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ULTRA-SENSTIVE PORTABLE CAPILLARY 
SENSOR 

0001. The present application is a continuation of U.S. 
patent application Ser. No. 12/755,578, filed Apr. 7, 2010, 
which is a continuation of U.S. patent application Ser. No. 
1 1/451,842, filed Jun. 13, 2006, which issued as U.S. Pat. No. 
7,708,944 on May 4, 2010, which are hereby incorporated by 
reference in their entirety. 

FUNDED RESEARCH 

0002 This invention was made with government support 
under award RD-83090601-0 awarded by United States Envi 
ronmental Protection Agency (USEPA) and DUE9952730 
awarded by the National Science Foundation. The govern 
ment has certain rights in this invention. 

FIELD OF THE INVENTION 

0003. The present invention relates to biosensors and, 
more particularly to a portable, rugged, relatively inexpen 
sive, biosensor System capable of providing rapid analysis 
results. 

BACKGROUND OF THE INVENTION 

0004 Biosensors are devices that typically use biological 
molecules to detect other biological molecules or chemical 
Substances. 
0005 Specific and/or selective binding interactions with 
one or more biomolecules ("ligands') such as peptides, pro 
teins, enzymes, antibodies, receptors, nucleic acids, aptam 
ers, or the like detect one or more target molecules (“ana 
lytes). Binding of the target molecule to the ligand results in 
a signal that can be used to detect or quantify the analyte 
present in a sample. The detector molecules are connected in 
Some way to a sensor that can be monitored by a computer or 
similar mechanism. Biosensors may use a monoclonal anti 
body to detect an antigen, or a small synthetic DNA molecule 
called an oligodeoxyribo-nucleotide to detect DNA. 
0006. There is a critical demand for a rapid, simple, cost 
effective technique for screening samples, such as blood or 
other clinical samples, for the presence of biomolecules, 
including polynucleotides, polypeptides, etc. Specifically, 
the detection of cells, viruses, spores, antibodies, pathogens, 
or other proteins is considered important in diagnosing and 
treating diseases. Such detection is also useful for detecting 
and quantifying Such molecules in pathological and forensic 
samples. 
0007. A wide variety of biosensors of different designs is 
known to those of skill in the art. Such biosensors are 
designed for use in clinical research laboratories or similar 
facilities, but tend to be very bulky, expensive, and relatively 
fragile. Such biosensor Systems are typically complex and 
require highly trained operators to obtain accurate analysis 
results. Portable biosensor Systems based on immunoassays 
using the optical waveguide as a platform have become an 
attractive area in sensor research due to the availability of a 
wide variety of low cost, low power consuming components 
and bright photostable fluorophores. 

DISCUSSION OF THE RELATED ART 

0008 U.S. Pat. No. 6,258,606 for MULTIPLEXED 
ACTIVE BIOLOGICARRAY, issued Jul. 10, 2001 to Gre 
gory T. A. Kovacs teaches a biologic electrode array which is 
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coupled to Suitable electronic circuits (e.g., sample and hold 
circuits) and packaged on a single semiconductor chip. The 
KOVACS chip allows a variety of protein or nucleic acid 
biomolecules to be attached to specific locations on the semi 
conductor chip. The biomolecules are exposed to samples: 
binding of various analytes to specific chip locations may be 
detected, for example, by fluorescence spectroscopy. How 
ever, an apparatus built using the KOVACS chip is typically 
too bulky for field use. 
0009 U.S. Pat. No. 6,277,627 for BIOSENSOR, issued 
Aug. 21, 2001 to Homme W. Hellinga teaches a biosensor 
based on a genetically engineered glucose molecule (i.e., 
glucose binding protein) that forms environmentally sensitive 
reporter groups. The HELLINGA sensor, however, is limited 
to detecting glucose or close structural analogs. 
O010 U.S. Pat. No. 6,294,392 for SPATIALLY-EN 
CODED ANALYTE DETECTION, issued Sep. 25, 2001 to 
Werner G. Kuhr et al. discloses a flow-through microchannel 
biosensor useful for detecting multiple, diverse analytes. 
Complementary molecules immobilized in the walls of the 
microchannel bind the analytes. After initial binding, immo 
bilized complexes are denatured and flow past a downstream 
detector. The microchannel construction is prone to clogging 
unless samples are carefully prepared to remove particulate 
contamination. 

