. the NanoString nCounter requires pre-amplification, 
while the ABI QuantStudio does not.) Fluid flow for all 
these steps is driven by vacuum applied to the waste 
outlet and controlled by the on-chip pneumatic valves. In 
the final step, cDNA is released from the beads by 
cleavage and dispensed by a syringe pump connected to 
the dispensing inlet.  

We have built a first prototype Pre-GEM chip, 
containing all the essential functional components (Fig. 
1), and have successfully demonstrated on-chip trapping, 
lysis, bead-based RT and amplification, for small 
numbers of cells. Amplification using a taqman 
primer/probe set for GAPDH was quantified after 40 
cycles using a fluorescent microscope. The results for 5, 
62, and 90 cells (Fig. 2) show that the lysis, RT and 
amplification steps are all working on our prototype Pre-
GEM chip. In fact, the results in Fig. 2 suggest that on-
chip amplification is more efficient than standard “in 
tube” methodology, a result expected due to the improved 
surface-to-volume ratios resulting from miniaturization.  

We have further tested the capability of the Pre-GEM 
chip to process and detect changes in transcript levels in 
individual single cells. MCF7 cells were treated with 
methyl methanesulfonate (MMS) (final concentration 150  
µg/ml) for 2.5 hours and then treated (or untreated) cells 
were assayed for the induction of CDKN1A using a 
Taqman probe/primer set. Single cells were trapped and 
lysed on chip, and then reverse transcription and PCR 
were performed. At the end of each PCR cycle, the 
reaction chamber was imaged and fluorescence intensities 
of both the reporter (FAM) and passive dye (ROX) were 
measured. ΔRn values (FAM/ROX ratios) for individual 
cell reactions are plotted in Figure 3.  As can be seen, 
individual MMS treated cells had lower Ct values (i.e. the 
profiles crossed the threshold after fewer cycles) than 
non-treated cells, indicating the induction of CDKN1A 
following MMS treatment.  

These preliminary data demonstrate the feasibility of 
the approach and the ability of the chip to detect 
alterations in gene expression magnitude at the single cell 
level. We are currently fine-tuning the performance of the 
single channel chip in addition to developing a multi-
channel chip that will process 12 individual cells in 
parallel. 
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Figure 2.  On-chip cell trapping, lysis, RT, & amplification 
measured in our prototype Pre-GEM chip for 5, 62, and 90 
cells. Higher FAM/ROX ratios (above dashed line control) 
indicate more amplification. Also shown are results from the 
standard “in tube” approach with 100 cells.  
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Figure 3.  Demonstration of on-chip cell trapping, lysis, RT, 
and amplification with our prototype Pre-GEM chip for 
individual MMS-treated (blue lines) and untreated cells (red 
lines). The horizontal line at 0.05 represents the threshold at 
which Ct values would be calculated.  
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Over the past twenty years, lab-on-a-chip devices have 

emerged as prominent platforms for biological analysis. 
Lab-on-a-chip devices often center on the use of 
microfluidics. Microfluidics are uniquely suitable for 
biological analysis because they are constructed with 
dimensions on the order of microns and are able to control 
with utmost precision liquid volumes of picoliters or 
smaller. Flow control may be used as a means to move 
cells in suspension within a microfluidic device. 
However, accurately locating single cells within the 
microfluidics and then isolating a lone cell still presents a 
challenge. Our current work on this issue utilizes sensors 
integrated within a microfluidic system to detect an 
individual cell moving through a channel. This is 
improving on previous work at RARAF that focused on 
cell dispensing from microfluidics, by integrating droplet 
ejection with the sensing system to move toward a fully-
automated single-cell dispensing device. 

Cell Detection 
The impedance across a cell in suspension can be 

modeled as a resistor, representing the cytoplasm, in 
series with two capacitors, representative of both sides of 
the cell membrane [1].  The total cellular impedance, 
when compared to the impedance of the carrier solution, 
can be used to indicate a cell passing a detection region. 
An impedance detector can be fabricated simply by 
locating two electrodes in close proximity within the 
microfluidic channel and applying a signal between them.  
The electric field between the two electrodes passes 
through a region of the fluid-filled channel therefore 
defining the monitored volume.  Because the impedance 
change due to a single cell is very small (~1%), a 
differential measurement setup is helpful to identify when 
the impedance change occurs. The differential 
measurement is made by comparing two identical 
detection regions located adjacent within the channel. The 
measurement setup is shown in Figure 1. 

A lock-in amplifier is used to measure the impedance 
change. Briefly, this amplifier mixes a carrier AC signal 
at a known frequency with the AC signal applied across 
the detection electrodes and measured across a shunt 
resistor. The mixing effectively isolates the signal at the 
known frequency, therefore eliminating noise at other 
frequencies. Additionally, the amplitude and phase of the 
signal are converted to a DC signal, which allows for 
simple analysis.  The additional calculation of the 
differential signal facilitates straightforward observation 
of small changes. 

Cell Impedance Detection within Microfluidics for 
Single Cell Dispensing 

David Welch, Andrew D. Harken, Gerhard Randers-Pehrson, and David J. Brenner 

Figure 1. Schematic of measurement setup. A sine wave is 
applied to the center electrode within the channel. A cell 
within the electric field created between the center channel 
and either side channel will change the impedance and 
therefore the voltage seen across the shunt resistor. The lock 
in amplifier (LIA) examines the differential signal to 
generate a DC output, which reflects the cell position. 

Figure 2. The three parallel lines are gold electrodes 
on the bottom of the microfluidic channel.  Cells enter 
from the right, pass through the detection region, and 
then are ejected downward to exit the device. 
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Device Fabrication 

We produced the microfluidic device by bonding a 
molded polydimethylsiloxane (PDMS) chip to a glass 
substrate.  The glass substrate served as the bottom of the 
microfluidic channel. Prior to assembly, gold electrodes 
were patterned on the glass substrate to serve as detection 
electrodes.  The gold electrodes are 50 µm wide with a 
thickness of approximately 50 nm. The microfluidic 
channel was 50 µm wide and approximately 85 µm tall. 
Figure 2 shows a photomicrograph of the microfluidic 
channels over the microelectrodes. 

Dispensing Mechanism 
The microfluidic channels for cell detection and 

dispensing are designed in a T-intersection.  Cells enter 
from one branch of the T and pass through the detection 
region. The cells then enter the intersection of the T 
where a high speed pulse of fluid carries the cell out of 
the device in a droplet.  The pressure pulse is controlled 
by a high-speed valve operated with an electronically 
actuated solenoid. Figure 3 shows the completely 
assembled device including the high-speed valve, 
electrical connections, and fluidic connection ports. 

Results 
HL-60 cells were input into the microfluidic device 

and observed passing through the detection region. The 
waveform from a passing cell is shown in Figure 4. The 
signal applied across the electrodes was a 600 mV sine 
wave at 102 kHz.  Both the in phase (top trace) and out of 
phase (bottom trace) components of the impedance are 
shown on the waveform.  Figure 4 shows the observed 
signal shape for multiple cell detection events which all 
match the expected signal. The variation in peak heights 
is due to both the size of the cell detected as well as the 
cell position within the channel during detection.  

Dispensing of individual droplets with volumes of less 
than 1 µL has been achieved.  Continuing work is aimed 
at integrating the dispensing capability with the electronic 
cell detection demonstrated here to achieve a fully 
automated system.  
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Figure 3. A completely assembled microfluidic device with 
wires for electrical connections and an attached high-speed 
valve (secured with screws on either side). 

Figure 4. This waveform capture from an oscilloscope 
shows five different cell detection events. Because we are 
measuring the differential signal, each passing cell causes 
both a valley and a peak in the waveform. 
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The microbeam is an excellent tool to study biological 
responses to ionizing radiation. The Columbia 
microbeam, in particular, has been fundamental to 
investigations of radiation-induced bystander effects in 
cell cultures and 3D systems [1, 2]. The next logical step 
is to develop and implement microbeam irradiation 
protocols to study effects in living organisms.  

Currently, in vivo radiation-induced effects can be 
investigated at RARAF using several animal models. For 
instance, we can provide our users with microbeam 
irradiation protocols to study targeted and non-targeted 
effects in living Caenorhabditis elegans [3]. To facilitate 
C. elegans studies, we implemented a microfluidic worm 
clamp to perform high throughput studies using this 
model. With the worm clamp, multiple living samples can 
be efficiently immobilized, imaged and microbeam 
irradiated on a single chip [4]. More recently, we have 
also developed a mouse ear model for bystander studies.  

On microscopic cross section, the ear of a mouse 
consists of two full-thickness layers of skin separated by a 
thin supporting skeleton of elastic cartilage (Fig. 1) [5].  

With an average thickness of 250-300 µm, this model 
can be used to investigate radiation-induced bystander 
effects using the Columbia 3-MeV proton microbeam 
(LET 12.5 keV/µm), which has a range of 134 µm.  

A Mouse Ear Model for Microbeam-Induced 
Bystander Effects in Vivo 

Manuela Buonanno, Gerhard Randers-Pehrson, Lubomir B. Smilenov, Norman J. Kleimana, Erik Young, and David J. 
Brenner 

 

Irradiation 

Ti
ss

ue
 s

ec
tio

ns
 

   

      

   

      

      

   

     

Foci 

Figure 2: Schematic of the microbeam irradiation of a 
mouse ear. At selected times after irradiation, the mouse is 
sacrificed and a punch of the irradiated ear is collected, 
fixed and cut in sections perpendicularly to the direction of 
the charged particle beam. Sections are then analyzed for 
biological effects as a function of the distance from the 
irradiated line. 

Figure 1: Histological section of the mouse ear (Adapted 
from [6]). The main layers, epidermis (5-8 cell layers 
thick), dermis (40-80 µm thick), and cartilage (80-100 µm 
thick) are indicated. The 3-MeV proton microbeam with a 
range of ~ 134 µm can partially traverse a mouse ear.  

aDepartment of Environmental Health Sciences, 
Mailman School of Public Health, Columbia 
University, New York, NY 

 

 Figure 3. Section of the ear of a sham-irradiated mouse 
(10x view). No foci are visible in the highlighted regions, A 
and B (60x view). Blue = DAPI, Green = Alexa 488 
conjugated to anti-γH2AX.  
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In our current protocol, using a mouse ear holder 
designed and built by the RARAF team and the CRR 
Instrument and Design Shop, cells along a line on the ear 
of a C57BL/6 mouse are irradiated with the proton 
microbeam (Fig. 2). At chosen times after irradiation, 
mice are sacrificed and a 6 mm punch of the ear is 
collected. Tissues are then fixed, paraffin-embedded and 
cut in 5-µm sections perpendicularly to the direction of 
the line irradiated with the charged particle beam. The 
sections are then analyzed for biological endpoints (i.e. 
formation of repair protein foci, apoptosis) as a function 
of the distance from the irradiated line. 

Using γH2AX foci formation assessed by 
immunohistochemical analysis as an endpoint, we found 
that compared to control (Fig. 3), proton irradiation 
induced γH2AX foci formation in vivo (Fig. 4). As 
expected, γH2AX foci-positive keratinocytes were 
observed only in one of the two epidermal layers of the 
mouse ear (purple box in Fig. 4). Cells adjacent (red box 
in Fig. 4) or in the epidermal layer opposite to the γH2AX 
positive region (orange box in Fig. 4) did not exhibit foci. 
Strikingly, assuming that mouse keratinocytes are 9-11 
µm in diameter [7], a higher number of cells than 
expected showed foci. In the experiment shown, although 

the proton irradiated line was ~ 35 µm wide, the average 
length spanned by γH2AX positive cells exceeded 150 
µm. These results suggest that microbeam proton 
irradiation induced DNA damage in bystander cells in 
vivo.  

Figure 4.  Section of the ear of a proton microbeam-irradiated mouse 
(10x view, above).  γH2AX foci-positive keratinocytes are observed 
only in one epidermal layer (purple box, A). Cells adjacent (red box, 
B) or in the epidermal layer opposite (orange box, C) the γH2AX 
positive region do not exhibit foci (60x view). Blue = DAPI, Green = 
Alexa 488 conjugated to anti-γH2AX. 

Figure 5: Section of the ear of a mouse whole body 
irradiated with 2 Gy X-rays. Virtually every cell in the tissue 
exhibits γH2AX foci (60x view). Blue = DAPI, Green = 
Alexa 488 conjugated to anti-γH2AX. 
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As a positive control, γH2AX foci formation was also 
assessed in mice exposed to 2 Gy whole body X-rays 
(Fig. 5).  In this case, virtually every cell of the ear 
showed γH2AX foci, as expected. 

Ongoing experiments aim at investigating the kinetics 
of γH2AX foci formation in microbeam irradiated ears. 
Further experiments will confirm these results by 
assessing the formation of other DNA repair protein foci 
(e.g. 53BP1) and apoptosis. Finally, the biological effects 
of smaller proton microbeam diameters (e.g. 10 µm) will 
be investigated.  
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Radiation exposure to low-energy neutrons (from 
about 1 keV to 100 keV) is a significant contributor to the 
radiation exposure of many nuclear and research workers 
around sources of neutrons. The biological effects of low-
energy neutrons are presently poorly understood. We have 
developed a novel neutron microbeam system for 
studying cellular bystander effects induced by low energy 
neutrons. The neutron microbeam system has now been 
completely installed and verified at RARAF.  

Method 
A neutron microbeam is an entirely novel concept. 

Neutrons are produced through the 7Li(p,n)7Be nuclear 
reaction by a proton microbeam incident on a thin lithium 
fluoride target. When the proton energy is near the 
reaction threshold (1.881 MeV), the secondary neutrons 
are all produced in a forwardly peaked cone, which 
becomes the neutron microbeam. 

Neutron Beam Size and Dose Rate 
The neutron beam size measurement was conducted 

using a 10-µm diameter 1.886 MeV proton microbeam. 
Neutrons were generated by the (p,n) reaction on a 1-µm 
thick LiF target. The protons were stopped in a 25-µm 
thick gold backing foil on which the LiF was deposited. 

The dots in Figure 1 show the neutron microbeam track 
profile imaged using a CR-39 track-etch detector coated 
with a thin layer of 6Li2CO3. Each dot, produced by a 
single neutron, is a pit formed by the track of an α particle 
or a 3H ion emitted from the n(6Li,α)3H reaction in the 
thin  lithium carbonate coating. For comparison, the track-
etch detector image has been superimposed on the image 
of a human fibroblast cell captured at the microbeam end 
station. 

The Neutron Microbeam 
Yanping Xu 

Figure 1. Neutron microbeam beam spot size. 
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Based on a 1.886 MeV proton microbeam incident on 
a LiF target, neutron energies will be in the range of 5 to 
65 keV. The neutron yield is about 3000 to 6000 neutrons 
per 10 nA of proton current. The resulting dose rate and 
other characteristics are summarized in Table 1. 

Summary 
We have produced a 36 µm diameter neutron 

microbeam  with a  dose rate  of about  27 cGy/min.   The  

beam spot is sufficiently small that initial radiobiological 
testing is now underway.  

References 

1. Yanping Xu, Gerhard Randers-Pehrson, Stephen A. 
Marino, Alan W. Bigelow, Mark S. Akselrod, Jeff G. 
Sykora, David J. Brenner, “An accelerator-based 
neutron microbeam system for studies of radiation 
effects”, Radiat. Prot. Dosimetry 145 (4): 373-376, 
2011. 

2. Yanping Xu, Guy Garty, Stephen A. Marino, Thomas  
N. Massey, Gerhard Randers-Pehrson, Gary W. 
Johnson and David J. Brenner, “Novel neutron 
sources at the Radiological Research Accelerator 
Facility”, J. Instrum.7: C03031, 2012.      ■ 

 

Proton 
Energy 
(MeV) 

Maximum 
Neutron 
Angle 
(degree) 

Beam 
Diameter 
at Cell  
(µm) 

Mean 
Neutron 
Energy 
(keV) 

Dose Rate 
(cGy/min) 

1.886 21 36 31 27 

Table 1.  Neutron microbeam parameters. 
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Introduction 
Radiation therapy is one of the mainstays of treatment 

for localized prostate tumors. Initially, tumors respond 
well to ionizing radiation (IR), however, radiation 
resistant tumors often arise.  Several factors contribute to 
intrinsic tumor radioresistance, including DNA damage 
response and repair pathways, as well as cell-cell and cell-
extracellular matrix interactions.  These are thus prime 
targets for promoting radiosensitization [1]. 

RAD9 is best known for its role in the DNA damage 
response and DNA repair. As part of the RAD9-HUS1-
RAD1 complex, it acts as a sensor of DNA damage that 
enables ATR kinase, independently recruited to the site of 
damage, to phosphorylate and activate its downstream 
effector CHK1 [2]. Moreover, RAD9, either alone or as 
part of the 9-1-1 complex, can potentiate the action of a 

number of DNA repair pathways, including base excision 
repair, nucleotide excision repair, homologous 
recombination repair, and mismatch repair [3]. However, 
RAD9 can interact with several other proteins outside the 
context of DNA repair and checkpoint functions [3]. 
Previously, we have shown that RAD9 downregulation 
controls expression of integrin β1 in prostate cancer cells, 
although the mechanism is not known [4]. 

Tumor cells rely on adhesion to extracellular matrix in 
order to promote survival and proliferation. In addition, 
cell adhesion to an extracellular matrix protein, such as 
fibronectin, can have profound effects on the 
radioresistance of tumors.  Integrins play a central role in 
facilitating these interactions and not surprisingly they 
also induce radioresistance in numerous human cell types. 

Combination of Rad9 Downregulation with Ionizing 
Radiation Regulates ITGB1 Protein Levels 

Constantinos G. Broustas and Howard B. Lieberman 

Figure 1. RAD9, but not HUS1 or RAD1, controls expression levels of ITGB1. A, Top panel, DU145 cells were transiently transfected 
with siRNA against luciferase (control), Hus1, Rad1, or three non-overlapping Rad9 siRNAs and two days later cell lysates were 
examined for ITGB1 protein abundance. Bottom panel, relative expression of ITGB1 and RAD9 normalized against β-actin. B, Top 
panel, PC3 cells were transiently transfected with siRNA against luciferase (control), Hus1, Rad1, or two different Rad9 siRNAs and 
three days later cell lysates were examined for ITGB1 protein levels. Bottom panel, quantitation of ITGB1. 
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This phenomenon is called cell adhesion mediated 
radioresistance [5].  Integrin β1 (ITGB1) protein levels 
and activity are modulated by ionizing radiation in a great 
number of human tumors and cancer cell lines [6, 7], and 
abundance of integrin β1 has been associated with 
radioresistance in many human tumors such as breast, 
head and neck carcinoma, and prostate cancer [8-10].  

In this report, we show that combining Rad9 
downregulation with ionizing radiation exposure causes a 
dramatic reduction in ITGB1 protein levels. 

Results 
Downregulation of RAD9, but not HUS1 or RAD1, 

reduces ITGB1 levels in prostate cancer cell lines.  RAD9 
functions in cell cycle checkpoint control and DNA repair 
as part of the RAD9-HUS1-RAD1 heterotrimeric 
complex.  However, RAD9 can act independently of this 
complex in various physiological contexts [3].  To find 
out whether the other partners of RAD9 in the 9-1-1 
complex are able to affect expression of ITGB1, we 
transiently downregulated Rad9, Hus1 and Rad1 with 
specific siRNAs or used a control luciferase (Luc) 
siRNA, in DU145 and PC3 prostate cancer cells.  ITGB1 
protein levels were analyzed by Western blot. As 
expected, downregulation of RAD9 resulted in a 50-60% 
reduction in ITGB1 protein levels in DU145 (Fig. 1A) 

and 60-80% in PC3 (Fig. 1B) cells. On the other hand, 
neither HUS1 nor RAD1 downregulation had any 
appreciable effect on ITGB1 protein abundance.  
Therefore, we conclude that RAD9 uniquely affects 
ITGB1 expression and, most likely, RAD9 acts, in this 
regard, independently of the 9-1-1 complex. 

Ionizing radiation reduces ITGB1 protein levels in 
RAD9-depleted cells. We have shown previously that 
RAD9 depletion reduces the levels of ITGB1 protein [4]. 
Furthermore, it has been reported before that ITGB1 
protein levels are diminished when cells are exposed to 
high doses of radiation [10]. To assess whether a 
combination of RAD9 reduction and irradiation has a 
more dramatic effect on ITGB1 protein levels compared 
with either condition alone, DU145 cells with Rad9 
expression knocked down either stably (shRad9) or 
transiently (siRad9) were exposed to different doses of 
gamma rays. Forty-eight hours later, ITGB1 protein levels 
were measured by western blotting. ITGB1 protein 
abundance did not change in DU145/shControl cells even 
after 15 Gy of γ-rays. On the other hand, ITGB1 protein 
levels were reduced in DU145/shRad9 cells after 6 Gy 
and reached a minimum at 10 Gy (Fig. 2A). Therefore, 
we used 10 Gy of ionizing radiation to study ITGB1 
protein changes in DU145 and PC3 cells. DU145/shRad9 
showed approximately 40% expression of ITGB1 levels 

FIG. 2. RAD9 downregulation synergizes with ionizing radiation to reduce ITGB1 protein levels. A, Top panel, dose response 
reduction in ITGB1 levels. DU145 cells stably expressing shRad9 or shControl (insertless vector) were irradiated with indicated doses 
of ionizing radiation and 48h later cells were immunoblotted for ITGB1 protein, along with RAD9 and β-actin (loading control). 
Bottom panel, relative ITGB1 protein levels. B, Top panel, DU145 cells stably bearing shRad9 or shControl were left unirradiated or 
irradiated with 10 Gy, and two days later they were subjected to western blot analysis with ITGB1, RAD9 and β-actin (loading control) 
antibodies. Shown is a representative blot from three independent experiments. Bottom panel, quantitation of ITGB1 and RAD9 levels 
relative to β-actin. C, Top panel, PC3 cells were transiently transfected with either luciferase control or Rad9 siRNA and two days 
post-transfection cells were irradiated with 10 Gy or left unirradiated. Two days post-IR cell lysates were analyzed for ITGB1 and 
RAD9 protein by immunoblotting. Bottom panel, quantitation of ITGB1 and RAD9 levels. 
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when compared with DU145/shControl cells. These levels 
were further reduced to about 20% after irradiation when 
compared with DU145/shControl cells (Fig. 2B). 
DU145/shControl cells expressing normal levels of RAD9 
showed no such reduction in ITGB1 levels after 
irradiation. Likewise, when PC3 cells were transiently 
transfected with Rad9 siRNA they displayed a 60% 
reduction of ITGB1 protein levels compared with PC3 
transfected with control luciferase siRNA (Fig. 2C). 
When PC3 cells with RAD9 knockdown were subjected 
to a single dose of 10 Gy of ionizing radiation, ITGB1 
levels were even further reduced to approximately 25% of 
the levels of PC3 cells with luciferase siRNA. In 
agreement with the DU145 results, ITGB1 levels did not 
change after irradiation of cells with luciferase siRNA 
(Fig. 2C). We conclude that combining Rad9 knockdown 
with moderate levels of ionizing radiation specifically 
reduces ITGB1 protein levels. 

Conclusions 
RAD9 controls signaling pathways associated with 

increased radioresistance. High levels of ITGB1 have also 
been associated with increased radioresistance. In prostate 
cancer, clinically relevant doses of IR have no effect on 
ITGB1 protein levels, whereas very high doses of IR 
reduce the abundance of this protein. In this report, we 
demonstrate that downregulating Rad9 expression will 
lower ITGB1 levels, and thus sensitize cells to radiation. 
These findings suggest that it would be beneficial to 
combine radiation with RAD9 inhibition as a novel anti-
cancer therapy to treat individuals with prostate cancer. 
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Introduction 
RAD9 is well known for its role in DNA damage 

induced cell cycle checkpoint control and repair.  As a 
member of the RAD9-RAD1-HUS1  (9-1-1) complex, it 
acts as a sensor of DNA damage that enables ATR kinase, 
independently recruited to the site of damage, to activate 
downstream effectors [1].  In fact, RAD9 is involved in 
three single-strand DNA damage repair pathways: 
mismatch repair (MMR), nucleotide excision repair 
(NER) and base excision repair (BER). In the case of 
MMR and BER, RAD9 is involved in recognition of the 
damage lesion, which subsequently results in the 
recruitment of proteins needed for DNA excision, MLH 
in MMR [2] and TDG glycosylase as well as NEIL1 in 
BER [3, 4], and removes the damage product. In NER, 
RAD9 is not required for photoproduct recognition [5]. In 
addition, RAD9 binds to various other DNA repair 
proteins and in most cases such interaction alters the 
function of the target protein and downstream signaling 
[3, 6, 7]. Also, some RAD9 interactions depend on the 

phosphorylation status of RAD9 [8-10]. Moreover, it has 
been shown that RAD9 can act independently of the 9-1-1 
complex as a transcription factor to regulate a number of 
genes including p21Waf1/Cip1 [11]. RAD9 is known to be 
involved in base excision repair by directly interacting 
with NEIL1 [4].  It has been reported that the C-terminal 
domain of NEIL1 is required for this interaction. In 
response to DNA damage, RAD9 functions either by 
binding to DNA repair proteins or by regulating the 
activity of downstream genes.  It is not known whether 
RAD9 regulates expression of any DNA repair genes.  

We previously reported that mouse ES cells null for 
Rad9 have a reduced level of Neil1 protein. Herein, we 
provide evidence that Rad9 is required for Neil1 protein 
stability in mouse ES cells, whereas it regulates NEIL1 
expression at the transcriptional level by promoter 
binding in human prostate cancer cells.  

