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ABSTRACT 

Exposure to ionizing radiation can produce a well-defined 
dose dependent signature in terms of changes in gene expres 
Sion. In approaches and devices described herein, Such a 
signature can be used to generate and use a self-contained 
radiation biodosimeter device, based on, for example, a blood 
finger Stick. Various aspects of the invention are directed to 
biodosimetry with a fully integrated biochip using gene 
expression signatures. 
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FIG. 8 

transfer to ArrayPlate Add Gene Specific 
add Detection inker Nuclease Protection 

issi inctiate and wash 

Add HRP Detection Probe, 
Incubate, Wash add Substrate As S1 
and Image 

Probes 

s 
Ryse Sample 

CustOS Sample Microplate 
Programined or Tube 

u1. ArrayPlate 
Kit Reagents 

  



Patent Application Publication Jul. 24, 2008 Sheet 7 of 33 US 2008/0176755A1 

FIG. 9 

  



Patent Application Publication Jul. 24, 2008 Sheet 8 of 33 US 2008/0176755A1 

FIG. 10 
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SYSTEMS AND METHODS FOR 
BODOSMETRY WITH BOCHIP USING 
GENE EXPRESSION SIGNATURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority from U.S. Provi 
sional Application Ser. No. 60/840,245 filed on Aug. 25, 
2006: U.S. Provisional Application Ser. No. 60/942,090 filed 
Jun. 5, 2007; U.S. Provisional Application Ser. No. 60/954, 
499 filed Aug. 7, 2007; and U.S. Provisional Application Ser. 
No. 60/900,296 filed Feb. 8, 2007, each of which are incor 
porated herein by reference in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002 This invention was made in part with Government 
support under Department of Health and Human Services 
Grant U19A1067773-01. The Government has certain rights 
in the invention. 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

0003) Not Applicable. 

FIELD OF THE INVENTION 

0004. The present invention generally relates to radiation 
biodosimetry. 
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BACKGROUND 

0005. In the event of a radiological or nuclear incident in a 
large US city, tens or hundreds of thousands of individuals 
would require rapid dosimetric screening. Mass radiological 
triage is critical after Such a large-scale event because of the 
need to identify, at an early stage, those individuals who will 
benefit from medical intervention, and those who will not. 
Identifying those patients who do not require treatment, the 
“worried well,” will also be crucial in what will certainly be a 
highly resource-limited scenario. The ability to offer prompt 
reassurance to the majority of the affected population may 
also assist in Stemming the spread of fear and panic. Identi 
fication not only of exposure, but also of dose ranges will also 
be critical, as the appropriate treatment varies depending on 
dose. The use of antibiotics, platelet and cytokine treatment 
(Anno, Young, et al., 2003) can significantly increase Survival 
in the range of 1.5 to 7 Gy, while bone marrow transplantation 
is most useful between 7 and 10 Gy. At doses above 10 Gy. 
patients will generally suffer lethal gastrointestinal damage 
(Hall, 2000). Physical dosimetry will not be readily available 
for individuals in the general population. 
0006. The range of potential biodosimeters have been 
reviewed by several groups (see e.g., Amundson, Bittner, 
Trent, Formace) (16). The following table, adapted from 
Amundson et al. (16), gives a brief Summary of currently 
possible biodosimeters. 

Post- High 
Baseline Detection Radiation exposure throughput 
variability limit (Gy) specificity longevity potential? 

High O.1 Good years No 
Low 1 Good weeks No 

Moderate 1-2 Good, but only for years Yes 
/3 of population 

Moderate 1-2 Moderate months No 

Moderate O.3 Good years for No 
translocations 

Moderate O.3 Good months Yes 
Moderate O.3 Good days Yes 
Moderate O.3 Good days Yes 

Low? O.2 Low-Moderate days Yes 

Low? O.2 Good? days Yes 

Low? days? Yes 
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0007 Early studies using gene expression to classify 
sample groups have demonstrated the need for sets of mul 
tiple biomarkers to attain accurate classification and resis 
tance to noise, with even relatively homogeneous groups 
requiring from 10 to 200 genes for correct classification (26 
28). Work has been done that assesses radiation-induced gene 
expression signatures, both in vitro (29-35) and in vivo (36), 
and also Suggests that gene expression assays involving a very 
Small number of genes would not be able to accurately assess 
radiation dose or distinguish radiation exposure from other 
generalized stress responses. This would rule out, for 
example, quantitative reverse transcription PCR (QRT-PCR). 
which, though clearly amenable to automation (37), can real 
istically only measure the expression of three different genes 
simultaneously, which would be inadequate for the required 
radiation specificity. 
0008 Thus, there exists a critical need for the development 
and validation of methods and devices to exploit the biologi 
cal responses to radiation exposure as a means of obtaining 
the needed dosimetric information. 

SUMMARY 

0009. Accordingly, the present application describes 
devices and methods for high-throughput minimally- or non 
invasive radiation biodosimetry, which all take advantage of 
commonly available biological samples. Various aspects of 
the invention are directed to biodosimetry with a fully inte 
grated biochip using gene expression signatures. Exposure to 
ionizing radiation can produce a well-defined dose dependent 
signature in terms of changes in gene expression. In 
approaches and devices described herein, Such a signature 
can be used to generate and use a self-contained radiation 
biodosimeter device, based on, for example, a blood finger 
Stick. 
0010. One aspect of the invention is directed to a device for 
determining radiation exposure of an organism. The device 
for determining radiation exposure of an organism includes a 
microfluidic chip adapted to contain a biological sample from 
the organism; a microlens coupled to the microfluidic chip; an 
imaging element coupled to the microlens adapted to capture 
an image of the biological sample; and a processor adapted to 
analyze the image for possible radiation exposure of the 
organism. 
0011. In various embodiments, the device further includes 
a light source coupled to the microlens. In some configura 
tions, the device further includes an aperture between the 
microlens and the imaging element. In some configurations, 
the aperture is less than 5 mm in diameter, for example, about 
1 mm in diameter. 
0012. In various embodiments, the microfluidic chip is 
further adapted to apply a reagent to the biological sample. In 
various embodiments, the microfluidic chip is adapted to 
contain at least one biological sample from at least one organ 
ism. 
0013. In various embodiments, the imaging element is a 
charge-coupled device sensor. In various embodiments, the 
device further includes a memory for storing the image. In 
various embodiments, the microfluidic chip includes a micro 
pump. In some configurations, the micropump is electro 
chemically operated. In some configurations, the micropump 
is pneumatically operated. In some configurations, the micro 
pump is thermopneumatically operated. In various embodi 
ments, the microfluidic chip includes a valve. In various 
embodiments, the microfluidic chip includes a mixer. In vari 
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ous embodiments, the microfluidic chip includes a heater. In 
Some configurations, the heater includes a diode. 
0014. In various embodiments, the microfluidic chip 
includes at least one cDNA microarray sensor. In various 
embodiments, the microfluidic chip includes at least one oli 
gonucleotide array. In various embodiments, the microfluidic 
chip is comprised of an optically transparent material. In 
various embodiments, the microfluidic chip includes a blood 
sample collection device. In various embodiments, the 
microfluidic chip includes an RNA extraction device. In some 
configurations, the microfluidic chip includes means for mea 
suring RNA levels, for example, mRNA levels. 
0015. In various embodiments, the microfluidic chip 
includes at least one thermally-activated paraffin based 
microvalve. In various embodiments, the microfluidic chip 
includes a power Source. In various embodiments, the microf 
luidic chip includes a means for performing a polymerase 
chain reaction assay. In various embodiments, the microflu 
idic chip includes a means for performing a DNA hybridiza 
tion assay. In various embodiments, the microfluidic chip 
includes a means for performing a DNA detection assay. 
0016. Another aspect of the invention is directed to a 
method of determining radiation exposure of an organism. 
The method of determining radiation exposure of an organ 
ism includes applying a light source to the microfluidic chip; 
capturing an image of the microfluidic chip using an imaging 
element and a microlens wherein the microlens is coupled to 
the microfluidic chip; and analyzing the image to determine 
radiation exposure of the organism. 
0017. In various embodiments, the method also includes 
performing a polymerase chain reaction assay using the 
microfluidic chip. In various embodiments, the method also 
includes performing a DNA hybridization assay using the 
microfluidic chip. In various embodiments, the method also 
includes performing a DNA detection assay using the microf 
luidic chip. In various embodiments, the method also 
includes adding a reagent to the biological sample in the 
microfluidic chip. In various embodiments, the method also 
includes coupling a lens to the microfluidic chip. In various 
embodiments, the method also includes coupling an imaging 
element to the microfluidic chip. In some configurations, the 
imaging element is a charge-coupled device sensor. In various 
embodiments, a processor is used to analyze the image. 
0018. In various embodiments, the method also includes 
storing the image in a memory. In various embodiments, 
analyzing the image includes counting the number of cells 
shown in the image. In various embodiments, analyzing the 
image includes counting the number of damaged cells shown 
in the image. In some configurations, the number of cells 
shown in the image is compared to a predetermined threshold 
to determine whether the organism has been exposed to a 
predetermined level of radiation. In some configurations, the 
predetermined threshold is normalized based on an analysis 
of a plurality of biological samples. 
0019. In various embodiments, the method also includes 
flushing the biological sample from the microfluidic chip. 
0020. In various embodiments, capturing of the image of 
the microfluidic chip includes transmitting the image through 
an aperture between the microlens and the imaging element. 
In some configurations, the aperture is less than 5 mm in 
diameter. In various embodiments, the imaging element is a 
charge coupled device sensor. In various embodiments, the 
imaging element is a CMOS sensor. 
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0021. In various embodiments, the method also includes 
separating a control amount from the biological sample, 
exposing the control amount to a predetermined radiation 
level, extracting a predetermined element from the control 
amount; capturing an image of the control amount; analyzing 
the image of the control amount to determine radiation expo 
Sure; and comparing the control amount to the biological 
sample. 
0022. In various embodiments, the method also includes 
normalizing any data derived therefrom through self normal 
ization. 
0023. Another aspect of the invention is directed to a sys 
tem for determining radiation exposure of an organism. The 
system for determining radiation exposure of an organism 
includes an illumination means for illuminating the microf 
luidic chip; an image capturing means for capturing an image 
of the microfluidic chip; an imaging means coupled to the 
microfluidic chip; and an analyzing means for analyzing the 
image to determine radiation exposure of the organism. 
0024. In various embodiments, the microfluidic chip 
includes a pumping means. In some configurations, the 
pumping means is electrochemically operated. In some con 
figurations, the pumping means is thermopneumatically 
operated. 
0025. In various embodiments, the microfluidic chip 
includes a flow regulating means. In some configurations, the 
flow regulating means is a valve. In various embodiments, the 
microfluidic chip includes a mixing means. In various 
embodiments, the microfluidic chip includes a heating 
means. In some configurations, the heating means is a diode. 
In various embodiments, the microfluidic chip includes at 
least one sensor means. In some configurations, the sensor 
means is a DNA microarray sensor. In various embodiments, 
the microfluidic chip includes a blood sample collection 
means. In various embodiments, the microfluidic chip 
includes an RNA extraction means. 
0026. In various embodiments, the flow regulating means 

is at least one thermally-activated paraffin based microvalve. 
In various embodiments, the microfluidic chip includes a 
power providing means. In various embodiments, the microf 
luidic chip includes a means for performing a polymerase 
chain reaction assay. In various embodiments, the microflu 
idic chip includes a means for performing a DNA hybridiza 
tion assay. In various embodiments, the microfluidic chip 
includes a means for performing a DNA detection assay. In 
various embodiments, the imaging means is a lens. In various 
embodiments, the imaging means is a charge-coupled device 
SSO. 

0027. In various embodiments, the system further 
includes a means for adding to the biological sample in the 
microfluidic chip. In various embodiments, the system fur 
ther includes a flushing means for flushing the biological 
sample from the microfluidic chip. 
0028. In various embodiments, the analyzing means is a 
processor. In various embodiments, the system further 
includes a storage means and a memory means, wherein the 
storing means stores the image in the memory means. In some 
configurations, the processor counts the number of cells 
shown in the image. In some configurations, the processor 
counts the number of damaged cells shown in the image. In 
Some configurations, the number of damaged cells shown in 
the image is compared to a predetermined threshold to deter 
mine whether the organism has been exposed to a predeter 
mined level of radiation. In some configurations, the proces 
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sor normalizes the predetermined threshold based on an 
analysis of a plurality of biological samples. 
0029. Another aspect of the invention provides a biodo 
simetry method for detecting radiation exposure in a biologi 
cal sample. The biodosimetry method includes: contacting a 
biological sample and a biochip; capturing an image of the 
microfluidic chip using an imaging element and a microlens 
wherein the microlens is coupled to the microfluidic chip; 
determining a gene expression signature of the biological 
sample from the captured image; and correlating the gene 
expression signature of the biological sample to radiation 
exposure of the biological sample. According to this method, 
the biochip measures the expression levels of a plurality of 
genes, and the gene expression signature includes expression 
levels of a plurality of radiation responsive genes. 
0030. In various embodiments, the biological sample is a 
blood sample, or white blood cells or lymphocytes isolated 
from blood. In some configurations, the blood sample is at 
least about 100 ul, at least about 200 ul, or at least about 200 
ul to about 500 ul. In some configurations, the blood sample 
is a non-degraded blood sample having an average 28S/18S 
rRNA ratio of at least about 1.5. 
0031. In various embodiments, the biological sample was 
exposed in vivo to a radiation dose at least about 6 hours prior 
to contact with the biochip. In some configurations, the bio 
logical sample was exposed in vivo to a dose of radiation from 
at least about 6 hours to about 3 days prior to sampling from 
a Subject and/or contact with the biochip. In some configura 
tions, the biological sample was exposed in vivo to a dose of 
radiation from at least about 6 hours to about 24 hours prior to 
sampling from a Subject and/or contact with the biochip. In 
various configurations, the blood sample was exposed to a 
radiation dose of between 0 Gy and about 10 Gy. 
0032. In various embodiments, the biological sample 
includes oligonucleotides. Such oligonucleotides can be iso 
lated and/or purified from the sample on the biochip. In some 
configurations, immunomagnetic cell separation is used for 
purification. In some configurations, purification entails cell 
lysis. In various embodiments, oligonucleotides of the bio 
logical sample are amplified on the biochip. In various 
embodiments, at least a portion of the oligonucleotides of the 
biological sample (or the amplified oligonucleotides of the 
biological sample) correspond to oligonucleotides of the 
array of the biochip. In some configurations, the oligonucle 
otides of the biological sample are amplified on the biochip 
via micro-PCR. 

0033. In various embodiments, the biochip measures RNA 
levels. In some configurations, the biochip measures mRNA 
levels. 