O011 U.S. Pat. No. 6,767,733 for PORTABLE BIOSEN 
SOR APPARATUS WITH CONTROLLED FLOW, issued 
Jul. 27, 2005 to Larry R. Green provides a fluidic cube includ 
ing a stage, a waveguide, a cube body, a vent cap and a vent 
cap isolator. The GREENapparatus allows simultaneous pro 
cessing of multiple samples for a variety of analytes. 
0012 However, none of the forgoing patents, taken indi 
vidually or in any combination, is seen to anticipate or Sug 
gest the portable biosensor System of the present invention 
that overcomes the these limitations of known prior art sys 
temS. 

SUMMARY OF THE INVENTION 

0013. In accordance with the present invention, there is 
provided a portable, lightweight, rugged, inexpensive, easy 
to-operate biosensor for use in rapidly detecting cells, 
viruses, antibodies, and other such proteins. A capillary tube 
has a capture antibody or other ligand immobilized on an 
interior surface thereof. For simplicity, the term capture anti 
body is used herein to refer to any suitable capture material or 
ligand. The specific capture antibody is selected based upon a 
desired (i.e., target) analyte (e.g., antigen) to be detected. A 
sample potentially containing the target antigen is introduced 
into and, optionally, circulated within the capillary tube. 
Thereafter, a second antibody labeled with a fluorescent dye 
is introduced. Upon excitation by electromagnetic energy, 
typically Supplied by a laser, the fluorescence of the sample is 
captured and analyzed. The apparatus of the present invention 
is extremely compact and rugged making the apparatus ideal 
for field use. In addition, accurate results may be obtained by 
relatively unskilled operators directly from a readout forming 
part of the apparatus or on an external device (e.g., a com 
puter) connected to the apparatus via an optional interface. 
The analysis time provided by the biosensor system of the 
invention is also shorter than has heretofore been possible. 
0014. It is, therefore, an object of the invention to provide 
a portable biosensor system that rapidly provides accurate 
analyses. 
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0015. It is another object of the invention to provide a 
portable biosensor System that is both lightweight and rug 
ged. 
0016. It is a further object of the invention to provide a 
portable biosensor system that is battery powered. 
0017. It is an additional object of the invention to provide 
a portable biosensor system that may be used by a relatively 
unskilled operator to provide accurate measurement. 
0018. It is a still further object of the invention to provide 
a portable biosensor System that uses a self-contained, digital 
readout to display analysis results. 
0019. It is an additional object of the invention to provide 
a portable biosensor System that incorporates an optional 
interface for exporting analysis results to an external device 
for analysis or storage. 
0020. It is a further object of the invention to provide a 
portable bio sensor System that uses a capillary treated with a 
ligand optimized for detection and quantification of a prede 
termined analyte. 
0021. It is yet another object of the invention to provide a 
portable biosensor System that uses a laser diode as an exci 
tation Source. 
0022. It is a still further object of the invention to provide 
a portable biosensor system connectable to a PDA for data 
collection, wireless monitoring and remote operation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023. A complete understanding of the present invention 
may be obtained by reference to the accompanying drawings, 
when considered in conjunction with the Subsequent, detailed 
description, in which: 
0024 FIG. 1 is a schematic system block diagram of the 
portable bio sensor System of the present invention; 
0.025 FIG. 2 is side, elevational, schematic view of the 
capillary tube, optical arrangement, and photosensor of the 
biosensor system of FIG. 1; 
0026 FIG.3 is a end, cross-sectional view of the capillary 
tube of the biosensor system of FIG. 1; 
0027 FIG. 4 is a high level, electrical block diagram of the 
biosensor system of FIG. 1; and 
0028 FIG. 5 is an electrical schematic diagram of a pre 
ferred embodiment of the biosensor system of FIG. 1. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0029. The threat of bioterrorism has spawned a flurry of 
research focused on developing portable biosensor Systems 
capable of rapidly and sensitively detecting proteins, cells, 
and other biomarkers. The present invention features a por 
table biosensor-based detection apparatus using a capillary 
tube, laser, photodetector and associated electronics to 
quickly and accurately detect the presence of a specific anti 
gen or other analyte in a sample. The biosensor system of the 
present invention is a portable capillary bio sensor that ulti 
lizes fluorescent immunoassays inside a capillary tube (i.e., a 
capillary) to detect and quantify analytes. The capillary forms 
a waveguide wherein the sample-containing capillary is illu 
minated along Substantially its entire length. The resulting 
fluorescent emission is then received (i.e., collected) at the 
end of the capillary using a photo-detector. 
0030 Referring first to FIG. 1, there is shown a schematic, 
functional block diagram 100 of the portable biosensor appa 
ratus of the invention. A capillary tube 102 has a proximal end 
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104 where a sample 106 to be analyzed may be introduced. 
Capillary tube 102 has an inner surface selectively coated 
with a suitable immobilized antibody or other suitable cap 
ture substance Such as RNA, DNA, spores, bacteria, whole 
cells, aptamers and other ligands. As discussed hereinbelow, 
the choice of capture antibody is dependent upon the target 
substance to be detected. 