Results 
RAD9 regulates NEIL1 expression in human DU145 

and mouse ES cells.  We had previously shown a 
reduction in the level of Neil1 protein in Rad9 knockout 
mouse ES (mES) cells. Also, we observed down 
regulation of NEIL1 expression in DU145 prostate cancer 
cells (PCa) upon knocking down RAD9 by shRNA 
(Figure 1). To check whether both regulatory effects are 
at the transcriptional level, we measured Neil1 message 
abundance in mouse ES and DU145 cells upon RAD9 
depletion.  Down regulation of NEIL1 mRNA in DU145-
shRAD9 cells was at the same fold change previously 
seen in the immunoblot protein results, whereas no 
difference in mRNA level was observed in Rad9-KO 
mES cells relative to the wild type control (Figure 1). 
There is no Rad9 mRNA in Rad9-KO mES cells but there 
was only a 30% decrease in RAD9 mRNA observed in 
DU145-shRAD9 cells relative to the parental control. This 
is expected as we had used shRNA against RAD9, so the 
regulation should be at the translational level rather than 
by transcription repression. These results suggest Rad9 is 
involved in posttranscriptional regulation of Neil1 in mES 
cells. Previously, we reported that RAD9 has a role in 
IGTB1 protein stability in DU145 cells [12].  So it may be 
possible that Rad9 has a similar role in regulating Neil1 
stability in ES cells. To investigate this, we treated 
DU145 and mES cells with cycloheximide (CHX), and 
then performed western analysis using anti-Neil1 
antibody.  We found that Neil1 is rapidly degraded in 
Rad9-KO-mES cells as compared to wild type control 
cells after 4 hrs of treatment, whereas no change in 

Regulation of Neil1 Expression by Rad9 is Context 
Dependent 

Sunil K. Panigrahi, Kevin M. Hopkins, and Howard B. Lieberman 

Figure 1.  NEIL1 protein level down regulated by depletion 
of RAD9 in DU145 and mES cells. NEIL1 expression was 
measured both at the RNA level (A, C) and at the protein 
level (B, D) in DU145 and mES cells with inherent or 
reduced levels of RAD9. Percent expression of NEIL1 and 
RAD9 was normalized to β-actin levels. Error bars 
represent the standard deviation of three independent 
experiments. 
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NEIL1 protein level was observed in DU145 cells upon 
cycloheximide treatment (Figure 2). This suggests that 
RAD9 is involved in two different mechanisms for 

regulating NEIL1. Furthermore, ChIP-qPCR analysis was 
performed to test the binding of RAD9 to the NEIL1 
promoter. It was observed that RAD9 binds to both 
human and mouse Neil1 promoters at different positions 
relative to the transcriptional start site  (TSS) (Figure 3). 
In the case of human, RAD9 binds to the upstream 
promoter (-1kb to -600bp), whereas in mouse it binds to (-
290 to -100), which can be considered as the core 
promoter.  By pair-wise alignment of both sequences, we 
did not find any common motif or putative transcription 
factor-binding site except for p53 consensus motifs.  As 
we previously showed, RAD9 binds to the p53 consensus 
site of the p21 promoter [11], so it is possible that RAD9 
is regulating NEIL1 expression by binding to the p53 
binding site on its promoter in DU145 cells. As we did 
not see any difference in Neil1 mRNA in mES cells 
proficient or null for Rad9, such regulation is not 
expected in these cells. So binding of RAD9 to the NEIL1 
promoter may not be cell type specific whereas RAD9 
dependent transcription regulation might be that way. A 
similar mode of regulation has been reported for 
H4K16ac [13].  

To confirm these observations, we cloned both mouse 
and human NEIL1 promoter regions, with or without the 
p53-binding site upstream of the luciferase reporter gene 
and transfected these reporter constructs into cells fully 

Figure 3.  RAD9 binds to the NEIL1 promoter. Binding of 
hRAD9 and mRad9 to their corresponding NEIL1 promoter 
was tested by ChIP-qPCR, using DU145 and mouse ES cells, 
respectively.  Panel A shows the position and primer pairs 
used for both promoters. Each number represents the position 
of the primer relative to the transcription start site of NEIL1. 
Panel B represents the fold enrichment of RAD9 relative to 
IgG. Error bars represent the standard deviation of three 
independent experiments. 

Figure 2.  Rad9 controls Neil1 stability in mES cells. NEIL1 
protein abundance was measured in DU145 (A) and mES 
(B) cells after treating with cycloheximide (CHX, 100 µg/ml) 
for the indicated time periods.  

Figure 4. Deletion analysis reveals RAD9 acts as an enhancer 
of NEIL1 promoter activity. Chimeric constructs of the NEIL1 
promoter-luciferase reporter are schematically represented on 
the Y-axis. The upstream and downstream ends of each 
fragment are numbered with respect to the transcriptional start 
site (TSS). The luciferase activity obtained for the pGL- Basic 
vector, in which a functional promoter was absent, was set at 
1.0 and all other luciferase activities were expressed relative 
to the values obtained for pGL-Basic. In all experiments, the 
luciferase activity of pRL-CMV, Renilla luciferase expressing 
under the CMV promoter, was used as an internal control. 
Error bars represent the standard deviation of three 
independent experiments.  
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expressing or lacking RAD9. As mES cells do not express 
p53, and DU145 cells have two point mutations in the p53 
gene, which encodes a non-functional protein, the effect 
of p53 on reporter expression does not have to be 
considered in these cells. As expected, we see a decrease 
in reporter expression in DU145 cells either lacking 
RAD9 or the p53-binding site, whereas the same is not 
observed in mES cells (Figure 4).  

Conclusion 
We have demonstrated down regulation of NEIL1 by 

RAD9.  In DU145, RAD9 regulates NEIL1 by binding to 
its promoter, at the p53 consensus motif. However, in 
mouse ES cells, although Rad9 binds to the same motif, 
we did not see transcriptional regulation. In mES cells, 
Rad9 is required for Neil1 protein stability. In both cell 
types we observed a decrease in NEIL1 protein levels 
when RAD9 was depleted. The C-terminal region of 
NEIL1 can interact with RAD9 and a recent report 
showed this region to be involved in NEIL1 stability [5]. 
Analyses of the mechanism of regulation are ongoing. 
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Although radiation-induced bystander effects have  
Although radiation-induced bystander effects have 

been well studied using various biological endpoints in 
the past two decades, there are limited data about these 
effects in human or mouse stem cells. In one report, 
human bone-marrow mesenchymal stem cells (hMSC) 
and embryonic stem cells (hESC) were irradiated with 
graded doses of x-rays, and then the medium was 
collected at 1 hour or 24 hours post radiation and 
transferred to non-irradiated hSC.  In this study, no 
evidence was found for radiation-induced bystander 
effects in either hMSC or hESC using induction of DNA 
damage and apoptotic cell death as endpoints [1]. 
Researchers from another group found that irradiation of 
mouse recipients significantly impaired the long-term 
repopulating ability of transplanted mouse hematopoietic 
stem cells (HSCs) shortly after exposure of the irradiated 
hosts and before the cells began to divide. An increase of 
acute cell death associated with accelerated proliferation 
of the bystander hematopoietic cells was also indicated, 
and reactive oxygen species were involved in the process 
[2]. It is still unclear if radiation can induce a bystander 
response in non-irradiated hESCs or mouse embryonic 
stem cells (mECSs).  Different groups have reported 
conflicting results of radiation-induced bystander 
responses in human/mouse stem cells.  The discrepancies 
may be due in part to the different endpoints used.  

We have used strip dishes as described previously [3], 
to irradiate mESCs and mouse embryonic fibroblasts 
(MEFs) with alpha particles using the Columbia 
University Radiological Research Accelerator Facility. As 
indicated in Table 1, micronuclei formation was induced 
significantly in both bystander and directly irradiated 
MEFs. However, only limited micronucleus formation 
was observed in bystander or 0.5Gy directly irradiated 

mESCs, with no significant increase relative to control 
levels.  

Furthermore, as shown in figure 1, we found that 24 
hours or 48 hours after irradiation, a significant increase 
in dead (apoptotic and necrotic) cells was observed in 
bystander mESCs as well as in directly irradiated mESCs.  

Preliminary results from western blotting supported 
the findings, showing increased expression levels of 
cleaved-caspase3 and Poly (ADP-ribose) polymerase, 
indicators of DNA damage (Figure 2). These results 
indicated that mESCs may activate apoptosis to resist 
radiation-induced genotoxicity, and to avoid genomic 
instability. In addition, we found increased expression 
levels of β-catenin, NFκB, Smad2/3, p-Smad2/3, and 
cyclooxygenase-2 (COX-2) in bystander and directly 
irradiated MESCs, indicating that several pathways such 
as TGFβ/Smad,  NKκB,  Wnt/β-catenin, and COX-2 may 
be involved in the regulation of  radiation-induced 

Alpha Particle Irradiation Induces Alteration in 
Bystander Mouse Embryonic Stem Cells  

Hongning Zhou, Roy Kong Kwan Lama, and Tom K. Hei 

MN per BN (%) MESCs MEFs 
Control <1% <1% 
Bystander <1% 2-5% 

0.5 Gy Alpha <1% 10-20% 
2 Gy Alpha <5% >30% 

Figure 1. Radiation induces cell killing in both directly 
irradiated and bystander MESCs 24 hours (A) or 48 hours 
(B) after radiation.  

aDepartment of Physics and Materials Sciences at the 
City University of Hong Kong.  

 

Table 1  Micronucleus formation in direct and 
bystander irradiated cells. 
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bystander effects in mESCs.  These results will contribute 
to our understanding of the mechanisms of the radiation-
induced bystander response, especially in mouse 
embryonic stem cells.  
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Figure 2. Signaling pathways involved in radiation-induced bystander effects in MESCs. NFκB, Wnt/β-catenin, TGFβ/Smad, and COX-
2 pathways are implicated in the regulation of radiation-induced bystander effects in MESCs.  Con: control, 0.5By: bystander to 0.5 Gy 
alpha particles, 0.5IR: directly irradiated with 0.5 Gy alpha particles.  
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the S. Julian Gibbs Memorial Oration at the Annual Meeting of the American Academy of Oral and Maxillofacial Radiology. 
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Breast cancer, the most common malignancy 
diagnosed in women, is a classical model of hormone 
dependency as it is associated with prolonged exposure to 
female hormones. Cytoplasmic proteins, including 
vimentin and Notch, are important in the transformation 
of a normal cell to an invasive tumor cell. To investigate 
the importance of these two genes and proteins in breast 
carcinogenesis, we used an in vitro breast cancer model 
system, in which an immortalized human breast epithelial 

cell line, MCF-10F [1], was malignantly transformed by 
exposure to low doses of high linear energy transfer α 
particle (150 keV/µm) radiation and subsequent growth in 
the presence or absence of 17β-estradiol [2]. This model 
consisted of human breast epithelial cells in different 
stages of transformation: i) a parental cell line (MCF-10F) 
[1], ii) an Estrogen cell line (MCF-l0F continuously 
grown with estradiol at 10-8 M), iii) a malignant and non-
tumorigenic cell line (Alpha3), iv) a malignant and 
tumorigenic cell line (Alpha5) and v) a Tumor2 cell line 
derived from a xenograft of the Alpha5 cell line injected 
into nude mice. Vimentin and Notch showed greater 
expression in the Alpha5 and Tumor2 cell lines compared 
with that in the non-tumorigenic cell lines, MCF-10F, 
Estrogen and Alpha3.  

Phenotypic and molecular analysis of vimentin 
expression in a breast cancer progression model. 

The established breast cancer model [2] has been 
shown to exhibit important phenotypic characteristics of 
breast carcinogenesis. The normal cell line, MCF-10F, did 
not exhibit any of the features that characterize malignant 
cells, such as anchorage-independent growth in soft agar, 
invasion and tumor growth in nude mice [2]. The Alpha3 
cell line formed colonies in soft agar and had invasive 
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Figure 1. Bars represent the 
average and standard error of 
vimentin protein expression in the 
MCF-10F, Estrogen, Alpha3, 
Alpha5 and Tumor2 cell lines as 
measured by (A) peroxidase and 
(B) immunofluorescent techniques. 
The primary antibodies used were 
mouse monoclonal antibodies 
(Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA). Fold change 
of (C) vimentin and (D) Notch gene 
expression. Gene expression from 
scatter plots of the following 
pairwise comparative studies of cell 
lines: MCF-10F/E (1), 
MCF-10F/Alpha3 (2), E/Alpha5 
(3), Alpha3/Alpha5 (4), Alpha 
3/Tumor2 (5) and Alpha5/Tumor2 
(6). 

A) B) 

C) D) 
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capabilities, but failed to form tumors in the 
immunosuppressed mice. However, the Alpha5 cell line 
induced mammary gland tumors in the animals and 
metastasis in the liver, lung and kidneys after injection. 
This cell line gave rise to the Tumor2 cell line after 
removal of the mammary tumor, digestion in in vitro 
conditions and culture for many passages. The analysis of 
immunoperoxidase (Fig. 1A) and immunofluorescence 
(Fig. 1B) data obtained for vimentin expression in 
MCF-10F, Estrogen, Alpha3, Alpha5 and Tumor2 cell 
lines indicated that expression was significantly greater 
(p<0.05) in the Tumor2, Alpha3 and Alpha5 cell lines, 
when compared with the MCF-10F and Estrogen cell 
lines. Genes that were identified as differentially 
expressed between cell lines of this model were also 
studied. Expression of vimentin and Notch genes in these 
cell lines was detected by Affymetrix GeneChip analysis 
and expressed as pairwise comparisons between cell lines 
(Fig. 1C). Results of the pairwise comparisons did not 
reveal any alteration in vimentin gene expression between 
the MCF-10F and Estrogen cell lines, while there was an 
almost nine- and five-fold alteration in the 
MCF-10F/Alpha3 and Estrogen/Alpha5 combinations, 
respectively. There were six- and four-fold differences in 
gene expression between the Alpha5 and Tumor2 cell 
lines, and Alpha3 and Tumor2 cell lines, respectively. 
Results of pairwise comparisons of cell lines examined 
for Notch gene expression are shown in Fig. 1D. Results 
of the same pairs of cell lines were analyzed, revealing no 
alteration in Notch gene expression between the 
MCF-10F and Estrogen cell lines, Estrogen and Alpha5 
cell lines, or Alpha3 and Alpha5 cell lines. By contrast, 

there was an almost ten-and fourteen-fold alteration in the 

Alpha5/Tumor2 and Alpha3/Tumor2 combinations, 
respectively, with higher expression in Alpha3 and 
Alpha5 than in Tumor2.  

Vimentin protein expression in breast cancer model 
and breast biopsy specimens.  

Higher levels of vimentin protein expression were 
observed in the Alpha5 and Tumor2 cell lines compared 
with levels in the control MCF-10F cell line (Fig. 2A- F). 
Biopsy specimens were also analyzed for vimentin 
protein expression to investigate progression in breast 
cancer. Fig. 2G-I shows representative vimentin protein 
expression in ducts found in sections of biopsies from 
breast cancer patients. Vimentin expression was negative 
in noninvasive ductal carcinoma and breast epithelial 
lesions surrounding the primary tumors, ductal and 
lobular hyperplasia, and microcytes. In contrast, vimentin 
expression was positive in breast specimens with invasive 
characteristics (Fig. 2J-L). Positive staining for vimentin 
was found in 21% of cases. 

Notch protein expression in breast cancer model and 
breast biopsy specimens.  

Notch protein expression was also analyzed in the 
non-malignant and malignant cell lines from the model. 
Fig. 3A-C shows higher Notch protein expression in the 
Alpha5 and Tumor2 cell lines compared with that in the 
control MCF-10F cell line, as determined by 
immunoperoxidase staining. Samples from biopsy 
specimens showed negative Notch protein expression in 
noninvasive ductal carcinomas. However, positive 

expression was observed in those tissues with cells from 
invasive ductal carcinomas (Fig. 3D-F), particularly in 

Fig 2G-L

Fig 2A-F

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Representative images of vimentin 
protein expression stained by (A-C) 
immunoperoxidase and (D-F) 
immunofluorescent techniques in a breast 
cancer cell model.  (A, D) MCF-10F, (B, E)) 
Alpha5, and (C, F) Tumor2 Biopsy specimens 
containing (G-I) ducts and lobules, and (J-L) 
invasive carcinoma determined by 
inmunoperoxidase techniques (magnification, 
x400). 
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invasive isolated tumor cells. Positive staining for Notch 
was found in 25% of cases.  

Discussion 
The main purpose of the present study was to assess 

the prognostic value of the markers vimentin and Notch. 
Identification of factors involved in cell proliferation and 
transformation has been facilitated by studies using 
various human epithelial cell lines. In this study, we 
found increased expression of vimentin protein in the 
most transformed cell lines in our model, Tumor2 and 
Alpha5. Both vimentin and Notch also showed 
differential expression at the transcript level in the various 
cell lines of our model.  

Vimentin protein expression in ducts in sections of 
biopsies from breast cancer patients was found to be 
negative in noninvasive ductal carcinoma, but positive in 
ductal carcinoma with invasive characteristics. Vimentin 
reactive cells in benign and malignant breast tissue have 
been described in many studies [3-7]. These studies 
reported that vimentin expression appeared to be 
associated with poor prognosis in node-negative ductal 
breast carcinomas, and that vimentin was preferentially 
expressed in human breast carcinomas with low levels of 
estrogen receptors. Notch protein expression was also 
higher in the Alpha5 and Tumor2 cell lines in comparison 
with that in the control MCF-10F cell line. When samples 
from biopsy specimens were analyzed for Notch protein 
expression, negative cells were found in noninvasive 
ductal carcinomas while positive cells were found in 
invasive ductal carcinomas. It has been reported that the 
Notch pathway has been implicated in the maintenance of 
several types of normal cell populations [7-9]. The effects 
of Notch on cells include increased survival or death, 
proliferation or growth arrest and commitment to, or 
blockage of, differentiation. These different outcomes are 

mediated through a novel signaling pathway in which 
Notch receptors on the cell surface give rise to a nuclear 
transcriptional activation complex. It has been proposed 
that Notch may serve as an oncogene or tumor suppressor, 
a repressor or inducer of terminal differentiation, or a 
cancer stem cell factor. Studies on the multifaceted role of 
Notch in cancer indicate possible therapeutic 
implications. Notch signaling is frequently deregulated in 
breast cancer, and hyperactivation of Notch contributes to 
the tumor process. Estrogens, on the other hand, are 
known to regulate the proliferation of breast cancer cells 
and to alter their phenotypic properties; the gene networks 
and pathways through which estrogenic hormones 
regulate these events have also been considered [10].   

We have used global gene expression profiling by 
Affymetrix GeneChip microarray analysis to identify 
genes altered by the presence of estradiol in an MCF-10F 
human breast cancer model. Of >14,000 genes analyzed, 
over 300 showed a pattern of either up or down 
regulation. We observed a general up regulation of 
positive proliferation regulators, including multiple 
growth factors, genes involved in cell cycle progression 
and regulatory factor-receptor loops, and a down 
regulation of transcriptional repressors and 
anti-proliferative and pro-apoptotic genes, including 
BCL2 and TGF-β family growth inhibitory factors. The 
present study highlights the diverse gene networks and 
metabolic and cell regulatory pathways through which 
this hormone operates to achieve its widespread effects on 
breast cancer cells.  

In the present study, positive staining for vimentin 
was found in 21% of cases. Vimentin and Notch protein 
expression was negative in noninvasive ductal carcinoma 
biopsies from breast cancer patients. However, cells 
positive for expression were observed in invasive ductal 
carcinoma biopsies. These biomarkers can be considered 

Fig 3D-F

Fig 3A-C

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Notch protein 
expression as determined by the 
immunoperoxidase technique in 
(A) MCF-10F; (B) Alpha5; (C) 
Tumor2 cell lines. Biopsy 
specimens containing (D) ductal 
carcinoma and (E and F) 
invasive ductal carcinoma. 
(magnification, x400). 
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important indicators of breast cancer progression and can 
be added to the diagnostic panel when overall survival is a 
primary endpoint. It can be concluded that vimentin and 
Notch gene and protein expression are altered in breast 
cancer progression, thereby helping to identify cases of 
breast cancer with poor prognosis and complementing 
those biomarkers required for assessing the prognosis of 
breast cancer patients. 
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Introduction 
It has been estimated that about 3% of clean surgeries, 

corresponding to 275,000 patients per year, result in 
surgical site infections (SSI) [1]. Despite improvements in 
operating room practices, SSIs result in substantial 
morbidity, prolonged hospital stays, and increased direct 
patient cost [1].  This is due to the increasing number of 
SSIs that are attributable to antibiotic-resistant pathogens 
such as methicillin-resistant S. aureus (MRSA) [2], one of 
the leading causes of SSIs in community hospitals. 
Although recommendations for reducing the risk of SSIs 
are routinely applied in hospitals, there is no single 
effective strategy for prevention, containment, and 
treatment of MRSA infections.  

Irradiation of infections with conventional germicidal 
ultraviolet (UV) lamps is an effective method for reducing 
SSIs rates [3] particularly because they are equally 
effective at inactivating antibiotic-resistant bacteria 
compared with wild-type strains.  However, UV radiation 
from a conventional germicidal lamp is about equally 
hazardous to human cells as to bacteria, for key endpoints 
including cell killing, mutation, gene expression, and 
carcinogenesis [4]. Therefore, the use of a tailored UV 
radiation that allows all the advantages of UV 
bacteriological sterilization while being safe for patients 
and staff would be necessary, particularly in the case of 
SSIs with antibiotic-resistant pathogens. To this purpose, 

we used recently developed excimer lamps (excilamps) 
[5] that produce a broad high-intensity beam of single-
wavelength UV radiation of ~ 200 nm that have a short 
penetration range in biological samples. Because UV 
radiations of different wavelengths have different abilities 
to penetrate into cells, the lower the wavelength, the less 
penetrating the radiation. In the context of an SSI, 
bacteria are physically far smaller than human cells 
(Figure 1). Specifically, whereas a typical bacterial cell is 
less than 1 µm in diameter, human cells range from 10 to 
30 µm across, depending on their type and location. Our 
approach is made practical by the development of a UV 
lamp that emits at close to a single wavelength, in our 
case around 200 nm, defined by the gas mixture it 
contains; this is in contrast to standard germicidal 
mercury UV lamps, which emit over a broad range of 
wavelengths. Such single-wavelength lamps, based on 
UV emitted from an excited molecule complex (an 
exciplex), are called excimer lamps, or excilamps [5].  

Here we show that UV of 207 nm, generated by 
filtered krypton-bromine (KrBr) excilamps, can 
differentially inactivate MRSA, relative to human cells, in 
vitro. To this end, we measured cell survival of MRSA 
(USA300) by a colony formation unit (CFU) assay and 
normal human skin fibroblasts (AG01522) by a colony 

Far UVC (~200 nm): A Safe and Low-Cost Tool for 
Reducing Surgical Site Infections 

Manuela Buonanno, Gerhard Randers-Pehrson, Alan W. Bigelow, Sheetal Trivedia, Franklin D. Lowya, Henry M. 
Spotnitzb, Scott M. Hammerb, and David J. Brenner 

Figure 1. A typical human cell nucleus in a spherical or 
flattened geometry, illustrating the penetration into a human 
cell of UV radiation with wavelength of ~ 200 nm; 
essentially no UV of this wavelength can reach the cell 
nucleus, which contains the radiation-sensitive DNA. 
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Figure 2. Cell killing, expressed as surviving fraction 
relative to zero fluence controls, or as decades of cell kill (-
log10[surviving fraction]), produced by different fluences of 
UV radiation from a conventional broad-spectrum 
germicidal UV lamp (peak emission 254 nm). Data are 
shown for methicillin resistant S. Aureus (l, MRSA strain 
USA300) and for AG1522 human fibroblasts (▲). 
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formation assay after exposure to different fluences of UV 
radiation generated by a conventional germicidal mercury 
lamp and by a KrBr excilamp. 

As illustrated in Figure 2, the conventional broad-
spectrum germicidal UV lamp (peak 254 nm) efficiently 
kills MRSA cells but, as expected, is almost equally as 
efficient at killing human cells.  

In contrast, as illustrated in Figure 3, the 207 nm 
excimer lamp can provide four decades of MRSA cell 
killing while producing little cell killing in human cells – 
quantitatively about a 5,000-fold differential in cell killing 
between MRSA and human cells.   

Specifically, we have shown that 207 nm light from KrBr 
excimer lamps can be highly cytotoxic to MRSA while 
being minimally cytotoxic to human cells. It follows that 
such far-UVC excimer lamps have considerable promise 
to be safe and inexpensive tools for SSI reduction, while 
potentially sharing with conventional UV germicidal 
lamps the major advantage of being equally effective on 
drug-resistant and drug-sensitive bacteria. 

Investigations of possible mutagenic effects of 207 nm 
light on human cells are ongoing, but the minimal UV 
dose delivered to human cell nuclei suggests that these 
effects are likely to be small. Studies with other bacteria 
will also be important. In vivo studies using animal 
models of SSI will be needed, including investigation of 
the potential effects of far-UVC exposure on wound 
healing. 
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Figure 3: Cell killing, expressed as surviving fraction 
relative to zero fluence controls, or as decades of cell kill (-
log10[surviving fraction]), produced by different fluences of 
UV radiation from a filtered 207 nm KBr excimer lamp. 
Data are shown for methicillin resistant S. Aureus (l, MRSA 
strain USA300) and for AG1522 human fibroblasts (▲). 
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Human blood vessels are ubiquitous in the body. A 
large number of microcapillaries permeate every tissue 
down to the microscopic level, and thus represent a major 
target for radiation effects.  The endothelial barrier that 
lines the vessels is responsible for maintaining 
homeostasis in the tissues and damage to this structure 
can lead to vessel pathologies - a major feature of the side 
effects of radiation.  High LET radiations like Fe ions 
constitute a significant proportion of the space radiation 
environment.  

Our previous studies with 3D vessel models [1] 
showed that high LET Fe ions were more damaging to 
human 3D vessel models than low LET radiations.  One 
GeV Fe ions caused a dose-dependent loss of structure in 
both developing and mature vessels.  A dose of 75 cGy 
was sufficient to cause severe breakdown of mature 
vessels with a barrier phenotype. Based on these studies, 
Fe ion doses were selected for the current study. A dose 
of 75 cGy Fe ions was selected to represent the lowest 
dose that disrupts the 3D vessel integrity fully, and should 
therefore disrupt barrier function and serve as a positive 
control. Lower doses include 50, 25 and 10 cGy.  Twenty-
five cGy is the highest dose at which the human 3D vessel 
structure is still maintained and thus would show effects 
of compromised barrier function without structural 
breakdown.  

Effects of Fe ions on TEER. 
Trans-Endothelial Electrical Resistance (TEER) 

measurements were initially used to assess the effects of 
Fe ions on endothelial barrier function since they are 
useful for determining the time course of events after 
exposure [2]. A dose response of 1 Gev Fe particles was 
carried out using HUVEC cultured under conditions that 
produce a tightly sealed endothelial barrier. TEER 
measurements were assessed in real time in electrode 
arrays at a frequency of 4000 Hz over 55 hours, and each 
dose was paired with its own parallel control.  Following 
exposure to 25 cGy (Figure 1 A) the TEER measurements 
were not significantly different from the control traces. At 
a dose of 50 cGy however, TEER was reduced over time 
(Figure 1 B). By 30 hours TEER measurements were 
significantly lower than controls and decreased further up 
to 55 hours. Seventy-five cGy Fe ions were much more 
effective and showed a reduction in TEER compared to 
controls almost immediately after exposure (Figure 1 C).  