0034. In various embodiments, the biochip includes an 
oligonucleotide array. In some configurations, the array is a 
printed low-density oligonucleotide array. In some configu 
rations, the array is a cDNA array. 
0035. In various embodiments, the gene expression signa 
ture includes expression levels of at least about 25 radiation 
responsive genes. In some configurations, the gene expres 
sion signature includes expression levels of at least about 50, 
75, 100, 150, 200, 250, 300, 350, 400, or more radiation 
responsive genes. In various embodiments, a radiation 
responsive gene produces a technical quality score of at least 
about 0.3 in a non-radiated biological sample. In some con 
figurations, the technical quality Score is at least about 0.4 or 
0.5 in a non-radiated biological sample. In various embodi 
ments, a radiation responsive gene produces at least an aver 
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HIST1H2BO, HLA-DOA, HLA-DOB, IBRDC3, IER5, 
IER5, IGHAL, IGHM, IL1ORB, IL1ORB, IL1B, IL1RN, 
IRAK3, ISG20L1, ISG20L1, ITGA6, ITGAX, ITGAX, 
KCNJ15, KCNJ2, KIAA0963, KREMEN1, LOC283.663, 
LOC339287, LOC349114, LOC349114, LOC349114, 
LOC399744, LOC399744, LOC401357, LOC401357, 
LRG1, MGC40499, MGC5370, MOBK1B, MOBK1B, 
MXD1, NALP12, NEU1, OPLAH, OPLAH, P2RX5, PCNA, 
PHLDA3, PHPT1, PLAUR, PLK2, PLK3, POU2AF1, 
PPM1D, PRG1, PTP4A1, PTPNS1, PXN, RNF24, RPS27L, 
RRAGD, SDCBP, SDF2, SEMA4C, SERPINB1, SGK, 
SIGLEC9, SIRPB2, SLA, SPIB, TCF7, TCL1A, 
THC234.0838, THC2397697, THC242.9167, THC2439183, 
TNFAIP6, TNFRSF10B, TNFSF7, TP5313, TP531NP1, 
TREM1, TRIAP1, TRIM22, TRPM6, UPB1, WDFY3, 
XM 499519, XPC, XPC, and ZNF2. 
0.038. In some configurations, genes of the gene expres 
sion signature include genes selected from: ABTB2, ACTA2, 
ACTN1, ADA, AES, AF289562, AGRN, AK021751, 
AKO24870, AKO24898, AKO55915, AKO56245, AKO92083, 
AKO92875, AK123333, AK123722, AK2, ALDH18A1 
ALS2CR13, ANKRA2, ANXA11, ANXA2P1, ANXA4, 
AP1S2, APBA3, APBB1, APBB3, APOBEC3C, 
APOBEC3F, ARHGEF3, ASCC3, ASTN2, ATP2A3, 
ATP8B2, ATP9A, B3GNTL1, BANK1, BAX, BAZ1A, 
BBC3, BC014395, BC018597, BC022205, BC023989, 
BC039097, BC045174, BC053363, BCL11A, BCL3, 
BCNP1, BE646426, BF511442, BIRC3, BM926530, BTG3, 
BU540282, BU595528, C11orf21, C11orf24, C12orf42, 
C12orf45, C12orf5, C14orf151, C16orf20, C17orfA9, 
C19orf36, C1orf24, C1orf57, C3orf26, C8orf38, C90rf127, 
CA4, CAMK1D, CASP7, CCDC49, CCNG1, CCPG1, 
CCR7, CD40, CD511705, CD52, CD79A, CD83, CD93, 
CDC25B, CDC42EP2, CDCA7L, CDKN1A, CDKN1C, 
CENTB1, CENTG3, CHES1, CHRNA10, CIC, CLIC3, 
CLIC4, CN271858, CNOT7, COL27A1, COL9A3, 
COMTD1, CR595983, CR603437, CR616003, CR621698, 
CR623273, CRLF3, CTAGE4, CXCR3, CYLD, DAPK2, 
DCP1B, DDB2, DEF6, DHRS7, DPEP2, DZIP3, EBI3, 
EBPL, ECE1, EFNB1, EHD1, E124, EIF2C3, 
ENST00000253048, ENST00000257897, 
ENST00000261569, ENST00000288074, 
ENST00000291567, ENST00000301749, 
ENST00000360329, EOMES, FAM105A, FAM62A, FAS, 
FASLG, FBS1, FBXL16, FBXO22, FBXW7, FCGBP, 
FCHO1, FCHSD2, FCRL2, FDXR, FHL2, FLII, FLJ11259, 
FLJ20186, FLJ20647, FLJ35348, FLJ40542, FNDC3B, 
FTSJ2, FXYD2, GADD45A, GAMT, GDF15, GHRL, 
GLIPR1, GLS2, GNG7, GNG8, GPR160, GPR18, GPR84, 
GRIPAP1, GRPEL2, GSK3A, GSS, GTF21, H2-ALPHA, 
HEBP1, HNRPC, IER5, IER5L, IF1H1, IFITM1, IGHM, 
IGHV1-69, IL21R, ISG2OL1, JAK3, JMJD2A, KCNJ2, 
KCNN4, KCTD12, KENAE, KIAA0284, KIR2DS4, KLF2, 
LAMP3, LBR, LEPROTL1, LHPP, LIF, LIG1, LIMK2, 
LMBRD1, LMNA, LMNB2, LOC158830, LOC201229, 
LOC256021, LOC284184, LOC649791, LY9, MAMDC4, 
MANSC1, MAP4K2, MAP4K4, MAPKAPK2, MARCKS, 
MDM2, MDS025, METTL7A, MGAT3, MGC16207, 
MGC17624, MGC2463, MGC5370, MGST1, MLX, 
MPEG1, MPP1, MR1, MYC, MYOM2, N28017, NBN, 
NBPF 15, NFKB1, NFKB2, NPAL2, NRBP1, OSBPL3, 
P2RX5, PACSIN1, PCNA, PDLIM5, PELO, PGCP, 
PHLDA3, PHPT1, PIK3CD, PLAGL2, PLK2, PLK3, 
PLXNA1, PLXNA2, PLXNB2, PMAIP1, POLH, POPDC2, 
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PPM1D, PRKAB1, PRMT7, PSD4, PTGIR, PTP4A1, 
PTPN7, PTPRCAP, PYCRL, PYGL, RAFTLIN, RALGPS2, 
RASA3, RASGEFLA, RASGRP2, RBM14, RBPSUH, 
RELB, RGS12, RGS14, RGS16, RGS3, RP 11, 298P3.3, 
RP4-742C19.3, RPS19, RPS27L, RRAD, RUFY3, SAC3D1, 
SACS, SELPLG, SERPINB1, SERTAD1, SESN1, SESN2, 
SH2D1B, SIGIRR, SIT1, SLBP, SLBP, SLC11A1, 
SLC13A2, SLC25A15, SLC27A1 SLC27A3, SLC35F2, 
SLC4A11, SLC7A6, SLCO4A1, SOCS1, SOD2, SPPL2A, 
SRA1, SRPK2, SSPN, SYNGR2, TACC3, TAPBPTBC1D1, 
TBXAS1, TCF3, TCF4, TCL1A, TESK2, TFE3, 
THC2292160, THC2305303, THC234.0838, THC2342491, 
THC2347909, THC2364440, THC2380864, THC2397697, 
THC242.9167, THC2439183, THC2442819, TKT TM7SF3, 
TM9SF4, TMC8, TMEM30A, TMEM68, TNFAIP2, 
TNFAIP3, TNFAIP6, TNFRSF10B, TNFRSF12A, 
TNFRSF18, TNFSF12, TNFSF4, TNFSF7, TNIP1, 
TP53AP1, TRAF4, TRAF5, TRIAP1, TRIB2, TRIM22, 
TRIM32, TSC22D3, TSPAN32, TTC21A, TYMS, UBE2H, 
UNQ501, UROD, VAT1, VSIG4, WIG 1, XPC, YWHAB, 
YWHAZ, ZC3H12A, ZC3H7A, ZFAND2B, ZNF195, 
ZNF337, ZNF541, ZNF625, ZNF79, ZNF92, and ZUBR1. 
0039. In some configurations, genes of the gene expres 
sion signature include genes selected from: CDKN1A, CD40, 
NEBL, GADD45A, CXCL11, HSF4, CXCL3, FLRT2, 
TNFSF10, IL8, TNF, ENAMIGJ, XPC, KIF2, SERPING1, 
DDB2, IFIT2, LILRB3, GCH1, FOS, CCNB2, LILRA2, 
RARRES3, SCN1B, UBE2IL6, FCGR1A, FGL2, VSIG4, 
PKLR, STAT1, WARS, TCF2, DEFA4, and CH2AX. 
0040. In various embodiments, the plurality of radiation 
responsive genes of the gene expression signature include 
genes that undergo dose dependent changes in expression 
after exposure to ionizing radiation. 
0041. In various embodiments, determination of the gene 
expression signature entails detecting hybridization of oligo 
nucleotides of the biological sample to oligonucleotides of 
the biochip array. In some configurations, the average length 
of oligonucleotides of the biochip array is about 50 to about 
80 nucleotides. In some configurations, hybridization is mea 
Sured using an electrochemical hybridization assay on the 
biochip. In some configurations, results of the electrochemi 
cal hybridization assay are detected using a fluorescence 
scanner. In some configurations, detecting hybridization of 
oligonucleotides of the biological sample to oligonucleotides 
of the biochip occurs in real-time. 
0042. In various embodiments, oligonucleotides of the 
biochip array are in a biochannel-configuration on the bio 
chip. In some configurations, the biological sample is fluidi 
cally transported along the biochannel of the biochip, and 
hybridization of the oligonucleotides of the biological sample 
to the oligonucleotides of the biochip occurs in the biochan 
nel. 
0043. In various embodiments, determining a gene 
expression signature of the biological sample includes utili 
Zation of the acoustic micro-streaming technique. 
0044. In various embodiments, correlating the gene 
expression signature exposure to radiation includes correlat 
ing the gene expression signature exposure to a dosage of 
radiation exposure. In some configurations, the correlated 
dosage radiation exposure ranges from about 0 Gy to about 10 
Gy, or to about 12 Gy or even higher. In some configurations, 
the correlated dosage radiation exposure is about 0 Gy to 
about 2 Gy. In some configurations, the correlated dosage 
radiation exposure is about 2 Gy to about 4 Gy. In some 
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configurations, the correlated dosage radiation exposure is 
about 4Gy to about 6 Gy. In some configurations, the corre 
lated dosage radiation exposure is about 6 Gy to about 8 Gy. 
In some configurations, the correlated dosage radiation expo 
sure is about 8 Gy to about 10 Gy. In various embodiments, 
correlating the gene expression signature exposure to radia 
tion comprises correlating the gene expression signature 
exposure to a radiation injury. 
0045 Another aspect of the invention is directed to a por 
table biodosimetry device for detecting radiation exposure. 
The portable biodosimetry device includes a microfluidic 
biochip. The microfluidic biochip of the portable biodosim 
etry device includes a biological sample collection module: 
an oligonucleotide extraction module; a hybridization chan 
nel module; an imaging module; a microlens module; a power 
module; and a control module. In accord with this device, the 
hybridization channel module includes an oligonucleotide 
array, which contains a plurality of oligonucleotides that each 
will hybridize under Stringent conditions to a gene expression 
product of a radiation responsive gene. In accord with this 
device, the microlens is coupled to the microfluidic chip; the 
imaging element is coupled to the microlens; and the micro 
lens/imaging element is configured to capture an image of the 
biological sample. In accord with this device, the biological 
sample collection module, the oligonucleotide extraction 
module, and the hybridization channel module are fluidically 
coupled. In various embodiments, the portable biodosimetry 
device is about 300 cm by about 500 cm. 
0046. In various embodiments, the biological sample col 
lection module, the oligonucleotide extraction module, and 
the hybridization channel module are operably and detach 
ably coupled to the portable biodosimetry device. In some 
configurations, the biological sample collection module, the 
oligonucleotide extraction module, and the hybridization 
channel module are included in a cartridge and the cartridge 
is operably and detachably coupled to the portable biodosim 
etry device. 
0047. In various embodiments, the portable biodosimetry 
device also includes a reagent storage module. In some con 
figurations, the reagent storage module is operably and 
detachably coupled to the portable biodosimetry device. In 
Some configurations, the reagent storage module comprises a 
dry reagent and a means for solubilizing the dry reagent. In 
Some configurations, the reagent storage module includes 
aqueous reagents. In some configurations, the reagent storage 
module includes a reagent pouch operably and detachably 
coupled to the reagent storage module. 
0048. In various embodiments, the portable biodosimetry 
device also includes a hybridization detection module. In 
Some configurations, the hybridization detection module is 
operably and detachably coupled to the portable biodosim 
etry device. 
0049. In various embodiments, the microfluidic biochip is 
a cyclo-olefinic co-polymer biochannel chip. In various 
embodiments, the microfluidic biochip comprises athermally 
actuated paraffin-based microvalve. 
0050. In various embodiments, the biological sample col 
lection module collects a blood sample from a mammalian 
Subject. In some configurations, the blood sample is at least 
about 100 ul to about 500 ul. In various embodiments, the 
biological sample collection module includes a means for 
collecting a biological sample from a mammalian Subject. In 
Some configurations, the biological sample collection module 
comprises a needle, a microneedle, or a lasette. In some 
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configurations, the biological sample collection module com 
prises a capillary-force collection system. In various embodi 
ments, the biological sample collection module comprises a 
channel, a sample chamber, and a pump. 
0051. In various embodiments, the oligonucleotide 
extraction module extracts RNA from a biological sample. In 
Some configurations, the oligonucleotide extraction module 
includes a means for cell capture, cell concentration, cell 
purification, and/or cell lysis. In some configurations, the 
oligonucleotide extraction module includes a means for iso 
lating oligonucleotides of the biological sample. In some 
configurations, the oligonucleotide extraction module 
includes a means for amplifying the isolated oligonucleotides 
of the biological sample. In some configurations, the oligo 
nucleotide extraction module includes an immunogenic sepa 
ration system. In some configurations, the oligonucleotide 
extraction module comprises a magnetic separation system. 
0052. In various embodiments, the hybridization channel 
module is a hybridization microchannel module. In various 
embodiments, the hybridization channel module is a hybrid 
ization nanochannel module. In various embodiments, the 
oligonucleotides of the array are immobilized with a 3-di 
mensional amino-reactive gel-coating of the hybridization 
channel module. In some configurations, the hybridization 
channel module includes an electrochemical or thermopneu 
matic liquid pump for fluidically transporting a hybridization 
Solution across the oligonucleotide array. In some configura 
tions, the hybridization channel module includes a means for 
detecting hybridization of oligonucleotides of a biological 
sample with oligonucleotides of the oligonucleotide array. In 
Some configurations, detecting hybridization occurs in real 
time. 

0053. In various embodiments, the oligonucleotide array 
is a printed low-density oligonucleotide microarray. In some 
configurations, the oligonucleotide array is a cDNA microar 
ray. In some configurations, the oligonucleotide array com 
prises a non-porous solid Support. In some configurations, the 
non-porous solid Support is a glass non-porous solid Support. 
In some configurations, the oligonucleotide array comprises a 
silicon-based solid Support produced by photolithographic 
masking. In some configurations, the oligonucleotide array 
comprises a cyclo-olefinic copolymer Solid Support. In some 
configurations, the oligonucleotide array includes at least 
about 25, at least about 50, at least about 75, at least about 100, 
or at least about 200 oligonucleotides, each corresponding to 
a gene expression product of a radiation responsive gene. In 
Some configurations, there are an average of about 50 to about 
80 nucleotides in an oligonucleotide of the oligonucleotide 
array. 

0054. In various embodiments, oligonucleotides of the 
array will hybridize under Stringent conditions to gene 
expression products of radiation responsive genes. Such 
radiation responsive genes can be selected from: A 23 
P2551 11, A 24 P127462, A 24 P15083, A 24 
P585004, A 32 P140501, A 32 P198223, AA516273, 
ABTB2, ACSL1, ACTA2, ACTN1, ADA, ADM, AES, 
AF289562, AGRN, AKO21751, AKO24870, AKO24898, 
AKO55915, AKO56245, AKO92083, AKO92875, AKO92942, 
AKO97080, AK123333, AK123446, AK123722, AK2, 
ALDH18A1, ALS2CR13, ANKRA2, ANXA11, ANXA2P1, 
ANXA4, AP1S2, APBA3, APBB1, APBB3, APOBEC3B, 
APOBEC3C, APOBEC3F, AQP9, ARHGEF3, ASB2, 
ASCC3, ASTN2, ATP2A3, ATP8B2, ATP9A, B3GNTL1, 
BANK1, BAX, BAZ1A, BBC3, BC014395, BC018597, 
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APOBEC3F, ARHGEF3, ASCC3, ASTN2, ATP2A3, 
ATP8B2, ATP9A, B3GNTL1, BANK1, BAX, BAZ1A, 
BBC3, BC014395, BC018597, BC022205, BC023989, 
BC039097, BC045174, BC053363, BCL11A, BCL3, 
BCNP1, BE646426, BF511442, BIRC3, BM926530, BTG3, 
BU540282, BU595528, C11orf21, C11orf24, C12orfA2, 
C12orf45, C12orf5, C14orf151, C16orf20, C17orfA9, 
C19orf36, C1orf24, C1orf57, C3orf26, C8orf38, C90rf127, 
CA4, CAMK1D, CASP7, CCDC49, CCNG1, CCPG1, 
CCR7, CD40, CD511705, CD52, CD79A, CD83, CD93, 
CDC25B, CDC42EP2, CDCA7L, CDKN1A, CDKN1C, 
CENTB1, CENTG3, CHES1, CHRNA10, CIC, CLIC3, 
CLIC4, CN271858, CNOT7, COL27A1, COL9A3, 
COMTD1, CR595983, CR603437, CR616003, CR621698, 
CR623273, CRLF3, CTAGE4, CXCR3, CYLD, DAPK2, 
DCP1B, DDB2, DEF6, DHRS7, DPEP2, DZIP3, EBI3, 
EBPL, ECE1, EFNB1, EHD1, E124, EIF2C3, 
ENST00000253048, ENST00000257897, 
ENST00000261569, ENST00000288074, 
ENST00000291567, ENST00000301749, 
ENST00000360329, EOMES, FAM105A, FAM62A, FAS, 
FASLG, FBS1, FBXL16, FBXO22, FBXW7, FCGBP, 
FCHO1, FCHSD2, FCRL2, FDXR, FHL2, FLII, FLJ11259, 
FLJ20186, FLJ20647, FLJ35348, FLJ40542, FNDC3B, 
FTSJ2, FXYD2, GADD45A, GAMT, GDF15, GHRL, 
GLIPR1, GLS2, GNG7, GNG8, GPR160, GPR18, GPR84, 
GRIPAP1, GRPEL2, GSK3A, GSS, GTF21, H2-ALPHA, 
HEBP1, HNRPC, IER5, IER5L, IFIH1, IFITM1, IGHM, 
IGHV1-69, IL21R, ISG2OL1, JAK3, JMJD2A, KCNJ2, 
KCNN4, KCTD12, KENAE, KIAA0284, KIR2DS4, KLF2, 
LAMP3, LBR, LEPROTL1, LHPP, LIF, LIG1, LIMK2, 
LMBRD1, LMNA, LMNB2, LOC158830, LOC201229, 
LOC256021, LOC284184, LOC649791, LY9, MAMDC4, 
MANSC1, MAP4K2, MAP4K4, MAPKAPK2, MARCKS, 
MDM2, MDS025, METTL7A, MGAT3, MGC16207, 
MGC17624, MGC2463, MGC5370, MGST1, MLX, 
MPEG1, MPP1, MR1, MYC, MYOM2, N28017, NBN, 
NBPF 15, NFKB1, NFKB2, NPAL2, NRBP1, OSBPL3, 
P2RX5, PACSIN1, PCNA, PDLIM5, PELO, PGCP, 
PHLDA3, PHPT1, PIK3CD, PLAGL2, PLK2, PLK3, 
PLXNA1, PLXNA2, PLXNB2, PMAIP1, POLH, POPDC2, 
PPM1D, PRKAB1, PRMT7, PSD4, PTGIR, PTP4A1, 
PTPN7, PTPRCAP, PYCRL, PYGL, RAFTLIN, RALGPS2, 
RASA3, RASGEFLA, RASGRP2, RBM14, RBPSUH, 
RELB, RGS12, RGS14, RGS16, RGS3, RP11, 298P3.3, 
RP4-742C19.3, RPS19, RPS27L, RRAD, RUFY3, SAC3D1, 
SACS, SELPLG, SERPINB1, SERTAD1, SESN1, SESN2, 
SH2D1B, SIGIRR, SIT1, SLBP, SLBP, SLC11A1, 
SLC13A2, SLC25A15, SLC27A1 SLC27A3, SLC35F2, 
SLC4A11, SLC7A6, SLCO4A1, SOCS1, SOD2, SPPL2A, 
SRA1, SRPK2, SSPN, SYNGR2, TACC3, TAPBPTBC1D1, 
TBXAS1, TCF3, TCF4, TCL1A, TESK2, TFE3, 
THC2292160, THC2305303, THC234.0838, THC2342491, 
THC2347909, THC2364440, THC2380864, THC2397697, 
THC242.9167, THC2439183, THC2442819, TKT TM7SF3, 
TM9SF4, TMC8, TMEM30A, TMEM68, TNFAIP2, 
TNFAIP3, TNFAIP6, TNFRSF10B, TNFRSF12A, 
TNFRSF18, TNFSF12, TNFSF4, TNFSF7, TNIP1, 
TP53AP1, TRAF4, TRAF5, TRIAP1, TRIB2, TRIM22, 
TRIM32, TSC22D3, TSPAN32, TTC21A, TYMS, UBE2H, 
UNQ501, UROD, VAT1, VSIG4, WIG1, XPC, YWHAB, 
YWHAZ, ZC3H12A, ZC3H7A, ZFAND2B, ZNF195, 
ZNF337, ZNF541, ZNF625, ZNF79, ZNF92, and ZUBR1. 
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0057. In some configurations, the array oligonucleotides 
that hybridize under Stringent conditions to gene expression 
products of radiation responsive genes are selected from: 
CDKN1A, CD40, NEBL, GADD45A, CXCL11, HSF4, 
CXCL3, FLRT2, TNFSF10, IL8, TNF, ENAM IGJ, XPC, 
KIF2, SERPING1, DDB2, IFIT2, LILRB3, GCH1, FOS, 
CCNB2, LILRA2, RARRES3, SCN1B, UBE2I 6, FCGR1A, 
FGL2, VSIG4, PKLR, STAT1, WARS, TCF2, DEFA4, and 
CH2AX. 
0058. In various embodiments, the control module 
includes a means for user input. In various embodiments, the 
control module includes a display for communicating infor 
mation to the user. In various embodiments, the control mod 
ule includes an input and/or output connection for data trans 
fer. In some configurations, the input and/or output 
connection is a wireless connection, an electrical connection, 
or both. In various embodiments, the control module is oper 
ably coupled to the power module. 
0059) Other objects and features will be in part apparent 
and in part pointed out hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0060 Those of skill in the art will understand that the 
drawings, described below, are for illustrative purposes only. 
The drawings are not intended to limit the scope of the present 
teachings in any way. 
0061 FIG. 1 is series of schematic images depicting a 
biochannel system layout (FIG. 1A) of a fabricated device 
and a fabricated prototype with fluidic ports (FIG. 1B). Fur 
ther information regarding methodology is available in 
Example 1. 
0062 FIG. 2 is a series of SEM images of microchannels 
(FIG. 2A) and deposition of fluorescent oligonucleotides into 
the channels (FIG. 2B). Further information regarding meth 
odology is available in Example 1. 
0063 FIG. 3 is a line plot and model diagram demonstrat 
ing hybridization time. FIG. 3A shows normalized surface 
target concentration as a function of time for channel, oscil 
lating sample (top line); bulk reactor, static sample (middle 
line); and channel, static sample (bottom line). FIG. 3B is a 
model of a biochannel reactor showing target concentration at 
different probe sites after completion of a hybridization reac 
tion. The image illustrates the single uniformity across the 
probe sites. Further information regarding methodology is 
available in Example 1. 
0064 FIG. 4 is line and scatter plot showing HFE-H 
amplicon hybridization kinetics as current (nA) over time 
(hrs) for diff-hori; biochann-pump-2; and biochann-pump-1. 
The plot provides an analysis of biochannel hybridization 
kinetics using a bioelectric DNA sensor chip with integrated 
biochannel and air-pump for the oscillation of hybridization 
Solution. Further information regarding methodology is 
available in Example 1. 
0065 FIG. 5 is series of images depicting a microfluidic 
cartridge. FIG. 5A shows a printed circuit board for computer 
controlled actuation of micro?nano fluidic plastic cartridges. 
FIG. 5B shows a microfluidic cartridge for the differential 
extraction of sperm and epithelial cell samples. Integrated 
pumps and valves are actuated by the printed circuit board of 
FIG. 5A. Further information regarding methodology is 
available in Example 2. 
0.066 FIG. 6 is schematic diagram and image of a fully 
integrated biochip for sample preparation, DNA amplifica 
tion, and hybridization arrays. FIG. 6A is a schematic of the 