0031. Several forms of waveguides in a variety of formats 
including glass slides (planar waveguides), microarrays, fiber 
optics, and capillaries have been used as transduction meth 
ods for fluorescent immunoassay. Capillaries offer several 
unique advantages over other waveguide forms or formats. 
First, it has been shown that the fluorescence signal accumu 
lates along the length of the capillary 102 while the back 
ground noise remains Substantially constant. This fact pro 
vides lower detection limits (i.e., higher sensitivity) 
compared to other waveguide forms. Second, the capillary 
102 is multifunctional. Once the tube is placed in an instru 
ment 100, the sensing Surface does not come into contact with 
the outside environment and the capillary becomes an integral 
part of the flow system. Rinsing and incubation steps may be 
accomplished by simply pumping the required solution into 
the instrument. In the case where signal amplification using 
enzyme-linked immunosorbent assay (ELISA) methods are 
employed, the capillary also becomes the reaction vessel and 
the product formation therein can be monitored in real time. 
Capillary sensors can also be coupled with electrophoresis or 
patterned for multi-analyte detection. 
0032. A laser 108 in combination with suitable optics, not 
shown, illuminates capillary tube 102 along substantially the 
entire length thereof with excitation energy shown Schemati 
cally at reference number 110. For purposes of disclosure, a 
635 nM wavelength VLM diode laser module having a power 
output of approximately 15 mW, manufactured by Coherent 
and supplied as Catalogue No. 0222-021-01 has been found 
suitable for the application. Laser 108 projects a substantially 
circular, 1 mm diameter beam. Laser 108 is mounted in a pivot 
mount, not shown, that also acts as a heat sink. The pivot 
mount allows the excitation energy 110 to be tightly focused 
onto the capillary 102 without the need for any intervening, 
adjustable optical stages. Both 15 mW and 12 mW lasers 108 
were evaluated on a bench top instrument by running calibra 
tions with Cy5 dye. The 15 mW laser showed larger voltage 
changes for the same concentrations of dye, resulting in 
increased sensitivity. However, the limit of detection of the 
dye was similar for both lasers in the 40-60 pg/ml range. 
While Cy5 dye has been chosen for purposes of disclosure, 
several additional dyes are known to be suitable for use with 
a 535 nm laser. These include: CyTM 5, GE Healthcare Bio 
Sciences, Piscataway, N.J.; Alexa Fluorr) 647, Molecular 
Probes, Eugene, Oreg.: TOTOR. 3 iodide, Molecular Probes, 
Eugene, Oreg.: SYTOR 17 and SYTO Dyes 59-64, Molecu 
lar Probes, Eugene, Oreg.; DyLight(R) 647, Pierce, Rockford, 
Ill.; and DDAO-phosphate 9H-(1,3-dichloro-9,9-dimethy 
lacridin-2-one-7-yl)phosphate, diammonium salt, Molecular 
Probes, Eugene. 
0033. A line-generating lens or grating, not shown, is 
placed in front of laser 108 to spread the circular output beam 
into a line of illumination along capillary tube 102. Such an 
optical component is well known to those of skill in the 
optical field and is not further described herein. It will be 
recognized that a number of suitable optical components exist 
for performing the beam spreading (e.g., line generating) 
function; the invention is not limited to a line-generating lens 
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or grating. Rather, any optical component Suitable for form 
ing a line or field of radiant energy 110 along capillary tube 
102 may be used. 
0034. A pump 112 is provided to both introduce and 
evacuate the sample to and from capillary tube 102 and, 
optionally, in cooperation with other apparatus components, 