Effects of Fe Ion Particle Irradiation on Human 
Endothelial Barrier Structure and Function  

Preety Sharma, Peter Guidaa, and Peter Grabham 

aBiosciences Department, Brookhaven National 
Laboratory, Upton, NY 

 

Figure 1. Effect of 1 GeV Fe ion irradiation on trans-
endothelial electrical resistance. TEER across HUVEC 
monolayers after irradiation with different doses.  Irradiated 
monolayers (red curves) are shown with matched controls 
(black curve) up to 55 hours post irradiation. A. No 
significant difference in the TEER values were recorded 
between the controls and the 25c Gy Fe irradiated cultures.  
B. A progressive decline in TEER is seen at a dose of 50 
cGy. C. An even greater decline in TEER is seen in 75 cGy 
irradiated cultures.   Error bars = SEM. 



CELLULAR STUDIES 

Page⏐45 
 

Thereafter, TEER values continued to decrease until 55 
hours post-irradiation, when the total resistance was 
reduced to 70% of the original level. Thus, these TEER 
experiments indicate that Fe ions at doses of 50 cGy and 
above are able to disrupt barrier function progressively 
over two days after exposure. 

Effect of Fe ions on cell phenotype and tight junction 
proteins in 2D cultures. 

A decrease in TEER suggests that there has been a 
disruption of the integrity of the endothelial barrier, either 
there are gaps in the monolayer or the intact monolayer 
has become more permeable. We therefore investigated 
the possible morphological changes in the monolayer, or 
in the tight junctions, that might have occurred after 
exposure to Fe ions.  We used the lowest dose (50 cGy) 
that caused a decline in TEER, and fixed the cultures at 
48 hours when the decrease in resistance was most 
significant. Immunofluorescent staining for the whole cell 
with DTAF, and for tight junctions with antibodies to ZO-
1, was performed (Figure 2). In the controls, the cell 
monolayer was found to be intact (Figure 2 A) and ZO-1 
staining was mostly continuous at the cell - cell borders 
(Figure 2 B). In contrast, monolayers exposed to the 
heavy ions showed clear visible effects.  Areas of thin cell 
cover and even holes in the monolayer were observed 
(Figure 2 C). Furthermore, the cells in the vicinity of the 
thin areas and holes coincided with a loss of ZO-1 at the 

cell-cell borders (Figure 2 D). Another effect was the 
apparent loss of cells from the monolayer.  Some cells 
appeared to have become detached from the monolayer 
and then stuck back to the existing cells but not 
incorporated into the monolayer (Figure 2 D).  Cell loss 
was confirmed by making total cell counts of cultures 
exposed to doses of Fe ions from 10 cGy to 75 cGy 
(Figure 3 A).  Fifty cGy and 75 cGy caused a 14% and 
18% decrease in cell number per unit area respectively.  
Since Fe ions also caused gaps in the cell-cell border 
localization of the tight junction protein, ZO-1, we 
quantified this effect for the same dose range (Figure 3 
B).  The loss of tight junctions was detected at a lower 
dose than the loss of cells.  No effect was seen at a dose 
of 10 cGy, but 25 cGy was sufficient to increase the 
number of gaps in the tight junction pattern more than 
two-fold over the controls.  Increasing doses caused even 
more loss of tight junctions. 

 
Figure 3. Dose responses for cell loss and disruption of 
tight junctions by 56Fe ions. (A) Cell counts per unit area 
show a modest but significant (p = 0.0?) cell loss at 50 and 
75 cGy. (B) The number of gaps in the normally almost 
continuous tight junction network is increased significantly at 
a lowest dose of 25 cGy.  Error bars = ± SEM. 

Figure 2. Effects of 50cGy 56Fe ion irradiation on HUVEC 
monolayer integrity and the tight junction protein - ZO-1. 
(A) Control cultures stained for the whole cell by 
DTAF(green) show a largely intact monolayer. (B) 
localization of ZO-1 (red) shows continuous border staining. 
(C) A dose of 50cGy 56Fe particles induces thinning and holes 
in the monolayer (arrows). (D) irradiation also causes loss of 
ZO-1 at cell-cell borders at the sites of monolayer thinning 
(arrows). Cells are also detached from the monolayer 
(arrowhead). Bar=25 µm. 
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Effect of Fe ion on tight junctions in 3-D vessel models.  
We investigated another protein involved in the 

adhesion of cells in the endothelial barrier, the adhesion 
protein – PECAM-1 to determine if the effect of Fe ions 
was specific to tight junctions. We extended staining of 
these 2 proteins to include 3-D vessel cultures and were 
able to utilize the ZO-1 immunofluorescence together 
with the PECAM-1 counter-stain to determine if Fe ion 
irradiation affected the vessel tissue in the same way as in 
2-D monolayers.  The merged image of un-irradiated 
control cultures showing yellow colored cell borders 
reveals the close co-localization of the two proteins 
(Figure 4C).  Forty-eight hours after exposure to 25 cGy 
Fe ions we observed partial disruption of ZO-1 but not 
PECAM-1 at the cell borders (Figure 4D and E). This is 
highlighted in the merged image showing lengths of cell 
borders with only the red PECAM-1 staining (Figure 4F). 

Effect of Fe ions on permeability of the endothelial 
barrier. 

The trans-well permeability assay monitors barrier 
function by measuring the traversal of fluorescent tracer 
molecules through the endothelial monolayer.  As such it 
is an endpoint that directly determines the leakiness and 
possible dysfunction of the endothelial barrier. We 
therefore determined the traversal of fluorescent 3 kDa 
dextran across the monolayer in trans-well inserts 
following irradiation with Fe ions.  Following exposure to 
25 cGy Fe ions we observed a significant traversal of the 
dextran, although none was seen with a lower dose of 10 
cGy (not shown). 

In conclusion, we have determined the effects of high-
energy (1 GeV) Fe ions on the function of the human 
endothelial barrier.  

Recently, measurements of the energetic particle 
radiation environment likely to be encountered by a Mars 
Space Laboratory Spacecraft were made by the Curiosity 
rover. For a round trip to Mars the total absorbed dose 
from GCR was determined to be between 17.3±2.88 to 
24.3±4.048 cGy depending on the length of the trip with 
additional variable contributions from SPEs and duration 
of stay on Mars [3]. These doses are slightly below the 
threshold dose (25 cGy) shown here to disrupt the 
function of the endothelial barrier by a single exposure.  
Fluence calculations show that 25 cGy is equivalent to 26 
particle hits per cell per 50 mm of vessel. This is 
assuming that each particle from the accelerator, hitting 
the target area (vessel in the shape of a tube 25 mm in 
diameter), will make two traversals through cell material 
as it penetrates each side of the vessel.  In contrast, in the 
space environment fewer particles will traverse the 
vessels at random angles singly over a longer period of 
time.  However, there are several physical and biological 
considerations that make the effect of Fe ions on the 
human endothelial barrier potentially more severe and 
therefore a concern for degeneration. The physical nature 
of the high-energy particles produces a single track 
structure that will hit more than one cell, maybe 
thousands of cells in its path creating a microlesion that 
involves a long linear array of affected cells within a 
tissue.  Furthermore, the bystander effect can be induced 
by a single particle and can therefore significantly 
increase the number of cells affected.  The time course of 

 
 
 
 
 
 
 
 
Figure 4. Irradiation 
induced changes in 3-
Dimensional human vessel 
models. Control cultures (A - 
C) and 25cGy Fe ion 
irradiated cultures (D - F) 
were immunostained for ZO-
1 (green) and for PECAM-1 
(red). Control cultures (A-C) 
show good co-localization of 
the two proteins (arrow). 
Irradiated tissue models show 
areas where the ZO-1 
distribution is disrupted 
(arrows) while PECAM-1 
staining remains intact.  
Bar = 50 µm.  
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the cellular responses can also increase the effectiveness 
of heavy particles.  Fe ions induce a persistent radiation-
induced oxidative stress, so even though particle 
traversals in space might be intermittent, the longer-lived 
effects of each particle could overlap, creating a larger 
cumulative effect over time.   

The biology of the endothelial barrier is intertwined 
with another process - angiogenesis.  A damaged barrier 
is restored by angiogenesis but Fe ions also inhibit 
angiogenesis in vivo and in human vessel models [1, 4]. 
As a result, the effects of Fe ions on vessels can be 
compounded, potentially producing regions of tissue 
without an adequate blood supply.  

In addition, degenerative diseases are multi-factorial 
and influenced by common stress pathways such as 
oxidative stress and inflammation.  This means that 
radiation effects can be additive to other pre-existing 
conditions.  Degenerative diseases are often accumulative 
and incremental so even a minor effect by radiation can 
contribute to an overall degenerative condition.  
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Glioblastoma is the most common primary malignant 
brain tumor affecting approximately 10,000 new patients 
in the US each year. Despite advances in radiation therapy 
and chemotherapy, outcomes remain poor with a median 
survival rate of 12-15 months [1].  Detailed investigations 
of the somatic genomic landscape of glioblastoma using 
numerous human glioblastoma samples and established 
cancer cell lines demonstrated a connection between 
genetic alteration and signaling pathway modifications in 
glioblastoma cells, including RTK pathways (EGFR1, 
FGFR2 or PDGFRA), the PI3K/PTEN-AKT pathway, 
MAPK pathways (together with NF1 and BRAF), the p53 
pathway (TP53, MDM2, MDM4) and RB1 pathway 
(RB1, CDK4 and CDK6) [2, 3]. A role for IKK-NFκB via 
activating mutations was additionally highlighted in some 
types of glioblastomas [4].  U87MG is a commonly 
studied grade IV glioma cell line that has been analyzed 
in numerous publications over four decades. The 
mutational landscape of the U87MG genome is extremely 
complicated. Protein coding sequences of genes were 
disrupted predominantly in this cancer cell line due to 
small insertions and deletions, large deletions, and   
translocations.      Among   these    changes   homozygous 

 

mutation in PTEN and TP53, as well as EGFR 
amplification were identified.   

Radiation therapy alone or in combination with 
chemotherapy is a standard modality for treatment of 
many types of tumors, including glioblastoma.  Normal 
adult neurons and glial cells, which are terminally 
differentiated cells, exhibit a substantial radioresistance. 
In contrast, neural stem cells (NSC) and neural progenitor 
cells (NPC) have significant proliferative capacities, and 
are highly sensitive to ionizing radiation.  Cranial 
irradiation used for treatment of brain tumors may cause 
substantial cognitive deficits, such as impairment of 
learning, attention, and memory, due to death and 
inhibition of the proliferation of neural stem cells [2, 5-
11].  

The tumor microenvironment actively regulates cell 
signaling pathways and gene expression in cancer cells 
[12]. On the other hand, irradiation of tumors could 
dramatically affect their microenvironments, initiating 
radiation-induced bystander effects, which in turn could 
change cell signaling and gene expression in non-targeted 
cells [13, 14].  

Radiation Response and Radiation-Induced Bystander 
Signaling in Human Glioblastoma Cells: Effects on Self-

Renewal and Differentiation of Neural Stem Cells  
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Glioblastomas are extremely active in secretion of 
numerous proteins, including cytokines, growth factors 
and death ligands that could dramatically change brain 
function. The main goals of our study were: i) to 
determine effects of the glioblastoma secretome on 
survival and death of irradiated cancer cells; ii) to 
determine effects of glioblastoma secreted proteins, as 
components of the brain microenvironment, on self-
renewal and differentiation of neural stem cells both 
before and after irradiation.  

Determination of IL6, IL8 and TGFβ1 levels in the 
U87MG glioblastoma culture media using ELISA 
confirmed active secretion of these factors before 
irradiation and a dramatic upregulation of their secretion 
after cancer cell irradiation at 10 Gy (Figure 1A-C).  The 
endogenous expression of death ligands, FasL and 
TRAIL, only modestly increased after irradiation.  In 

contrast, the surface expression of the corresponding 
death receptors, Fas and DR5/TRAIL-R2, was notably 
increased. In general, 95% of U87MG cells were Fas-
positive after irradiation at 10 Gy (Figure 1D). 

We compared the main signaling pathways and 
induction of radiation-induced cell death in human NSC 
and U87MG glioblastoma cells.  Both cell lines were 
exposed to graded doses of γ-irradiation (2.5-10 Gy).  In 
tight correlation with previously published data, 
permanent activation of AKT and IKK-NFκB were 
characteristic features of U87MG glioblastoma cells. 
Substantially lower levels of active AKT and NFκB were 
revealed in NSC.  On the other hand, active forms of 
ERK1/2 and MAPK p38 were permanently expressed in 
both NSC and U87MG cells. Irradiation further 
upregulated phospho-ERK levels in both NSC and 
U87MG cells 4 h after treatment, while levels of JNK 

Figure 1. Dose-dependent effects of  γ-irradiation on cytokine 
and TGFβ1 production, surface expression of death receptors 
Fas and DR5, and their corresponding ligands, FasL and 
TRAIL.  (A-C) ELISA determination of cytokine and TGFβ1 
levels in culture media. Results are normalized for 10

6
 cells. 

(D) Immunostaining and FACS analysis was also used. MFI = 
median fluorescence intensity.  
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phosphorylation changed in opposite directions in NSC 
and U87MG cells after irradiation.  Another characteristic 
feature of U87MG cells was mutated p53, highlighted in 
numerous publications. Consequently, γ-irradiation 
strongly induced p53 in a dose-depended manner in NSC, 
while only basal levels of p53 were detected in the 
glioblastoma cells (data not shown).  

The early induction of the radiation-induced apoptosis 
pathway, a characteristic feature of human NSC, was 
detected based on caspase-3-driven cleavage of PARP-1, 
while no activation of caspase-3-dependent apoptosis was 
detected in irradiated glioblastoma cells. Both the NSC 
and U87MG cell lines had high levels of anti-apoptotic 
survivin, cFLIP and COX2, suggesting that these proteins 
were not responsible for the sharp difference of apoptotic 
response in two cell lines. On the other hand, high levels 
of endogenous production of TGFβ1 and modest protein 
levels of TGFβ-R2 were observed in glioblastoma cells. 
Endogenous production of TRAIL was detected in both 
cell lines 48 h after irradiation, survival of NSC was 

substantially decreased, while only modest changes were 
observed among U87MG cells (data not shown). 
However, high levels of non-apoptotic death of 
glioblastoma cells were revealed 10 days after irradiation 
by the clonogenic survival assay. 

To further evaluate the significance of cell signaling 
pathways for sensitization of glioblastoma cells to 
radiation treatment, we used specific small molecule 
inhibitors of individual pathways that were used 
individually or in combination (Figure 2). While 
inhibition of PI3K-AKT by its specific inhibitor 
LY294002 (40 µM) substantially upregulated radiation-
induced apoptosis of U87MG cells, all other inhibitors 
used were relatively ineffective.  However, a combination 
of LY294002 with BMS345541 (10 µM) was enormously 
effective in the induction of apoptosis.  Even further 
irradiation did not increase the pro-apoptotic effects of 
this combined treatment (Figure 1).  Levels of total cell 
death were additionally decreased, as measured by 
clonogenic survival (data not shown). 

Figure 2. Effects of small molecule inhibitors of cell signaling pathways on cell cycle and radiation-induced apoptosis of glioblastoma 
cells. (A and B) U87MG cells were  γ-irradiated  (10 Gy) in the presence or in the absence (control with the vehicle solution, 0.1% 
DMSO) of specific small molecule inhibitors of signaling pathways: LY294002 (PI3K-AKT; 50 mM), U0126 (MEK-ERK; 10 mM), 
IKK-NFκB (BMS345541; 10 mM), SB203580 (MAPK p38; 10 mM), and TGFβ-R1 (LY364947; 10 mM), which were added to the 
media alone or in combination 30 min before irradiation.  
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Using media transfer experiments from control and 
irradiated U87MG glioblastoma cells, we observed 
pronounced time-dependent effects of the glioblastoma 
secretome on apoptosis of the naïve NSC. Surprisingly, 
conditioned U87MG medium from control cells induced 
higher levels of apoptosis of NSC compared to medium 

transferred from irradiated cells, due to the dramatic 
upregulation of production of IL8, TGFβ and IL6 in 
glioblasoma after irradiation, which could partially 
neutralize the action of death factors (data not shown). 
Neural and glial pathways of NSC differentiation were 
initiated by the corresponding serum-free differentiation 
media. Eight-hours priming the naïve NSC with medium 
from irradiated glioblastoma cells dramatically 
suppressed the subsequent neuronal differentiation, as 
monitored by expression of the neuronal marker 
doublecortin (Figure 3). In contrast, conditioned media 
from control or irradiated U87MG cells did not suppress 
glial differentiation and survival (Figure 4). Both IL8 and 
TGFβ1 increased cell survival, but retarded neuronal 
differentiation. On the other hand, IL6 appears to be 
involved in survival and differentiation of astrocytes.  

In summary, numerous protective mechanisms appear 
to be involved in the maintenance of the radioresistance 
of glioblastoma cells, including constitutive PI3K-AKT 
over-activation, endogenous synthesis of 
TGFβ1, and  permanent activation of the IKK-NFκB 
pathway. Specific blockage of these survival pathways in 
combinations was accompanied by a dramatic increase in 
the radiosensitivity of glioblastoma cells that could have 
therapeutic significance for treatment of this extremely 
resistant cancer. Intercellular communication between 
cancer cells and NSC could potentially be involved in 
amplification of cancer pathology in the brain. 
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Figure 3. Radiation-induced bystander effects in neural stem 
cells (NSC) induced by U87MB cells: design of experiments 
with conditioned and irradiated media transfer. U87MG 
cells were non-treated or irradiated at 5 Gy. 24 h after 
irradiation, conditioned media from control or irradiated 
U87MG cells were transferred to naive non-irradiated NSC, 
which were cultured an additional 8 h.  Experiments were 
performed for induction of neuronal differentiation of 
control and bystander NSC using neuronal differentiation 
medium. Nestin, early neuroprogenitor marker, (red); 
Doublecortin, neuronal marker (green) were used for 
evaluation of neuronal differentiation. 
 

Figure 4.  Radiation-induced bystander effects in neural stem 
cells (NSC) induced by U87MG cells: design of experiments 
with conditioned and irradiated media transfer. U87MG cells 
were non-treated or irradiated at 5-10 Gy. 24 h after 
irradiation conditioned media from control or irradiated 
U87MG cells were transferred to naive non-targeted NSC, 
which were cultured an additional 8 h. Experiments were 
performed for induction of glial differentiation of control and 
bystander NSC using astrocyte differentiation medium. Nestin, 
early neuroprogenitor marker, (red); GFAP, astrocytal 
marker (green) have been used for evaluation of glial 
differentiation. 
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Studies of cell-to-cell variability in gene expression 
have recently gained interest in research areas such as 
cancer [1], stem cells [2] and immunology [3], for their 
potential to reveal new mechanistic insights within 
individual cells and to correlate them to cellular functions 
[4].  

We have reported previously the variability of 
alterations in gene expression in individual irradiated cells 
using a traditional RT-PCR approach [5] and Taqman 
Low-Density Arrays [6].  The NanoString nCounter is a 
very promising tool for extending these studies to the 
measurement of more genes in larger numbers of cells [7]. 
This technology is attractive given the minimal 
amplification required and the possibility of examining 
transcripts from a very large number of genes (up to 800) 
in a single cell. The methodology is sensitive and 
reproducible and also allows quantitative measurements 
of low abundance mRNAs [8, 9]. Here we show the 
feasibility of using the NanoString nCounter technology 
to detect gene expression alterations in small pools of 
irradiated cells. Early passage (population doubling < 35) 
IMR-90 human lung fibroblasts (Coriell Cell Repository,  

Assaying Radiation-Induced Gene Expression 
Alterations as a Function of Sample Size 

Brian Ponnaiya, Manuela Buonanno, Sally A. Amundson, and David J. Brenner 
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Figure 1.  Normalized counts of endogenous control genes in 
control (red bars) and irradiated (blue bars) populations of 
100 (stippled bars) 10 (cross hatched bars) and single cells 
(filled bars) (mean ± SD). 
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Camden, NJ) were maintained in a density-inhibited state 
for one week to ensure that >90% of the population was 
in the G0/G1 phase of the cell cycle [10]. Confluent 
cultures were exposed to 4 Gy of γ rays (0.8 Gy/minute) 
using a Gammacell-40 137Cs irradiator (Atomic Energy of 
Canada, Limited, Ontario, Canada). Control cells were 
sham-treated and handled in parallel with the test cultures. 
Four hours after irradiation, the cells were harvested and 
resuspended at 1x106 cells/ml in 1 % BSA in PBS 
(Sigma-Aldrich Corp., St. Louis, MO). One hundred, ten, 
or individual control and irradiated cells were sorted into 
wells of 96-well plates using a flow cytometer 
(FACSAria, BD Biosciences, San Jose, CA) at the 
Herbert Irving Comprehensive Cancer Center Flow 
Cytometry Shared Resource. The NanoString nCounter 
was used to assay a set of 20 genes in 100, 10 and single 
cell samples of control and irradiated cells using a 
customized nCounter CodeSet. The custom CodeSet 
consisted of 20 genes including 4 endogenous control 
genes, B2M, PPIA, GAPDH, and RPLPO, that we have 
previously shown to be stably expressed across individual 
cells [6] as well as 16 genes previously demonstrated to 
be highly radiation responsive in IMR-90 cells [11]. 
These are CDKN1A, GDF15, IL8, IL1B, PTGS2, 
BCL2A1, MMP3, MT1X, SERPINB2, ATF3, DDB2, 
FAS, FGF2, GADD45, GJA1 and MDM2.  

The counts of the 4 housekeeping genes, B2M, PPIA, 
GAPDH, and RPLPO, in 100, 10 and single cell samples 
are presented in Figure 1. Expression levels were similar 

across all sample sizes, and as would be expected, were 
more variable as the number of cells in each sample 
decreased. Importantly, there was good agreement 
between control and irradiated cells in each sample size. 

Nine of the 16 genes assayed are known to be 
associated with p53, and have been shown to be induced 
in many model systems following exposure to ionizing 
radiation.  The products of four of these genes (CDKN1A, 
DDB2, MDM2 and GADD45A) are localized in the 
nucleus. When the expressions of these four genes was 
examined as a function of sample size, it was seen that in 
all cases there were elevated levels when compared to the 
corresponding controls (Figure 2). Importantly, there were 
no significant differences in the expression levels of any 
of the four genes in the controls irrespective of sample 
size. This was also true for the irradiated samples. As seen 
previously, as the number of cells per sample was 
decreased, the variation between samples increased, as 
indicated by the larger standard deviation (error bars).  

These data demonstrate the suitability of the 
Nanostring nCounter assay to examine radiation-induced 
alterations in gene expression in small pools of cells down 
to and including individual cells. Comparison of the 
single-cell responses to those of larger pools of cells (i.e. 
10 and 100 cell pools) indicates that responses in 
individual cells are not uniform and suggest that 
responses observed in larger populations are not 
indicative of identical patterns in all cells.  
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Figure 2.  Comparisons of the expression levels of p53 associated, radiation-responsive genes in control (clear bars) and 
irradiated (filled bars) samples (mean ± SD). 
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Long-term breast-cancer survivors have a highly 
elevated risk (1 in 6 at 20 years) of contralateral second 
breast cancer [1-2]. This high risk is associated with the 
presence of multiple pre-malignant cell clones in the 
contralateral breast at the time of primary breast cancer 
diagnosis. Mechanistic analyses [3] suggest that a 
moderate dose of x-rays to the contralateral breast can kill 
these pre-malignant clones such that, at an appropriate 
Prophylactic Mammary Irradiation (PMI) dose, the long-
term contralateral breast cancer risk in breast cancer 
survivors would be considerably decreased (Fig. 1). 

We tested the PMI concept using MMTV-PyVT 
mammary-tumor-prone mice. Mammary glands on one 
side of each mouse were irradiated with x-rays, while 
those on the other side were shielded from radiation (Fig. 
2). The unshielded mammary glands received doses of 0, 
4, 8, 12 and 16 Gy in 4-Gy fractions.  

Potential Reduction of Contralateral Second Breast-
Cancer Risks by Prophylactic Mammary 

Irradiation: Validation in a Breast-Cancer-Prone 
Mouse Modela 

Igor Shuryak, Lubomir B. Smilenov, Norman J. Kleimanb, and David J. Brenner 
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Figure 1. Schematic of radiation dose-effects on breast-
cancer risk in the contralateral breast of breast cancer 
patients. The overall cancer risk is determined by a balance 
between killing of pre-existing pre-malignant cell clones vs. 
induction of new pre-malignant cell clones by radiation. The 
hypothesis underlying the present work is that there is a dose 
“window” at intermediate doses where killing of pre-existing 
pre-malignant clones dominates, thus reducing overall cancer 
risks. 

Figure 3. Tumor incidence rate ratios for tumors in 
unshielded irradiated mammary glands, compared to lead-
shielded glands. The doses that were designed to be 
potentially relevant for PMI are 12 and 16 Gy. The 
comparison here is with lead-shielded contralateral 
mammary glands that were exposed only to low scatter 
doses – about 6% of the unshielded dose. Error bars 
represent 95% CIs estimated using the mid-P approach. 

Figure 2. Shielding geometry for mouse mammary 
irradiations. Schematic ventral view of a partially lead-
shielded mouse, with mammary glands outlined by dotted 
lines. Unshielded mammary glands on one side of the mouse 
received the full radiation dose, while the mammary glands 
on the lead-shielded side received a much lower dose – 
about 6% of the unshielded dose. 
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In high-risk mammary glands exposed to radiation In 
In high-risk mammary glands exposed to radiation doses 
designed for PMI (12 and 16 Gy), tumor incidence rates 
were respectively decreased by a factor of 2.2 (95% CI, 
1.1-5.0) at 12 Gy, and a factor of 3.1 (95% CI, 1.3-8.3) at 
16 Gy, compared to those in the shielded glands that were 
exposed to very low radiation doses (Fig. 3). The same 
pattern was seen for PMI-exposed mammary glands 
relative to zero-dose controls. 