US 2008/0176755A1 

polymeric fluidic chip. FIG. 6B is a picture of the device (see 
Analytical Chemistry, 76, 1824-1831). Further information 
regarding methodology is available in Example 3. 
0067 FIG. 7 is a schematic diagram of a biochannel-chip 
with integrated pump. Further information regarding meth 
odology is available in Example 3. 
0068 FIG. 8 is diagram of a nuclease protection assay. 
NPP-nuclease protection probe. S1=S1 nuclease. 
PL-programming linker. DL detection linker. 
0069 FIG.9 is a photograph and a diagram illustrating the 
FireFly detection instrument. FIG. 9A shows the instrument 
with 96-well plate inserted. FIG.9B shows a diagram of the 
inflammation array gene organization as spotted for each well 
on the 96-well plate. The genes at each corner are the house 
keeping genes. 
0070 FIG. 10 is a line and scatter plot for genes detected 
in THP-1 passage 11 and THP-1 Passage 5 showing number 
of genes with detectable spot intensities as a function of 
THP-1 cell number per well. Further information regarding 
methodology is available in Example 4. 
0071 FIG. 11 is a line and scatter plot showing spot inten 
sity measured against cell number per wells for cells treated at 
p11. Each point represents the average of up to three repli 
cates for each gene. Further information regarding method 
ology is available in Example 4. 
0072 FIG. 12 is confidence interval plot for six genes of 
four different cell concentration. Further information regard 
ing methodology is available in Example 4. 
0073 FIG. 13 is a line and scatter plot showing spot inten 
sities from the PMA/LPS/Dex group of a new lot of THP-1 
cells measured against cell number per well. Each point rep 
resents an average of up to three replicates for each gene. 
Further information regarding methodology is available in 
Example 5. 
0074 FIG. 14 is series of images depicting an embodiment 
of the lab-on-a-chip system. FIG. 14A shows the layout and 
description of the plastic microfluidic cartridge and func 
tional elements. FIG. 14B shows a functional prototype fab 
ricated using rapid prototyping instrumentation. FIG. 14C 
shows a sample of a computer-controlled microfluidic sample 
preparation station. Inserted into the instrument is a plastic 
cartridge mounted to a printed circuit board for actuation. 
0075 FIG. 15 is an image depicting one embodiment of an 
integrated design combining sample preparation, detection, 
computer-control, and wireless communication. 
0076 FIG. 16 is a first diagram showing features of an 
integrated gene-expression monitoring system. 
0077 FIG. 17 is a second diagram showing features of an 
integrated gene-expression monitoring system. 
0078 FIG. 18 is a diagram showing examples of inte 
grated electronic functionalities fabricated of a plastic Sub 
Strate. 

0079 FIG. 19 is a picture of a blood collection cartridge 
having a simple manual pumping mechanism calibrated to 
collect about 200 ul of blood. 
0080 FIG. 20 is a series of pictures, where FIG. 20A 
shows an 8-bit microcontroller board and FIG. 20B shows a 
programming device for the microcontroller. 
0081 FIG.21 is a series of pictures of a prototype study for 
a hand-held radiation monitoring device and reader. FIG.21A 
is a prototype study for a hand-held radiation monitoring 
device, using a programmed 8-bit microcontroller to simulate 
the measurement results. FIG. 21B shows the opened car 
tridge, separated into a disposable part (left) containing the 
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reagents and reaction chambers, and a reusable part contain 
ing the drive electronics. FIG. 21C shows a cartridge reader 
with wireless connectivity. 
I0082 FIG. 22 is an image of a sample preparation car 
tridge for use with a modified Agilent linear amplification kit. 
I0083 FIG. 23 is an image of a sample preparation car 
tridge for use with a High-Throughput Genomics’ (HTG) 
Nuclease Protection Assay. 
I0084 FIG. 24 is a series of diagrams depicting use of a 
biodosimetry system in an emergency situation with a large 
number of persons potentially exposed to radiation. 
I0085 FIG. 25 is a line plot showing stability of RNA in 
anti-coagulated blood. RNA purifications were done using 
the PAXgeneTM Blood RNA Kit. All samples were incubated 
in PAXgeneTM Blood RNA tubes for 24 hours prior to puri 
fication. Data represented here is an average of two purifica 
tions per time point with an error of +/-20%. Further infor 
mation regarding methodology is available in Example 11. 
I0086 FIG. 26 is a bar graph showing RNA purification 
using the PAXgeneTM blood RNA kit. All samples were incu 
bated in PAXgeneTM blood RNA tubes for 24 hours prior to 
incubation. Data represented is an average of two purifica 
tions per starting volume, which differed between 7% and 
23%. Further information regarding methodology is available 
in Example 11. 
I0087 FIG. 27 is an electropherogram showing Bioana 
lyzer analysis of the PAXgeneTM purified RNA samples in 
FIG. 26. The peaks represent the 18 s (38 sec) and 28 s (45 
sec) rRNA. At 45 seconds, the treatments are, from top line to 
bottom line: sheep RNA from a starting volume of 2500 uL of 
whole blood; sheep RNA from a starting volume of 1000 uL 
of whole blood; sheep RNA from a starting volume of 600 uL 
of whole blood; sheep RNA from a starting volume of 250 uL 
of whole blood; and RNA 6000 ladder diluted 1/150. Further 
information regarding methodology is available in Example 
11. 
I0088 FIG. 28 is a typical electropherogram of PAX 
geneTM processed RNA showing intact ribosomal RNA peaks 
and minimal degradation. Further information regarding 
methodology is available in Example 11. 
I0089 FIG. 29 is a bar graph showing variability of RNA 
yields from 10 PAXgeneTM tubes drawn at the same time from 
the same donor and processed together. Further information 
regarding methodology is available in Example 11. 
0090 FIG. 30 is an image showing a small section of a 
microarray illustrating hybridization using two-color (FIG. 
30A) or single-color (FIG. 30B) labeling. The two-color 
approach requires a reference RNA to determine relative 
ratios of expression, while the single-color approach analyzes 
the absolute level of hybridization. 
0091 FIG. 31 is a series of photographs and diagrams 
depicting a check size valve. FIG.31A shows size compari 
son of the valve with a ball-point pen. FIG. 31B shows the 
valve integrated into a fluidic channel. FIG. 31C shows the 
valve in a horizontal (left) and vertical (right) orientation. 
FIG. 31 D shows the valve in a finished cartridge. 
0092 FIG. 32 is an MDS plot illustrating gene expression 
separation of samples by dose. Each point represents an indi 
vidual sample, with the distance between points reflecting the 
overall similarity or difference in expression of 201 genes in 
the dose discriminating signature. Further information 
regarding methodology is available in Example 14. 
(0093 FIG.33 is an MDS plot comparing ex vivo dose with 
samples from patients taken before or after the start of TBI. 
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Samples from 6 and 24 hours after treatment are not distin 
guished. Further information regarding methodology is avail 
able in Example 14. 
0094 FIG. 34 is a diagram of a microfluidic visualization 
biochip. The microfluidic visualization biochip integrates 
CCD sensing technology through a microlenset array in close 
proximity to the biochip for dosage-dependent fluorescent 
intensity monitoring. 
0095 FIG. 35 is a series of images showing an integrated 
microfluidic visualization biochip of a biodosimeter device. 
FIG. 35A depicts the microfluidic chip, where the CCD sen 
sor and microlens array not shown. FIGS. 36B-26D are top 
view images from the CCD. In FIG. 35B, labeled channel 
widths are 200 m and 100 um, respectively. In FIG. 35C 
36D, the images were captured at various times, with pump 
chamber into analysis channel. 
0096 FIG. 36 depicts field simulations of microlenslet 
designs, from first-principles Maxwell's equation solvers. 
FIGS. 37A and 37B show different diameter microlens, with 
|Elf intensity shown. FIG.36C depicts a commercial micro 
lens array from MEMS Optical. FIG. 36D is a side-profile 
scanning electron micrograph of reflowed polymers fro 
microlens. 

DETAILED DESCRIPTION OF THE INVENTION 

0097 While the technology exists to perform highly sen 
sitive and accurate gene-expression analysis using bench-top 
instrumentation and skilled technicians, it is highly desirable 
to develop a portable, inexpensive and rapid instrument that 
automates these processes. A self-contained, fully integrated 
cartridge that autonomously performs the complete bio-assay 
answers this need and is provided herein. 
0098 Exposure to ionizing radiation can produce a well 
defined dose dependent signature in terms of changes in gene 
expression. Here, such a signature can be used to generate a 
self-contained radiation biodosimeter device, based on, for 
example, a blood finger Stick. Exposure to ionizing radiation 
can produce dose-dependent changes in the expression of 
many genes, providing a means to assess both radiation expo 
sure and dose. Recent reports describe the development of a 
completely self-contained biochip that consists of microflu 
idic mixers, valves, pumps, channels, chambers, heaters, and 
DNA microarray sensors to perform DNA analysis of com 
plex biological sample solutions, such as blood. 
0099. One aspect of the present invention is a self-con 
tained radiation biodosimeter Suitable for large scale Screen 
ing. 
0100 Provided herein in various embodiments is a system 
based on a drop of capillary blood, rather than the larger 
volumes of peripheral blood conventionally taken by Veni 
puncture. In contrast to Venipuncture, which would be a major 
bottleneck in an emergency situation, blood drop Volumes 
permit the rapid collection that is important for a high 
throughput strategy. A standard source of capillary blood can 
be from a disposable lancing device. Other sources of capil 
lary blood include laser skin perforators, such as the FDA 
approved Lasette P200 (Cell Robotics Inc), which can have 
increased patient acceptability. 
0101 Also contemplated is a portable instrument device 
for mass-production for high-throughput screening. This por 
table version of a completely integrated, self-contained por 
table cartridge can run on battery power and perform an entire 
bio-assay. A dosimetric signature and on-board data analysis 
algorithm can be incorporated. After radiation assay perfor 
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mance, a cartridge can be inserted into a fluorescence scanner 
for rapid data read-out. In one embodiment, the portable 
device has a footprint of about 300cm by about 500cm for the 
overall system. 
01.02 
0103) Limited attempts have been made to integrate mul 
tiple analytical functions on-a-chip. They resulted in Wool 
ley's work (Woolley, Hadley et al. 1996), successfully com 
bining PCR and on-chip capillary separation. Similarly, 
Waters (Waters, Jacobson et al. 1998) has shown integrated 
devices capable of thermal lysing, PCR and separation. 
Anderson has attempted the development of sample prepara 
tion for use in expression hybridization arrays (Anderson, Su 
etal. 2000), but the valving system was complex and required 
external air actuation. Kricka and Wilding (Wilding, Kricka 
et al. 1998) have demonstrated physical filters relying on 
separation of biological cells by size. More recently, Taylor 
(Taylor, Belgrader et al. 2001) worked on a system with 
on-line PCR detection and showed on-chip spore pre-concen 
tration, lysing, and DNA purification. Wilding, Kricka and 
Fortina have also developed a prototype of an integrated 
semi-disposable microchip analyzer for cell separation and 
isolation, PCR amplification, and amplicon detection (Yuen, 
Kricka et al. 2001). 
0104. Among the various embodiments provided herein is 
a completely self-contained, fully integrated biochip device 
that consists of microfluidic mixers, valves, pumps, channels, 
chambers, heaters, and DNA microarray sensors to perform 
DNA analysis of complex biological sample solutions, such 
as blood. Sample preparation (including, for example, mag 
netic bead-based cell capture, cell preconcentration and puri 
fication, and/or cell lysis), polymerase chain reaction, DNA 
hybridization, and/or detection, can be performed in this 
fully-automated miniature device. 
0105 Cavitation microstreaming can be used to enhance 
target cell or total RNA capture from whole blood samples 
using immunomagnetic beads and to accelerate the DNA 
hybridization reaction. Thermally actuated paraffin-based 
microvalves can regulate liquid flow. Electrochemical and 
thermopneumatic pumps can be integrated on the chip to 
provide liquid pumping. These nanochannel devices, fabri 
cated by a polymeric imprinting method from inexpensive 
polymeric materials, are easy and inexpensive to manufac 
ture. Various embodiments of these devices are a self-con 
tained radiation biodosimetry product that enables use of a 
drop of capillary blood from, for example, a finger Stick or 
laser skin perforator, to perform large scale Screening at 
point-of-care sites. 
0106 Various known materials and methods can be used 
in the fabrication of lab-on-a-chip devices. Lithographic tech 
niques, adapted from semiconductor technology, have been 
used to build chips in glass (Harrison, Manz, et al. 1992) and 
silicon (Wilding, Pfahler et al. 1994). With increasing empha 
sis on disposable devices, the use of polymeric fabrication 
methods have become popular (Becker, Lowacket al. 1998: 
Boone T. Hooper H et al. 1998; Alonso-Amigo and Becker 
2000; Liu, Chenet al. 2001; Kricka, Fortina et al. 2002). More 
recently, unconventional lithography techniques such as soft 
lithography (Xia and Whitesides 1998) and nanoimprinting 
lithography (Chou, Krauss et al. 1995; Chou, Krauss et al. 
1996) have been used to fabricate reproducible nanostruc 
tures of biological materials suitable for building molecular 
diagnostic tools (Piner, Zhu et al. 1999). 