not shown, to circulate the sample within capillary tube 102. 
In the embodiment chosen for purposes of disclosure, a min 
iature, variable-speed peristaltic pump 112, such as Model 
No. SP100V0, pump manufactured by APT, Litchfield, Ill., 
was utilized. The pump 112 is connected to a 3-way switch, 
not shown, or other suitable control that permits selective 
operation of pump 112 at flow rates of approximately 0.18 
ml/min (high speed) and 0.4 ml/min (low speed). The faster 
flow rate has been found useful for performing rinsing steps 
as described hereinbelow. It will be recognized that other 
Suitable pumps or pumps having different flow rates may be 
known to those skilled in the art and may be substituted for the 
APT pump used for purposes of disclosure. The invention is 
not considered limited to any particular pump or specific flow 
rates. Rather, the invention covers any and all Suitable pumps 
and/or flow rates. 
0035. A photosensor 114 is disposed proximate a distal 
end 116 of capillary tube 102 via optical arrangement 118. 
Photosensor 114 monitors the fluorescence of the excited 
sample 106 within capillary tube 102, shown schematically as 
emission 120, and generates an electrical signal representa 
tive thereof. A photomultiplier tube or other sensitive photo 
sensor may be used. Examples of other photosensors include 
photodiodes include photodiodes and infrared detectors, for 
example, Michelson Interferometers. 
0036. In the preferred embodiment, optical arrangement 
118 and detector (i.e., photosensor) 114 are axially aligned 
with the central, longitudinal axis of capillary tube 102. In the 
embodiment chosen for purposes of disclosure, a conven 
tional lens tube 150 (FIG. 2) known to those of skill in the 
optical arts is used to support and align a pair of plano-convex 
lenses 152, 154 (FIG. 2) to focus and concentrate emission 
light 120 at a receiving surface of photo detector 114. It will 
be recognized that other optical arrangements, likewise, may 
be used. It will further be recognized that a fiber optical 
coupling could be inserted between distal end 116 of capillary 
tube 102 and other optical arrangement 118 or photosensor 
114. Consequently, the invention is not limited to the particu 
lar photosensor 114, optical arrangement 118, or placement 
of the photosensor relative to capillary tube 102 chosen for 
purposes of disclosure. Rather, the invention covers any and 
all suitable photosensors 114, optical arrangements 118, and 
relative positions of photosensors 114 to capillary tube 102. 
0037 Signal processing electronics 122 is operatively 
connected to photosensor 114 and receives an electrical sig 
nal therefrom. An analog-to-digital (A/D) converter and asso 
ciated circuitry 124 is used to drive an on-board display or 
readout 126 where quantitative/qualitative information 
regarding a sample being tested is displayed. In alternate 
embodiments, an optional interface 128 may be provided to 
allow attachment of a computer (e.g., a notebook computer, 
PDA, etc.) or other external device useful for processing, 
correlating, post analyzing, or otherwise processing and/or 
storing result data. Such interfacing may be accomplished in 
a wide variety of ways including, but not limited to, serial and 
parallel direct connections, infrared communications ports, 
network (including wireless) connections, proprietary inter 
faces, and the like. As these interfacing techniques are con 
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sidered well known to those of skill in the computer arts, they 
are not further described herein. The invention is seen to 
encompass any viable communication strategy. 