The pattern of cancer risk reduction by PMI was 
consistent with mechanistic predictions. Contralateral 
breast PMI may thus have promise as a spatially targeted 
breast-conserving option for reducing the current high 
risk of contralateral second breast cancers. For estrogen-
receptor positive primary tumors, PMI might optimally be 
used concomitantly with systemically delivered 
chemopreventive drugs such as tamoxifen or aromatase 
inhibitors, while for estrogen-receptor negative tumors, 
PMI might be used alone. 
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Ionizing radiation is known for its cytotoxic and 
mutagenic properties. However, recent evidence [1-3] 
suggests that chronic sub-lethal irradiation stimulates the 
growth of melanin-pigmented (melanized) fungi, 
supporting the hypothesis that interactions between 
melanin and ionizing photons generate energy useful for 
fungal growth, and/or regulate growth-promoting genes.  

There are no quantitative models of how fungal 
proliferation is affected by ionizing photon energy, dose 
rate, and presence versus absence of melanin on the same 
genetic background. Here we present such a model, which 
we test using experimental data on melanin-modulated 
radiation-induced proliferation enhancement in the fungus 
Cryptococcus neoformans, exposed to two different peak 
energies (150 and 320 kVp) over a wide range of X-ray 
dose rates.  

Our analysis demonstrates that radiation-induced 
proliferation enhancement in C. neoformans behaves as a 
binary “on/off” phenomenon, which is triggered by dose 
rates <0.002 mGy/h, and stays in the “on” position. A 
competing dose rate-dependent growth inhibition 
becomes apparent at dose rates >5000 mGy/h.  
Proliferation enhancement of irradiated cells compared 
with unirradiated controls occurs at both X-ray peak 
energies, but its magnitude is modulated by X-ray peak 
energy and cell melanization.  

At dose rates <5000 mGy/h, both melanized and non-
melanized cells exposed to 150 kVp X-rays, and non-
melanized cells exposed to 320 kVp X-rays, all exhibit 
the same proliferation enhancement: on average, chronic 
irradiation stimulates each founder cell to produce 100 
(95% CI: 83, 116) extra descendants over 48 hours. 
Interactions between melanin and 320 kVp X-rays result 
in a significant (2-tailed p-value = 4.8 x 10-5) additional 
increase in the number of radiation-induced descendants 
per founder cell: by 55 (95% CI: 29, 81).  

These results show that both melanin-dependent and 
melanin-independent mechanisms are involved in 
radiation-induced fungal growth enhancement, and 
implicate  direct  and/or  indirect  interactions  of  melanin  
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Figure 1. Effects of 24 and 48 hours of continuous X-ray irradiation on the proliferation of C. neoformans. The symbols represent mean 
values of the radiation-induced change (Qe) in CFU/ml (normalized by the initial cell concentration) for various X-ray dose rate 
categories, plotted as function of mean dose rate for each category. Error bars represent standard errors. The abbreviations “mel +” 
and “mel –” represent melanized and non-melanized cells, respectively. 
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with high energy ionizing photons as an important pro-
proliferative factor.  
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Purpose 
Effective dose (ED) is a widely used metric for 

comparing ionizing radiation burden between different 
imaging modalities, scanners, and scan protocols. In 
computed tomography (CT), ED can be estimated by 
performing scans on an anthropomorphic phantom in 
which metal-oxide-semiconductor field-effect transistor 
(MOSFET) solid-state dosimeters have been placed to 
enable organ dose measurements. Here a statistical 

framework is established to determine the sample size 
(number of scans) needed for estimating ED for a desired 
precision and confidence, for a particular scanner and 
scan protocol, subject to practical limitations. 

MOSFET 
We use the TN: 1002RD-H high sensitivity MOSFET 

dosimeters manufactured by Best Medical Canada. It is 
necessary to use high sensitivity MOSFETs for diagnostic 
studies due to the low radiation exposures involved. The 
small dimensions of the MOSFET allow it to be placed 
inside a human-sized phantom. The phantom we use was 

Sample Size for Estimating Effective Dose in a 
Cardiac CT Scan Study Using MOSFET Dosimeters 

Andrew Einstein a, Radoslaw Pieniazek, and Sigal Trattner a 

Figure 2. Analysis of best-fit model parameter values. The proposed model, Q = A(e, t, m) – [B(e, t, m) x R], which predicts the 
radiation effect on proliferation relative to background conditions (Q), based on radiation dose rate (R), X-ray peak energy (e), duration 
of irradiation (t), and cell melanization status (m), was fitted to 10,000 Monte Carlo simulated data sets, generated from each observed 
data set by nonparametric bootstrapping. This procedure was repeated for 8 observed data sets, which represent combinations of 150 or 
320 kVp X-ray peak energy, 24 or 48 hour exposure duration, and positive or negative cell melanization status (mel + or mel –). Each 
“cloud” of points represents the spread of values for model parameters A and B, which are consistent with the corresponding data set, 
randomly varied by bootstrapping. Black open symbols superimposed on each “cloud” represent best-fit parameter values to the 
observed data (unperturbed by bootstrapping).   
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modified from a commercially available anthropomorphic 
phantom (ATOM 701; CIRS, Norfolk, VA). Additional 
holes were drilled so that absorbed dose could be 
determined for each organ with a significant tissue-
weighting factor in the ICRP 2007 guidelines. 

Estimation of Effective Dose 
Effective dose (ED) is a tissue-weighted dose that 

takes into account both the radiation quality and the 
sensitivity of the organs being irradiated.  It is a widely 
used metric for comparing ionizing radiation burden 
between different imaging modalities, scanners, and scan 
protocols. In CT, ED can be estimated by performing 
scans on an anthropomorphic phantom in which 
MOSFET solid-state dosimeters have been placed to 
enable organ dose measurements. Here we establish a 
statistical framework to determine the sample size 
(number of scans) needed for estimating ED to a desired 
precision and confidence, for a particular scanner and 
scan protocol, subject to practical limitations. 

The statistical scheme involves solving equations that 
minimize the sample size required for estimating ED to 
the desired precision and confidence. It is subject to a 
constrained variation of the estimated ED and solved 
using the Lagrange multiplier method. The scheme 
incorporates measurement variation introduced both by 
MOSFET calibration, and by variation in MOSFET 
readings between repeated CT scans. Sample size 
requirements are illustrated for cardiac, chest and 
abdomen-pelvis CT scans performed on a 320-row 
scanner and chest CT performed on a 16-row scanner. 

MOSFETs are positioned in spots corresponding to 
organs contributing to the computation of ED, as 
specified in ICRP Publication 103 [1]. In this ICRP 
report, tissue-weighting factors are assigned to 28 
different organs, including the group of “remainder” 
organs which have tissue weighting factors of less than 
0.01. For larger organs and those with high tissue 
weighting factors, such as the lungs and female breast, it 
is desirable to place MOSFETs in multiple spots and use 
an average so as to better estimate the organ absorbed 
dose. Our group’s approach in the estimation of ED is to 
employ MOSFETs in a total of 43 and 46 spots in the 
male and female phantoms respectively, to cover these 28 
organs. Different approaches can be used to obtain dose 
estimates for these 43 and 46 spots. 

Results 
The sample sizes required for estimating ED vary 

considerably between scanners and protocols. Sample size 
increases as the required precision or confidence increases 
and also as the anticipated ED decreases. For example, for 
a helical chest protocol with an anticipated ED of 4 mSv, 
for 95% confidence that the estimate is within ±5% of the 
true value of the ED, we found that up to 30 
measurements were required on the 320-row scanner but 
only 11 on the 16-row scanner.  For an anticipated ED of 
10 mSv, the required sample sizes for the same scanners 
are 5 and 2, respectively.  For a lower confidence level of 
90%, and lower precision of ±10%, the respective 
required sample sizes are 4 and 2 for an anticipated ED of 
4 mSv.  With an anticipated ED of 10 mSv, a sample size 
of one is sufficient to achieve these parameters for either 
scanner. For very low doses, the sample size needed for 
high precision with a high confidence level becomes 
prohibitively large. 

Conclusion 
 Applying the scheme outlined here, we found that 

even with modest sample sizes, it is feasible to estimate 
ED with high precision and a high degree of confidence. 
As CT technology develops, enabling the use of lower 
ED, more MOSFET measurements will be needed to 
estimate ED with the same precision and confidence. 
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Figure 1. Reader with five attached MOSFETs. 
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Introduction 
Gene expression signatures in peripheral blood have 

been attractive for developing improved methods of 
radiation biodosimetry [1-6].  Blood cells are highly 
responsive to radiation, producing many changes in gene 
expression.  Blood is also an easily sampled tissue that 
would be practical to collect in a large-scale radiological 
event. 

The effects of internal emitters have received little 
attention from the biodosimetry community.  This is of 
concern as in most large-scale radiological / nuclear 
scenarios, significant exposures from radionuclides 
inhaled or ingested from fallout would be expected. 
Exposures from internal emitters can involve different 
radiation qualities, different tissue exposure patterns, and 
changing dose rates, all of which can potentially modify 
gene expression responses to radiation.  As a first step 
toward understanding the impact this might have on 
biodosimetric gene expression signatures, we previously 
reported on mice injected with water-soluble 137CsCl [7], 
which is distributed throughout the mouse giving a 
relatively uniform total body exposure. 

We have now extended these studies to mice 
internally exposed to 90Sr, a bone-seeking β-emitting 
isotope.    The mice were injected with a single dose of 
90SrCl2, and sacrificed at times from 4 to 30 days later, 
giving accrued skeletal doses between about 1 and 5 Gy.  
A large number of genes were differentially expressed at 
each time of sacrifice, compared to time-matched 
controls, with many genes showing consistent under-
expression throughout the experiment.  

Ongoing analyses will continue to compare these 
results with those from the whole-body 137Cs exposures, 
and with external acute and low-dose rate exposures.  
Such studies will help us begin to understand the impact 
that fallout may have on gene expression and radiation 
biodosimetry, and the mechanisms involved.  

Experimental overview and results 
Male C57Bl/6 mice were injected with a single dose 

of soluble 90SrCl2 at the Lovelace Respiratory Research 
Institute, and sets of eight 90Sr-treated mice and eight 
control mice per point were sacrificed at 4, 7, 9, 25 and 30 

X 
days after injection.  Within a short time, nearly all of the 
90Sr becomes localized in the bones, confining most of the 
dose to the bone and the marrow compartment.  We 
therefore used data from in vivo whole body counts 
through the experiment and detailed tissue specific counts 
at necropsy to reconstruct the dose to bone for each 
individual animal in the study.  The resulting doses to 
bone were on average about half the total body doses 
received by the mice in the 137Cs study at the same times 
after isotope injection (Figure 1). 

Blood was collected from the mice at the time of 
sacrifice, the RNA was extracted, and globin transcripts 
were reduced as previously described [3].  Global gene 
expression was measured at days 4, 7, 9, 25, and 30 using 
Agilent whole genome mouse arrays, and analyzed using 
BRB Array-Tools [8] to identify genes significantly 
differentially expressed (p<0.001; FDR<0.05) compared 
to time-matched controls.  The majority of differentially 
expressed genes were down-regulated, with similar 
numbers of under expressed genes at all times.  This 
contrasted with our findings for 137Cs exposure, where 
few genes were down-regulated early on, but their 
numbers increased steadily throughout the experiment.  
The number of genes over expressed in 90Sr treated mice 
fluctuated somewhat over time, but did not show a clear 
trend (Figure 2). 
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deposited 90Sr (filled 
squares) in the present 
study compared with total 
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hybridized to microarrays 
at each point, error bars: 
standard deviation. 
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Many of the differentially expressed genes showed 
sustained responses across multiple times after 90Sr 
administration, with 1853 genes differentially expressed 
at all times tested (Figure 3).  This contrasted with the 
results of 137Cs administration, where only 5 genes were 
significantly regulated at all times.  Although the times 
and accrued doses differed somewhat in the two 
experiments, the “inversion” phenomenon noted in the 
cesium study, where a large number of genes switched 
from up- to down-regulated around five days after cesium 
administration, was not evident in the strontium study.  In 
contrast, the majority of responding genes in the 
strontium exposed mice remained consistently under 
expressed (Figure 4) throughout the study.   

 Many of the persistently down-regulated genes 
showed a pattern similar to that seen in the handful of 
genes down-regulated at all times in the previous 137Cs 
study (Figure 5A).  These genes exhibited an early rapid 
decline without much alteration in response to either the 
increasing dose or the decreasing dose rate with 
increasing time since injection.  It is interesting that the 
magnitude of response was similar in the two studies, 
despite the nearly two-fold difference in dose, suggesting 
that these responses may indeed be largely independent of 
dose and dose rate.   

There were even fewer up regulated genes that 
showed persistent responses in both studies.  One 
example was Mt2, which increased at an essentially 
identical rate over the first week or so of both studies, 
then declined more rapidly in the cesium study, reaching 
essentially background levels by day 30 (Figure 5B).  
Expression of Mt2 appeared to reach higher levels in the 
90Sr treated mice, and to decline more slowly, despite the 
lower doses accrued.  Other metallothioneins including 
Mt1 and Mt4 showed similar patterns of expression in the 
two studies.  It is possible that the chemical properties of 

Figure 3.  Comparison of the numbers of differentially expressed genes at the different sacrifice times in the previous 137Cs study (left 
panel) and the present 90Sr study (right panel).  Strikingly, a large number of genes were significantly differentially expressed at all 
times tested after 90Sr administration in contrast to only 5 genes in the 137Cs study.  
 

Figure 4.  Clustergram of log intensities of the 1853 genes 
expressed at significantly different levels from controls at all 
times assayed.  The vast majority of these genes were 
expressed at reduced levels in response to 90Sr exposure, and 
none showed the change in direction of expression after day 5 
that was previously found among many genes responding to 
internal  137Cs exposure. 
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Sr cause it to elicit a greater response from these metal-
binding proteins than does Cs.  Neither metal was found 
to correlate with metallothionein levels in the livers of 
raccoons [9], however, and administration of non-
radioactive strontium was found not to alter 
metallothionein levels in rat liver [10], suggesting the 
difference in response may be related to the radiation 
effects.  Further studies will be needed to clarify such 
responses. 

Conclusions 
In summary, this work has shown that many genes are 

regulated in response to the bone-seeking internal emitter 
90Sr, with patterns that seem to differ from gene 
expression responses to 137Cs.  Further work will be 
required to understand the mechanisms driving these 
differences, and to more fully assess the potential impact  

 

 

 

 

 

that internal emitters may have on biodosimetry using 
gene expression profiles.  
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Figure 5.  Average relative expression levels by microarray in 
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(A) three genes with significantly lower expression at all 
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Introduction 

The threat of radiological accidents and terrorism has 
become a reminder that new techniques are needed to 
rapidly and effectively identify and triage individuals who 
have been exposed to radiation. While cytogenetics 
remains the gold standard for assessing the level of 
exposure and cancer risk, the requirement for expertise 
and the time required between sample collection and 
results are prohibitive for effective use in a mass casualty 
scenario. For this reason, rapid and accurate techniques 
need to be developed. Metabolomics allows for the 
identification and quantification of small molecules (<1 
kDa) in tissues, cells, and biofluids, such as urine and 
blood. Previous studies from our laboratory have focused 
on biofluids from mice. We have now extended our 
studies to urine from humans exposed to total body 
irradiation (TBI). Here we report on perturbations of 
biological pathways, as determined through quantified 
levels of metabolites. 

Experimental procedures 
Urine was collected from patients undergoing TBI 

prior to hematopoietic stem cell transplantation at 
Memorial Sloan-Kettering Cancer Center.  Samples were 
collected prior to irradiation and after exposure to the first 
125 cGy fraction (4-6 hours post TBI). Samples were 
analyzed with the Waters Ultra Performance Liquid 
Chromatography instrument (UPLC) coupled to time-of-
flight Xevo G2 mass spectrometer (TOFMS), as described 
in [1]. Chromatogram alignment, peak picking, and 
deconvolution were performed with the MarkerLynx 
software (Waters) and each sample was normalized to its 
respective creatinine level. Statistical analysis was 
performed with in house statistical software [2]. 
Candidate markers were validated through tandem mass 
spectrometry and quantification was performed on the 
tandem quadrupole Xevo TQ with standard curves for 
each metabolite. 

Metabolomic signature and pathway perturbations 
Statistical analysis and validation of putative markers 

with pure chemicals through tandem mass spectrometry 
showed perturbations in two key pathways. Trimethyl-L-
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Figure 1. Fatty acid β-oxidation is primarily affected 
through the deregulation of carnitine and production of 
acylcarnitines. Arrows signify changes post radiation 
exposure, while a dash signifies no change between pre and 
post exposure samples. NS = no statistical significance, # = 
p-value equals 0.0532, * = p-value of less than 0.05. In 
some cases, although no statistical significance is present, 
trends of change of levels of metabolites post radiation 
exposure are evident and therefore represented with arrows. 
(F=female, M=male)  

Figure 2. Purine catabolism contributes to increased 
oxidative stress through the activation of xanthine oxidase 
and increased excreted levels of hypoxanthine and xanthine. 
Arrows signify increased excretion of the metabolites post 
radiation exposure, while a dash is representative of no 
changes. NS= no statistical significance, *= p-value of less 
than 0.05. In some cases, although no statistical significance 
is present, trends of change of levels of metabolites post 
radiation exposure are evident and therefore represented 
with arrows. (F=female, M=male) 
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Lysine is a precursor of L-carnitine, a key metabolite in 
energy metabolism and fatty acid β-oxidation. The 
differences in acylcarnitines (acetylcarnitine, 
decanoylcarnitine, and octanoylcarnitine) point to 
potentially inefficient energy metabolism in the 
mitochondria, due to generation of free radicals following 
exposure to radiation (Figure 1). In addition, the purine 
metabolism pathway showed a shift to a pro-oxidative 
state with increased xanthine and hypoxanthine excretion 
(Figure 2). Xanthine oxidase, the enzyme responsible for 
conversion of hypoxanthine to xanthine and xanthine to 
uric acid, is a major source of free radicals in addition to 
radiation exposure. However, significant differences exist 
in the levels of these biomarkers between males and 
females, demonstrating that biological differences 
between the two sexes need to be taken into account when 
developing metabolomic radiation signatures.      

Conclusions 
Radiation metabolomics research has provided urinary 

biomarkers in multiple species (mouse, rat, non-human 
primates (NHP)) over the years [1]. Representative 
markers are shown in Table 1. Efforts to expand to 
humans have demonstrated the potential of this 
technology for rapidly identifying biomarkers in easily 
accessible biofluids. Although this study concentrated on 
one dose (125 cGy), it was the first to show radiation 
urinary metabolomic results in humans and the first to 
demonstrate  significant  differences  between  males  and  

females. Future efforts will concentrate on collection of 
samples from individuals exposed to a range of doses, 
such as 200 cGy and 450 cGy, in order to assess the 
potential of metabolomics as a biodosimetry method. In 
any case, the overlap of some markers between species 
[1] has demonstrated the commonality of pathways 
affected by radiation and the potential of animal models 
as we begin dissecting the origin of these markers in 
urine.     
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An important indicator for the acute effects of 

radiation and for biodosimetry is the depletion and 
recovery kinetics of nucleated blood cells.  Mouse models 
have been used extensively for obtaining data on the 
response to radiation in the range of doses that are lower 
than LD50 [1, 2].  Interestingly, those studies usually lack 
the analysis of blood cell populations at longer time 
points after irradiation. To address this issue we 
monitored blood cell counts in C57BL/6 mice for up to a 
month after irradiation with different doses of  γ-rays. 
Here we present the results for the depletion and recovery 
kinetics of mouse T and B cells. The choice of cell types 
was based on the relative cell sensitivity, which for mouse 
peripheral blood mononuclear cells (PBMC) is in the 
order of B> T> NK>myeloid cells.  Furthermore, in the 
male C57BL/6 (Charles River) mouse model that we have 
used extensively, 80-85% of the PBMC are lymphocytes 
[3].  By analyzing the more radiosensitive B and T cells, 
we aimed to determine the radiation response of the 
mouse hematopoietic system to different doses of 
radiation and its capacity to recover from radiation insult.   

Methods: All animal husbandry and experimental 
procedures were conducted in accordance with applicable 
federal and state guidelines and approved by the Animal 
Care and Use Committees of Columbia University 
Medical Center.  Eight-week-old male C57BL/6 mice  
(Charles River, LD50/30 of 7.00 Gy) were irradiated with 
doses of 1, 3 and 6 Gy. Blood was collected at 1, 2, 7, 14 
and 30 days after the irradiation and blood cell counts for 
T and B cells were determined by flow cytometry. Three 
mice were used at each dose/time point.  The blood cell 
counts were determined after red blood cell lysis followed 
by incubation of the PBMC with antibodies specific for 
mouse CD45, CD3 and CD19 antigens. Counting beads 
were used as a standard for correction of the event counts 
to cell counts. No mice were lost during the study as a 
result of the irradiation.  

Results and discussion: The experiment (Fig. 1) 
showed relatively fast recovery of the mice from the 1 Gy 
dose.  The counts for both T and B cells increased after 
the first 48 hours and at day 7 cell counts were 50-75% of 
the initial cell numbers. This was followed by complete 
recovery at day 30.  The 3 Gy dose had much more 
pronounced effects on the lymphocyte numbers, which 
show a steep drop 24 hours after irradiation and partial 
recovery at day 7 for T cells and day 14 for B cells.   At 
day 30 cell counts reached about 50% of the initial 
counts. In contrast, 6 Gy of radiation effectively depleted 
the T and B cells for at least 14 days. As indicated by the 

results, recovery began after day 14, and was still not 
completed at day 30. Interestingly, the counts at day 30 
for the 6 Gy dose were similar to the counts for 3 Gy 
dose. This indicates that the hematopoietic system of 
these mice has the capacity to recover after very high 
doses of radiation. Systemic repopulation appears to begin 
at around 14 days after irradiation with 3 and 6 Gy and 
although not completed at day 30, it shows an upward 
tendency.  

Depletion and Recovery Kinetics of T and B Cells in 
C57BL/6 Mice Irradiated with  γ-rays 

Erik Young, Antonella Bertucci, and Lubomir Smilenov 

Fig. 1.  T cell counts (A) and B cell counts (B) after 
irradiation of mice with different doses of γ-rays.  Each dot 
represents the cell counts for a single mouse. Three mice 
were used per dose.  
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The overall conclusion from this study is that mouse 
hematopoietic stem cells are sufficiently robust to sustain 
and recover from high doses of radiation. This is in 
contrast with human stem cells, which lack this capacity 
as indicated by the much lower LD50/30, which for humans 
is around 4 Gy.    
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Introduction 

An important part of the planned partial body 
irradiation study for our Center for Medical 
Countermeasures against Radiation is to measure and 
minimize the radiation dose delivered to the shielded parts 
of the mouse body by scattered radiation. To test the 
shielding and to detect the amount of scattered radiation 
generated by the XRAD 320 irradiator (PXI, North 
Branford, CT), we made several measurements employing 
a mouse shielding jig placed in the x-ray machine. Several 
different configurations were tested in order to minimize 
scatter dose delivered to a partially shielded animal.  The 
shielding jig (Fig. 1) is comprised of an acrylic channel 
that is overlaid with 12 mm slab of lead that can slide and 

shield different body areas of a mouse placed in the 
channel. The scattered radiation measurements were taken 
using a RADCAL ion chamber (Model 2086, Radcal 
Corporation, Monrovia, CA) placed at various distances 
from the irradiation area. Preliminary measurements using 
two different energies – 220 kPv and 320 kPv – showed 
high levels of scattered radiation, equivalent to 6% of the 
delivered dose for the 220 kPv beam and 2.5% for the 320 
kPv beam in close proximity (1 mm) to the irradiated 
area. For the tests, three different configurations 
schematically shown in Figures 2-4 were tested. 

Configuration 1 (shown in Figure 2) is the one 
traditionally used for partial body irradiation in our 
department. Configurations 2 and 3 (Figures 3 and 4, 
respectively) were suggested by Gerhard Randers- 
Pehrson after it was found that the scattered radiation with 

Assessment of Scattered Dose in Partial Body 
Irradiations. 

Radoslaw Pieniazek, Erik Young, and Lubomir Smilenov 

Figure 1. The shielding jig. The ion chamber is shown 
placed in the shielded area for scattered radiation 
measurements. The lead shield can slide along the acrylic 
channel, to adjust the shielded area. 

Figure 2. Configuration 1: The shielding jig is placed atop a 
22 mm thick acrylic panel and the stainless steel table of the 
XRAD 320 machine. A Plexiglas plate is used to reduce the 
scattered radiation emitted from the stainless steel stage 
provided by the manufacturer. 

Figure 3. Configuration 2, side (A) and top (B) views. The 
radiation jig is placed on top of a sheet of plywood. The x-
ray beam is directed to a rectangular hole with dimensions 
greater than the radiation area, effectively minimizing 
interaction between the beam and the wooden stage. 



CENTER FOR RADIOLOGICAL RESEARCH • ANNUAL REPORT 2013 
 

Page⏐66 
   

Configuration 1 was excessive for the planned 
experiments. There are several novel aspects of 
Configurations 2 and 3.  Firstly, the standard steel stage 
was replaced with a wooden stage in order to reduce the 
scattered radiation. The second change is the elimination 
of interaction between the radiation field and the stage. 
This was achieved by cutting a square hole (5 cm2) in the 
wooden stage.  This hole is actually bigger than the 
irradiation area. Aiming the radiation field to that area 
prevents interaction of the radiation with the stage. For 
the actual mouse irradiation the hole will be covered with 
thin plastic film and the mouse will be placed on this film. 
The third change (Configuration 3) is that the sides of the 
ion chamber (and the mouse body during actual 
irradiations) are additionally shielded with a 2.5 mm thick 
lead cylinder, the diameter of which approximates the 
dimensions of the ion chamber (or a mouse).  These 
changes resulted in a noticeable reduction of scattered 
radiation delivered to the shielded area. 

Results 
Scattered radiation measurements were obtained at 

varying distances from the edge of the overlying lead slab 
in the various configurations described.  Alteration of the 
base/stage material within the XRAD 320 cabinet with 
concomitant deletion of matter at the shield boundary 
caused a noticeable diminution of the scatter dose (Fig 5). 

The measured scatter dose was further reduced by 
shielding the measuring ion chamber in a 2.5 mm thick 
lead sheet.  Inclusion of this “cave” feature beneath the 
overlaid lead slab, along with the modifications to the 
stage yielded an acceptably low scatter dose in the “non-
irradiated” hemi-body compartment of the jig. 