Integrated Biochip 
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0107 Besides the conventional lithography techniques 
available, numerous polymeric nanofabrication capabilities 
can be used. Optimized Stamperfabrication techniques can be 
used as needed for polymeric nanoimprinting and polymeric 
compression molding. Briefly, a negative image of a struc 
ture, which needs to be transferred to a polymeric substrate, is 
micromachined into a metal plate, nanofabricated into a sili 
con wafer, or Niplated over the template. The selection of an 
appropriate stamper fabrication technique is determined in 
part by the dimensions of the structure (both width and depth) 
and by its durability related to the number of desired imprints. 
The Smallest feature dimensions we can produce are in the 
range of about 50 nm, which is close to the persistent length 
of a single molecule of DNA, and more than sufficient for the 
channel construction. 
0108. Alternatively, an infrared CO laser can be used to 
direct feature writing, and is especially well-suited to rapid 
production of a new chip design. The CO laser beam is 
directed and focused by mirrors and lenses onto the poly 
meric substrate. When focused, the laser beam can either 
create channels in the Substrate or cutthrough it depending on 
the laser power and writing speed. The fluidic network design 
can be generated in CAD software. No photo mask is needed 
and the smallest feature size achievable is about 200 um. 
0109. After imprinting the channel features into the poly 
meric Substrate, input/output holes for sample delivery are 
drilled and the structure is bonded with another polymeric 
piece to form a hermetically sealed channel enclosure. Bond 
ing can be accomplished using, for example, thermal pro 
cesses or double-sided medical tape. 
0110. On-polymeric metal deposition techniques can also 
be used to provide the capability of bringing heaters, tem 
perature sensors, and electrical connectors to the chip Surface. 
While most of the metal deposition techniques used in the 
semiconductor industry require lithography (some solvents 
used there are not compatible with polymerics) and are per 
formed at higher temperatures (above polymeric melting 
temperature), shadow mask techniques eliminate the need for 
lithography, and optimization of sputtering techniques at 
lower temperatures are compatible with flexible polymeric 
substrate. 
0111 Magnetic separation is contemplated for selective 
and specific RNA capture for the on-chip environment. Chips 
capable of accomplishing this task should carry non-homog 
enous flows of sample and magnetic bead Suspension at flow 
rates of about 100 ul/min or higher. They also preferably 
contain magnetic nanofeatures providing the ability to arrest 
magnetically labeled molecules in the capture Zone with high 
magnetic field gradients. Smaller labels complicate chip 
design, however, by requiring special matrix structures 
designed to produce the magnetic gradients necessary for 
their capture. 
0112 Devices can be fabricated that consist of sub-milli 
meter iron or nickel-iron matrix elements fabricated into 
polymeric Substrates that geometrically concentrate external 
magnetic flux to form the necessary magnetic gradients. Tar 
gets are collected at the walls of the channel where they can be 
washed or otherwise processed in a flow stream. The channels 
can concentrate milliliter volumes by a factor greater than 200 
fold in just a few minutes and can be integrated with other 
polymer-based downstream nanofluidic amplification and 
analysis devices. 
0113. In one embodiment, a simple breadboard system is 
used for a portable sample preparation instrument. In another 
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embodiment, a hand-held electronics device for microproces 
sor-based control of the automated gene-expression assay is 
used. The assembled printed circuit board holds a micropro 
cessor system and Voltage regulator unit that can be pro 
grammed by a personal computer via an integrated data port. 
After programming, the system can run a pre-programmed 
sequence to activate an array of different pumps and valves to 
control the sample preparation. Sequential actuation of 
pumps and valves using this battery-powered device has been 
demonstrated Successfully (see e.g., Example 3). Various 
embodiments also incorporate a display showing the func 
tional status and progress of the sample preparation. 
0114. A fully integrated, self-contained system can 
include a microfluidic part, which contains the reagents and 
functional elements for the bioassay, and an electronics-part 
that contains a power source (Small rechargeable lithium 
battery) plus the logic control for the assay steps. The elec 
tronics-part of the system can be reusable, requiring only the 
insertion of a new microfluidics component. The system can 
be mass-produced by the thousands at a size of about a credit 
card, to accommodate high-throughput Screening of large 
populations. 
0115 The use of one device embodiment is as follows. A 
user takes a finger-prick, then holds the sterile loading port of 
the system against the drop of blood and presses a start button. 
All Subsequent processes are performed automatically, with 
progress indicated by a small organic LED display. An inte 
grated intelligent RF-tag communicates with a cell-phone, 
PDA, or other similar device and allows the user to save 
information, Such as the patient's name and data on the 
device, and gives a full record of the bioassay on demand. 
After the assay is completed (e.g., duration of several hours), 
the system signals the user that the biochip is ready to be 
inserted into a commercial fluorescent reader for signal read 
out and data processing. Algorithms for on-chip data process 
ing and determination of dose are integrated with the final 
product. The biochip reader can also be configured to contain 
an auto-loader to perform hundreds of scans per hour. Further 
concepts of use are provided in FIG. 24. 
0116. An embodiment of the lab-on-a-chip system is 
shown in, for example, FIG. 14. This cartridge incorporates 
the fluidic functions needed for the processing of a total RNA 
sample for gene expression profiling as described above. 
Tests of the fluidic functions demonstrated the successful 
function of the valves, pumps and the fluid transfer. This 
system can be used, for example, for processing and analyZ 
ing RNA derived from whole blood. 
0117. In a further embodiment, the three separate device 
units (blood collection device, RNA sample preparation 
device, and DNA hybridization microarray device) are inte 
grated into a single cartridge. Such an integrated system can 
be a bench-top system as illustrated in FIG. 15. 
0118 Aspects of an exemplary integrated gene-expres 
sion monitoring system are shown in FIGS. 17 and 18. The 
system can further include integration of fail-safe controls 
(e.g. monitoring the liquid transfer processes) and user feed 
back methods (visible/audible notification at the end of sam 
pling). Refinements to the radiation dosimetry signature are 
contemplated and can be integrated into the device as addi 
tional signature information is made available. A final set of 
genes used for radiation dosimetry can be derived from a 
larger number of candidate genes as genes with high variabil 
ity of expression in the population, responses to unrelated 
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conditions (confounding variables) or otherwise poor per 
formers can be identified and removed from the final set. 
0119 The integrated device can be tested, for example, 
against the same samples that were used to select and validate 
the radiation dosimetry gene set. RNA from both ex vivo 
irradiated peripheral blood and from the total body irradiation 
patients can be used in this testing. The patients allow confir 
mation of detection of in vivo radiation responses, while the 
ex vivo samples allow testing of identification of a wider 
range of dose and time since-exposure. The test RNA is 
provided as blinded samples in order to quantify the perfor 
mance of the integrated system in diagnosing radiation expo 
Sure and dose. 
0120 Various strategies can be employed for storage of 
bioreagents. A first strategy is formulating reagents in dry 
form and dissolving on-chip prior to use (e.g. utilizing tech 
nology Amersham is using to prepare Ready-to-go PCR 
beads). An advantage of this approach is that these reagents 
can be stored stably for many months without the need for 
refrigeration. A second strategy is to store reagents on-chip. 
In this case the entire chip should be refrigerated. A third 
strategy is to package reagents in a separate pouch that is kept 
refrigerated prior to insertion into the device. 
0121 The whole device can be powered by an integrated 
thin-film polymer battery (commercially available). Alterna 
tively, regenerative Solar-fuel cell Systems can be used that 
operate at room temperature and are compatible with the 
plastic Substrates used in the design of the biochips. 
0122 Samples of biofluid (urine, blood, saliva, Sweat) 
from human Subjects can be used. Collection methods are 
simple non-invasive or minimally invasive methods as well 
known, including for example finger Stick, Venipuncture, oral 
Swab, and urine collection. 
(0123 RNA Extraction 
0124 RNA extraction from small volumes of blood is 
described, as well as a blood collection cartridge design. Also 
described are control electronics for the automation of the 
entire gene expression-based biodosimetry assay, and the 
usage of the cartridge in an emergency scenario. Alterna 
tively, where assay procedures such as the HTG qNPA plat 
form are employed, RNA purification is not required. 
0.125. An integrated micro?nano fluidic cartridge for 
extraction of RNA from whole blood is contemplated. The 
sample preparation module takes the blood and quantitatively 
release total RNA for subsequent analysis on a DNA microar 
ray. The relative performance of a system based on the use of 
magnetic beads with the ArrayPlate qNPA assay (High 
Throughput Genomics) is evaluated to determine which assay 
is most Suitable. 
0126 Nanofluidic devices can be used for hybridization 
assays, and are also contemplated in the use of plastic fluidic 
chambers and components to optimize the performance of 
RNA sample preparation steps on a chip. The yields of reverse 
transcription, in-vitro transcription, and fluorescent labeling 
procedures are some factors to consider in determining which 
chambers and components to use. A series of protocols is 
contemplated that facilitates the ultimate integration of RNA 
sample preparation into a lab-on-a-chip platform. These pro 
tocols make use of magnetic beads, on the Surface of which 
the reactions (e.g., RNA purification, reverse transcription, 
in-vitro transcription, RNA amplification, etc) take place. 
0127 Highly sensitive mRNA capture can be achieved 
using paramagnetic beads with T7-promoters (see e.g., 
Chalmers et al. (1998) Biotechnology Progress 14(1), 141 
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148; Jiang and Harrison (2000) Analyst 125(12), 2176-2179). 
The efficiency of separation using immunomagnetic methods 
depends strongly on the mixing of the reagents, and the mag 
netic capture. Sample preparation methods utilizing magnetic 
particles have been introduced to the nanofluidic environment 
at a limited level (see e.g., Joung and Shen (2000) IEEE Trans. 
on Magnetics 36, 2012). Such method can aid separation of 
RNA molecules or cells occurring at very low concentrations. 
Dedicated chips producing strong, localized gradients of 
magnetic fields can increase the capture efficiency, if required 
(see e.g., Ward et al. (2002) European Cell and Material 
Journal 3, 123-125). 
I0128 RNA sample preparation from whole blood can be 
accomplished using the nano/micro fluidic cartridge. Com 
parison with current bench-top protocols can evaluate the 
amount of RNA extracted as well as the quality of hybridiza 
tions performed with samples obtained by using the two 
methods. 
I0129 RNA Amplification 
0.130. A highly sensitive amplification protocol in nanof 
luidic device format is is contemplated herein, providing a 
path to integration of front-end sample preparation devices 
where concentrations of target molecules are expected to be 
very low. 
I0131 Amplification of genetic material is useful to most 
downstream applications starting with little sample material 
in a microchip device. On-chip DNA amplification tech 
niques have been reported. However, for RNA, only Ander 
son et al. (2000) Nucleic Acids Research 28(12), e60) have 
described an integrated device that aims at fully automated 
preparation of an RNA sample for microarray hybridization. 
0.132. Although shown to be feasible, the sensitivity of 
micro-PCR has not previously been explored in depth. Most 
investigators have used nanogram amounts of input DNA 
template, which corresponds to an amount of genetic material 
contained in 10,000-100,000 cells (a single human white 
blood cell contains -7picograms of DNA, for example). Only 
Mathies (Lagally, Medintz et al. 2001) has reported detailed 
investigations of micro-PCR sensitivity, and demonstrated 
on-chip amplification of a single molecule template. 
0.133 Although PCR amplification is generally not used in 
the devices and methods desrcibed hereinbecause the expres 
sion ratios would be distorted, the details of on-chip PCR 
amplification can nevertheless be used as an example for 
implementing chip-based enzymatic assays. Conventional 
PCR is time consuming, and a reduction in cycling time in 
parallel with reduction of sample volume makes micro-PCR 
especially preferred. Micro-PCR devices have been demon 
strated in glass (Kopp, Mello et al. 1998: Waters, Jacobson et 
al. 1998), ceramics (C. F. Chou, M. Morgan et al. 2002), 
silicon (Belgrader, Benett et al. 1999), and polymeric (Yu, 
Sethu et al. 2000). Silicon, due to its superior thermal con 
ductivity, allows for very fast temperature ramp times and 
gives the potential for very short on-chip protocols (Bel 
grader, Benett et al. 1999). Device designs, and thermal con 
trol, are at the center of successful micro-PCR chip develop 
ment. Heating is usually accomplished using external Peltier 
elements (Wilding, Pfahler et al. 1994; Lin, Hesketh et al. 
1996) or integrated on-chip heaters (Woolley, Hadley et al. 
1996; Ibrahim, Lofts et al. 1998). 
I0134. An additional challenge is posed by the need to 
amplify small amounts of mRNA in a nano-fluidic format. 
Single-step RT-PCR using silicon dioxide-coated chips has 
been reported with an efficiency of 70% compared to that 
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from a tube control. These analyses were conducted using an 
entangled solution capillary electrophoresis (ESCE) system 
and laser-induced fluorescence (LIF) detection (Cheng J and 
M 2001). Similarly, Anderson and coworkers developed 
chips that performed reverse transcription and other reactions 
(Anderson, Su et al. 2000), but did not report on the efficiency 
of the reactions. However, they did mention that chambers 
coated with parylene-C improved the reproducibility of enzy 
matic reactions. 
0135. Described here are experiments that demonstrate 
that RNA can be suitably handled in polymeric fluidic 
devices. 
013.6 Limited enzymatic amplification can be achieved 
during the in-vitro transcription step, where multiple RNA 
copies are generated from each of the double-stranded cDNA 
molecules. The relatively large amount of cellular RNA as 
compared to DNA and the sensitivity of device described 
herein can obviate the need for higher amplification rates. 
Furthermore, electrodeless dielectrophoresis-assisted Sorting 
of biomolecules (Chou and Zenhausern, 2003) and its imple 
mentation into complex organic nanosystems can be used to 
delineate the needs for enzymatic amplification and provide 
real-time preconcentration for highly sensitive detection. 
0.137 While molecular manipulation in confined fluidic 
environments can lead to improved biological functionalities 
that allow designing of new lab-on-a-chip devices, highly 
parallel embodiment of these nanofluidic devices is contem 
plated for high-throughput processing (Fodor, Read et al. 
1991; Shi, Simpson et al. 1999). Furthermore, the level of 
automation achieved by integration of several assay functions 
on a single chip can lead to elimination of operator involve 
ment as a variable. 
0138 Gene Expression 
0.139. In one embodiment, whole-genome profiling can 
used to measure gene expression changes in whole human 
blood in response to exposure to gamma-rays (e.g., 0, 0.5. 2. 
5 and/or 8 Gy). Sets of genes can be defined that respond to 
radiation exposure at about 6 to about 24 hours after the 
exposure. The variability between different healthy donors of 
both the baseline control expression of these genes and the 
radiation-induced responses is generally low enough that it 
does not interfere with identification of the exposure dose. 
Moreover, a single set of genes can allow identification of 
exposure dose at both times, Suggesting that a single signature 
can be informative throughout this time window. These genes 
can also predict radiation exposure in patients undergoing 
total body irradiation. Analysis of the data set, including 
application of a self-normalizing algorithm, can produce a 
highly focused gene expression signature for radiation bio 
dosimetry that can be used to test the complete microfluidic 
microarray cartridges. 
0140. A quantitative test that will use a threshold level of 
expression change to determine exposure and perhaps dose 
has the intrinsic problem of requiring a way to normalize out 
differences in lymphocyte number and RNA extraction and 
detection performance. Classical approaches to this problem 
either compare many samples simultaneously and then adjust 
the means and variances to a common Scale, or compare each 
individual's sample to a common reference and produce a 
median normalized ratio. Either of these approaches requires 
comparison to external samples and thus adds a large opera 
tional overhead to practical application of the technology. 
0141. To overcome above normalization problem, a form 
of analysis that uses an internal normalization can be used. 
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Self-Normalizing (SN) algorithms can allow the use of each 
sample as its own normalizer. This strategy has been tested on 
a variety of published data sets, and it produced more stable 
differentiation between varying samples than the currently 
utilized cross-sample or external standard normalization 
methods. Self-normalizing algorithms can be important for 
practical implementation of a biodosimetry device based on 
changes in gene expression. 
0142. A set of DNA oligonucleotide probes can be 
designed based on a set of for example, about 50 to about 400 
genes. For example, the gene expression signature can com 
prise about 50 genes, about 100 genes; about 150 genes; about 
200 genes; about 250 genes; about 300 genes; about 350 
genes; or about 400 genes. The length of the oligonucleotides 
is about 50 to about 80 bp, in order to achieve high specificity 
of hybridization. It is well established that longer oligonucle 
otides differentiate better between perfectly matching 
complementary strands and those carrying mismatches. The 
oligonucleotides can be terminated with an amino-group for 
covalent immobilization on a polymeric Support coated with 
a three-dimensional gel-matrix with amino-reactive groups. 
The use of this gel-matrix can obviate the need for a “linker'- 
molecule between the amino group and the oligonucleotide. 
Part of the selection criteria for genes to be considered for use 
in the classifier are that they are sufficiently abundant to 
always be observed in a hybridization with a technical quality 
score (Chen, Kamat et al., 2002) of 0.3 or more (a stringent 
requirement for consistent detectability and high reproduc 
ibility in repeated hybridizations) and should produce an 
average difference between the classes to be discerned of at 
least 2 fold (substantially higher than the 1.4 fold change 
required for 95% confidence that two measurements are dif 
ferent). Once this gene set is integrated into the biochip plat 
form, it can be tested using RNA samples from ex vivo irra 
diated human peripheral blood and total body irradiation 
patients that were also used to establish the informative gene 
Set. 