0038. In operation, reagents, not shown, are introduced 
into capillary tube 102 adjacent proximal end 104 where they 
interact with the immobilized antibody 162 (FIG. 3) or other 
suitable capture substance coated upon the inner surface 160 
thereof. Once the target analyte is captured, a fluorescent 
labeled antibody, a fluorescent labeled avidin, or a fluorescent 
ELISA using an avidin/alkaline phosphatase complex is 
introduced into capillary tube 102. For fluorescence detec 
tion, Alexa-Fluor 647 is preferred due to its improved perfor 
mance over Cy-5 when used to label tracer antibodies for 
sandwich immunoassays. As mentioned hereinabove, other 
materials may be substituted for Alexa-Fluor 647. Also any 
other similar, suitable substances known to those of skill in 
the art may be substituted therefor. 
0039 Referring now to FIG. 2, there is shown a side, 
elevational, schematic view of capillary tube 102 in a support 
structure, generally at reference number 140. In the embodi 
ment chosen for purposes of disclosure, capillary tube 102 is 
a fused silica capillary approximately 38 mm long having an 
inside diameter of approximately 0.7 mm and an outside 
diameter of approximately 0.85 mm. The capillary tube 102 is 
available from Polymicro Technologies, Phoenix, Ariz. 
0040 Capillary tube 102 is mounted in a custom scaffold 
142 that contains a longitudinal window that allows the line 
laser beam 110 (FIG. 1) to illuminate capillary 102 along 
Substantially the entire length thereof. Emission (e.g., radia 
tion) is collected through a transparent window 146 disposed 
at a distal end 148 of scaffold 142. In the embodiment chosen 
for purposes of disclosure, scaffold 142 is formed from poly 
styrene. Polystyrene was chosen for its weight, rigidity, and 
ease of machining in constructing prototypes. However, it 
will be recognized that other lightweight but rigid material 
such as computer-milled aluminum and Teflon with 70% 
glass may also be easily Substituted for polystyrene. 
0041. A stackable lens tube 150, obtained from Thorlabs, 
Newton, N.J., is abutted to and axially aligned with the trans 
parent window 146. In the embodiment chosen for purposes 
of disclosure, lens tube 150 is approximately 3 inches long 
and has a diameter of approximately 1 inch. Lens tube 150 
Supports optical components, for example a pair of plano 
convex lenses 152, 154 and a long-pass interference filter 
(e.g., a 650 nm low-pass filter 156 obtained from Omega 
Optical, Brattleboro, Vt.). Lenses 152,154 and filter 156 form 
optical arrangement 118 as shown in FIG. 1. The lens tube 
150 is threaded on the inside. Retaining rings, not shown, are 
used to hold the optics 152, 154, 156 in place therein. This 
arrangement allows the optical components 152, 154, 156 to 
be optimally distance-adjusted with respect to one another, to 
the end of capillary tube 102, and to photosensor 114, respec 
tively, and then secured in place within lens tube 150. 
0042 Photosensor module (i.e., photodetector) 114 is 
attached to distal end 158 of lens tube 150 via a custom made 
Nylon fitting 160. A Catalog No. HC-5784-20 photosensor 
manufactured by Hamamatsu (Japan) has been found Suitable 
for the application. Nylon fitting 160 has a diameter of 
approximately 1-inch and a thickness of approximately 0.5 
inches. Nylon fitting 160 is secured into lens tube 150 with 
retaining rings, not shown, and is equipped with mounting 
screws compatible with photosensor 114. This allows lens 
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tube 150 to be attached to the photosensor module 114 via 
mating, pre-drilled holes on the front, light-receiving Surface 
thereof. 