Conclusions:  
The new shielding configurations and stage re-design 

reduced the scatter dose delivered to the “shielded” hemi-
body compartment of the jig.  The dose to the body of the 
mouse in very close proximity (1 mm) to the irradiation 
area is around 0.5% for Configuration 3 (Fig. 4), making 
it acceptable for subsequent partial body irradiations. A 
further decrease of the dose to 0.18% was measured at a 
distance of 10 mm from the irradiated area.      ■  

 

 

 
 
 
 
 
 
 

Figure 5. Scatter dose with different configurations of 
shielding apparatus and stage composition.  Measured 
scatter dose in conventional Configuration 1 ( ♦ ) was found 
to be diminished when modifications to the stage of the 
instrument were made (Configuration 2, ● ).  These were 
further diminished when the shielded compartment overlaid 
with a lead slab was further shielded with an inner lead 
cylinder (Configuration 3, ■ ). 

Figure 4. Configuration 3: Radcal ion chamber covered 
with a 2.5 mm thick lead cylinder, inside the acrylic jig 
placed on a wooden base with a 5x5 cm hole in the 
irradiation area.  The jig is offset in the photo to show 
the hole in the base. 
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The Rapid Automated Biodosimetry Tool (RABiT) 

[1] is designed to process blood samples collected, using a 
standard finger stick lancet, into bar-coded heparin-coated 
plastic capillary tubes. In the RABiT the capillary is spun 
to separate lymphocytes from red blood cells. The latter 
are discarded while the former are transferred to filter 
bottom multiwell plates and can be processed using a 
variety of biodosimetry assays (e.g. [2]).  

Last year [3] we reported on the design of a compact, 
automated irradiator, which can be incorporated into the 
RABiT, either before or after the centrifugation step. 
Briefly, the irradiator, shown in Figure 1, consists of two 
100 mCi 90Sr/90Y 1” sealed disk sources (Eckert & 
Zeigler, Germany). The sources are placed opposite each 
other with a 1 cm gap providing a uniform dose field. The 
tight geometry allows the use of a relatively weak β-
emitter, which in turn minimizes the required shielding. 

 
Figure 1.  Assembly photo of the irradiator module 
Source mapping 

In order to measure the dose distribution within the 
source, a capillary was filled with 2 mm long 
thermoluminescent dosimetry (TLD) rods and inserted 
into the source holder (about 1 sec load time), paused for 
20 sec and pushed out (an additional 1 sec). Figure 2 
shows the measured dose profile, aligned to the design 
drawing of the source holder. 

As seen in Figure 2 (bottom), the dose rate distribution is 
in good agreement with the MCNP-predicted dose rate of 
0.3-0.4 Gy/sec opposite the center of the source, dropping 
down to essentially zero within the shielding.  
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Mapping the Dose Profile in a Capillary Irradiator 
Based on 90Sr Sealed Sources 
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Figure 2. Dose profile within the source. Points are the 
mean of three repetitions. The horizontal error bars 
correspond to the length of the TLD rod.  
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Background 

Computed tomography (CT) is an essential imaging 
modality of modern medicine. CT scans provide rapid, 
painless, and detailed information about basically all 
organ systems and, therefore, have revolutionized the 
diagnosis of traumatic injuries and a wide array of 
diseases. The most common indications for CT use 
include altered mental status, head trauma, brain masses, 
headache, complicated pneumonias and abdominal pain 
[1, 2]. CT use has increased substantially over the past 
few decades [3], particularly for children presenting to the 
emergency department. This increase has been attributed 
largely to technological advances in CT such as improved 
resolution, three-dimensional organ acquisition, and faster 
scanning times [3]. While decreases in the rate of increase 
of CT use have been reported in the last few years [4], the 
frequency of pediatric CT exams is at present still very 
high and this raises special concerns about the long-term 
risks associated with diagnostic ionizing radiation-based 
techniques.  

Ionizing radiation (IR) exposure is a widely accepted 
risk factor for cancer in humans [5]. Ionizing radiation 
exposure to children from diagnostic exams such as CT 
scans has been estimated to contribute to 1.5-2.0% of all 
cancers in the United States [3] due to children’s 
enhanced radiosensitivity and longer life expectancy 
compared to adults [6-8]. These estimations are based on 
the linear-no-threshold (LNT) model, a hypothetical 
model that extrapolates cancer risks from dose-response 
data. Two recently published retrospective studies looked 
at the development of cancer in children and adolescents 
with a history of low dose ionizing radiation exposure [9, 
10]. For brain cancers and all other cancers combined, the 
incidence ratios were highest for very young children and 
increased with the number of CT scans received. 
Disturbingly, the long-term effects of childhood ionizing 
radiation exposure may not become apparent until after 
several decades [9].  

One of the earliest steps in the repair of radiation-
induced DNA DSB is the rapid phosphorylation of 
hundreds to thousands of molecules of the histone variant 
H2AX by members of the phosphatidyl-inositol-3-kinase-

related kinases (PIKKs) family to form a γ-H2AX focus 
at the site of the DSB [11-13]. Several studies have 
demonstrated the sensitivity of γ-H2AX foci detection. 
For example, adults undergoing CT scans of the thorax 
and/or the abdomen showed a dose dependent increase in 
lymphocytic foci 30 minutes after IR exposure [14], while 
children with congenital heart disease undergoing cardiac 
catheterization with concomitant fluoroscopic X-ray 
exposure (median effective dose of 6.4 mSv) showed a 
dose dependent increase in γ-H2AX foci per cell [15]. 
Although these studies demonstrate the sensitivity of 
γ-H2AX foci detection after low to moderate IR exposure 
of humans in vivo, it is unknown whether very low IR 
doses from CT exams would also change γ-H2AX foci 
formation in vivo in very young children. In the present 
pilot study, we used the γ-H2AX assay to elucidate 
whether very low ionizing radiation doses from medically 
indicated CT scans in very young children would result in 
changes in γ-H2AX foci formation. 

Results and Discussion 
Three male pediatric patients between 3 and 21 

months old undergoing medically indicated CT scans in 
the emergency department (ED) at Kapi’olani Medical 
Center for Women and Children (KMCWC) in Honolulu 
participated in this study following informed consent 
from the parents and/or legal guardians. Demographic 
characteristics of the participants are shown in Table 1 
(below). Peripheral whole blood samples (2 ml) were 
collected by venipuncture before (‘pre-CT’) and one hour 
(‘post-CT’) after their scheduled CT exam. Times of 
blood draws and CT scan were documented, as were 
Dose-Length Products (DLPs). The samples were 
immediately transferred to the University of Hawaii 
Cancer Center, where the lymphocytes were isolated from 
the whole blood and methanol-fixed for shipping to the 
Center for High Throughput Minimally Invasive 
Radiation Biodosimetry laboratory at Columbia 
University. Prior to shipping, the overall health and 
membrane integrity of the fixed lymphocytes were 
assessed by microscopy. Further, the samples were split 
into duplicates and de-identified in order to blind the 
γ-H2AX detection with respect to CT status and radiation 
dose. 

γ-H2AX analysis 
Immunostaining was performed using an anti-human 

γ-H2AX monoclonal antibody (dilution 1:750; ab18311, 
Abcam Inc., Cambridge, MA) for the pre- and post-CT 
duplicate lymphocyte samples of all 3 patients. γ-H2AX 

Very Low Dose in vivo X-Irradiation Increases 
γ-H2AX Foci in Lymphocytes of Young Childrena 

Helen C. Turner, Brunhild M. Halmb, Jennifer F. Laib, Vatche M. Zohrabianc, Robert DiMauroc, David J. Brenner, and 
Adrian A. Frankeb 
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foci enumeration (per cell) was performed using an 
Olympus BX43F epifluorescent microscope and 60x 
objective for each pre- and post-CT replicate and the 
average foci/cell counts were used for comparison. Pre-
CT γ-H2AX foci values among the 3 patients were similar 
(range 1.26 ± 0.16 - 1.53 ± 0.42 foci per cell) but 
increased for all 3 patients 1 h after CT scans (P=0.046 by 
paired t-tests). Mean CT-induced blood doses of 0.22 to 
1.22 mGy led to mean ± SD pre-post CT increases of 0.96 
± 0.13 (Patient 1), 1.16 ± 0.30 (Patient 2), and 1.95 ± 0.09 
(Patient 3) foci per cell, respectively (Figure 1), on 
average a doubling (102%) of foci per cell between the 
lowest and highest ionizing radiation exposure dose.  The 
calculation of total blood doses was performed by 
multiplying the calculated organ dose by the fraction of 
the total blood volume present in each organ at any given 
time; the weighted organ doses were then summed to 
equal total blood dose. 

The observed increase in foci per cell was linearly 
dependent on DLP dose (P=0.002 by regression analysis). 
Replicate blinded γ-H2AX foci counting from separate 
lymphocyte aliquots showed a mean inter-assay 
coefficient of variation (CV) of 11% (4 separate assays 
for each patient). Post-CT duplicates showed a lower CV 
than pre-CT duplicates (4% vs. 17%) probably because of 
the easier-to-read higher absolute values of the post-CT 
samples. 

Summary 
These results indicate that γ-H2AX is a reliable and 

sensitive biomarker to evaluate the effects of very low 

dose ionizing radiation exposure in pediatric patients 
undergoing CT exams. The results of this pilot study 
support the LNT hypothesis at very low doses in young 
children. Although the sample size is very small (n = 3), 
the results show a linear increase in γ-H2AX foci post-
CT, depending on DLP dose for all 3 patients, even at 
effective doses as low as 1.57 mSV (corresponding to a 
blood dose of 0.22 mGy). The ionizing radiation doses 
applied in this pilot study are much lower than the doses 
in other studies measuring γ-H2AX foci after CT exams 
[15, 16]. Further studies with larger sample sizes and very 
low blood ionizing radiation doses in the range of those in 
our study, as well as the inclusion of controls, are needed 
to confirm these findings. 

References 

1. Frush DP, Donnelly LF (1998) Helical CT in 
children: technical considerations and body 
applications. Radiology 209:37-48. 

2. Larson DB, Johnson LW, Schnell BM, et al. (2011) 
Rising use of CT in child visits to the emergency 
department in the United States, 1995-2008. 
Radiology 259:793-801. 

3. Brenner DJ, Hall EJ (2007) Computed tomography--
an increasing source of radiation exposure. N Engl J 
Med 357:2277-2284. 

4.  Menoch MJ, Hirsh DA, Khan NS, et al. (2012) 
Trends in computed tomography utilization in the 
pediatric emergency department. Pediatrics 
129:e690-697. 

5.  Hsu WL, Preston DL, Soda Met al (2013) The 
incidence of leukemia, lymphoma and multiple 
melanoma among atomic bomb surivors: 1950-2001. 
Radiat Res 179:361-382. 

6.  Cardis E, Vrijheid M, Blettner M, et al. (2007) The 
15-Country Collaborative Study of Cancer Risk 
among Radiation Workers in the Nuclear Industry: 
estimates of radiation-related cancer risks. Radiat Res 
167:396-416. 

7.  Berrington de Gonzalez A, Darby S (2004) Risk of 
cancer from diagnostic X-rays: estimates for the UK 
and 14 other countries. Lancet 363:345-351. 

8.  Brenner D, Elliston C, Hall E, et al. (2001) Estimated 
risks of radiation-induced fatal cancer from pediatric 
CT. AJR Am J Roentgenol 176:289-296. 

9. Pearce MS, Salotti JA, Little MP, et al. (2012) 
Radiation exposure from CT scans in childhood and 

Table 1. Demographics and radiation dose of study participants. 

Figure 1. Post-CT (red bars) versus pre-CT (blue bars) 
lymphocytic γ-H2AX foci from three young children as a 
function of CT-induced IR dose (expressed in DLP [mGy-cm] 
and in effective dose [mSv]; the means and standard deviations 
of the average number of foci per cell from duplicate blinded 
analyses are presented.  
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Introduction 

An ultra high-throughput automated system, the 
RABiT (Rapid Automated Biodosimetry Tool) (Chen et 
al., 2009; Garty et al., 2010) was developed at the Center 
for High-Throughput Minimally Invasive Radiation 
Biodosimetry.  It estimates individual dose exposure 
using finger stick blood samples in an in-situ multi-well 
plate platform. One of the assays optimized in the system 
is the γ-H2AX assay (Turner et al., 2011) quantifying the 
DNA double strand breaks (DSB) (Bhogal et al., 2009; 
Redon et al., 2009; Rothkamm and Horn, 2009) in 
isolated unstimulated lymphocytes. The γ-H2AX yields 
are quantified in the RABiT by measuring the integrated 
fluorescent intensity per nucleus (Turner et al., 2011).  
The RABIT system was recently extended to assay other 
DNA repair proteins in addition to γ-H2AX at multiple 
time points (Turner et al., 2014). This was done using 
slight modifications of the existing optimized RABiT 
γ-H2AX immunofluorescence protocol. Assay specific 
protocols were developed and the repair of the DNA DSB 
measured to follow the decay kinetics of γ-H2AX, ATM 
[ser1981], 53BP1, and MDC1 radiation-induced foci 
(Turner et al., 2014). Inter-individual variability in 
γ-H2AX response (Andrievski and Wilkins, 2009; Ismail 
et al., 2007) is documented, although the effect of 
modulators such as genetic, environmental, age, gender, 
and other factors on γ-H2AX response, efficiency of DSB 
repair, and cellular radiosensitivity is not completely 
understood. Information about DNA repair response in 
humans of different age, gender, racial and ethnic origin 
is sparse. The goals of the current study are as follows: 1) 
to collect finger stick blood samples from 94 healthy 

individuals, isolate lymphocytes and assay at multiple 
time points using the optimized γ-H2AX assay protocol of 
the extended RABiT system 2) demonstrate the 
practicality and scalability of the extended RABiT system 
by measuring γ-H2AX yields at multiple time points and 
generate decay curves on a larger scale in lymphocytes 
and 3) to characterize the effect of demographic 
characteristics such as genotype (ethnicity), hormonal 
influences (sex), and environmental factors (alcohol) on 
the baseline endogenous γ-H2AX, radiation induced 
γ-H2AX response, and residual γ-H2AX levels. The 
recruitment, repair and disappearance of DNA DSB 
damage was followed microscopically by immunostaining 
the phosphorylated form of γ-H2AX in unstimulated 
lymphocytes. Variations in the levels of γ-H2AX 
expression between subgroups post irradiation were 
analyzed using T tests.  

Results and discussion 
Finger stick blood samples were collected from 94 

healthy individuals with informed consent. Demographic 
information was recorded for sex, age, ethnicity, smoking 
and alcohol consumption status. The blood samples were 
irradiated to a dose of 4 Gy of γ-rays using an Atomic 
Energy of Canada Gammacell 40 Cesium Unit. 
Lymphocytes were isolated using Histopaque-178 
(Sigma-Aldrich) separation medium and collected in 
complete RPMI 1640 medium. At respective time points 
up to 24 h post radiation, the RABiT assay was used to 
establish the DNA repair capabilities using the γ-H2AX 
endpoint. Samples were processed to obtain 
immunofluorescence measurements of γ-H2AX repair 

High-Throughput Immunofluorescence Assay and 
Decay Kinetics of γ-H2AX in Multiple Individuals 
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kinetics. Plotted in Figure 1 is the mean of total 
fluorescence yields for γ-H2AX obtained from 94 donors 
at different time points. Data are plotted as average total 
fluorescence pixel values against time post irradiation in 
hours. Induction of γ-H2AX rapidly increased 30 minutes 
after radiation and peaked between 2-4 h post irradiation.  
Thereafter γ-H2AX levels gradually declined until 7 h, 
with little residual fluorescence at 24 h post radiation. The 
error bars represent the standard error of the mean (SEM) 
based on inter-individual variation among the donors.  

To determine if there were any differences in the 
DNA repair kinetics between males and females, Hispanic 
and non-Hispanics, alcohol consumers and alcohol non-
consumers, the data from these donors were sorted based 
on respective groups and the means plotted (Figure 2). 
Although variability in γ-H2AX fluorescence levels was 
observed between males and females at baseline levels, 
the post-irradiation induction and decay kinetics of 
γ-H2AX expression were similar.  At 24 hr post-
irradiation, some residual γ-H2AX staining is evident in 
males (Figure 2A).  

Following radiation exposure the radiation induced 
γ-H2AX total fluorescent yields at 0.5 h were computed 
for each demographic subgroup and compared. Because 
females and non-alcohol consumers had significantly 
higher endogenous γ-H2AX levels, we were especially 
interested to compare these expression levels at 0.5 h after 
radiation exposure (Figure 2A, 2C). Both females and 
non-alcohol consumers continued to have higher levels of 
γ-H2AX at 0.5 h than their respective counterparts, but 
the differences were not statistically significant.  Overall, 
the initial radiation-induced response observed at 0.5 h 
was independent of gender, ethnicity, and age.  

The γ-H2AX repair kinetics for the healthy donors 
followed an exponential decay curve (Figure 1) with the 
rapid loss of fluorescence between the peak at 2 h and 7 h 
followed by slow, gradual decline of fluorescence to near 
baseline levels at 24 h post irradiation. In the decay 
curves from the demographic groups, a similar trend was 
observed, although the γ-H2AX fluorescence peak for 
alcohol consumers was delayed until 4 h (Figure 2C).  

It is known that radiation induced residual foci may 
persist longer than 24 h but not much is known about the 
influence of genotype, age, gender and lifestyle factors on 
residual levels. We therefore segregated and analyzed 
demographic groups in order to identify trends and 
relationships. In our study, non-Hispanics had higher 
residual levels than the Hispanic group (P=0.020), and 
males had significantly higher residuals than females 
(P=0.038).  

We have demonstrated scalability and practicality of 
the extended RABIT system by performing the DNA 
DSB repair kinetics assay at multiple time points in 
unstimulated lymphocytes isolated from 94 normal 
healthy individuals. Effects of genetic factors, such as 
ethnicity, hormonal influences (sex), and behavioral 
influences, such as alcohol use, on the known variability 
of γ-H2AX levels in 94 normal individuals were studied. 
We identified significant effects of sex, ethnicity and 
alcohol use on the endogenous and residual γ-H2AX 

Figure 1.  Mean of γ-H2AX DNA repair kinetics obtained from 
94 donors. 
 

Figure 2. Gamma-H2AX DNA repair kinetics characterized 
for gender, ethnicity, and alcohol exposure. 
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levels.  Analysis of variability in DNA repair kinetics in a 
normal mixed population has the potential to extend our 
knowledge on individual radiosensitivity and variation in 
inter-individual endogenous γ-H2AX levels, information 
that is currently unavailable, yet useful for triage decision 
at the site of nuclear incidents. By closely evaluating 
interactions of genetic, lifestyle, aging and other factors 
with DNA DSB repair in donor studies, understanding of 
molecular processes of diseases associated with DNA 
repair may be expanded. Assessing the kinetics of repair 
protein foci as in this study provides a practical, rapid, 
high-throughput, and inexpensive tool for assessing 
global DSB repair capacity on an individual-by-individual 
basis. There are also potential epidemiological 
applications for studies relating to cancer therapy 
strategies, and also for studies facilitating development of 
preventive strategies for a variety of diseases – either in 
standalone epidemiological studies, or to complement 
molecularly-based association studies. 
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 Introduction 

In the event of a radiological accident or an incident 
related to malevolent use of radiation or radioactive 
material, individual dose estimations of potentially large 
numbers of casualties would be a serious challenge for 
emergency responders. The top priority of a radiological 
triage program is to classify individuals exposed to 
potentially high doses, who may suffer deterministic 
health effects, from those who have an elevated risk of 
stochastic health effects, and those who were not exposed 
at all (Etherington et al., 2011).  

The phosphorylated histone H2A variant γ-H2AX is 
emerging as a sensitive biomarker of radiation exposure 
(Rothkamm and Horn, 2009; Horn et al., 2011; Turner et 
al., 2011; Rothkamm et al., 2013). Existing methods for 
quantitation of γ-H2AX rely on immunofluorescent 
staining and microscopic manual counting of the foci, 
flow cytometry, or immunoblot assays. Although 
quantitative, manual counting requires skilled technicians 
and suffers from inter-user variation. Moreover, the assay 
has a limited dose range due to overlapping foci at higher 
doses.  Recently, the minimally invasive, ultra high 
throughput RABiT (Rapid Automated Biodosimetry 
Tool) has been developed (Turner et al., 2011), with 
quantitation of γ-H2AX foci as one of the indicators used 
to quantify radiation damage. In a similar vein, the 
following work describes the design of a rapid, minimally 
invasive high-throughput microfluidic γ-H2AX assay for 
radiation dose estimation. With this low-cost microfluidic 
system, the anticipated assay time will be reduced 
considerably. The system can be easily adapted for 
automation and is user friendly.  

 The goal here is to provide an overview of the 
miniaturization and adaptation of the RABiT γ-H2AX 
assay protocol to the microfluidic format and to 
demonstrate the efficacy of this approach by analyzing ex 
vivo irradiated finger stick blood samples from healthy 
donors. We used a commercial Zeonor polymer 
microfluidic compact chip with inlets and outlets to 
provide access to the desired reagents. Although the 
microchannels are hydrophilized for better cell adhesion, 
due to the limited adhesiveness of unstimulated 
lymphocytes, the flow cell was first functionalized with a 
collagen matrix before introduction of cells into the 
channel. Fluid volumes are on the order of microliters so 
that an entire microfluidic assay can be performed with 
less reagent volume than required for processing samples 
in multiwell format.  

 
Results  

Surface modification of a commercial microfluidic 
chip.  It was crucial to ensure that the lymphocytes from 
the finger stick blood samples had intact cell morphology 
and uniform distribution, and that they attached to the 
channel surface in sufficient numbers for obtaining 
quantitative data. Unstimulated lymphocytes have 
controlled adhesiveness pertaining to their function as 
mobile circulating cells (Arencibia and Sundqvist, 1989; 
Shimizu and Shaw, 1991).  We utilized a commercially 
designed and fabricated straight channel device (Figure 1) 
with a highly cell compatible hydrophilic surface for 
development of the miniaturized γ-H2AX assay.  

We first tested the cell capture efficiency of the 
straight channel device using manual pipetting, which 
introduces variable shear rate.  Freshly isolated 
lymphocytes when manually pipetted into the channel 
remained loosely attached. To improve the cell retention, 
we explored coating the microchannel surface with matrix 
macromolecules. In their free-floating state, lymphocytes 
express low levels of the integrin family of adhesion 
molecules, suggesting limited interactions with 
extracellular matrix proteins such as collagen, laminin and 
fibronectin (Shimizu and Shaw, 1991). We functionalized 
the flow cells with the matrix macromolecules collagen, 
laminin, and fibronectin at concentration of 10 µg/ml, 
alone or in combination. Lymphocyte adhesion was 
improved only in the presence of collagen alone or 
collagen plus fibronectin.  As comparable results were 
obtained for the number of lymphocytes attached and for 
cell quality, the microchannels were coated with collagen 
alone for all future experiments.  

γ-H2AX microfluidic chip immunoassay.  To provide 
proof-of-concept for application in γ-H2AX foci 
quantification, immunostaining was performed within a 
microfluidic channel using ex vivo irradiated 
unstimulated lymphocytes from three healthy donors. The 
straight channel device had an internal volume of 6.5 µl, 
allowing for the use of a small volume of original cell 
suspension, delivering lymphocytes in sufficient numbers 

A Microfluidic Device for High-Throughput γ-H2AX 
Biodosimetry 

Preety Sharma, Mikhail Repin, and David J. Brenner 

Figure 1. Microfluidic device design and flow pattern. A 
single straight channel from a 64-channel plate is shown 
with the inlet and outlet. Micro channel dimension (mm) 
L=18; W=2; H= 0.15 (Filling Volume= 8-9µl). 
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(3000-4000 cells) for quantitative analysis. The entire 
immunostaining protocol was completed in under an hour. 
At the end of the assay, approximately 100-150 
lymphocytes remained non-uniformly distributed across 
the channel. Multiple washing steps and differential shear 
stress due to manual pipetting resulted in the observed 
cell number reductions, and caused an uneven distribution 
of cells, with more localized away from the center. DAPI 
staining indicated that the cells had intact, round, 
uniformly stained nuclei confirming good quality of cells 
(Figure 2). Immunofluorescence microscopy showed an 
increase in the total γ-H2AX nuclear fluorescence in 
lymphocytes in response to radiation dose (Figure 3). 
Total fluorescence pixel measurement of the entire 
nucleus was performed using the RABiT image analysis 
software (Turner et al., 2011). To test for homogeneity, 
linear regression analysis was performed on pooled data 
from the three donors. Figure 3A shows the average of 
γ-H2AX dose–response curves from 0 to 6.0 Gy 
measured 30 minutes post irradiation for the three donors. 
The average of the total γ-H2AX fluorescence responses 
is plotted in Figure 3B. The microfluidic 
immunofluorescent staining sensitively captured the 
known variability in the γ-H2AX response to ionizing 
radiation between the donors. A higher variation in the 
γ-H2AX total fluorescence signal was also noted at higher 
doses of γ radiation.  

Discussion 
In this report we describe a γ-H2AX assay in a 

miniaturized microfluidic format. The immunostaining 
protocol developed for the RABIT γ-H2AX assay (Turner 
et al., 2011) was adapted for the microfluidic device. We 
demonstrated the utility of the miniaturized format for 
quantitation of γ-H2AX signal using an 
immunofluorescent assay in a radiation dose response. 
These results, including the donor variation observed in 
the assay, are comparable to those obtained by other 
methods (Andrievski and Wilkins, 2009; Ismail et al., 
2007), albeit with increased throughput and efficiency. To 

demonstrate the functionality of the device, dose response 
curves were prepared from blood samples from three 
healthy donors irradiated ex vivo with up to 6.0 Gy 
γ-radiation. Statistical analysis of the data obtained from 
the image analysis showed an increase in total γ-H2AX 
nuclear fluorescence with increasing γ-ray dose. The 
device appears to have the required sensitivity to detect 
exposure levels that are of importance for triage 
decisions, although there is room for improvement. With 
substantial reductions in the reagent volumes required for 
the assay, sensitivity can easily be improved by using a 
higher concentration of detection antibodies.   