0.143 A set of candidate gene expression biomarkers that 
distinguish between samples of human peripheral blood 
exposed to doses between 0 and about 8 Gy can be used. The 
same set of genes is effective at distinguishing dose at both 6 
and 24 hours after exposure, showing that the same set of 
genes could provide informative biodosimetry throughout 
this window of time. Self-normalizing algorithms can also be 
used to eliminate the requirement for external normalization 
in gene expression assays by using each individual sample as 
its own normalizer. This greatly reduces the operational over 
head in the form of onboard computational power required to 
implement gene expression in a self-contained biochip. By 
applying these algorithms to candidate biomarkers, a refined 
gene expression signature can be identified. A stand-alone 
microfluidics cassette incorporating a quantitative nuclease 
protection assay can be used with the gene expression signa 
ture. 

0144. In various embodiments, the gene expression signa 
ture can include a a plurality of radiation responsive genes 
selected from the following: A 23 P255111. A 24 
P127462, A 24 P15083, A 24 P585004, A 32 
P140501, A 32 P198223, AA516273, ABTB2, ACSL1, 
ACTA2, ACTN1, ADA, ADM, AES, AF289562, AGRN, 
AKO21751, AKO24870, AKO24898, AKO55915, AK056245, 
AKO92083, AKO92875, AKO92942, AKO97080, AK123333, 
AK123446, AK123722, AK2, ALDH18A1, ALS2CR13, 
ANKRA2, ANXA11, ANXA2P1, ANXA4, AP1S2, APBA3, 
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AK123722, AK2, ALDH18A1, ALS2CR13, ANKRA2, 
ANXA11, ANXA2P1, ANXA4, AP1S2, APBA3, APBB1, 
APBB3, APOBEC3C, APOBEC3F, ARHGEF3, ASCC3, 
ASTN2, ATP2A3, ATP8B2, ATP9A, B3GNTL1, BANK1, 
BAX, BAZ1A, BBC3, BC014395, BC018597, BC022205, 
BC023989, BC039097, BC045174, BC053363, BCL11A, 
BCL3, BCNP1, BE646426, BF511442, BIRC3, BM926530, 
BTG3, BU540282, BU595528, C11orf21, C11orf24, 
C12orf42, C12orfA5, C12orf5, C14orf151, C16orf20, 
C17orf49, C19orf36, C1orf24, C1orf57, C3orf26, C8orf38, 
C9orf127, CA4, CAMK1D, CASP7, CCDC49, CCNG1 
CCPG1, CCR7, CD40, CD511705, CD52, CD79A, CD83, 
CD93, CDC25B, CDC42EP2, CDCA7L, CDKN1A, 
CDKN1C, CENTB1, CENTG3, CHES1, CHRNA10, CIC, 
CLIC3, CLIC4, CN271858, CNOT7, COL27A1, COL9A3, 
COMTD1, CR595983, CR603437, CR616003, CR621698, 
CR623273, CRLF3, CTAGE4, CXCR3, CYLD, DAPK2, 
DCP1B, DDB2, DEF6, DHRS7, DPEP2, DZIP3, EBI3, 
EBPL, ECE1, EFNB1, EHD1, E124, EIF2C3, 
ENST00000253048, ENST00000257897, 
ENST00000261569, ENST00000288074, 
ENST00000291567, ENST00000301749, 
ENST00000360329, EOMES, FAM105A, FAM62A, FAS, 
FASLG, FBS1, FBXL16, FBXO22, FBXW7, FCGBP, 
FCHO1, FCHSD2, FCRL2, FDXR, FHL2, FLII, FLJ11259, 
FLJ20186, FLJ20647, FLJ35348, FLJ40542, FNDC3B, 
FTSJ2, FXYD2, GADD45A, GAMT, GDF15, GHRL, 
GLIPR1, GLS2, GNG7, GNG8, GPR160, GPR18, GPR84, 
GRIPAP1, GRPEL2, GSK3A, GSS, GTF21, H2-ALPHA, 
HEBP1, HNRPC, IER5, IER5L, IFIH1, IFITM1, IGHM, 
IGHV1-69, IL21R, ISG2OL1, JAK3, JMJD2A, KCNJ2, 
KCNN4, KCTD12, KENAE, KIAA0284, KIR2DS4, KLF2, 
LAMP3, LBR, LEPROTL1, LHPP, LIF, LIG1, LIMK2, 
LMBRD1, LMNA, LMNB2, LOC158830, LOC201229, 
LOC256021, LOC284184, LOC649791, LY9, MAMDC4, 
MANSC1, MAP4K2, MAP4K4, MAPKAPK2, MARCKS, 
MDM2, MDS025, METTL7A, MGAT3, MGC16207, 
MGC17624, MGC2463, MGC5370, MGST1, MLX, 
MPEG1, MPP1, MR1, MYC, MYOM2, N28017, NBN, 
NBPF 15, NFKB1, NFKB2, NPAL2, NRBP1, OSBPL3, 
P2RX5, PACSIN1, PCNA, PDLIM5, PELO, PGCP, 
PHLDA3, PHPT1, PIK3CD, PLAGL2, PLK2, PLK3, 
PLXNA1, PLXNA2, PLXNB2, PMAIP1, POLH, POPDC2, 
PPM1D, PRKAB1, PRMT7, PSD4, PTGIR, PTP4A1, 
PTPN7, PTPRCAP, PYCRL, PYGL, RAFTLIN, RALGPS2, 
RASA3, RASGEFLA, RASGRP2, RBM14, RBPSUH, 
RELB, RGS12, RGS14, RGS16, RGS3, RP11, 298P3.3, 
RP4-742C19.3, RPS19, RPS27L, RRAD, RUFY3, SAC3D1, 
SACS, SELPLG, SERPINB1, SERTAD1, SESN1, SESN2, 
SH2D1B, SIGIRR, SIT1, SLBP, SLBP, SLC11A1, 
SLCL3A2, SLC25A15, SLC27A1 SLC27A3, SLC35F2, 
SLC4A11, SLC7A6, SLCO4A1, SOCS1, SOD2, SPPL2A, 
SRA1, SRPK2, SSPN, SYNGR2, TACC3, TAPBPTBC1D1, 
TBXAS1, TCF3, TCF4, TCL1A, TESK2, TFE3, 
THC2292160, THC2305303, THC234.0838, THC2342491, 
THC2347909, THC2364440, THC2380864, THC2397697, 
THC242.9167, THC2439183, THC2442819, TKT TM7SF3, 
TM9SF4, TMC8, TMEM30A, TMEM68, TNFAIP2, 
TNFAIP3, TNFAIP6, TNFRSF10B, TNFRSF12A, 
TNFRSF18, TNFSF12, TNFSF4, TNFSF7, TNIP1, 
TP53AP1, TRAF4, TRAF5, TRIAP1, TRIB2, TRIM22, 
TRIM32, TSC22D3, TSPAN32, TTC21A, TYMS, UBE2H, 
UNQ501, UROD, VAT1, VSIG4, WIG1, XPC, YWHAB, 
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YWHAZ, ZC3H12A, ZC3H7A, ZFAND2B, ZNF195, 
ZNF337, ZNF541, ZNF625, ZNF79, ZNF92, and ZUBR1. 
0147 For example, the gene expression signature can 
include a plurality of radiation responsive genes selected 
from the following: CDKNLA, CD40, NEBL, GADD45A, 
CXCL11, HSF4, CXCL3, FLRT2, TNFSF10, IL8, TNF, 
ENAM IGJ, XPC, KIF2, SERPING1, DDB2, IFIT2, 
LILRB3, GCH1, FOS, CCNB2, LILRA2, RARRES3, 
SCN1B, UBE2IL6, FCGRLA, FGL2, VSIG4, PKLR, STAT1, 
WARS, TCF2, DEFA4, and CH2AX. 
0148 Array 
0149 Customized microfluidic micro-arrays can be fabri 
cated to monitor radiation-related gene expression. 
0150. The ability to monitor in a single experiment the 
relative abundance of mRNA expression from essentially the 
entire genome has revolutionized the ability to visualize the 
cellular environment as a whole. There are currently several 
technologies available for this type of analysis. Nonlimiting 
examples include Affymetrix oligonucleotide arrays, printed 
low-density oligonucleotide arrays (e.g. Amersham/ 
Codelink), and cDNA arrays. 
0151. Two prevailing microarray systems have matured 
into commercial devices, one using non-porous Solid Sup 
ports (e.g. glass; Agilent) and fluorescence-based detection, 
the other one using photolithographic masking techniques to 
produce high-density spatial synthesis of oligonucleotides in 
20 um2 pads (silicon-based; Affymetrix product). Recently, 
new classes of polymers as well as new polymeric nanofab 
rication methods have been developed, that enable the pro 
duction of DNA-microarrays on a low cost biocompatible 
polymeric Substrate. Polymers such as cyclo-olefinic copoly 
mer (COC) are already used in other areas where low back 
ground fluorescence is a prerequisite (e.g. in the fabrication of 
96-well plates for fluorescent immunoassays) and can have 
lower fluorescence than glass, where traces of transition met 
als contribute to the background. 
0152 Microarray platforms are contemplated which con 
sist of plastic microfluidic cartridges backed by Small, inte 
grated circuitboards, some only slightly larger than apostage 
stamp, containing DNA probes that assess the abundance of 
the genes constituting the genetic signature diagnostic of 
radiation exposure. After application and processing of the 
patient sample, the platform can be read by a detector and a 
diagnosis can be made. Performing these analyses on a nano 
scale can increase the efficiency of the system, as higher 
multiplexing, higher throughput, and higher sensitivity can 
all be achieved. A nanodiagnostic chip for radiation biodo 
simetry comprising the nano-chips and the necessary “chip 
reader can be mobilized in the event of a radiological inci 
dent, enabling rapid triage. 
0153. Biochannel Chip 
0154) A biochannel-configured chip can provide a drastic 
decrease in hybridization time as well a significant increase in 
sensitivity, where the common bulk-type hybridization is 
replaced by channel hybridization combined with optional 
active oscillation of the target Solution. Such an approach can 
speed up a hybridization by at least five fold when using a 
biochannel with integrated pump (see e.g., Example 1). 
0155 Cyclo-olefinic co-polymer biochannel chips with 
integrated oligonucleotide array and pump can be used for 
improved assay sensitivity. To provide enhanced hybridiza 
tion kinetics and improved signal uniformity, a multi-layer 
approach can be used to fabricate 3-D devices that contain a 
nanofluidic channel, in which the oligonucleotide array is 
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deposited using a micro-array printer. Channels measuring, 
for example, several hundreds of microns in cross-section can 
be fabricated by imprinting lithography. Alternatively, nanos 
cale dimensions can be used for array processing. The immo 
bilization can be achieved using a three-dimensional amino 
reactive gel-coating on the polymeric part as a Substrate for 
the attachment of amino-terminated oligonucleotides. 
0156 The channel can be integrated with a micro-fabri 
cated thermo-pneumatic pump that allows shuttling the 
hybridization solution back and forth over the array, thereby 
leading to rapid, uniform hybridization. The Volume of the 
channel can be varied to accommodate the volume of the 
hybridization solution, and can range from, for example, 
nano-liters to microliters. In various embodiments, detection 
can employ a control instrument containing an optical detec 
tion system. 
0157. A nanofluidic channel-array sensitivity can be vali 
dated by detecting the gene expression levels of control 
samples (e.g., five control samples derived from cultured 
cells) and comparing the resulting levels with those of a 
specific array (e.g., an Agilent array). Sample preparation can 
be performed as for Agilent arrays to generate identical target 
concentrations for the hybridization assays. A nanofluidic 
device should show Superior sensitivity and specificity due to 
the constant replenishment of targets at the hybridization sites 
by shuttling the sample solution. 
0158. A biochannel/pump technique can be applied to 
various types of microarrays. Other advantages are reduced 
sample/reagent volume, the ability to construct devices that 
can analyze many samples in parallel by fabricating an array 
of channels on a single Substrate, and easy integration with 
front-end sample preparation to create lab-on-a-chip devices. 
The increased signal production and high uniformity of the 
signal at each detector are significant advantages over previ 
ous technologies. 
0159) Hybridization Assay 
0160 Hybridization assays on a nanofluidic scale are con 
templated for accelerated hybridization. The miniaturization 
of hybridization assays to the chip level carries several advan 
tages. It reduces the sample/reagent consumption and can 
accelerate the hybridization and improve signal uniformity. 
In most conventional microarrays, hybridization relies solely 
on diffusion, and thus is a lengthy rate limiting process. The 
bulk of the target Solution is at a considerable distance, on the 
molecular length scale, from the reaction site on the chip 
surface. For example, the diffusion coefficient of a 250 bp 
DNA fragment in water at room temperature is approximately 
2x107 cms, and thus the time constant for diffusion along 
a length of 500 um is about 100 min. Since the reaction 
Volume of most biochips is quite large (e.g., 40-200 uL), 
diffusion of target nucleic acid to the chip surface can be very 
inefficient. Hence, the hybridization step for most conven 
tional DNA chips with a planar surface may require 6 to 20 hrs 
to complete, depending on the size and concentration of target 
nucleic acid as well as the hybridization conditions. This can 
greatly limit the throughput of sample analyses. 
0161 Several alternative methods can be used to enhance 
hybridization kinetics by improving the mass transfer. One 
embodiment uses an active convectional flow/mixing 
approach that is implemented in the so-called biochannel 
configuration (Lenigk, Liu et al. 2002), where DNA-probes 
are printed into a shallow channel that is in contact with a 
simple microfabricated pump that shuttles the hybridization 
mixture back and forth to increase the interaction between 
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probes and targets. The method compares favorably to other 
hybridization methods that have been reported in the litera 
ture. It offers the additional benefit of being compatible with 
on chip integration, with reproducible manufacturing pro 
cesses in low cost plastic materials, and with extension to a 
nanoscale multiplexing configuration. 
0162 The sensitivity, specificity and chip-to chip varia 
tion of the biochannel device can be evaluated using a set of 
known radiation responsive genes and irradiation of for 
example, the ML-1 human myeloid cell line. This is a well 
characterized experimental system (Amundson, Bittneret al., 
1999; Amundson, Do et al., 1999) ideal for such testing 
purposes. The performance of the microchip can be compared 
to existing data collected from experiments using Agilent 
slides. For example, a test of six repeats of a heterotypic 
hybridization (control and irradiated ML-1) on the Agilent 
slides are compared to 12 repeats of the heterotypic pair on 
the new device. 
0163 A qNPA assay can be used because of its ability to 
work with whole blood (obviating the need for separate RNA 
extraction), low CV. Speed (sample-to-answer in less than 8 
hours) and ease with which the protocol can be translated into 
a microfluidic format. Additionally, because the assay is 
chemiluminescence-based, it is practical to integrate the 
detector into a handheld sample preparation unit. The qNPA 
assay can be read and analyzed by HTG’s beta-version array 
reader called “FireFly” (see e.g. FIG.9). A “FireFly” can be 
used to develop a novel microfluidic based platform with 
automated cartridge compatible with the benchtop system. 
One embodiment of an assay utilizes a 16-plex array printed 
into each well of a 96-well microplate. 
(0164. A cell titration can be used to better understand the 
sensitivity of the qNPA using the FireFly and establish an 
appropriate cell concentration. As seen in the previous Fire 
Fly installation test, the gene expression levels were too low 
to detect even at what are considered high cell concentrations. 
A cell titration ranging from 240,000 cells per well to Zero 
was used in one study. Also, in this study two different THP-1 
cell preparations were compared. ANBC THP-1 cells were 
exposed to chemicals to induce inflammatory gene expres 
sion at both passage 5, and at passage 11. Cells were lysed in 
HTG lysis buffer containing probes for the genes of interest, 
then immediately stored at -80° C. By using two different cell 
preparations we were able to identify if passage number and/ 
or viability after chemical exposure affects the outcome of the 
qNPA. Each prepared cell type and cell concentration was run 
in triplicate using columns 7-12 in the array plate. 
(0165 Modules 
0166 An integrated lab-on-a-chip device can be based on 
functional modules such as a blood sample collection device, 
an RNA extraction device, and a hybridization microchannel 
device. The actuation of the device can be performed by an 
external controller-box. The sensitivity and specificity of the 
integrated device can be tested for ability to detect the gene 
expression levels of all genes of interest from the sample, and 
to determine whether the device provides the same degree of 
discrimination in retrospective studies as the platform used to 
develop the radiation-assay (e.g., Agilent microarrays). 
(0167. Described are a module for the collection of blood 
from a finger prick, fabrication and validation of cyclo-ole 
finic co-polymer biochannel chips with integrated oligo 
nucleotide arrays, an integrated micro?nano fluidic cartridge 
for extraction and processing of RNA from whole blood, and 
incorporation of the radiation-related gene-expression signa 
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ture into customized microfluidic micro-arrays. Also 
described are integration of the blood sample collection 
device, the RNA extraction device and the hybridization 
microchannel device into a single self-contained biochip, and 
integration of control electronics into a portable instrument 
Suitable for mass-production and application to high 
throughput screening. Various embodiments are self-con 
tained biochips capable of rapidly measuring expression lev 
els of a hundred or more genes that define radiation exposure, 
dose and injury. This approach can require only a drop of 
blood from a finger prick, and can be readily deployable for 
large scale population screening in the event of a radiological 
incident. 

0168 The device involves a sample collection module of 
blood from a finger prick or highthroughput laser skin perfo 
rator. Various embodiments of a blood collection module are 
contemplated, which depend in part on the volume of blood 
desired for gene expression analysis. Specifically, two alter 
native modules are contemplated, one for Small and one for 
larger volumes. The collection module for small volumes 
(typical finger prick) uses a capillary-force based collection 
system, which is inserted into the microfluidic testing system 
for blood transfer. Where larger volumes (ml) are preferable, 
the blood collection module includes a vacuum-containing 
plastic chamber to which a catheter and needle are attached. 
0169. The sample preparation module can be configured 

to quantitatively release total RNA from whole blood, and 
prepare it for Subsequent analysis on a nucleotide microarray. 
One embodiment uses a magnetic-bead based assay for the 
RNA capture, reverse transcription and labeling. Another 
embodiment uses the ArrayPlate qNPA assay (High Through 
put Genomics), which simplifies and multiplexes the mea 
Surement of expressed genes by a protocol that only requires 
reagent addition and washes, and does not involve any RNA 
extraction, amplification, purification or biosynthetic steps. 
(0170 Cartridge 
0171 A cartridge can contain its own power Source, con 

trol electronics, functional microfluidic components and/or 
reagents. After assay completion, the cartridge can be 
inserted into a reader where, for example, the signal can be 
read out within seconds. The reader can be, for example, a 
commercial fluorescence reader. The cartridge can use fabri 
cation processes that ensure Scaling up of production. After a 
radiological incident, thousands of Such cartridges can be 
used in parallel for high-throughput screening of affected 
populations. 
0172 A cartridge can contains its own power source, con 

trol electronics, functional microfluidic components and/or 
reagents. One embodiment of the device is an integrated, 
autonomous and portable cartridge that runs on battery power 
and performs the entire bioassay. This cartridge needs only to 
be inserted into a fluorescence scanner for rapid data read-out. 
0173 Exemplary embodiments include two cartridge pro 
totypes for use with an amplification kit (e.g., modified Agi 
lent linear amplification kit) and nuclease protection assay 
(e.g., HighThroughput Genomic) (see e.g., Example 3). The 
devices can contain on chip pumps, valves and/or mixers, and 
can use a printed circuit board backing (PCB) for control of 
on-chip actuators. A first cartridge embodiment can be rela 
tively simpler in design the PCB heater design for valve and 
pump control. A second cartridge embodiment can contain 
more advanced microfluidics, and an integrated needle for 
on-chip blood collection. 
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0.174 Reagent storage can be accomplished directly 
within a cartridge, including special reagent formulations 
Such as the use of lyophilized enzymes. A cartridge can also 
be divided into two (or more) parts, for example, one that 
contains the functional elements, and one that contains the 
reagents (see e.g., FIG. 21). The reagents-containing parts 
can be stored separately in a refrigerator, and then plugged 
into a functional part prior to use. 
0.175. A gene expression detection assay can require 
repeated cycles of reagent or wash buffer addition from a 
single reservoir. Most of the required reaction steps can be 
performed in a main chamber of a cartridge using repeated 
Valving for the main chamber of the cartridge. A miniature 
check valve (see e.g., Figure can be used with an actuation 
pressure of 1 psi, which can be easily integrated into cartridge 
designs to provide repeated Valving capacity without adding 
significant cost to the system. 
0176 Imaging 
0177 Various embodiments of the invention provide for 
integrated microfluidic visualization biochip for radiation 
biodosimetry. In micro-biofluidic assays, one limitation to 
high throughput visualization and scalability is that of the 
detection technology. For example, macroscale high-cost 
bulk imaging microscopes can be used to operate each micro 
chip assay, but such approach are limited for portable and/or 
high-throughput radiation dosimetry. Provided in various 
embodiments of the invention is an optical detector (e.g., a 
charge-coupled device sensor (CCD), typically with >10° 
phototransistor pixels) integrated on the biochip, for example, 
over the array microfluidic channels. Direct integration of a 
size-comparable CCD sensor chip with the microfluidic bio 
chip can eliminate an intermediate and expensive bulk micro 
Scope. Such an approach allows the optical integration and 
extraction of information from a microfluidic biochip, with 
other preparations. Such as sample mixing or assay prepara 
tion, performed as described herein. 
0.178 Such approach allows visualization of the shape and 
internal transport phenomena (e.g., fluid dynamic, mass 
transport) of a microfluidic biochip. Provision of a visualiza 
tion means on the microfluidic biochip can simplify the imag 
ing of a microfluidic biochip and remove or reduce the need 
for a microscope. The microfluidic biochip can be built with 
a transparent material. The microfluidic can be interfaced 
with (e.g., placed directly on top of) a detector, preferably an 
optical detector, more preferably a CCD (charge-coupled 
device) chip. For example, a microfluidic biochip can under 
lie a microlens array/excitation filter, which in turn can under 
lie a megapixel CCD sensor chip, each of the layers interfac 
ing to form a microfluidic visualization biochip (see e.g., FIG. 
34). The microfluidic visualization biochip integrates CCD 
sensing technology through a microlenset array in close proX 
imity to the biochip for dosage-dependent fluorescent-inten 
sity monitoring. Illumination can be performed, for example, 
through the microfluidic chip towards the optical detector 
with a light source. Such as a light-emitting diode. In one 
embodiment, integrated fluorescence intensity monitoring 
occurs on the microfluidic visualization biochip. A pinhole 
(e.g., about 1 mm diameter) can be placed between the diode 
and the microfluidic chip to improve the focus of the image. In 
various configurations described above, the shape and trans 
port phenomena in the microfluidic chip can be visualized in 
a simple manner, with the temporal and spatial resolution of 
the digital camera, typically 30 millisecond and 5 micrometer 
(see e.g., FIG.35). 
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0179 Control 
0180. Inbrief, microfluidic control instrumentation is con 
templated in which Small, lightweight components with low 
power consumption are used. 
0181. In a first embodiment, the devices are computer 
controlled by a PC running National Instrument's LabView 
program. In a second embodiment, a small controller board, 
or programmable microcontroller, replaces the PC and can be 
produced as part of the integrated gene-expression monitor 
ing device. 
0182. The controller board can contain a means for allows 
users to communicate with the device. For example, an intel 
ligent BlueTooth or RFID-tag can allow a user to communi 
cate with the device using their PDA or cell-phone. Circuitry 
can be straightforwardly optimized to lower the cost of the 
sensor array and communication systems. Active matrix 
backplanes can also be employed for radio-frequency com 
munication devices that can be integrated onto plastic Sub 
strates. Such active electronic tags offer connectivity and 
communication platforms for patient tracking and digital city 
networking, facilitating the activities of first responders. FIG. 
18 represents the basic electronic functionalities that can be 
integrated and fabricated on plastic Substrates. 
0183 Having described the invention in detail, it will be 
apparent that modifications, variations, and equivalent 
embodiments are possible without departing the scope of the 
invention defined in the appended claims. Furthermore, it 
should be appreciated that all examples in the present disclo 
Sure are provided as non-limiting examples. 

REFERENCES CITED 

0184 All publications, patents, patent applications, and 
other references cited in this application are incorporated 
herein by reference in their entirety for all purposes to the 
same extent as if each individual publication, patent, patent 
application or other reference was specifically and individu 
ally indicated to be incorporated by reference in its entirety 
for all purposes. Citation of a reference herein shall not be 
construed as an admission that Such is prior art to the present 
invention. 

EXAMPLES 

0185. The following non-limiting examples are provided 
to further illustrate the present invention. It should be appre 
ciated by those of skill in the art that the techniques disclosed 
in the examples that follow represent approaches the inven 
tors have found function well in the practice of the invention, 
and thus can be considered to constitute examples of modes 
for its practice. However, those of skill in the art should, in 
light of the present disclosure, appreciate that many changes 
can be made in the specific embodiments that are disclosed 
and still obtain a like or similar result without departing from 
the spirit and scope of the invention. It shall be understood 
that any method described in an example may or may not have 
been actually performed, or any composition described in an 
example may or may not have been actually been formed, 
regardless of verb tense used. 

Example 1 

Nanofluidic Hybridization Devices 

0186. A nanofluidic “biochannel system is provided (see 
e.g., FIG. 2), which was constructed of 2 pieces of polymeric 
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materials, one of them imprinted with a channel pattern, that 
were bonded together using double-sided biocompatible tape 
after the DNA-array was printed inside the channels. The 
attachment of DNA-oligonucleotides was achieved by coat 
ing the Surface with a thin three-dimensional polymer net 
work containing amino-reactive groups. Amino-terminated 
oligonucleotides were then deposited onto the Surface using 
an in-house spotting tool (Telechem “Spotbot') equipped 
with 130 um diameter “Stealth pins. The spotting tool was 
modified to allow precise deposition of oligonucleotides into 
the channels (see e.g., FIG. 2). 
0187. The theory, as illustrated by modeling results shown 
in, for example, FIG. 3, predicts a drastic decrease in hybrid 
ization time as well a significant increase in sensitivity, when 
the common bulk-type hybridization is replaced by channel 
hybridization combined with active oscillation of the target 
Solution. 
0188 Modeling results were tested using a Motorolabio 
electronic DNA sensor. This sensor is capable of delivering 
real-time hybridization signal, thereby allowing accumula 
tion of information on the kinetics of the reaction (see e.g., 
FIG. 4). The experimental results show that hybridization 
speed can be increased by at least five fold when using a 
biochannel with integrated pump. 

Example 2 

Microfluidic Plastic Cartridge for Differential Lysis 
of Sperm/Epithelial Cells Mixtures 

0189 An example of a microfluidic system developed for 
differential lysis of sperm and epithelial cell mixtures is 
shown in FIG. 5. The system brings automated microfluidics 
to the DNA forensics field and establishes that the technology 
described herein is useful for complex, labor-intensive 
sample preparation protocols. The printed circuit board car 
ries 200 individually controllable heaters, each of which car 
ries a diode for precise temperature control. 

Example 3 
Fully Integrated Biochip for Sample Preparation, 
DNA Amplification, and Hybridization Arrays 

0190. A self-contained and fully integrated biochip sys 
tem for sample-to-answer DNA analysis with capabilities to 
purify, enzymatically process and hybridize nucleic acids is 
provided in FIG. 6. 
0191 The on-chip analysis starts with the preparation pro 
cess of a whole blood sample. This includes magnetic bead 
based target cell capture, cell pre-concentration and purifica 
tion, and cell lysis. The preparation is followed by PCR 
amplification and electrochemical microarray-based detec 
tion. Crude biological sample and reagent solutions are 
loaded into the device, while electrochemical signals corre 
sponding to genetic information are the primary output. The 
chip design is capable of handling a large Volume (mL) of 
initial sample to accommodate analysis of rare targets in the 
sample. The mL volumes are reduced 100-fold when the 
assay reaches the DNA amplification stage. All mixers, 
valves, and pumps are integrated on the chip, but use very 
simple and inexpensive approaches in order to reduce chip 
complexity. Back-end detection is accomplished using an 
electrochemical hybridization assay. 
0.192 The device (see e.g., FIG. 6) consists of a polymeric 
chip, a printed circuit board (PCB), and a Motorola eSensor 
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bioelectronic microarray chip (Umek et al. (2001) Journal of 
Molecular Diagnostics 3(2): 74-84). The polymeric chip 
includes a mixing unit for rare cell capture using immuno 
magnetic separation, a cell pre-concentration/purification/ly 
sis/PCR unit, and a DNA microarray chamber. The complex 
ity of the chip design is minimized by using some of the 
chambers for more than one function. For example, the cham 
ber to capture and pre-concentrate target cells is also used for 
subsequent cell lysis and PCR. The PCB consists of embed 
ded resistive heaters and control circuitry. The Motorola 
eSensorTM is a separate PCB substrate with 4x4 gold elec 
trodes on which thiol-terminated DNA oligonucleotides are 
immobilized via self assembly to detect electrochemical sig 
nals of hybridized target DNA. 
0193 An important performance aspect of this device is its 
ability to rapidly mix liquid Solutions by means of an acoustic 
micro streaming technique (Liu et al. (2003) Int J Comput 
Eng Sci 4, 145-50). Using this technique, the time taken to 
achieve a complete mixing in a 50 L chamber was signifi 
cantly reduced from hours (a pure diffusion based mixing) to 
only 6 seconds. Acoustic micro-streaming was also imple 
mented in the DNA microarray chamber to enhance the rate 
of DNA hybridization. A study of hybridization kinetics 
showed that acoustic micro-streaming results in up to 5-fold 
kinetics acceleration with significantly improved signal uni 
formity. 
0194 In order to facilitate a sequential and multi-stage 
analysis, a novel micro-Valving technique was implemented 
into the chip. A valving mechanism was developed in which 
paraffin is used as an actuator material that undergoes solid 
liquid phase transition in response to changes in temperature. 
These paraffin-based micro-valves have Zero leakage and a 
maximum hold-up pressure of 40 psi in a "closed’ position. 
The paraffin-based valves are robust and exhibited excellent 
mechanical stability. The response time required to open and 
close the paraffin-based valves is on the order of 10 seconds. 
The paraffin is compatible with PCR. The integrated device is 
completely self-contained: no external pressure sources, fluid 
storage, mechanical pumps, or valves are necessary for fluid 
manipulation, thus eliminating possible sample contamina 
tion and simplifying device operation. This device, with the 
capabilities of on-chip sample preparation and DNA detec 
tion, provides a cost-effective solution to direct sample-to 
answer genetic analysis, and thus is well Suited for use in 
point-of-care genetic analysis, rapid disease diagnosis, envi 
ronmental testing, and radiation biodosimetry. 
0.195 The fabrication of biochannel chips involves the 
processing of cyclo-olefinic co-polymer (COC) including the 
use of molds that allow compression molding of the material 
into thin sheets that can be used in device fabrication. First, a 
number of such sheets are made and then cut into microscope 
slide size (1"x3"). A channel pattern is laser-cut from double 
sided tape containing a Teflon core to minimize fluid loss. 
When this channel-mask is transferred to the COC support, 
the channel is filled with a gel-solution that contains photo 
reactive groups and amino-binding sites. After irradiation 
with UV-light, a thin layer of the gel is immobilized on the 
Surface, and the chips are rinsed. The oligonucleotide micro 
array is printed into the channel using a programmable micro 
array printer. The size of the single spots will be approxi 
mately 100-130 um, with spacing of around 250 um, depend 
ing on the channel geometry. All probes are printed in 
triplicate to allow the assessment of spot-to-spot variation. 
After an incubation and washing step to achieve the binding 
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of the amino-terminated oligonucleotides to the gel matrix, 
the protective backing of the double-sided tape is removed, 
and a second COC part containing the fluidic ports (micro 
machined by CO laser tool) is attached. Alternatively, a 
Jenoptik's hot embossing tool can be used to imprint a chan 
nel pattern into the COC substrate. The later method is pre 
ferred for the production of a larger number of chips. 
0196. To integrate a micro-pump with the biochannel, the 
biochannel is integrated with an air pocket connected to it via 
a small opening (see e.g., FIG. 7). Prior to assembly of the 
device, the opening leading into the chamber is coated with a 
hydrophobic polymer (e.g. Nafion). 
0.197 On top of the air-filled chamber a microfabricated 
heater is either laminated or sputtered, using a shadow-mask 
process for the deposition of metal on polymeric. Alterna 
tively, a screen-printed heater on a circuit-board can be used 
for heating of the air-filled chamber. 
(0198 When the biochannel is filled with hybridization 
solution, it will not enter the sealed air chamber because of the 
hydrophobic barrier. Once the entry port for the solution 
injection is closed, the heater is periodically Switched on and 
off by a timer-controlled power-supply. The expanding/con 
tracting air then leads to the shuttling of the hybridization 
solution, which moves back and forth over the immobilized 
oligonucleotide probes. The exit of the biochannel is blocked 
with a hydrophobic membrane that prevents evaporation, but 
through which pressurized air can escape. 
0199 To evaluate the improved sensitivity and hybridiza 
tion kinetics of the device, hybridization experiments are 
performed that compare the biochannel device with bulk 
hybridization on Agilent microarrays. The shuttling (mixing) 
frequency as well as the channel Volume and dimension can 
be optimized for maximum performance. 

Example 4 

Cell Titration for Testing Sensitivity of qNPA Assay 

0200. A cell titration can be used to better understand the 
sensitivity of the qNPA using the FireFly and establish an 
appropriate cell concentration. As seen in a previous FireFly 
installation test, the gene expression levels were too low to 
detect even at what are considered high cell concentrations. A 
cell titration ranging from 240,000 cells per well to Zero was 
used in one study. Also, in this study two different THP-1 cell 
preparations were compared. 
0201 ANBC THP-1 cells were exposed to chemicals to 
induce inflammatory gene expression at both passage 5, and 
at passage 11. Cells were lysed in HTGlysis buffer containing 
probes for the genes of interest, then immediately stored at 
-80° C. By using two different cell preparations it could be 
determined whether passage number and/or viability after 
chemical exposure affects the outcome of the qNPA. Each 
prepared cell type and cell concentration was run in triplicate 
using columns 7-12 in the array plate. 
0202 All three replicates were detected for six of the 
sixteen genes at cell concentrations ranging from 240,000 
57,000 cells per well. Total number of detectable genes are 
shown in FIG. 10. Spot intensity measured against cell num 
ber per wells for cells treated at p11 is shown in FIG. 11. The 
confidence intervals for the spot intensities of those six genes 
are plotted in FIG. 12. 
0203 Results showed that the Passage 5THP-1 cell prepa 
ration spot intensities were significantly lower than those of 
the Passage 11 THP-1 cell preparation (see e.g., FIG.9). This 
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may be due to the low viability in passage5.just after chemical 
exposure. For this reason the ANBC passage 11 THP-1 cell 
preparation was used for all further studies. 
0204 As seen in FIG. 12, the cell concentration that had 
the overall smallest confidence interval is 114,000 cells per 
well. The 240,000 cells per well had the largest confidence 
interval indicating that there was a large margin of error 
within replicates. A lower concentration would be more ideal, 
but there was a significant decrease in spot intensity detection 
even at 57,000 cells per well. Based on this study, a cell count 
lower than 78,000 per well would likely result in an unaccept 
ably high number of undetected genes. 