An important feature crucial for optimal function of 
the device is maintenance of a constant flow rate through 
the channel. The currently observed variability in cell 
attachment and final numbers of cells scored can be 
attributed to manual input of cells, which introduces high 
variability in the flow velocity. Minimizing variation in 
shear stress is crucial for efficient adhesion of cells.  

The γ-H2AX assay straight channel chip can be 
adapted for automation with inexpensive accessories.  
Connection to the inlet of syringe pumps, or similar 

Figure 2. Microfluidic chip tests. The flow channel was 
optimized for cell attachment with surface modification with 
matrix molecules. The left panel shows a representative 
image of the DAPI stained nuclei in the channel at the end of 
the assay. The inset shows a normal rounded and evenly 
stained lymphocyte nucleus. Images were captured with a 
20X objective lens.  

Figure 3. Dose response for γ-H2AX analyzed 30 min after 
irradiation. A) The average total γ-H2AX fluorescence for 3 
healthy donors. Curve-fitting analysis showed the induction 
of total γ-H2AX fluorescence was linear with dose up to 6 Gy 
(R2=0.962).  B) shows independent γ-H2AX fluorescence for 
the 3 individual donors. Error bars are ± SEM. 
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devices that precisely control the flow rate, will allow for 
increased lymphocyte capture at fixed shear stress. This 
may increase the consistency of cell capture, as needed 
for quantitative purposes.  

Moreover, for selective isolation of lymphocytes, the 
channel surface can be functionalized with antibodies for 
cell-specific markers to ensure stronger and more 
reproducible increases in cell capture. To develop this 
application as a reliable and reproducible rapid 
biodosimetry tool, additional characterization and 
validation using the aforementioned methods will be 
needed. The miniaturization of the immunofluorescent 
assay can relatively easily be extended to measure other 
relevant radiation biomarkers in lymphocytes and 
possibly other cell types.  
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One of the goals of our biodosimetry program is to 
develop practical high-throughput systems to meet the 
anticipated needs after a large-scale radiological event. 
Several scenarios of such an event include the use of an 
improvised nuclear device (IND) that may produce a 
significant neutron component with the prompt radiation 
exposure. Specifically, the prompt radiation from this 
type of detonation would be qualitatively similar to that of 
the gun-type 15 kT device exploded over Hiroshima. It is 
important to assess the applicability of our biodosimetric 
approaches to this type of scenario, in particular the 
neutron component of the exposure. For this purpose, a 
new broad-energy neutron small animal irradiator has 
been developed [1] at the Radiological Research 
Accelerator Facility (RARAF). 

This accelerator-driven radiation source provides a 
neutron beam with energies from 0.25 MeV to 9 MeV 
that mimic the evaluated energy spectrum produced in the 
detonation of the atomic bomb at Hiroshima at about 1 
km distance from ground zero. The neutron radiation 
spectrum is produced by a beam composed of 5 MeV ions 
(deuterons and protons) that is used to bombard a thick 
beryllium target. The resultant neutron spectrum is the 
sum of the spectra from the 9Be(d,n)10B and 9Be(p,n)9B 
reactions for all the incident ions (monatomic, diatomic 

and triatomic). The subsequent nuclear reactions generate 
neutrons with a wide range of energies, which can then be 
used to irradiate biological samples or small animals to 
study the effects of the neutron radiation. The shape of the 
spectrum can be modified by adjusting the ratio of 
protons to deuterons. The beam composition in the 
present test was a 1:2 ratio of protons to deuterons. 

Spectrum Measurement 
To identify the energy spectrum of the RARAF broad 

energy neutron facility, a 2-inch diameter by 2-inch high 
container filled with EJ-301 liquid scintillator was used 
for the neutron spectrometry at the higher energy range 
(>1 MeV). The EJ-301 liquid scintillator has good rise 
time characteristics for neutron-gamma discrimination. 
The liquid scintillator was bubbled with dry nitrogen gas 
to remove oxygen, which may quench the slow 
component of light emission and reduce the light output. 
A small amount of pure nitrogen at atmospheric pressure 
is maintained above the liquid in the filling tube around 
the container before sealing. The scintillator container is 
attached to an RCA 8575 photomultiplier producing about 
1.7 photoelectrons/keV of electron energy with a pulse 
rise time of less than 100 nsec. The measurement data 
within this time frame is filtered and stored in a 
multichannel analyzer (MCA). The detector is powered 

Broad-Energy Neutron Facility to Simulate Exposure from 
an Improvised Nuclear Device  
Yanping Xu, Gerhard Randers-Pehrson, and Stephen A. Marino 

Figure 1. Mono-energetic neutron recoil spectra of T(p,n) reactions measured with the EJ-301 liquid scintillator for 3.5 (red), 3.0 
(green), 2.5 (cyan), 2.0 (blue), 1.5 (teal), and 1.0 (burgundy) MeV neutrons.  Higher MCA channels correspond to higher recoil energies. 
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with 2.2 kV from a Canberra high voltage power supply. 

The pulse height from the detector system has been 
evaluated using different radiation sources. A 10 µCi 22Na 
source was used for the initial tests to set the detector 
voltage and the amplifier gain. Then the EJ-301 liquid 
scintillator was tested at 8 mono-energetic neutron 
energies between 0.5 and 8 MeV from two reactions: 
T(p,n)3He and D(d,n)3He (Figure 1). The detector was 
positioned at either 15 degrees or 75 degrees from the 
incident ion beam direction. Because both gamma and 
neutron radiation produce light scintillation, our pulse rise 
time data analysis includes a method for discrimination 
between the two types of radiation. This is facilitated by 
the fact that the two types of radiation produce pulses 
with different shapes; gamma radiation has a very short 
rise time in contrast with neutron radiation, which has a 
longer rise time. After the monoenergetic neutron 
response function was obtained, a neutron spectrum 
measurement was made for the 9Be(d,n)10B reaction at 60 
degrees with 5.0 MeV deuterons and the result was 
compared with published Ohio University data (Figure 2). 

Unfolding 
Because the neutron spectrum is detected indirectly, 

the liquid scintillator detector needs to have a compatible 
program to unfold the raw data of the recoil proton 
spectrum. The simulations of the neutron response matrix 
in the EJ-301 scintillator were done using the MCNPX-
Polimi program. This program has all the general features 
of the well-known MCNP/MCNPX program but with 
secondary photon production forced to correlate to each 
neutron collision. The simulated production rate was used 
for calibration of the detector efficiency. The calculated 
response functions for 16 energies are shown in Figure 3.  
A comparison of our simulated response data and the 
measurement data published by Verbinski [2] yielded a 
very close match.  

The unfolding process used is the UG3.3 unfolding 
code provided by the Radiation Safety Information 
Computational Center (RSICC) at Oak Ridge National 
Laboratory. For testing the unfolding process, a set of 

monoenergetic neutron spectra data were unfolded with a 
high degree of accuracy because the response matrix was 
limited to those channels relevant to the cut-off edge of 
the recoil spectrum, which were very well measured and 
also predicted by simulated data.  

Summary 
The RARAF broad-energy neutron irradiator spectrum 

measurement and unfolding is ongoing. The unfolded 
liquid scintillator data matches the high-energy part of the 
Hiroshima neutron spectrum well. In the lower-energy 
range (<1 MeV), the proton recoil spectrum is 
underestimated. This is expected because the liquid 
scintillator detector is more efficient at higher neutron 
energies. This issue can be corrected by using a 
proportional counter filled with hydrogen gas that can 
detect proton recoils down to about 100 keV. 

Although the unfolding algorithm used performs 
excellently, especially in the range above 1 MeV, it still 
requires more testing with lower-energy (<1 MeV) data to 
confirm its accuracy. The ongoing refinement of the 
lower-energy spectrum is being performed using a 1.5-
inch diameter SP2 type spherical gas proportional counter 
filled with 3 atmospheres of hydrogen gas. Some 
monoenergetic neutron spectra below 1 MeV have been 
measured for calibration. The geometry factor of neutron 
detection in the higher energy part of the spectrum has to 
be considered carefully in order to extract accurate 
spectra. Further verification of the lower-energy mixed 
beam is still needed and is ongoing. 
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Figure 2. Comparison of the RARAF neutron spectrum with 
the Ohio State University data. Figure 3. Neutron response functions 
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Micronucleation of chromosomal DNA is an effective 
indicator of DNA damage, and micronuclei (MN) analysis 
has become a useful tool for large-scale radiation 
biodosimetry studies. The micronucleus assay has been 
extensively used both in vitro and in vivo for determining 
the toxicity of aneugens and clastogens in diverse 
biological systems including humans [1,2]. Micronuclei 
originate from either whole chromosomes or chromosome 
fragments due to exclusion from the mitotic spindle.  MN 
formation is triggered by a lack of repair or mis-repair of 
DNA lesions induced by ionizing radiation or chemicals.   

Earlier studies have analyzed the chromosome content 
of MN using either single or dual color FISH probes, but 
genome wide analysis would be desirable for gaining a 
more comprehensive knowledge of the micronucleation 
process after radiation exposure. With this objective, the 
multicolor fluorescent in situ hybridization (M-FISH) 
technique was applied to characterize the chromosome 
content of spontaneous and ionizing radiation induced 
MN in three human donors. M-FISH was performed 
essentially according to the manufacturer’s protocol 
(Meta Systems, Boston, MA, USA). The baseline 
frequency of MN per binucleate cell was 0.049 ± 0.01 for 

female donor 1, 0.012 ± 0.003 for male donor 2 and 0.008 
± 0.003 for male donor 3. In agreement with earlier 
studies [3,4], baseline MN frequency was higher in the 
female donor relative to the two male donors. In all the 
donors, a dose dependent increase in MN frequency was 
observed up to 5 Gy of γ-rays. In both male donors, MN 
frequency declined at 7.5 and 10 Gy of γ-rays, probably 
owing to both impaired proliferation of lymphocytes and 
elimination of heavily damaged cells through apoptosis. 

MN analysis performed in cytokinesis blocked 
binucleate cells by M-FISH revealed a substantial inter-
individual variability in the chromosomal content of 
spontaneous MN among the donors. Representative 
pictures of M-FISH are shown in Fig. 1. In the female 
donor (donor 1), a single uniform color was observed in 
77.31% of the MN, signifying involvement of each of the 
individual human chromosomes in MN at varying 
frequencies, while the rest contained material from two or 
more chromosomes. In donor 1, chromosomes 4 (6.26%), 
5 (8.17%), 9 (7.80%), 10 (9.80%), 13 (5.80%) and X 
(8.54%) were found at high frequencies in MN. In one of 
the male donors (Donor 2), 67.85% of the total MN 
showed a uniform color indicative of the presence of each 

Multicolor FISH Analysis of Ionizing Radiation 
Induced Micronuclei Formation in Human 

Lymphocytes  
Adayabalam S. Balajee, Antonella Bertucci, Maria Taveras, and David J. Brenner 

Fig. 1. M-FISH analysis of cytokinesis blocked MN in the human peripheral blood lymphocytes of donor 1 (A & B), donor 2 (C-F) 
and donor 3 (G & H). Note the detection of spontaneous micronucleus comprised of chromosomes 13 and 8 in donors 1 and 3. DAPI 
stained (A, C, E & G) and pseudo color processed (B, D, F & H) images are shown. 
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chromosome material with the exception of chromosome 
11. A total of six chromosomes, 1 (12.17%), 2 (10.86%), 
5 (5.48%), 6 (5.37%), 9 (5.48%) and 13 (10.86%), were 
detected at high frequencies in donor 2. In donor 3, only 
57.14% of the total MN contained material from a single 
chromosome. Further, chromosomes 3, 13, 18 and 22 
were not detected in MN from this donor. Chromosomes 
1 (9.12%), 4 (10.25%), 6 (5.12%), 8 (5.12%), 10 (5.12%), 
11 (10.25%), 12 (12.50%), and 19 (5.12%) were found at 
high frequencies in MN.  Chromosomes 1, 4 and 6 were 
detected at high frequencies in spontaneous MN in both 
the male donors.  

M-FISH analysis detected material either from a 
single, double or multiple chromosomes in radiation 
induced MN (Fig. 2).  Pooled data from the three donors 
revealed a dose dependent increase in MN with 2 or more 
colors at radiation doses above 2 Gy (Fig. 3) with a 
corresponding decline in MN with material from a single 
chromosome.  Involvement of each human chromosome 
in multicolored MN relative to single colored MN 
increased at radiation doses above 2 Gy (Fig. 4) 
Interestingly, X and Y chromosomes were almost 
exclusively found in multicolored MN. Although inter-

individual variation among the three donors was detected 
in terms of the chromosome content of radiation induced 
MN, the first 5 pairs of chromosomes were consistently 
detected at high frequencies (35-45% of the total MN) at 
all radiation doses in all the donors. Chromosome 1 
content in MN was detected at more than the frequency 
expected on the basis of DNA content (8.05%) and MN 
with chromosome 1 material occurred at varying 
frequencies of 9.56-21.26% in all the donors following 
radiation exposure. Involvement of chromosome 1 in 
multicolored MN greatly increased at radiation doses 
higher than 2 Gy.  

M-FISH analysis performed on MN induced by high 
doses of γ-rays (7.5 Gy and 10 Gy) in both male donors 2 
and 3 showed the over representation of chromosomes 1, 
2, 4, 5 and 13 in MN. Interestingly, MN with the Y 
chromosome showed the lowest frequency in both donors. 
Further, chromosomes 21 and 22 were mostly detected in 
MN containing material from multiple chromosomes, and 
rarely as a single entity after radiation exposure in all the 
donors. Pooled data from the three donors indicate that 
the observed frequencies for chromosomes 13 and 19 in 
MN were much higher than the expected frequencies. 
Although chromosome 18 has more DNA content (∼78 
Mbp) than 19 (∼59 Mbp), the latter was more frequently 
involved in MN formation.  

In the present study, the presence of chromosome 1 
was detected in 9-21% of the total MN either as a single 
entity or in combination with other chromosomes after 
exposure to different γ-rays doses.  It is currently unclear 
whether the spatial or temporal organization of 
chromosomes 1 and 2 in the interphase nuclei is 
responsible for their apparent differential sensitivities to 

Fig. 2.  M-FISH detection of chromosome content of MN induced by different doses of γ-rays in the peripheral blood lymphocytes of 
three human donors: A (Donor 2) & B (Donor 3) – 2 Gy; C (Donor 1) & D (Donor 2) – 3Gy; E (Donor 1) & F (Donor 3) – 4Gy; G 
(Donor 2) & H (Donor 3) – 5Gy.  Numbers indicate the chromosomes involved in MN formation.  

Fig. 3. Percentages of MN with single, double and multiple 
colors detected by M-FISH in Cytochalasin B blocked 
binucleate cells in mock and irradiated samples.  Data from the 
three donors are pooled.  Bars indicate SEM. 
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radiation induced DNA damage. Using probes specific for 
chromosomes 1, 4, 18 and 19, an earlier study has 
demonstrated that the gene density related interphase 
positioning of chromosomes influences the yield of 
radiation induced aberrations [5]. Differences in the yield 
of radiation induced aberrations in chromosomes 1 and 2 
have also been reported in two human donors [6]. It is 
worth noting that chromosome 1 is enriched with ~2012 
genes relative to ~1203 genes on chromosome 2. 
Therefore, the elevated frequency of chromosome 1 
involvement in ionizing radiation induced MN formation 
may be partly due to spatial organization driven by gene 
density related effects. Plan et al. [7] detected the 
involvement of chromosome 1 in more than 20% of the 
total dicentrics involving homologous chromosomes after 
radiation exposure. In the present study, frequent 
involvement of chromosomes 13 and 19 in radiation 
induced MN were observed at more than expected 
frequencies after varying doses of γ-rays suggesting that 
the frequency of MN formation may not be always 
proportional to chromosome length. Observation of an 
elevated frequency of chromosome 19 involvement in 
MN formation lends support to the idea that the gene 
enriched euchromatic regions may be more prone to 
radiation induced DNA strand breaks. Our findings 
reinforce the idea that the positioning of chromosome 

territory or domain regulates the DSB induction and 
repair processes.  

One distinct advantage of M-FISH over the 
conventional dual color FISH is that it enables the 
analysis of all the chromosomes simultaneously in MN. 
As stated before, proportions of MN with multiple 
fluorescent signals increased substantially at or above 
2 Gy of γ-rays, and MN comprised of material from 2-5 
different chromosomes were frequently observed in all 
the donors. During micronucleation, elimination and 
subsequent fusion of acentric fragments from multiple 
chromosomes harboring critical tumor suppressor genes 
may result in chromothripsis, a phenomenon frequently 
observed in a subset of cancer cells. These changes often 
result in complex chromosome rearrangements with 
alterations in copy number of vital genes involved in cell 
cycle regulation, DNA repair and genomic stability. In 
this study, the M-FISH technique revealed the complexity 
of MN involving multiple chromosome fragments after 
radiation exposure. Future studies are required to 
understand the molecular complexity of radiation induced 
MN in the context of genomic instability and cancer 
development processes. Understanding the fate and 
biological consequences of these multi-chromosome 
containing MN may provide key molecular insights for 
some aspects of radiation induced genomic instability and 
cancer development processes.     

Fig. 4. Pooled fractions of multicolored MN involving each of the human chromosomes in mock and γ-ray irradiated samples. Note 
that X and Y chromosome were almost exclusively found in combination with other chromosomes in MN formation.  



CENTER FOR HIGH-THROUGHPUT MINIMALLY-INVASIVE RADIATION BIODOSIMETRY 

Page⏐81 
 

References 

1. Mateuca RA, Decordier I, Kirsch-Volders M (2012) 
Cytogenetic methods in human biomonitoring: 
principles and uses. Methods Mol Biol 817: 305-334. 

2. Samanta S, Dey P (2012) Micronucleus and its 
applications. Diagn Cytopathol 40: 84-90. 

3. Surralles J, Falck G, Norppa H (1996) In vivo 
cytogenetic damage revealed by FISH analysis of 
micronuclei in uncultured human T lymphocytes. 
Cytogenet Cell Genet 75: 151-154.  

4. Surralles J, Jeppesen P, Morrison H, Natarajan AT 
(1996) Analysis of loss of inactive X chromosomes 
in interphase cells. Am J Hum Genet 59: 1091-1096. 

 
5. Boei JJ, Fomina J, Darroudi F, Nagelkerke NJ, 

Mullenders LH (2006) Interphase chromosome 
positioning affects the spectrum of radiation-induced 
chromosomal aberrations. Radiat Res 166: 319-326. 

6. Wojcik A, Streffer C (1998) Comparison of 
radiation-induced aberration frequencies in 
chromosomes 1 and 2 of two human donors. Int J 
Radiat Biol 74: 573-581. 

7. Plan Y, Hlatky L, Hahnfeldt P, Sachs R, Loucas B, 
Cornforth M (2005) Full-color painting reveals an 
excess of radiation-induced dicentrics involving 
homologous chromosomes. Int J Radiat Biol 81: 613-
620.          ■ 

 
The threat of a large-scale radiological accident has 

led to a number of recent developments in the field of 
radiation biodosimetry.  The focus recently has been on 
triage categorization, whereby blood samples from large 
numbers of individuals who may or may not have been 
exposed to radiation can be used to prioritize those 
individuals requiring further clinical assessment and 
treatment. In case of such an event, it has become 
imperative to develop a fast and efficient cytogenetic 
method to analyze a plethora of samples. Automating 
classical cytogenetic dose assessment methods will enable 
increased processing and throughput. Robotic systems for 

automation of cytogenetic specimen preparation have 
been known for more than 20 years [1, 2].  The 
International Atomic Energy Agency (IAEA) has focused 
on these automated systems since 2011 [3]. It is 
considered that such systems must have many specialized 
modules for different processes. Currently, the direct 
automation of cytogenetic assays leads to expensive and 
inefficient systems capable of processing approximately 
1000 samples per week [4]. We have simplified the task 
of automation of cytogenetic assays by introducing next 
generation biodosimetry platforms based on the standard 
ANSI/SLAS microplate format, which represent tubes in 
racks and multiwell plates with an optically-clear bottom 
[5].  These commercially available and cost-effective 
microplates can be used for all steps of the cytogenetic 
assays in an automated system. Moreover, preexisting 
commercial biotech robotic systems can be programmed 

The Use of Biotech Robots for High-Throughput 
Preparation of Biodosimetry Samples 

Mikhail Repin, Sergey Pampoua, Stanley Lue, Helen C. Turner, Guy Garty, and David J. Brenner 

No. Model (vendor) 

1 Robotic arm (Denso) 
2 Hotel (Liconic) 
3 Microplate Lid station (Perkin Elmer) 
4 Barcode reader (Perkin Elmer) 
5 Barcode printer (Agilent) 
6 Janus liquid-handling system (Perkin Elmer) 
7 CO2 Incubator with 500 plate capacity (Liconic) 
8 FlexDrop (Perkin Elmer) 
9 Aspirator/dispenser (BioTek) 
10 Microplate Centrifuge (Agilent) 
11 Magnetic shaker (Variomag Teleshake) 

Fig. 1. Cell::Explorer robot at Columbia Genome Center used 
for preparation of cytogenetic samples for biodosimetry. 

 

aDepartment of Systems Biology, Columbia University 
Medical Center, New York, NY 10032. 

 

Table 1. Automated devices on the Cell::Explorer robot  used  
to prepare cytogenetic samples in microplates at the 
Columbia Genome Center. 
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for biodosimetry assays and used in case of a radiological 
emergency. One such robotic system, the Cell::Explorer    
(Perkin Elmer, USA), is available for use  at the Columbia 
Genome Center (Fig. 1). The list of automated devices 
used on the Cell::Explorer system for programming 
cytogenetic-based biodosimetry sample preparations from 
20 µl of peripheral blood  in accordance with the IAEA 
recommendations [3] is shown in Table 1. 

All steps of the cytogenetic sample preparation from 
whole blood culturing to washing in fixative were done in 
96 tubes organized in a rack in the standard microplate 
format. Instead of microscope slides, 96 square well 
plates were used for preparation of cell spreads on the 
surface of the optically-clear bottom. The cells were 
DAPI-stained and imaged on an inverted fluorescent 
microscope (Fig. 2).  

The number of binucleated cells prepared in the wells 
of the microplate from 20 µl of peripheral blood was 
more than several hundred, which is enough to carry out 
the triage biodosimetry analysis. The results of the 
manual analysis of prepared samples reproduce the 
classical dependence of micronuclei level in binucleated 
cells on radiation dose (Fig. 3). 

In summary, we have demonstrated that a universal 
biotech robotic system can be successfully used for high-
throughput preparation of cytogenetic samples in 
microplate formats for biodosimetry purposes. 
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A) B) 

Fig. 2. Cytokinesis-Blocked MN (CBMN) samples of DAPI-stained human lymphocytes prepared in a 96-well plate with an optically 
clear bottom on the Cell::Explorer robotic system from 20 µl of peripheral blood after irradiation with 4.0 Gy of 137Cs ɣ-rays. Images 
were captured using a 10X objective lens (A) and 60X objective lens (B). 

Fig. 3. Manual CBMN analysis of control and ɣ-irradiated 
human blood samples (20 µl) prepared in a 96-well imaging 
plate on the Cell::Explorer robotic system.  
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Research Using RARAF 
The “bystander” effect - the response of cells that are 

not directly irradiated but are in close contact with, 
nearby, or only in the presence of irradiated cells - has 
been the focus for many of the biological studies at 

RARAF over the past two decades.  Both the Microbeam 
and the Track Segment Facilities continue to be utilized in 
various investigations of this response to radiation 
exposure.  This year the number of biological experiments 
investigating the mechanism(s) by which the effect is 
transmitted has declined somewhat, with newer 

THE RADIOLOGICAL RESEARCH 
ACCELERATOR FACILITY 

An NIH-Supported Resource Center 

WWW.RARAF.ORG 

Director: David J. Brenner, Ph.D., D.Sc. 
Associate Director: Gerhard Randers-Pehrson, Ph.D. 

Manager: Stephen A. Marino, M.S. 
 

Exp 
No. Experimenter Institution 

Exp. 
Type  Title of Experiment 

Shifts 
Run 

110 Tom K. Hei CRR Biol. Identification of molecular signals of alpha particle-
induced bystander mutagenesis 27.8 

113 Alexandra Miller AFRRI Biol. Role of alpha particle radiation in depleted 
uranium-induced cellular effects 1.9 

147 Dalong Pang Georgetown 
University Phys. LET dependence of DNA fragmentation by charged 

particles 0.8 

152 Cary Zeitlin Southwest Research 
Inst. Phys. Fast neutron detection efficiency of boron-loaded 

plastic scintillators 1.2 

153 Howard Lieberman CRR Biol. The role of Rad9 in mediating global gene 
expression in directly irradiated and bystander cells 2.9 

157 Brian Ponnaiya CRR Biol. γH2AX production by low-energy X-rays 1.2 
160 Doug Spitz University of Iowa Biol. Cellular oxidation of radiation-induced free radicals 1.5 
163 Lubomir Smilenov CRR Biol. Bystander effects in the hairless mouse ear 4.0 

166 Andre Nussenzweig NCI Biol. Chromatin restructuring as a function of 
microbeam-induced DNA DSBs 0.5 

167 Eduoard Azzam UMDNJ Biol. 
Radiation-induced DNA damage in bystander cells 
with inducible gap junction intercellular 
communication 

3.0 

168 Roger Howell UMDNJ Biol. Bystander effects as a function of distance from 
irradiated cells in an in vivo-like system 1.9 

169 Vincent LiCata LSU Biol. 
The denatured states of a thermophilic versus a 
mesophilic DNA polymerase after charged particle 
irradiation 

1.0 

170 Ciaran Morrison National Univ. of 
Ireland 

Biol. Live cell imaging of centrosome kinetics following 
microbeam irradiation 3.5 

171 Peter Sims Columbia 
University 

Biol. Single-molecule, single-gene expression following 
microbeam irradiation 0.1 

172 Susan Bailey Colorado State 
University 

Biol. Targeted telomeric damage and the persistent DNA 
damage response 3.0 

173 Ekaterina 
Dadachova 

Albert Einstein 
College of Medicine Biol. 

Comparison of fungal cell susceptibility to external 
alpha particle beam radiation versus alpha particles 
delivered by 213Bi-labeled antibody 

1.8 

Table I.  Experiments Run at RARAF January 1 - December 31, 2013 
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experiments starting to use the Microbeam Facility to 
examine damage to sub-nuclear structures (e.g., 
mitochondria, telomeres, and specific chromosomes) and 
other radiation effects.  Research into bystander effects in 
vivo continued this past year with irradiations of the ears 
of mice. 

 Experiments 
Listed in Table I are the experiments performed using 

the RARAF Singletron between January 1 and December 
31, 2013 and the number of shifts each was run in this 
period.  Fractional shifts are assigned when experimental 
time is shared among several users (e.g., track segment 
experiments) or when experiments run for significantly 
more or less than an 8-hour shift.  Use of the accelerator 
for experiments was 23% of the regularly scheduled time 
(40 hours per week), about half of what was used last year 
but about the same as two years ago.  Sixteen different 
experiments were run during this period.  Four 
experiments were undertaken by members of the CRR, 
supported by grants from the National Institutes of Health 
(NIH), the National Cancer Institute (NCI), the National 
Institute of Allergies and Infectious Diseases (NIAID) 
and the National Institute of Biomedical Imaging and 
Bioengineering (NIBIB).  Twelve experiments were 
performed by external users, supported by grants and 
awards from the Department of Energy (DoE), the 
Department of Defense (DoD), the NIH, the National 
Aeronautics and Space Administration (NASA), the 
National Science Foundation (NSF), the National Cancer 
Institute (NCI), the Economic Community Cooperation 
Programme, and internal funding from the Georgetown 
University Department of Radiation Medicine.  Brief 
descriptions of these experiments follow. 

A group led by Tom Hei of the CRR continued 
experiments investigating the effects of cytoplasmic 
irradiation and the radiation-induced bystander effect 
(Exp. 110).  Using the Microbeam Facility, Jinhua Wu 
and Bo Zhang investigated mechanisms by which 
cytoplasmic stimuli modulate mitochondrial dynamics 
and functions in human small airway epithelial cells 
(SAECs).  Their recent studies have shown that 
mitochondrial fragmentation induced by targeted 
cytoplasmic irradiation of human SAE cells is mediated 
by up-regulation of dynamin-regulated protein 1 (DRP1), 
a mitochondrial fission protein.  To further explore the 
role of mitochondria in modulating the biological 
activities of high-LET radiation, autophagy in SAECs was 
examined.  Autophagy was observed as early as 30 
minutes after cytoplasmic irradiation with 10 alpha 
particles and peaked at 4 hours based on LC3B punctae 
formation.  Sequestration of free radicals by DMSO 
abolished the induction of LC3B punctae formation, 
suggesting that activation of autophagy is free radical-
dependent.  Autophagy led to an increase of γ-H2AX foci 
that was dramatically reduced by choloroquine (CQ) or 3-
methyladenine (3-MA), which are known inhibitors for 
autophagy.  The DRP1 inhibitor mdivi-1 also significantly 

reduced autophagy, indicating that it plays a key role in 
activation of autophagy.  DRP1 knockout HCT116 cells 
showed little or no autophagy after cytoplasmic 
irradiation, further confirming its role in autophagy 
induction.  DRP1-dependent up-regulation of autophagy-
initiating protein beclin-1 was also observed.  Finally, a 
sustained activation of ERK was detected, suggesting 
potential involvement of the non-canonical MEK/ERK 
pathway in regulating autophagy in cytoplasmic irradiated 
cells.   

Hongning Zhou irradiated mouse embryonic stem 
cells (mECSs) and mouse embryonic fibroblasts (MEFs) 
on double-ring “strip” dishes with 4He ions using the 
Track Segment Facility.  The outer ring has a 6 µm Mylar 
bottom through which the cells are irradiated by the 4He 
ions while the inner dish has strips of 38 µm Mylar, 
which stop the ions.  The results indicated that 
micronucleus formation was significantly induced in 
bystander and directly irradiated MEFs.  However, only 
limited micronucleus formation was found in bystander 
mESCs, and even in mESCs directly irradiated with 0.5 
Gy there was no significant increase in micronucleus 
induction compared to controls.  In addition, 24 hours or 
48 hours post irradiation a significant increase in dead 
(apoptotic and necrotic) cells was observed in both 
bystander and directly irradiated mESCs.  Preliminary 
results from western blotting confirmed the findings, 
showing increased expression levels of cleaved caspase-3 
and Poly (ADP-ribose) polymerase, an indicator of DNA 
damage.  Furthermore, increased expression levels of β-
catenin, NFκB, Smad2/3, p-Smad2/3, and 
cyclooxygenase-2 (COX-2) were observed in bystander 
and directly irradiated mESCs, which indicated that 
signaling through pathways such as TGFβ/Smad, NKκB,  
Wnt/β-catenin, and COX-2 pathways is involved in the 
regulation of the radiation-induced bystander effect in 
mESCs. 

Alexandra Miller of the Armed Forces 
Radiobiological Research Institute (AFFRI) continued 
studies using the Track Segment Facility to evaluate 
depleted uranium (DU) radiation-induced carcinogenesis 
and other late effects using in vitro models and to test safe 
and efficacious medical countermeasures (Exp. 113).  
One objective of this study has been to determine if 
phenylbutyrate (PB), a histone deacetylase inhibitor and 
epigenetic effector, can mitigate neoplastic cell 
transformation induced by different qualities of radiation, 
and if so, to identify which adverse epigenetic 
mechanisms are involved and potentially reversed by PB.  
This also would be of interest for Space missions and 
alpha particle exposures from accidental releases.  Track 
segment irradiations with 4He ions were performed on 
human small airway epithelial cells (SAECs) and growth 
rate, transformation, and genomic instability were 
quantified.  Irradiation of SAECs overcame contact 
inhibition and caused an increase in transformation 
frequency and induction of gene amplification, i.e., 
genomic instability.  Treatment with PB following 
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irradiation resulted in a significant suppression of 
transformation frequency (Figure 1) and gene 
amplification.  Studies are ongoing evaluating the impact 
of PB treatment on changes in DNA methylation caused 
by irradiation with 4He ions.   

In a second part of the study, rodent bone marrow 
stromal cells were irradiated and co-cultured with 
unirradiated hematopoietic progenitor cells (FDC-P1).  
The FDC-P1 cells were monitored for the ability to grow 
in agar to assess neoplastic transformation.  The data have 
demonstrated that co-culturing irradiated bone marrow 
stromal cells with FDC-P1 cells causes an increase in 
neoplastic transformation of FDC-P1 cells that involves 
the process of cell-cell communication.  Additional 
mechanistic studies have shown that antioxidant processes 
are also involved in the non-targeted effect in FDC-P1 
cells.  Further studies with this model are ongoing 
evaluating involvement of non-targeted effects in multiple 
exposures at low doses (5 cGy). 

A study of the LET dependence of DNA 
fragmentation was resumed by Dalong Pang of 
Georgetown University (Exp. 147) using the Track 
Segment Facility.  Viral plasmids in solution were made 
into a thin layer of a known uniform thickness by 
pipetting a small volume onto a standard track segment 
dish, placing a cover slip on the liquid, and forcing the 
liquid to the edges of the cover slip.  The DNA was 
irradiated with doses from 1 kGy to 8 kGy of 10 keV/µm 
protons.  The irradiated DNA samples were subsequently 
analyzed using the atomic force microscope at 
Georgetown University.  DNA fragment lengths were 
measured and grouped into various length intervals, and 
length-dose histograms were constructed.  From the 
histograms, quantities such as the number of double-
strand breaks (DSB) per DNA and the spatial distribution 
of DSB on a DNA molecule were derived. 

Cary Zeitlin of the Southwest Research Institute, 
along with several colleagues, continued to characterize 
the efficiency of a neutron spectrometer based on a boron-
loaded plastic scintillator (Exp. 153) for use in Space.  

Neutrons are thermalized in the large detector as they lose 
energy in elastic collisions, primarily with the hydrogen 
nuclei in the scintillator material.  Since these collisions 
occur extremely rapidly, the energy deposited by the 
neutron can be observed as a single pulse.  The low-
energy neutrons are often captured by the boron, which 
has a very large thermal neutron cross section and 
releases a 1.5 MeV alpha particle a very short time after 
the pulse from the neutron collisions.  The pulse from this 
alpha particle is of constant amplitude and indicates that 
the initial pulse was caused by a neutron that has given up 
all its energy in the detector.  An advantage of this design 
is the direct measurement of the neutron energy spectrum.  
Most other spectroscopy systems require complicated 
deconvolution programs.  The detector was irradiated 
with essentially monoenergetic neutrons in the range from 
0.5 to 2.5 MeV to determine detector efficiency. 

Howard Lieberman, Sally Amundson, Shanaz 
Ghandhi, Sunil Panigrahi, and Kevin Hopkins continued 
investigations of the effects of Rad9 on radiation-induced 
changes in gene expression in human cells directly 
irradiated or as bystanders (Exp. 153).  Using shRNA 
against RAD9, the expression of RAD9 was knocked 
down in the human prostate cancer cell line DU145.  The 
RAD9 knocked-down DU145 cells were seeded onto 
double-ring “strip” dishes (described above) and 
irradiated with 4He ions using the Track Segment Facility.  
Both irradiated and bystander cells were of the same type 
and the signaling was through cell-to-cell contact and also 
through factors released into the medium.  Additional 
irradiations were made using spacer dishes in which cells 
are plated on Mylar glued to a stainless steel ring and the 
ring is inserted into a standard track segment dish so that 
the cells on the ring are not in direct contact with the cells 
irradiated on the dish.  In these experiments, the DU145 
cells were irradiated, WPMY1 or prSMC cells were the 
bystander cells, and signaling is only possible through 
molecules secreted by the irradiated cells.  After 
irradiation, bystander response was measured by the 
micronucleus assay.  An increase in micronucleus count 
was observed in the RAD9 knockdown cells as compared 
to the parental cells, which suggests RAD9 plays a role in 
the radiation-induced bystander effect.  Future studies will 
investigate the mechanisms involved in this process. 

Brian Ponnaiya of the CRR performed additional 
irradiations for a study of the production of γH2AX foci 
by low-energy x rays using the X-ray Microbeam Facility 
(Exp. 157).  Cells were irradiated in media with 0.1 and 
0.2 Gy of 4.5 keV x rays.  The γH2AX foci were detected 
using anti human γH2AX monoclonal antibody, 
visualized using an Alexa Fluor 555 secondary antibody, 
and the nuclei were counterstained with DAPI.  
Fluorescent images were acquired and mean fluorescence 
intensities of a minimum of 150 individual cells were 
measured.   

Doug Spitz of the University of Iowa, in collaboration 
with Manuela Buonanno, continued an investigation 

Figure 1. Measured inhibition of neoplastic transformation by 
PB using RARAF alpha particles as compared to γ-rays, 
depleted uranium (DU), and protons.  
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designed to evaluate whether cells respond with different 
ROS signals following nuclear versus cytoplasmic 
irradiation (Exp. 160).  Mouse embryo fibroblasts (MEFs) 
were irradiated with 1 or 10 4He ions (90 keV/µm) using 
the Microbeam Facility.  It was observed using MitoSOX 
and DHE dyes that both nuclear and cytoplasmic 
irradiations resulted in elevated nuclear fluorescence as 
early as 5 min post-irradiation, presumably indicating 
elevated levels of superoxides.  The elevated nuclear 
signals were observed up to 24 hours later.  Significantly, 
treatment with 150 nM DPI, a known inhibitor of nuclear 
oxidases, attenuated these responses.  Since MitoSOX and 
DHE are not specific, in that the fluorescence could be 
due to intracellular or mitochondrial superoxides, and the 
emission spectra of the two fluorescent species are 
overlapping and difficult to separate by standard 
fluorescence microscopy, further investigations will need 
to be performed.  The two dyes will be separated by 
capillary electrophoresis and observed by laser induced 
fluorescence detection (CE-LIF). 

Lubomir Smilenov and Manuela Buonanno of the 
CRR are examining the bystander effect in vivo, 
irradiating  mouse ears using the Microbeam Facility 
(Exp. 163).  A special fixture has been designed and 
constructed in the CRR machine shop to position 
anesthetized mice so that a region on one ear can be 
irradiated with the microbeam, the other ear serving as a 
control.  The mouse ear has an average thickness of 
250 µm.  A 3 MeV proton beam with a range of ~134 µm 
was defocused to a diameter of ~35 µm and scanned in a 
line a few mm long in order to irradiate a larger number 
of cells.  At chosen times after irradiation, mice were 
sacrificed and a punch of the ear was collected.  Tissues 
were then fixed, paraffin-embedded and cut in 5-µm 
sections perpendicular to the direction of the charged 
particle beam.  As expected, cells in the epidermal layer 
opposite to the γH2AX-positive region, well beyond 
where the beam penetrated, did not exhibit foci.  The 
average width spanned by γH2AX-positive cells exceeded 
150 µm, however, significantly larger than the proton 
beam width.  These results suggest that microbeam proton 
irradiation induced DNA damage in bystander cells in 
vivo.  Ongoing experiments aim at investigating the 
kinetics of DNA repair foci formation and apoptosis in 
microbeam-irradiated ears.  Further, the biological effects 
of smaller-diameter proton microbeams will be 
investigated. 

A study by Andre Nussenzweig of the NCI, in 
collaboration with Brian Ponnaiya, of the mobility and 
restructuring of chromatin as a function of induced DNA 
double strand breaks (DSBs) using the Microbeam 
Facility (Exp. 166) continued this year.  The UV 
microspot was used to photoactivate a single spot in Hela 
cells containing a photoactivatable version of GFP-tagged 
histone H2B (H2B-PAGFP).  This spot was imaged using 
a 60X 1.0 NA immersion objective and irradiated with 25 
or 50 4He ions.  Cells were imaged every 5 min for up to 
1 hour in multiple planes through the cell and the image 

stacks were sent to the PI for subsequent analyses.  Tests 
are ongoing to determine the minimum laser power 
required to activate a sufficient amount of GFP in as small 
an area as possible and the time course required for 
observations.  

Eduoard Azzam of Rutgers University (formerly the 
University of Medicine and Dentistry of New Jersey), in 
collaboration with Manuela Buonanno, continued a study 
of radiation-induced DNA damage in bystander cells 
using cells with inducible gap junction intercellular 
communication (Exp. 167).  The nuclei of ten percent of 
HeLa cells with chemically inducible Connexin-26 
(Cx26) were irradiated with one 4He ion using the 
Microbeam Facility.  Compared to controls, cultures both 
positive and negative for Cx26 exhibited a statistically 
significant increase of cells with γH2AX foci, however, 
chemical induction of Cx26 reduced the level of foci. 

An investigation of bystander effects in an in vivo-like 
system as a function of the distance from irradiated cells 
(Exp. 168) was continued by Roger Howell of Rutgers 
University in collaboration with Manuela Buonanno.  
Normal human fibroblasts (AG1522) mixed in a biogel 
(Matrigel) were loaded onto 3D carbon foam scaffolds 
(cytomatrices) 8.75 mm in diameter and 2 mm thick and 
irradiated with He ions using the Track Segment Facility.  
The ions have a range of ~35 µm in the cytomatrix, so 
that only the first few cell layers are irradiated; the cells 
beyond the particle range are bystanders.  In situ assays 
were performed to investigate DNA damage, cell death 
and micronucleus formation.  The best results were 
observed with radiation-induced 53BP1 foci formation.  
Cells with foci could be detected up to 60 µm away from 
the irradiated cell layers. 

Vincent LiCata of Louisiana State University 
continued an investigation of whether proteins from 
radiation resistant organisms are radiation resistant when 
isolated from the organism (Exp. 169).  Homologous 
DNA binding proteins from organisms that live under 
very different conditions were examined, one of which 
was the extremely radiation-resistant bacterium 
Deinococcus radiodurans.  As for Experiment 147, 
protein in solution was formed into a layer with a known 
uniform thickness under a cover slide.  In order to obtain 
sufficient material, multiple samples were given doses of 
5 to 20 kGy of 4.0 MeV protons at dose rates in excess of 
1 kGy/min using the Track Segment Facility.  Protein 
stability and function were assayed to determine whether 
the DNA polymerase from D. radiodurans is better able to 
withstand radiation exposure than are homologous 
proteins from non-radiation-resistant organisms.  The 
primary focus is on so-called secondary radiation effects, 
such as damage by reactive oxygen species, rather than 
direct hit effects, as the secondary effects are responsible 
for the majority of damage in biological systems. 

Ciaran Morrison of the National University of Ireland, 
in collaboration with Brian Ponnaiya, initiated a study 
probing the mechanisms involved in the process of 
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unscheduled centrosome duplication as a consequence of 
exposure to ionizing radiation at defined nuclear sites 
using the Microbeam Facility (Exp. 170).  Initial 
experiments using DT40 chicken lymphocytes were 
conducted to a) test the ability of the cells to adhere to a 
substrate, and b) assess the viability of these cells over the 
time span proposed for the experiments (48 h). Cells were 
seeded onto poly L-lysine-coated 60 mm dishes and 
imaged (Figure 2) for irradiation on the microbeam 
endstation.  

A microfluidic platform to study individual mRNA 
molecules in single cells is being developed by Peter 
Sims, of the Joint Center for Systems Biology of 
Columbia University.  In his device, single cells are 
deposited in microwells and lysed in situ.  The mRNA 
contents are then captured in the well and individual 
mRNA molecules are counted following reverse 
transcription and fluorescence detection by hybridization 
to transcript-specific cDNA probes labeled with Sytox 
Orange.  The response of his device is being tested in 
collaboration with Brian Ponnaiya by examining the 
radiation-induced gene expression changes in individual 
cells (Exp. 171).  Experiments conducted using the 
Microbeam Facility have demonstrated detection of single 
molecules of GAPDH in cells grown on microbeam 
dishes and irradiated with 4He ions.  Experiments to 
examine radiation responsive genes, i.e., CDKN1A and 
GADD45A, following microbeam irradiation are 
continuing. 

Susan Bailey at Colorado State University, in 
collaboration with Brian Ponnaiya, is using the 
Microbeam Facility to target telomeres and examine the 
repair processes at these chromosome ends (Exp. 172).  
Preliminary studies were conducted to develop a cell 
system to perform these experiments.  As a first step, 
fluorescent 53BP1 and TRF1 constructs were coexpressed 
in HT1080 cells and imaged at the microbeam endstation 
(Figure 3).  The fluorescent spots of TRF1-GFP serve as 
microbeam targets and the cells will be followed in time 
to examine the co-localization of 53BP1 to the irradiated 
sites. 

Ekaterina Dadachova at the Albert Einstein College of 
Medicine has been developing radioimmunotherapy (RIT) 
for treatment of Cryptococcus neoformans infections 
using 213Bi-labeled antibodies specific to the cryptococcal 

capsule.  She is performing a comparison of fungal cell 
susceptibility to external α-particle beam radiation versus 
α particles delivered by the bismuth-labeled antibodies 
(Exp. 173).  Fungi grown to stationary phase in defined 
minimal medium were suspended in solution.  As for 
other experiments, the solution was formed into a thin 
layer with a known uniform thickness under a cover slip.  
The fungi were irradiated with doses of 1 to 80 Gy of 
125 keV/µm 4He ions.  Results so far indicate that: a) C. 
neoformans is more sensitive to external beam α particles 
than to external γ rays; b) α particles delivered by the 
capsule-binding antibodies may be more cytocidal to the 
C. neoformans cells than external beam α particles. 

In addition to these experiments that use ionizing 
radiation, the ultraviolet (UV) microspot is being used by 
Kimara Targoff in the Division of Pediatric Medicine of 
Columbia University as an irradiation modality to observe 
the consequences of the ablation of single cells in the 
development of the embryonic zebrafish heart (Exp. 162).  
Unlike the charged particle microbeams, the UV 
microspot only produces damage in the focal spot 
(approximately 1 µm diameter, 1.5 µm long), thus 
producing minimal effect elsewhere along the beam path.  
Cardiomyocytes in the ventricles of the hearts of zebrafish 
embryos are transfected with red fluorescent protein 
(RFP).  The exposure protocol involves imaging cells on 
the top ventricular surface of the heart, where the incident 
laser first transits the ventricle, in live embryos 52 hours 
post fertilization and identifying individual cell nuclei as 
targets.  Each cellular target exposure is a sequence of 
three co-planar UV microspot scans over a 17.5 x 
17.5 µm2 area about each cell nucleus. The incident laser 
wavelength is tuned to 700 nm (350 nm during two-
photon absorption) and the total exposure energy per cell 
is 27 mJ, corresponding to 18 mW exposure power during 
the 1.5 s exposure time.  Consequences of UV microspot 
damage are monitored by live imaging, in situ 
hybridization, and immunostaining. 

Development of Facilities 
Development continued on a number of extensions of 

our irradiation facilities and capabilities for imaging and 
irradiating biological specimens: 

• Focused particle microbeams 
• Focused x-ray microbeam 

A B

10 µm10 µm

Figure 2: DT40 cells expressing centrosome-associated 
proteins Chibby-GFP (A) and Centrin3-GFP (B) grown on 
poly L-lysine on microbeam dishes. 

! A B 

2 µm 
Figure 3:  Coexpression of the DNA repair protein 53BP1-
mCherry (A) and TRF1-GFP (B) stably transfected in HT1080 
cells. (TRF1 vector courtesy of Dr. Elizabeth Blackburn). 
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• Neutron microbeam 
• Hiroshima bomb spectrum neutron source 
• Advanced imaging systems 
• Targeting and manipulation of cells 
• New cell analysis tools 
• Small animal systems 

Focused particle microbeams 
The electrostatically focused microbeam has 

continued to operate very reliably this past year, 
consistently producing a beam spot 1-2 µm in diameter 
using the standard 500 nm thick silicon nitride exit 
window.  When a sub-micron beam spot is desired, a 
window only 100 nm thick, which has a much smaller 
area and is more fragile, is used. 

For quality control we perform a microbeam test run 
the evening before an irradiation so that the next morning, 
after the accelerator has warmed up, the charged particle 
beam is found immediately and has a minimal beam spot 
diameter.  This provides an earlier and trouble-free start 
for irradiations and consequently a greater throughput. 

A new, “super-microbeam” is being designed to focus 
a charged particle beam of protons up to 3 MeV and 4He 
ions up to 6 MeV to a focal spot <100 nm in diameter.  
The system will consist of a superconducting magnetic 
solenoid lens and either an electrostatic quadrupole 
quadruplet or the pair of quadrupole triplets presently 
used to focus the beam.  The design should be finalized 
by mid-2014. 

The permanent magnet microbeam (PMM) uses a 
compound quadrupole triplet lens system made from 
commercially available precision permanent magnets.  Its 
design is similar to that of the electrostatic lens system for 
the sub-micron microbeam, the major difference being 
that it uses magnetic rather than electrostatic lenses.  The 
quadrupole magnet strengths used to focus the beam have 
been adjusted to produce a focused 4.4 MeV proton beam 
for development of the Flow and ShooT (FAST) 
microfluidics system (described below). 

Focused x-ray microbeam 
The x-ray microbeam provides characteristic Kα 

x rays generated by proton-induced x-ray emission 
(PIXE) from Ti (4.5 keV).  A small x-ray source is 
produced by bombarding a Ti target with 1.8 MeV 
protons using a single electrostatic quadrupole quadruplet 
lens to focus the beam to ~50 x 120 µm2 on the target.  
Charged particle beams can generate nearly 
monochromatic x rays because, unlike electrons, protons 
have a very low bremsstrahlung yield.  

X rays emitted at 90° to the proton beam direction are 
focused to a beam spot 5 µm in diameter using a zone 
plate 120 µm in diameter.  The system is mounted on its 
own horizontal beam line on the first floor of RARAF and 
the x-ray beam is oriented vertically, so that the geometry 
of the microscope and stage is the same as for our charged 
particle microbeam systems. 

Neutron microbeam 
The first neutron microbeam in the world has been 

developed at RARAF. 

When the proton energy is just above the reaction 
threshold of the 7Li(p,n)7Be reaction (1.881 MeV), 
neutrons are emitted only in a forward conical volume.  
The half-angle of this cone is dependent on the proton 
energy and increases with increasing energy.  A focused 
proton microbeam 10 µm in diameter is incident on a 
1-µm thick lithium fluoride target deposited on a 25-µm 
thick gold backing (selected for its high density and 
thermal conductivity), which stops the incident protons.  
Using a 1.886 MeV proton beam, cells on a thin 
polypropylene substrate that is in contact with the target 
backing are exposed to a beam of neutrons having 
energies from 10-50 keV that is geometrically restricted 
to a diameter of 36 µm at the location of the cells.  A 
beam current of 10 nA has been achieved, yielding a dose 
rate of ~27 mGy/min. 

The facility has been constructed on a dedicated 
horizontal beamline using a single quadrupole quadruplet 
to focus the proton beam.  In order to measure the proton 
beam spot size, a thin Havar metal window is used in 
place of the gold target.  The protons pass through this 
window and the beam spot size is determined in the same 
manner as for the PMM proton microbeam: a knife-edge 
scan using 10 µm thick tantalum strips in order to reduce 
the proton energy significantly.  Unlike the other 
microbeams, in which the charged particle or x-ray 
fluence is relatively low, the proton beam current for the 
neutron microbeam is of the order of 1 nA (6 x 109 
protons/s) – too high to count, so an ionization chamber, 
instead of a solid state detector, is used to observe the 
change in the proton beam as it is scanned.  The location 
of the center of the proton beam, which is also the 
location of the center of the neutron microbeam, can be 
optically observed by using a very thin scintillator. 

The size of the neutron beam was measured using 
CR-39 track-etch plastic.  Because the recoil protons 
generated by the neutrons do not make observable pits, 
the CR-39 is coated with a thin layer of lithium carbonate 
heavily enriched in 6Li.  The neutrons interact with the 6Li 
through the 6Li(p,α)3H reaction, producing energetic α 
and 3H recoils that are easily observable as pits in the 
etched CR-39 using a microscope. 

Hiroshima bomb spectrum neutron source 
Development has continued on a fast neutron source 

with a broad spectrum that will emulate that of the “Little 
Boy” atomic bomb at Hiroshima.  A mixed beam of 
5 MeV monatomic, diatomic and triatomic protons and 
deuterons incident on a thick beryllium target produces 
neutrons from the 9Be(d,n)10B and 9Be(p,n)9B reactions.  
The diatomic and triatomic particles break up on contact 
with the target into individual ions with 2.5 MeV and 
1.67 MeV energies, respectively, enhancing the lower-
energy portion of the spectrum.  In order to produce this 
mixed ion beam, a gas source with a ratio of hydrogen to 
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deuterium of 1:2 has been placed in the terminal of our 
Singletron accelerator and a new, 0º beam line has been 
installed.  Since this beam line does not involve deflecting 
the particle beam from the accelerator, there is no 
separation of the different ions and the full beam from the 
accelerator is utilized. 