Example 5 

Cell Lot Comparison Study Using HTG Arrays 
0205 HTG qNPAs can be performed by a single cell stock. 
This can allow for direct comparison of studies performed on 
different days. This example was conducted to confirm that 
the proposed new stock lot of THP-1 cells would perform at 
least as well as the lot used in the past. The new lot of cells 
were grown in large quantities and stored for future use. This 
experiment also allowed comparison of two different chemi 
cal exposure groups to possibly detect differential expression 
patterns. In addition, a cell titration was used to better under 
stand the sensitivity of the qNPA with the new cell lot and 
establish an appropriate cell concentration. FIG. 6 demon 
strates that the gene spot intensities have a linear progression 
when measured against cell number. There is a direct corre 
lation between spot intensity and cell number (the greater the 
cell concentration the greater the spot intensity). The same is 
true for the THP-1 cells exposed to PMA/LPS/Dex reagents. 
0206. The performance of currentbench-top protocols for 
the preparation of RNA-samples can be readily tested for 
microfabricated plastic reactors. Simple test reactors are fab 
ricated for this purpose using known rapid prototyping meth 
ods. The dependence of the reaction yield on the surface 
roughness of different polymer types is determined. As the 
Volume of a device decreases, the Surface properties become 
more important due to increased surface to Volume ratio. 
Material choices include COC, polycarbonate, PMMA, 
polypropylene and relative performance using the different 
materials can be readily compared. A suitable reference for 
the whole blood RNA-extraction module is the PAXgeneTM 
Blood RNA Tubes and Blood RNA Kit system (Qiagen, 
Alameda, Calif.), previously shown to yield RNA of suffi 
cient quantity and quality to generate microarray gene 
expression profiles with Affymetrix U133A arrays (Wang, J. 
F. et al. 2004). The method generally yields between 2.5 and 
4.3 ug total RNA per milliliter of blood, depending on the 
incubation time. 

Example 6 

Blood Collection Cartridge 

0207. A cartridge component for collection of blood from 
a finger Stick has been made. The cartridge consists of a 
needle with a channel and chamber for blood transport, and a 
pumping mechanism. A simple design with a manual pump 
calibrated to collect about 200 ul of blood was machined from 
polycarbonate using micro-milling technology. Not only 
does this represent a necessary component for integration into 
the final microfluidic gene expression measurement device, 
but this simple design may also benefit other projects that are 
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developing potential biodosimetric tests based on the sam 
pling of very small quantities of blood. 
0208 While various configurations are possible, a car 
tridge (or cartridge component) consists of a needle (or chan 
nel), chamber for blood transport, and a pump. A simple 
design consisting of a manual pumping mechanism calibrated 
to collect about 200 ul of blood is shown in the FIG. 19. 

Example 7 

Electronic Control of Microfluidic Devices 

0209. A hand-held radiation exposure monitoring device 
has been made, with an electronic display driver using a 
programmed 8-bit microcontroller to simulate measurement 
results. The same processor is now used to drive the actual 
controller board for the microfluidic cartridges, enabling fur 
ther module development and testing of the integrated 
microfluidic devices. The device was recently field-tested in a 
simulated radiation release training exercise, the "Coyote 
Campaign. This exercise simulated the release of radiation 
and the decontamination and triage of patients as a collabo 
rative effort between National Guard, Scottsdale Healthcare, 
and corporate and academic participants. 
0210. This microfluidic control instrumentation was built 
using components that are Small, light-weight and have low 
power consumption. Instead of initially using personal com 
puters and National Instruments LabView, programmable 
microcontrollers are used. The system is divided in to several 
functional blocks. The main blocks consist of the microcon 
troller system, power Supplies, temperature control, and 
power Switching elements. 
0211 Use of 8-bit or 16-bit microcontrollers allows 
microprocessor control and monitoring of temperature, Volt 
ages, and currents in a single low cost device. Circuits with 
various control schemes are possible using PIC18F and 
PIC24F microcontrollers. These are flash-based devices, 
which are programmed using assembly language or a C com 
piler. These devices also contain built-in 10-bit analog to 
digital converters and comparator modules. With up to 60 
digital and analog connections, a single microcontroller can 
control, monitor, and log data from all the other functional 
blocks. 

0212. Thermal control is achieved through the use of the 
Analog Devices ADN8830 I.C. This is a powerful integrated 
circuit that can accurately drive Peltier devices or resistive 
heaters with a minimum of external circuitry. This module 
also has the ability to interface directly with the microproces 
sor. This system requires several different analog and digital 
voltages with attendant power requirements. Custom PWM 
based Switch-mode power Supplies can be used. By designing 
these supplies with switching frequencies >1 MHz, the size of 
the magnetic elements can shrink considerably while main 
taining >90% efficiency. 
0213. The boards shown in FIG. 20 were used to create the 
electronic display driver for a prototype study depicted in 
FIG. 21, which was used in the “Coyote Campaign' (www. 
coyotecampaign.org). The campaign simulated a response 
program following the release of radiation from a detonated 
device that was performed in collaboration with the Air 
National Guard, Scottsdale Healthcare, City of Scottsdale, 
and other corporate and academic participants. 
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Example 8 
Sample Preparation Cartridge Development 

0214. Two cartridges for use with a modified Agilent lin 
ear amplification kit (FIG.22) and High-Throughput Genom 
ics (HTG) Nuclease Protection Assay (FIG. 23) have been 
fabricated. Both devices contain on-chip pumps, valves and 
mixers, and have a printed circuit board backing (PCB) for 
control of on-chip actuators. The first cartridge is simpler in 
design. The “HTG” cartridge contains more advanced 
microfluidics and an integrated needle for on-chip blood col 
lection. 

Example 9 
Selection of Microarray Technology 

0215 Different microarray technologies can be used. 
Plastic-based DNA microarray chips were made from cyclo 
olefinic co-polymer slides using a “Spot-Bot’ arrayprinter. 
They were evaluated by hybridization with fluorescent oligo 
nucleotide probes, and scanned using Axon and PerkinElmer 
microarray slide Scanners. Other Suitable technologies 
include the HTGNPA assay system using chemiluminescent 
readout, and the Agilent microarray system. All microarray 
versions can be incorporated into a microfluidic cartridge, 
and can be used with ANBC's technologies for the accelera 
tion of hybridization reactions. 

Example 10 
Set of Radiation Responsive Genes for Incorporation 

into Microfluidic Prototype 
0216. From analysis of gene expression data from in vivo 
patient and ex vivo peripheral blood studies, an initial set of 
genes that respond to ionizing radiation in human blood was 
identified. This gene set is useful for the biodosimetry device. 
These genes represent abroad, nearly 20-fold, range of base 
line expression levels that are used for configuration of the 
device. These genes represent likely potential candidates for 
the final signature, and provide landmarks in use and perfor 
mance evaluation of the device. 
0217. In addition, applicable methods for detecting radia 
tion exposure of organisms have previously been described in 
U.S. Pat. No. 7,008,768, “Method for detecting radiation 
exposure. The patent discloses a method for detecting expo 
Sure of organisms to biologically significant or hazardous 
amounts of ionizing radiation using microarray or other 
methods of measurement of gene expression. Also described 
are methods for determining a dose response relationship 
between radiation exposure and differential expression of one 
or more genes, for example, to determine a probable radiation 
dose in cells that have actually or potentially been exposed to 
ionizing radiation. The invention includes potential probesets 
and microarrays used in this method. 

Example 11 
Development of RNA Extraction Procedure for 

Small Blood Samples 
0218 Experiments were conducted to compare the two 
prevalent methods for RNA extraction from blood, the PAX 
geneTM blood RNA kit and the Ambion RiboPure blood kit, 
for the yield and quality of RNA as well as the effect of their 
RNA stabilization components. RNA stabilizers are used if a 
separate cartridge is used for blood collection, then Subse 
quently connected to the automated microfluidic sample 
preparation/hybridization cartridge. The initial experiments 
described below used animal (sheep) blood, due to rapid 
access to fresh sheep blood samples, which allowed work to 
start before new researchers completed human blood borne 
pathogen training. 
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0219 All of the following data was obtained using sheep 
blood from Colorado Serum Co. Sheep blood was used 
because it is readily available and large Volumes can be col 
lected to conduct several experiments. 
(0220. It is noted that human blood has a typical range of 
4-11x10 white blood cells/ml of whole blood and sheep 
blood as counted has approximately 1.4x10° white blood 
cells/ml. This has a significant effect on the outcome of the 
purification assays completed here. It is safely assumed that 
the lower total RNA yields from these experiments are a 
direct effect of the lower sheep blood cell count and greater 
total RNA yields would be produced if human blood were 
used. The blood was stored either in Citrate or Alsever's 
solution at 4°C. Purifications were performed according to 
the PAXgeneTM Blood RNA Kit protocol or Ambion 
RiboPure Blood Kit protocol. RNA blood stabilizer (PAX 
geneTM (Becton Dickinson) or RNAlater (Ambion)) was used 
in Some experiments. For those samples in which the starting 
volumes of blood were altered, the volume of purifications 
were analyzed on the Agilent Bioanalyzer 2100 using either 
RNA 6000 Nano chips or RNA 6000 Pico chips. 
0221 Blood RNA must be stable for several days to weeks 
for the purpose of conducting experiments. The RNA stability 
of anti-coagulated blood decreases with time and directly 
affects the total RNA yield. It is therefore necessary for the 
radiological detection device to process the blood within 
minutes to avoid sample degradation if no RNA stabilizer is 
used. Table 1 compares the yields and quality of RNA for 
immediate analysis with and without stabilizer. Even though 
the stability of the blood RNA may not be of great concern for 
the outcome of the detection device, it can be important for 
the storage of any sample taken at the time of radiological 
exposure to be used for later analysis. It can also be important 
when conducting experiments in the lab for the development 
of the device. It is difficult to consistently receive fresh blood 
samples to conduct experiments; therefore samples must be 
stored in a manner to insure RNA stability. RNA stabilizing 
solutions other than those listed in Table 1 may become avail 
able and may be suitable. 

TABLE 1 

Yields and purity of extracted RNA. All purifications were completed 
using the RiboPure Blood kit and 500 l of whole blood. When 

stabilizing solution was used, 1.3 ml was combined with 
500 pil of blood and mixed well. The mixture was immediately 

centrifuged to separate out the stabilizing solution. the stabilizing 
solution was discarded and the cell pellet was used for the 

purification. The PAXgene blood tube solution contains a lysis 
solution and RNAlater does not. 

Average of Average of two 
two Total 28S 1BS 

Stabilizing Solution used RNA yields (ng) rRNA ratios 

No stabilizing solution 56+f- 20% 1.3 
PAXgene blood stabilizing/lysis NA O.O 
Solution 
PAXgene blood stabilizing/lysis 63+f-3% 1.1 
Solution with an additional lysis step 
RNAlater 66+f- 7% 1.8 

0222. The stabilizing solution is not necessary if RNA 
purification processing is started within a short period of time 
after the blood collection. It is noted that the PAXgeneTM 
blood tube stabilizing/lysis solution has an additional lysis 
step or alonger incubation time (2 hours is suggested) in order 
to purify total RNA. Using a similar protocol in an automated 
microfluidic device would significantly increase the process 
ing time. The PAXgeneTM Blood RNA Kit requires a 2.5 ml 
whole blood starting volume. The device obtains blood from 
a finger-stick prick. A typical finger-stick prick will give up to 
about 200-500 ul of blood to work with. An experiment was 
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performed using various amounts of whole-blood to purify 
RNA (FIG. 2) to establish that sufficient RNA yields are 
produced from Small starting Volumes of blood. 
0223) The total RNA yields are directly proportional to the 
purification whole-blood starting Volumes. For a starting Vol 
ume of 200-500 ul of sheep whole blood it is possible to yield 
30-60 ng of total RNA (see e.g., FIG. 26). This is equivalent 
to about 85-470 ng of RNA if human blood were used. This 
amount of RNA is more than sufficient to perform microarray 
analysis and produce significant results. 
0224. It can be important not only to get a significant 
amount of total RNA but also a non-degraded sample. An 
28S/18S rRNA ratio of 1.5 or above is considered a non 
degraded sample. The average rRNA ratios for the PAX 
geneTM purified RNA samples are shown in Table 2. 

TABLE 2 

RNA purity for RNA extracted from different volumes of blood 
using the PAXgene kit. 

Starting volume of whole blood for RNA 
purification (II) 

Average of 
two 28S, 18S rRNA ratios 

2SOO 1.3 
1OOO 1.2 
600 1.5 
250 1.4 

0225. Most 28S/18S rRNA ratios from these experiment 
were lower than 1.5. This may becaused by the delay between 
blood collection and analysis. The commercially available 
sheep blood used here was several days old and had a low 
white blood cell count. Better rRNA ratios are expected when 
using good quality fresh human blood. 

TABLE 3 

RNA purifications were done using the PAXgene Blood 
RNA Kit or the Ambion RiboPure Blood Kit. The blood purified with 
the PAXgene kit was incubated in PAXgene Blood RNA tubes for 24 
hours prior. The blood purified with the RiboPure kit was incubated in 
RNAlater 2 hours prior. All data represented here is an average of 

two purifications. 

Starting volume of 
whole blood for 

Average of two 
Purification method Total RNA yieds 
manufacturer RNA purification (ul) (ng) 

PAXgene? PreAnalytiX 1OOO 281 +f- 7% 
PAXgene? PreAnalytiX 600 65+f- 23% 
PAXgene? PreAnalytiX 250 39 +f- 20% 
RiboPuref Ambion 500 57+f- 19% 
RiboPuref Ambion 400 41 +f- 19% 
RiboPuref Ambion 3OO 23 +f- 13% 

0226. There are many kits available for the purification of 
RNA from whole blood. PAXgeneTM Blood RNA Kit was 
compared with the Ambion RiboPure Blood Kit (catil 1928) 
to determine if one yields higher volumes of RNA and/or 
produces better quality RNA. 
0227. The PAXgeneTM kit and the RiboPure kit total RNA 
yields are similar (see Table 3). Both kits showed similar 
purity with the exception of RiboPure at 300 ul starting vol 
ume. Both kits are acceptable for future use. Other RNA 
purification methods, with a focus on magnetic bead tech 
nologies, may be well suited for compatibility with microf 
luidic cartridge designs. 
0228. The currently preferred approach for RNA extrac 
tion directly from blood is based on the PAXgeneTM system 
(PreAnalytiX). This approach involves drawing blood 
directly into a lysis and stabilization solution, which was 
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found important in obtaining high quality non-degraded clini 
cal samples from radio-therapy patients located off-site. 
While good quality RNA is obtained from the integrated RNA 
extraction system provided by PreAnalytiX (FIG. 28), yields 
can be variable (FIG. 29). 
0229. A side-by-side comparison of yields and RNA qual 
ity using the PreAnalytiX extraction and the newer Ver 
sageneTM (Gentra) extraction protocols can readily made to 
determine the best option. Another major challenge is the 
high levels of globin mRNA in RNA extracted from whole 
blood, such as from our PAXgeneTM samples. Some studies 
have shown that such high amounts of globin message may 
obscure the signal from Some genes expressed at lower levels, 
essentially causing the loss of part of the potentially respon 
sive profile. To remove the globin message, a magnetic bead 
based method is readily adaptable to the nanofluidic platform 
and can be implemented, for example, using the GLOBIN 
clearTM System (Ambion). 
0230. For ex vivo studies of radiation response, prior stud 
ies have used cultured lymphocytes that had been separated 
from the other blood components prior to irradiation. In order 
to determine if irradiation of whole bloodex vivo may present 
a closer approximation of the in vivo response, comparison is 
made of the results of ex vivo irradiation experiments with 
separatedlymphocytes and with irradiated whole blood. Such 
studies show that heparinized whole blood can be success 
fully incubated in culture for up to 48 hours when diluted in 
RPMI1640 medium. Microarray results with several donors 
at 24 hours after a 2 Gy dose can also be evaluated to further 
determine an ex vivo irradiation protocol. 

Example 12 
Hybridization and Analysis Approach 

0231. A single-color hybridization and analysis approach 
has been developed that will allow direct comparison of 
samples without the need for a standard reference RNA (FIG. 
30). This approach has now been incorporated into a com 
mercially available kit from Agilent technologies, and its use 
would allow an increase in the number of samples that can be 
analyzed on the microarrays as the technique provides a mod 
est savings in both time and Supplies for each sample ana 
lyzed. 
0232 From analysis of gene expression data from in vivo 
patient and ex vivo peripheral blood studies, an initial set of 
genes responsive in human blood (see e.g., Table 4) has been 
identified that will be useful in the development of the bio 
dosimetry device. 

TABLE 4 

Set of genes for incorporation into the prototype device. 

Mean in vivo in vivo 8 patient 
Gene Basal 1.5 Gyb 3 Gyb mean 

CDKN1A 674 5.4 7.5 6.3 
CD40 796 1.7 2.9 
NEBL 1139 0.44 0.37 
GADD45A 1146 O.9S 1.8 3 
CXCL11 1196 2.7 5.7 4.6 
HSF4 12O7 2.1 2.5 
CXCL3 1273 O.33 O.45 
FLRT2 1435 O43 O42 
TNFSF10 1584 2.3 2.4 
IL8 1608 O49 O.66 
TNF 1743 O.32 O.8 
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TABLE 4-continued 

Set of genes for incorporation into the prototype device. 

Mean in vivo in vivo 8 patient 
Gene Basal 1.5 Gy 3 Gy mean 

ENAMIGT 1901 O.76 O.45 
XPC 1942 1.8 1.9 
KIF2 2016 2.1 2.3 
SERPING1 2124 2.5 3.4 
DDB2 2219 2 2.2 2.4 
IFIT2 24O7 2.6 2.7 
LILRB3 2488 1.6 2.8 
GCH1 2564 2.3 3.1 
FOS 2655 O43 O.8 
CCNB2 3008 2 2.3 
LILRA2 3.316 1.9 2.3 
RARRES3 3476 2.3 2.6 

category 

Cytokines 
Receptors & cytokine associated 
Cell junction and cell membrane 
Secretory and plasma proteins 
Acute phase response related 
Tissued protease related 
Eicosanoid biosynthesis 

TABLE 4-continued 

Set of genes for incorporation into the prototype device. 

Mean in vivo in vivo 8 patient 
Gene Basal 1.5 Gyb 3 Gyb mean 

SCN1B 4027 2.5 3.2 
UBE2IL6 4378 2.4 2 
FCGR1A 4694 2.9 4.4 4.5 
FGL2 5047 2.2 2.5 
WSIG4 6066 O.71 O.19 
PKLR 7134 O.69 0.44 
STAT1 7260 1.9 2.3 
WARS 9651 4.4 2.7 
TCF2 10793 1 O.23 
DEFA4 11410 1 O.2 

Average hybridization of pre-irradiation control (4 arrays). 
Ratio of expression in irradiated vs. control (2 arrays). 
Mean ratio (irradiated vs. control) in 8 patients by real-time PCR. 

0233. This gene set represents a small number of genes 
covering a broad range of base-line expression levels (nearly 
20-fold). Although these genes have not yet been extensively 
validated in terms of variability and specificity, they do rep 
resent likely potential candidates for the final signature. 

Example 13 
Expression in Mouse Models 

0234 Since a genetic approach is not feasible and tissue 
access is limited, expression profiling in patient blood 
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samples can benefit from results obtained with mouse mod 
els. The spectrum of radiation-responsive genes as well as 
induction of prostaglandins have many similarities between 
human and mouse. Insight into responses correlating with 
hematopoietic toxicity with the genetic approach in mice can 
be applied to similar responses in patients. 
0235 Gene expression profiles from blood of wt and 
mutant mouse lines will be compared to gene expression 
profiles in human blood. Based on similarities between 
human and mouse blood, predictions can be made for the 
relative contribution of specific tissue-type injury responses 
as well as particular signaling pathways. 
0236 Strategic functional genomic studies can be per 
formed. Initial studies focused on responses to intermediate 
doses of radiation of 3 to 4 Gy in spleen. Microarray hybrid 
izations were performed in both wild-type and selected 
mutant mouse lines. 

TABLE 5 

Radiation-inducible genes with roles in intercellular communication 
of tissue responses". 

Radiation-inducible genes with roles in intercellular communication 
of tissue responses' 

number examples 

44 TGFB, interleukins, Fas, TNF family members 
71 IL-6 receptor and IL1 receptor related proteins 
27 gap junction proteins, annexin A2 
13 tissue plasminogen activator (TPA) inhibitors 
18 TPA, cytochrome P450-related proteins 
10 matrix metalloproteinases 
4 prostaglandin-related enzymes such as COX2 

0237 A full dose response can be determined from 0.5 to 
13 Gy in wt mice at 4 and 24h in spleen using full-genome 44 
k Agilent microarrays. The mutant lines studied were p53 
null, p38+/DN, and Wip1-/-. The latter line is of particular 
interest in that Wip 1 inactivates p38 and its deletion results in 
heightened p38 signaling in Vivo and increased sensitivity to 
DNA damaging agents. Emphasis has been placedon genes in 
the categories shown in the accompanying table as those 
involved in injury responses that are most likely to impact on 
systemic metabolomic markers. 
0238 Responsiveness was substantially reduced for the 
majority of genes in all 7 categories in p53-null or p38+/DN 
mice (e.g., 73% of cytokine genes that were responsive in 
wild-type mice showed clear attenuation in p53-null mice, 
and all showed attenuation in p38+/DN). Results for cytok 
ines and growth factors are shown graphically in the figure, 
illustrating the clear effect of deletion of p53. Genes showing 
heightened responsiveness in Wip-null mice are illustrated in 
the left panel, and are included for comparison in the other 
two panels. The Wip1-null studies provide further support for 
the central role of p38 in radiation-induced cytokine signal 
1ng. 

Example 14 

Expression Profiles 

0239. Using the class comparison function of BRB tools, a 
set of 101 genes was identified that separated all doses used 
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(p<0.001; FDR-5%) by their expression 24 hours after treat 
ment. Similarly, 338 genes (p<0.001; FDR-5%) separated all 
doses 6 hours after treatment. There was considerable overlap 
between the gene sets identified at the two times (87 genes), 
Suggesting that a single set of genes could be informative for 
dosimetry throughout this time range. Indeed, class compari 
son of all samples ignoring the time variable identified 201 
genes (p<0.001; FDR-5%) that separated the samples by 
dose irrespective of time post-irradiation. Visualization of 
expression of this gene set across all samples by multi-dimen 
sional scaling illustrates the separation by dose (see e.g., FIG. 
32). The clustering of points representing different donors at 
each of the dose/time conditions indicates a strong similarity 
of gene expression between different individuals, which can 
be critical for biodosimetry. This indicates that not just the 
ratio of response, but the actual levels of gene expression are 
quite consistent between donors, and that individual variabil 
ity should not pose an obstacle to interpretation or dose pre 
diction. While differences in expression as a function of time 
after irradiation is also evident from this plot, this analysis 
strongly suggests that a single set of genes can provide valid 
biodosimetric assessment across at least the 6-to 24-hour 
post-exposure window. 
0240 Whole-genome expression profiles were obtained 
for 8 patients undergoing TBI (pre-TBI, 6 and 24 hours after 
start of TBI; or pre-TBI, 6 hours after start). Despite a variety 
of diagnoses, pre-treatments, and other patient characteris 
tics, these samples look broadly similar, and the dose-respon 
sive gene set identified in the ex vivo studies could easily 
separate the pre- and post-irradiation patient samples (see 
e.g., FIG. 33). However, these samples did not cluster iden 
tically with the ex vivo treated samples. This could be due to 
the different handling of the samples (direct lysis vs. time in 
culture, and different RNA isolation protocols), to the healthy 
vs. disease states of the donors, or to a difference between the 
response to radiation of blood in culture vs. in the whole body, 
where blood cells may respond to signals from distant tissue 
and organ Systems. 
0241. Despite the discernable differences in response 
between the current in vivo and ex vivo data, it can be pre 
dicted with high accuracy ifa patient sample was taken pre- or 
post-exposure. A number of classifiers were built and tested 
using BRB Array Tools, and it was found the Support Vector 
Machines (SVM) algorithm gave the best performance. 
While it correctly classified all samples in the training set (ex 
Vivo data) as exposed or not exposed, it also was able to 
correctly classify the pre- and post-exposure test samples 
with 100% efficiency. The 3-Nearest Neighbors, Nearest 
Centroid and Compound Covariate Predictors also performed 
well, correctly identifying 95% of the test samples (TBI 
patients). These experiments demonstrate that the ability to 
predict in vivo doses from ex vivo data. 

Example 15 

Integrated Microfluidic Visualization Biochip 

0242 An integrated microfluidic visualization biochip 
was designed and constructed (see e.g., FIGS. 35-36). The 
microfluidic visualization biochip has an array of 75 chan 
nels, each about 100 m wide. The microchannels are visu 
alized directly with a CCD sensor array through a microlen 
slet array for ultrahigh throughput imaging. The sensing 
biochip is illuminated with a uniform white light source from 
the side of the microfluidic biochip. The microfluidic chan 
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nels are made from polydimethylsilxoane (PDMS). The 
PDMS microfabrication method enables low-cost production 
oflarge-array biochips with ease of fabrication. In this device, 
the microhannels are pumped externally, but micropumps can 
be integrated onto the biochip. 
0243 With CCD sensor pitch sizes typically about 5um, 
the integration of a microlenslet array provides better spatial 
resolution of about 5um to match the individual CCD pixels. 
This allows for increased excitation intensity and improved 
fluorescence collection. These advantages allow higher sig 
nal-to-noise ratio, as well as light localization for 10'x10' 
wavelength-scale focal volumes focused directly into the 
CCD from the microfluidic channel arrays, rather than dif 
fused over the CCD sensor or microfluidic chip. Careful 
design of the microlenslet array (see e.g., FIG. 36) is required 
for a desired numerical aperture based on the optical signa 
ture characteristic, trading off the optical focal volume with 
the fluorescence saturation intensity. With each microfluidic 
channel sampled from upstream to downstream with up to 10 
focal Volumes, multiple redundant imaging and statistical 
quantification can be performed for the biodosimetry. Faster 
flow rates could also be used. The sample flow through (from 
chip input to output) is below 1 minute. A target is a 3-minute 
short turnaround time for each blood sample cartridge. 
What is claimed is: 
1. A device for determining radiation exposure of an organ 

ism comprising: 
(a) a microfluidic chip adapted to contain a biological 

sample from the organism; 
(b) a microlens coupled to the microfluidic chip; 
(c) an imaging element coupled to the microlens adapted to 

capture an image of the biological sample; and 
(d) a processor adapted to analyze the image for possible 

radiation exposure of the organism. 
2. The device of claim 1 wherein the microfluidic chip is 

further adapted to apply a reagent to the biological sample. 
3. The device of claim 1 further comprising a light source 

coupled to the microlens. 
4. The device of claim 3 further comprising an aperture 

between the microlens and the imaging element. 
5. The device of claim 4 wherein the aperture is less than 5 

mm in diameter. 
6. The device of claim 5 wherein the aperture is about 1 mm 

in diameter. 
4. The device of claim 1 wherein the microfluidic chip is 

adapted to contain at least one biological sample from at least 
one organism. 

5. The device of claim 1 wherein the imaging element is a 
charge-coupled device sensor. 

6. The device of claim 1 further comprising a memory for 
storing the image. 

7. The device of claim 1 wherein the microfluidic chip 
includes a micropump. 

8. The device of claim 7 wherein said micropump is elec 
trochemically operated. 

9. The device of claim 7 wherein said micropump is pneu 
matically operated. 

10. The device of claim 7 wherein said micropump is 
thermopneumatically operated. 

11. The device of claim 1 wherein the microfluidic chip 
includes a valve. 

12. The device of claim 1 wherein the microfluidic chip 
includes a mixer. 
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13. The device of claim 1 wherein the microfluidic chip 
includes a heater. 

14. The device of claim 10 wherein the heater comprises a 
diode. 

15. The device of claim 1 wherein the microfluidic chip 
comprises at least one cDNA microarray sensor. 

16. The device of claim 1 wherein the microfluidic chip 
comprises at least one oligonucleotide array. 

17. The device of claim 1 wherein the microfluidic chip is 
comprised of an optically transparent material. 

18. The device of claim 1 wherein the microfluidic chip 
includes a blood sample collection device. 

19. The device of claim 1 wherein the microfluidic chip 
includes an RNA extraction device. 

20. The device of claim 19 wherein the microfluidic chip 
includes means for measuring RNA levels. 

21. The device of claim 19 wherein the microfluidic chip 
includes means for measuring mRNA levels. 

22. The device of claim 1 wherein the microfluidic chip 
includes at least one thermally-activated paraffin based 
microvalve. 

23. The device of claim 1 wherein the microfluidic chip 
includes a power source. 

24. The device of claim 1 wherein the microfluidic chip 
includes a means for performing a polymerase chain reaction 
assay. 

25. The device of claim 1 wherein the microfluidic chip 
includes a means for performing a DNA hybridization assay. 

26. The device of claim 1 wherein the microfluidic chip 
includes a means for performing a DNA detection assay. 

27. A method of determining radiation exposure of an 
organism comprising: 

(a) applying a light Source to the microfluidic chip; 
(b) capturing an image of the microfluidic chip using an 

imaging element and a microlens wherein the microlens 
is coupled to the microfluidic chip; and 

(c) analyzing the image to determine radiation exposure of 
the organism. 

28. The method of claim 27 wherein the microfluidic chip 
includes a micropump. 

29. The method of claim 28 wherein said micropump is 
electrochemically operated. 

30. The method of claim 28 wherein said micropump is 
pneumatically operated. 

31. The method of claim 28 wherein said micropump is 
thermopneumatically operated. 

32. The method of claim 27 wherein the microfluidic chip 
includes a valve. 

33. The method of claim 27 wherein the microfluidic chip 
includes a mixer. 

34. The method of claim 27 wherein the microfluidic chip 
is includes a heater. 

35. The method of claim 34 wherein the heater is a diode. 
36. The method of claim 27 wherein the microfluidic chip 

includes at least one DNA microarray sensor. 
37. The method of claim 27 wherein the microfluidic chip 

is comprised of an optically transparent material. 
38. The method of claim 27 wherein the microfluidic chip 

includes a blood sample collection device. 
39. The method of claim 27 wherein the microfluidic chip 

includes an RNA extraction device. 
40. The method of claim 27 wherein the microfluidic chip 

includes at least one thermally-activated paraffin based 
microvalve. 
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41. The method of claim 27 wherein the microfluidic chip 
includes a power Source. 

42. The method of claim 27, further comprising perform 
ing a polymerase chain reaction assay using the microfluidic 
chip. 

43. The method of claim 27 further comprising performing 
a DNA hybridization assay using the microfluidic chip. 

44. The method of claim 27 further comprising performing 
a DNA detection assay using the microfluidic chip. 

45. The method of claim 27 further comprising adding a 
reagent to the biological sample in the microfluidic chip. 

46. The method of claim 27 further comprising coupling a 
lens to the microfluidic chip. 

47. The method of claim 27 further comprising coupling an 
imaging element to the microfluidic chip. 

48. The method of claim 47 wherein the imaging element is 
a charge-coupled device sensor. 

49. The method of claim 27 wherein a processor is used to 
analyze the image. 

50. The method of claim 49 further comprising storing the 
image in a memory. 

51. The method of claim 27 wherein the analyzing the 
image comprises counting the number of cells shown in the 
image. 

52. The method of claim 27 wherein the analyzing the 
image comprises counting the number of damaged cells 
shown in the image. 

53. The method of claim 51 wherein the number of cells 
shown in the image is compared to a predetermined threshold 
to determine whether the organism has been exposed to a 
predetermined level of radiation. 

54. The method of claim 53 further comprising normaliz 
ing the predetermined threshold based on an analysis of a 
plurality of biological samples. 

55. The method of claim 27 further comprising flushing the 
biological sample from the microfluidic chip. 

56. The method of claim 27, wherein the capturing of the 
image of the microfluidic chip includes transmitting the 
image through an aperture between the microlens and the 
imaging element. 

57. The method of claim 56, wherein the aperture is less 
than 5 mm in diameter. 

58. The method of claim 27, wherein the imaging element 
is a charge coupled device sensor. 

59. The method of claim 27, wherein the imaging element 
is a CMOS sensor. 

60. The method of claim 27, further comprising separating 
a control amount from the biological sample, exposing the 
control amount to a predetermined radiation level, extracting 
a predetermined element from the control amount; capturing 
an image of the control amount; analyzing the image of the 
controlamount to determine radiation exposure; and compar 
ing the control amount to the biological sample. 

61. The method of claim 27, further comprising normaliz 
ing any data derived therefrom through self normalization. 

62. A system for determining radiation exposure of an 
organism comprising: 

(a) illumination means for illuminating the microfluidic 
chip; 

(b) image capturing means for capturing an image of the 
microfluidic chip; 

(c) imaging means coupled to the microfluidic chip; 
(c) analyzing means for analyzing the image to determine 

radiation exposure of the organism. 
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63. The system of claim 62 wherein the microfluidic chip 
includes a pumping means. 

64. The system of claim 63 wherein said pumping means is 
electrochemically operated. 

65. The system of claim 64 wherein said pumping means is 
thermopneumatically operated. 

66. The system of claim 62 wherein the microfluidic chip 
includes a flow regulating means. 

67. The system of claim 66 wherein the flow regulating 
means is a valve. 

68. The system of claim 62 wherein the microfluidic chip 
includes a mixing means. 

69. The system of claim 62 wherein the microfluidic chip 
includes a heating means. 

70. The system of claim 69 wherein the heating means is a 
diode. 

71. The system of claim 62 wherein the microfluidic chip 
includes at least one sensor means. 

72. The system of claim 71 wherein the at least one sensor 
means is a DNA microarray sensor. 

73. The system of claim 62 wherein the microfluidic chip is 
comprised of an optically transparent material. 

74. The system of claim 62 wherein the microfluidic chip 
includes a blood sample collection means. 

75. The system of claim 62 wherein the microfluidic chip 
includes an RNA extraction means. 

76. The system of claim 66 wherein the flow regulating 
means is at least one thermally-activated paraffin based 
microvalve. 

77. The system of claim 62 wherein the microfluidic chip 
includes a power providing means. 
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78. The system of claim 62 wherein the microfluidic chip 
includes a means for performing a polymerase chain reaction 
assay. 

79. The system of claim 62 wherein the microfluidic chip 
includes a means for performing a DNA hybridization assay. 

80. The system of claim 62 wherein the microfluidic chip 
includes a means for performing a DNA detection assay. 

81. The system of claim 62 further comprising a means for 
adding to the biological sample in the microfluidic chip. 

82. The system of claim 62 wherein the imaging means is 
a lens. 

83. The system of claim 62 further comprising a flushing 
means for flushing the biological sample from the microflu 
idic chip. 

84. The system of claim 62 wherein the imaging means is 
a charge-coupled device sensor. 

85. The system of claim 62 wherein the analyzing means is 
a processor. 

86. The system of claim 85 further comprising a storage 
means and a memory means, wherein the storing means 
stores the image in the memory means. 

87. The system of claim 85 wherein the processor counts 
the number of cells shown in the image. 

88. The system of claim 85 wherein the processor counts 
the number of damaged cells shown in the image. 

89. The system of claim 88 wherein the number of dam 
aged cells shown in the image is compared to a predetermined 
threshold to determine whether the organism has been 
exposed to a predetermined level of radiation. 

90. The system of claim 89 wherein the processor normal 
izes the predetermined threshold based on an analysis of a 
plurality of biological samples. 
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