To determine the energy spectrum of this broad-
energy neutron facility, a 2 inch diameter by 2 inch high 
detector filled with EJ-301 liquid scintillator was chosen 
for the energy range >1 MeV.  This liquid scintillator has 
good rise time characteristics for neutron-gamma 
discrimination, however there is a low-energy cutoff 
because its efficiency declines with neutron energy and 
there is a cut-off due to the gamma-ray discrimination.  A 
1.5-inch diameter spherical gas proportional counter filled 
with 3 atmospheres of hydrogen gas will be used to 
measure the spectrum below 1 MeV.  This detector has an 
upper energy limit because many high-energy recoil 
proton tracks are truncated at the wall of the detector.  
Eight monoenergetic neutron spectra with energies 
between 0.5 and 8 MeV have been measured with the 
scintillation detector and unfolded using response 
functions calculated using the MCNPX-PoliMi Monte 
Carlo program. 

Preliminary dosimetry indicates a total dose rate at the 
position of the samples to be irradiated of ~0.13 Gy/hr/µA 
of beam with a gamma-ray contribution of ~15%.  This 
easily will provide a sufficient dose rate to give samples 
1 Gy of neutrons in less than 1 hour. 

The area in which the new 0º beamline has been 
constructed has much less shielding than the neutron cave 
that has traditionally been used for irradiations.  Because 
of the high neutron dose rate that is produced, as well as 
the high energy of some of the neutrons, additional 
shielding has been added above the target position and in 
the maze entrance to the area.  A radiation survey has 
been performed using the 5 MeV mixed proton/deuteron 
beam.  Although the dose rate outside the radiation area 
was greatly reduced, additional shielding will be added 
and another survey made. 

Advanced imaging systems 
We continue to develop new techniques to obtain two- 

and three-dimensional images of cells, reduce UV 
exposure and improve resolution. 

Real-time imaging 
Techniques have been developed using our EMCCD 

camera and our fast switching SOLA LED light source to 
acquire images with several frames per second to observe 
the short-term effects of irradiation on a timescale of 
minutes to hours following irradiation.  Short-term effects 
that happen within seconds to the first few minutes after 
irradiation set the stage for later effects.  Real-time 
imaging and observation of the short-term effects will 
give insight to experimenters into their end points. 

  

UV microspot 
A multi-photon microscope was developed and 

integrated into the microscope of the Microbeam Facility 
several years ago to detect and observe the short-term 
molecular kinetics of radiation response in living cells and 
to permit imaging in thick targets, such as tissue samples 
and C. elegans.  Two photons delivered very closely 
together in space and time can act as a single photon with 
half the wavelength (twice the energy).  The longer 
wavelength of the incident light beam allows better 
penetration into the sample and excitation of fluorophors 
at the focal volume while producing less damage in the 
portion of the sample not in the focal volume.  By using 
the vertical motion of the microbeam stage, a series of 
images acquired at different depths in the sample can be 
assembled into a 3-D image. 

Several users, both internal and external, have made 
use of this facility this year for 3-D imaging.  This system 
is also being used as a laser “microspot” to induce UV 
damage in the cells in the ventricle of zebrafish embryos 
(Targoff, Exp. 162). 

STED 
As we design a new microbeam system capable of 

focusing a charged particle beam to <100 nm, the 
resolution of our imaging systems must be improved to 
resolve ever-smaller targets.  Our present imaging system 
is limited by diffraction to a resolution of ~200 nm.  
Stimulated Emission Depletion (STED) has been selected 
as a super-resolution system for the new microbeam since 
it is compatible with our aim for rapid imaging and can be 
developed using our existing multiphoton microscope 
system as the excitation laser. 

Stimulated emission happens at a specific longer 
wavelength than the typical relaxation/emission 
wavelength.  By using a laser with longer wavelength 
(STED laser) than the imaging fluorophor to produce a 
ring of stimulated emission, it is possible to deplete the 
excited fluorophors around the edge of an excitation spot 
creating a sub-100 nm diameter area where fluorescence 
is still possible.  This concept is being extended to live-
cell imaging in medium. 

Tests of imaging live cells using an immersion 
objective have been made with the custom STED system 
developed by our consultant, Dr. Liao from the 
Mechanical Engineering Department at Columbia 
University.  Although this system was not optimized for 
imaging through media, it was possible to locate single 
mitochondria in live cells with sub-100 nm resolution.  
Our STED system will be based on the design used by Dr. 
Liao and requires the acquisition and installation of a 
high-power continuous wave (CW) STED laser. 

Targeting and manipulation of cells 
We have the capability to fabricate microfluidic 

devices in hard plastics, such as acrylic, and soft plastics, 
such as polydimethylsiloxane (PDMS).  Several of our 
staff now have experience with the micro-milling 
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machine installed at RARAF and have familiarized 
themselves with the software that programs the milling 
machine to produce parts designed using the Solid Works 
computer-aided design (CAD) program.  This system has 
been used to manufacture the single-cell dispenser and the 
microfluidics chips for the cell sorter and microFACS 
systems (described below).  It has greatly reduced the 
need to use Mechanical Engineering Department facilities 
at the Morningside campus of Columbia, saving time and 
increasing convenience.  Several new microfluidic 
systems are being developed to target, manipulate and 
analyze cells. 

FAST 
Development has essentially been completed on the 

microfluidic Flow And ShooT (FAST) targeting system 
that increases the throughput of the PMM and provides 
irradiation of non-adherent cells, such as lymphocytes, 
that do not plate on surfaces and therefore do not have 
stable positions. 

Cells moving through a narrow channel are imaged by 
a high-speed camera (tens to hundreds of frames/s) to 
track their trajectory.  The Point and Shoot magnetic 
deflection system is used to aim the particle beam to the 
projected position of the cell on the trajectory and the 
particle beam is enabled.  The deflection coil currents are 
changed continuously to follow the path of the cell until 
the required number of particles is delivered.  The system 
is capable of tracking several cells at a time. 

We manufacture the required PDMS microfluidic 
chips ourselves using soft lithography.  The channel is 
200 µm wide and 20 µm high, so that the cells, when 
targeted by the microbeam, flow in the immediate vicinity 
of the microbeam exit window.  The bottom of the 
irradiation section of the microfluidic channel is 10 µm 
thick and the top is 20 µm thick, so particles can reach the 
cells and the detector above the channel.  The flow rate is 
controlled by a syringe pump. 

Implementation of high numerical aperture optics into 
the imaging system and improvement in image processing 
speed has resulted in the ability to target cells moving at a 
speed of ~500 µm/s, with a throughput of 10,000 cells / h.  
At present, the targeted position agrees with the true 
position within ±1.5 µm more than 95% of the time. 

Cell dispenser 
Another cell manipulation device that is under 

development is a single-cell dispenser, which consists of a 
microfluidic channel in which selected cells can be 
dispensed into a multi-well plate.  In a system where cells 
normally travel across a T-intersection, a pressure pulse 
can eject a droplet containing a single cell into the 
channel normal to the flow as it passes the nozzle.  The 
device is made from a polymethyl methacrylate (PMMA) 
slab with 100 µm x 50 µm channels directly milled using 
the micro-milling machine at RARAF. 

This system is presently manual, very laborious, and 
very inefficient, requiring the operator to observe cell 

fluorescence through a microscope and activate a switch 
to select the desired cells.  Cell flow rate has to be kept 
low to accommodate operator reaction time. 

Automation of the cell dispensing system is underway.  
Cells suspended in a solution alter the resistive and 
capacitive properties of the solution.  These impedance 
changes can be detected using microelectrodes integrated 
in the microfluidic chip.  An SR830 lock-in amplifier 
(Figure 4) is used to detect differential impedance 
changes in a bridge circuit configuration where two 
opposing impedance arms of the circuit are measured 
through the cell solution using the microelectrodes.  The 
lock-in amplifier measures the AC impedance, which 
includes both the resistive and capacitive components.  
The use of AC impedance prevents microelectrode 
polarization, which would alter DC resistance 
measurements, as well as causing bubble formation 
through hydrolysis.  Using this system we have detected 
individual cells passing through a microfluidic channel 
(Figure 4). 

MicroFACS 
A microfluidic Fluorescence-Activated Cell Sorting 

(microFACS) system is being developed that combines 
flow cytometry and cell sorting into one microfluidic 
device.  This will provide the capability of flow sorting 
for irradiation, particularly in tandem with our other 
microfluidic systems. 

The microFACS system uses Dean vortex flow 
focusing to focus the flow of a cell into the center of a 
microfluidic channel.  This column is illuminated with 
lasers brought into the system through fiber optic cables.  
The scattered incident light and fluorescent signals from 
the cells are collected through additional fiber optics 
without the use of lenses.  Based on these signals, the 
cells are scored and sorted immediately downstream from 
the inspection point using the automated microfluidic cell 

Figure 4. The SR830 lock-in amplifier (bottom) output is 
shown on an oscilloscope (top).  Each pulse indicates a 
transient change in impedance caused by a cell passing 
microelectrodes within a microfluidic channel. 
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sorter.  Detection of single-cells has been demonstrated in 
our micro-machined, hard plastic (polycarbonate) system. 

AMOEBA 
Automated platforms integrated with our microbeam 

systems are being developed to provide precise regulation 
and control of environmental conditions for biological 
samples before, during and at long times after microbeam 
irradiation.  These systems will allow for establishing, 
maintaining and changing conditions (e.g., temperature, 
pH, pCO2, pO2, and drug concentrations) for the culture 
environments surrounding cells, tissues, and small 
organisms to enable short- and long-term observations in 
situ within the microbeam irradiation platforms.  Two 
different, though similarly motivated systems are being 
developed: AMOEBA (Automated Microbeam 
Observation Environment for Biological Analyses) and 
µAMOEBA, a microfluidics version.  Both will be 
automated, feedback-based, fluid-flow systems using 
essentially the same control electronics. 

The AMOEBA system is compatible with standard 
dish-based microbeam experiments and is designed to 
facilitate tight environmental controls over long periods; 
µAMOEBA allows precise microfluidics-based control 
and rapid changes of environmental parameters, such as 
hypoxia, and also the use of much smaller volumes of 
material.  These developments will support extended-time 
experiments, such as those involving monitoring the 
kinetics of DNA repair, cell-cycle progression, and 
chromosomal domain dynamics.  To establish proper pH 
control outside an incubator, we have included in our 
AMOEBA design a mechanism to regulate the CO2 gas 
mixture flow over the medium and thus control media pH.  
We also have established constant temperature control in 
a prototype AMOEBA system that can maintain system 
temperature at 37 ± 1 °C over extended periods without 
using feedback control. 

New cell analysis tools 
CE-LIF 

In order to provide our users with the capability to 
measure reactive species within individual cells after 
inducing single-cell or sub-cellular damage, we have 
begun designing and testing a Capillary Electrophoresis - 
Laser Induced Fluorescence (CE-LIF) system coupled to 
our microbeam.  The nanoliter sample sizes used in CE 
make this technique suitable for small-scale biochemical 
applications and, in particular, for single-cell studies.   

The basic idea of CE is to take advantage of two 
superimposed flow modalities experienced by the analytes 
in a long, thin fused silica capillary: (1) Electrophoretic 
flow, responsible for separating the analytes of lysed cells 
by charge and Stokes radius; (2) Electroosmotic flow, 
which drives the buffer and analytes (regardless of 
polarity) toward the detector.  The electroosmotic flow is 
much stronger than the electrophoretic flow, ensuring that 
all analytes will reach the detector.  Coupled to CE, laser-

induced fluorescence (LIF) provides highly sensitive 
detection, particularly for brightly fluorescent molecules. 

A series of studies, performed at RARAF and in the 
lab of Dr. Jonathan Sweedler at the University of Illinois 
(Urbana-Champaign), have demonstrated that single-cell 
CE-LIF does have sufficient sensitivity to investigate 
various radiation-relevant endpoints (e.g., glutathione 
levels and oxidation of redox-sensitive dyes, such as 
DHR-123).  These studies have provided us with the 
preliminary data required to build a CE-LIF system at 
RARAF and directly couple it to the Microbeam Facility. 

Single-cell Raman spectroscopy 
Plans have been established for a unique coupling of 

our microbeam irradiator with a commercial Raman 
spectroscopy system to provide a technique for non-
invasive, label-free identification and assessment of the 
distribution of bio-molecules and chemicals within single 
cells in real time.  In the context of radiation-induced 
biological damage, Raman spectroscopy effectively 
probes conformational changes in large biomolecules / 
chromatin and there is rapidly increasing interest in this 
technique for single-cell analysis.  This innovative 
coupling of technologies at RARAF will produce the first 
microbeam facility with on-line Raman spectroscopy 
capacity for studying radiation response in single cells 
and single cells within 3-D tissues, where the same cell 
can be sampled before irradiation and at times post-
irradiation. 

Extensive experience in single-cell Raman 
spectroscopy has been acquired using a Renishaw inVia 
Raman spectrometer located in the Electrical Engineering 
Department at Columbia University, the same model as 
proposed in the RARAF system.  An important aspect of 
the study was that immersion optics were used during the 
Raman analysis.  In addition to allowing for broad-field 
visualization of single cells in a tissue slice, this technique 
significantly enhanced the Raman signal intensities that 
were obtained, allowing for decreased acquisition times.  
This system has been used successfully to measure single-
cell Raman spectra in a 3D full-thickness model of human 
skin (MatTek Corp.). 

Small animal systems – Transgenic mouse model 
Investigations of radiation-induced bystander effects 

have been conducted in cell cultures and 3-D systems in 
vitro.  The next logical step was to develop and 
implement microbeam irradiation protocols to study 
effects in living organisms.  We have developed a mouse 
ear model for in vivo bystander studies.  With an average 
thickness of 250-300 µm, this model can be used to 
investigate radiation-induced bystander effects with a 
3-MeV proton microbeam having a range of 134 µm. 

Using gentle suction, the ear of an anesthetized mouse 
is flattened onto the underside of a flat plate of a custom-
made holder.  The flattened mouse ear is then placed over 
the microbeam port and cells along a line of the ear are 
irradiated with the proton microbeam.  At chosen times 
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after irradiation, mice are sacrificed and a punch of the 
ear is collected.  Tissues are then fixed, paraffin-
embedded and cut in 5-µm sections perpendicularly to the 
direction of the line of irradiation.  The sections are then 
analyzed for biological endpoints (i.e., formation of repair 
protein foci, apoptosis) as a function of the distance from 
the irradiated line. 

Using γH2AX foci formation assessed by 
immunohistochemical analysis as an endpoint, we found 
that proton irradiation induced γH2AX foci formation in 
vivo relative to controls.  As expected, γH2AX foci-
positive keratinocytes were observed in only one of the 
two epidermal layers of the mouse ear.  Cells in the 
epidermal layer opposite to the irradiated γH2AX positive 
region did not exhibit foci.  Assuming that the nuclei of 
mouse keratinocytes are 9-11 µm in diameter, a larger 
number of cells than expected showed foci.  In a 
particular experiment, although the irradiated line was 
~35 µm wide, the average width spanned by γH2AX-
positive cells exceeded 150 µm.  These results suggest 
that microbeam proton irradiation induced DNA damage 
in bystander cells in vivo.  

Singletron Utilization and Operation 
Table II summarizes accelerator usage for the past 

year.  The nominal Singletron availability is one 8-hour 
shift per weekday (~248 shifts per year), however the 
accelerator is frequently run well into the evening, often 
on weekends, and occasionally 24 hours a day for 
experiments or development.  Total use for experiments 
and development this year was 50% of the regularly 
scheduled time. 

Accelerator use for radiobiology and associated 
dosimetry was about half that for last year and about 2/3 
the average for the last 5 years.  About 70% of the use for 
all experiments was for charged particle microbeam 
irradiations, 27% for track segment irradiations, and 2% 
for neutron irradiations.  Approximately 40% of the 

experiment time was for studies proposed by external 
users, and 60% was for internal users. 

On-line facility development and testing was about 
27% of the available time, primarily for development and 
testing of the neutron microbeam and the Hiroshima 
neutron spectrum system and for testing the charged 
particle microbeam prior to scheduled irradiations.  This 
was about 20% less than the average for the last five years 
and about half as much as last year due to a much larger 
emphasis on development not requiring accelerator use. 

The accelerator was opened twice this year: once to 
replace the ion source after two years of use, the second 
time to install in the terminal a gas cylinder containing a 
hydrogen-deuterium gas mixture to produce the ion beam 
for the Hiroshima bomb spectrum facility.  During the 
second opening, problems were observed with a couple of 
the bearings on the shaft in the Singletron that drives the 
generator to provide power in the terminal and they were 
replaced.  This was the first repair to the accelerator due 
to wear (other than for the ion source) in the ~10,000 
hours of operation since it was installed in December, 
2005.  

Training 

REU 
Since 2004 we have participated in the Research 

Experiences for Undergraduates (REU) project in 
collaboration with the Columbia University Physics 
Department.  This is a very selective program that attracts 
highly talented participants.  For 9-10 weeks during the 
summer each student attends lectures by members of 
different research groups at Nevis Laboratories, works on 
a research project, and presents oral and written reports on 
his or her progress at the end of the program.  Among 
other activities, the students receive a seminar about and 
take a tour of RARAF. 

This year Tabatha Felter from Cornell University 
participated in the program and worked with Yanping Xu 
on the development of an unfolding code for determining 
the neutron spectrum of the Hiroshima bomb neutron 
spectrum irradiation facility from the measured proton 
recoil spectra. 

Microbeam Training Course 
The third annual RARAF microbeam training course 

“Single-Cell Microbeams: Theory and Practice” was 
given May 20-22, 2013.  There were again eight students, 
which is about the largest number we can reasonably 
handle. 

Dr. Marcelo Vazquez of Loma Linda University 
Medical Center continued his service as Course Director.  
He has had significant experience from his prior 
employment at the NASA Space Radiation Laboratory 
(NSRL) at Brookhaven National Laboratory (BNL) where 
he helped establish the first NASA Space Radiation 
Summer School and ran the course for three years. 

Table II.  Accelerator Use, January 1 - December 31, 2013 
Normally Scheduled Shifts 

Radiobiology and associated dosimetry 22% 

Radiological physics and chemistry 1% 

On-line facility development and testing 27% 

Microbeam Training Course 1% 

Safety system 1% 

Accelerator-related repairs/maintenance 5% 

Other repairs and maintenance 1% 

Off-line facility development 60% 
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The course was publicized by e-mail notifications 
using the contact lists for the previous course and the 
2012 Microbeam Workshop and by announcements on 
the RARAF and the EURADOS web sites. 

Applicants and Students 
• We received 25 applications. The prospective 

students were from the U.S, Europe and Asia and, 
as in the previous courses, covered a wide range of 
educational levels. 

• The eight applicants selected for the course are 
listed in Table III and shown in Figure 5. 

• David Welch, a new RARAF Postdoctoral Fellow, 
also participated in the training. 

• As before, candidate selection was made by the 
RARAF Local Executive Committee, with scores 
applied based on a set of predetermined criteria. 

Course 
DAY 1:  

• Followed essentially the same format as the first 
two courses, with the addition of a guest lecture by 
Dr. Eduoard Azzam from Rutgers University. 

• As before, a live demonstration was given of the 
immediate production of a focus in cells with GFP-
tagged XRCC1 protein using the charged particle 
microbeam. 

• The day ended with a new session on the planning 
and experimental design of microbeam irradiations. 

DAY 2: 

• Followed the format of last year with 
demonstrations, hands-on activities (Figure 6), and 
intense debriefings. 

• In addition, the students were tasked with 
designing an experiment based on their own 
scientific interest using knowledge obtained during 
the course to create a RARAF beam time request 
proposal. 

DAY 3: 

• Followed the format of the previous years, with 
lectures and group discussions and an in-depth tour 
of the x-ray, and neutron microbeams and the UV 
microspot. 

• The lectures were followed by an intense 
discussion on user/facility interfacing. 

• The students made presentations of their individual 
or team beam-time proposals for review and 
critique by the instructors. 

• The course ended with an informal closing 
ceremony and the delivery of a certificate of 
completion to each student. 

Each student took home a notebook containing copies 
of all the slides from the lectures as well as the 
instructions for all the physics and biology procedures 
that were demonstrated and that they had performed. 

A virtual course created from the lectures and 
demonstrations from the past two years is described under 
“Dissemination” below.  A paper on the design of and our 
experience with the training course has been published. 

Name Position Affiliation 

Po Bian Research Scientist Key Lab of Ion Beam Bioengineering, Chinese Academy of 
Sciences 

Liang Chen Postdoctoral Res. Fellow Earth Science Division, LBNL 
Jason Domogauer MD/Ph. D. student University of Medicine and Dentistry of NJ  
Geraldine Gonom Postdoctoral Res. Scientist Institut de Radioprotection et de Sûreté Nucléaire, France 
Jian Gu Assistant Professor The Univ. of Arizona College of Medicine 
Wayne Nicholson Professor University of Florida, NASA 
Erik Albert Siegbahn Lecturer Department of Physics, Stockholm University, Sweden 
Brock Sishc Ph. D. student Colorado State University 

Table III. Students for the third RARAF Microbeam Training Course. 

Figure 5.  The students for the third RARAF Microbeam 
Training Course outside the Nevis Mansion House. 
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Group Training 
In addition to training individuals at RARAF, staff 

members also participate in training courses presented at 
other facilities as a means of introducing microbeam 
concepts and experiments to a broader audience.  As for  
the past two years, Gerhard Randers-Pehrson lectured on 
“High/low LET microbeams” at the NASA Space 
Radiation Summer School, Brookhaven National 
Laboratory, Upton, NY, on June 14, 2013. 

Dissemination 

Web site 
A new RARAF website design was created last year 

that provides clear and effective presentation and 
improves access to content.  The RARAF website features 
a more modern look.  Functional menus (including a 
home page rotating-picture menu) were designed to make 
navigation through the content easy and interesting, with 
a hierarchical structure from general information, suitable 
for a general or non-science audience, to more-detailed 
technical content. 

The site contains information on microbeams in 
general, as well as detailed technical information on our 
various microbeams; in-vitro and in-vivo endpoints that 
we use; details of available on-line and off-line imaging 
capabilities; microfluidic systems we are developing; 
other charged particle and neutron irradiation facilities 
available at RARAF; our on-line training course 
materials; publications lists; information on RARAF 
contacts and directions to the facility. The site is 
periodically updated to include new radiation facilities, 
cell handling and analysis capabilities, publications and 
other information. 

Virtual training course 
Last year we developed an on-line virtual microbeam 

training course, based on the three-day microbeam 
training courses.  This on-line course was designed to 
give interested physicists and biologists who could not 
attend in person a thorough introduction to microbeam 
technology. 

The goal of the online course, as for the face-to-face 
course, is to facilitate a better understanding of how 
microbeams work, what experiments can be performed 
using a microbeam, why these experiments are of 
biological interest, and how to design / perform these 
experiments.  

The on-line material curriculum consists of audio 
podcasts and the same handouts that the face-to-face 
students received.  The audio of each podcast is synched 
with the accompanying PowerPoint slides (viewable on a 
video iPod, tablet, PC or Mac, or smart phone), as well as 
a PDF version of the slides.  High-resolution video (720p, 
with audio) was also used to document demonstrations of 
all aspects of a microbeam experiment, from making 
microbeam dishes to irradiating cells and performing 
online analyses.  After extensive editing, this resulted in 
about 4½ hours of video footage.  Additional material is 
added to the on-line course for new course presentations 
or lecturers. 

The on-line training course can be accessed through 
the RARAF website (www.RARAF.com), or through the 
RARAF YouTube channel 
(http://www.youtube.com/user/RARAFcourses).  The 
videos can be viewed on any Internet-enabled device 
supporting YouTube format. 

Tours 
In addition to training students, tours of the Facility 

provide a general introduction to the research performed 
at RARAF and the irradiation facilities that are available. 
This year we gave tours to more than 30 scientists, 
students, and members of the public. 

As an example, eleven high school seniors who had 
been offered priority admission to Columbia as physics 
majors, some of whom were Columbia I. I. Rabi 
Scholarship winners, toured RARAF in April along with 
Dr. John Parsons from the Physics Department at Nevis 
Labs. 

Personnel 
The Director of RARAF is Dr. David Brenner, the 

Director of the Center for Radiological Research (CRR).  

Figure 6. Microbeam Training Course students engaging in hands-on training. 
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The accelerator facility is operated by Mr. Stephen 
Marino, the Manager, and Dr. Gerhard Randers-Pehrson, 
the Associate Director of RARAF. 

Dr. Charles Geard, a Senior Biologist Emeritus, 
continues to visit RARAF frequently lending his 
considerable expertise. 

Dr. Brian Ponnaiya, an Associate Research Scientist, 
is the biology advisor for RARAF.  He collaborates with 
many of the external users and coordinates with the CRR, 
where he spends about half his time. 

Dr. Alan Bigelow, an Associate Research Scientist, 
developed the multiphoton microscopy system, which 
includes the UV microspot irradiation facility, and is 
working on the development of the Raman spectroscopy 
and AMOEBA systems. 

Dr. Guy Garty, an Associate Professor, developed the 
Flow and Shoot (FAST) system and is developing the CE-
LIF system.  He spends about half his time working on 
the CRR National Institute of Allergy and Infectious 
Diseases (NIAID) project, for which he is the project 
manager. 

Dr. Andrew Harken, an Associate Research Scientist, 
is responsible for the x-ray microbeam.  He is also 
working on the imaging of cells without stain using a 
highly sensitive EMCCD camera, the STED system for 
extremely high-resolution spectroscopy, and the 
microFACS system. 

Dr. Yanping Xu, an Associate Research Scientist, is 
developing the neutron microbeam.  He is also developing 
the accelerator-generated Hiroshima atomic bomb 
spectrum neutron source. 

Dr. Manuela Buonanno, a Postdoctoral Fellow in 
radiation biology, collaborates with many of external 
users and performs the assays for the mouse ear 
microbeam irradiations. 

Dr. David Welch joined RARAF in May as a 
Postdoctoral Fellow after receiving a degree in 
biomedical engineering from Arizona State University.  
His expertise in microfluidics has been of considerable 
assistance in the development of our microfluidics 
applications. 
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