0043. The photosensor module 114 contains a photomul 
tiplier tube, not shown, a built-in high Voltage power Supply, 
and a low noise amplifier that converts the output current from 
the photomultiplier tube to voltage representative thereof. 
When compared to a well-known Hamamatsu HC 120 bench 
top analyzer, it was found that the 5784 photosensor 114 
exhibited lower noise than did the HC 120 instrument. How 
ever, 5784 photosensor 114 had lower gain resulting in 
decreased detector sensitivity. The lower sensitivity was over 
come somewhat by using a higher power (e.g., 15 mW vs. 12 
mW) laser 108 in the portable instrument. 
0044) The rigid alignment provided by the sensor platform 

(i.e., capillary tube 102/scaffold 142) optical arrangement 
118, and photodetector 114 typically were found to require no 
further alignment adjustment after assembly. The arrange 
ment has been found adequate for field use where the system 
may be exposed to Some shock during transportation and use. 
0045 Referring now to FIG. 3, there is shown an end, 
sectional, schematic view of capillary tube 102. The inside 
surface 160 of capillary tube 102 is coated with capture mate 
rial (e.g., an immobilized antibody, etc.) 162 as described in 
detail hereinbelow. Many different materials may be immo 
bilized on interior surface 160 of capillary tube 102. The 
selection of capture material 162 depends, of course, upon the 
analyte to be detected and/or quantified. For example, goat 
anti-mouse IgG, mouse IgG whole molecule, biotinylated 
goat anti-mouse and the phosphatase Substrate para-nitrophe 
nyl phosphate (PNPP) may be utilized as required. The afore 
mentioned materials are available from Pierce Biotech, Rock 
land, Ill. 
0046. The target analyte is captured by immobilized anti 
body 162 on the inner surface 160 of capillary tube 102 and 
then detected using a fluorescent labeled antibody, a fluores 
cent labeled avidin, or a fluorescent ELISA in conjunction 
with an avidin/alkaline phosphatase complex. For fluores 
cence detection, Alexa-Fluor 647 was selected due to its 
reported improved performance over Cy-5 when used to label 
tracer antibodies for sandwich immunoassays. It will be rec 
ognized, however, that a single capture antibody 162 may be 
used. In alternate embodiments, the system can also be 
adapted for multi-analyte detection by the use of a patterned 
capillary tube 102 wherein more than one capture antibody 
162 may be applied to surface 160. In still other embodi 
ments, multiple capillary tubes 102, each coated with a dif 
ferent capture antibody 162 and disposed in a parallel 
arrangement, may be used to detect multiple analytes in a 
sample. 
0047 For purposes of disclosure, three different immu 
noassay formats using fluorescent labeled proteins, avidin/ 
biotin chemistry, and enzyme linked immunosorbent assays 
are described. These methods were optimized using mouse 
IgG as the target antigen. The results of each assay were 
compared with each other as well as with the results of a 
conventional colorimetric ELISA assay performed in a 
96-well plate. 
0048 Capillary tubes 102 were first prepared assuming 
the desired analyte to be goat anti-mouse IgG by serially 
interconnecting multiple capillary tubes 102 using TygonTM 
tubing. Solutions were drawn into the string of capillary tubes 
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102 using a plastic syringe, not shown. A Syringe having a 
toluene-resistant plastic plunger and a lure-lock tip were 
found suitable. 
0049 Immobilization of the goat anti-mouse capture anti 
body was achieved using covalent chemistry well known to 
those of skill in the art. After a sequence of cleaning steps 
using approximately 50-50 ratio of methanol/HCl and sulfu 
ric acid, the capillary tubes 102 were incubated under nitro 
gen with a 2% solution of 3-mercaptopropyl trimethoxy 
silane in anhydrous toluene. The capillary tubes 102 were 
then treated with the hetero-bi-functional cross linker (N-a- 
maleimidobutyryloxylsuccinimide ester)(GMBS). Goat anti 
mouse capture antibodies at a concentration of 10 ug/ml in 
phosphate buffered saline (PBS) were then attached to the 
capillary tube 102 via the crosslinker by an overnight, refrig 
erated incubation. 
0050 For direct assays, a 10 ug/ml solution of goat IgG 
whole molecule was immobilized in place of the anti-goat 
capture antibody. Before use, the capillary tubes 102 were 
blocked with a 1 mg/ml solution of BSA. For a direct com 
parison, conventional colorimetric sandwich ELISA assays 
were performed using the same antibody-antigen combina 
tion as used in the capillary tubes 102. A 96-well micro-titer 
mouse in pH 9.6 carbonate buffer treated for 2 hours at room 
temperature was performed. The micro-titer plates were 
rinsed thrice and blocked with a 10 mg/ml BSA solution in 
PBS with another 2-hour incubation at room temperature. 
0051. After preparation with the capture antibody as 
described hereinabove, the ELISA plates were exposed to the 
antigen (mouse IgG) standards for 1 hour followed by a rinse 
step and an hour exposure to 10 ug/ml Solution of biotinylated 
goat anti-mouse. After another rinse step, the wells were 
exposed to the avidin/alkaline phosphatase Substrate in pH 
8.0 Tris buffered saline with 5 mg/ml BSA for 1 hour. The 
enzyme complex was tittered at ratios of 1:5000, 1:10,000, 
1:20,000 and 1:40,000. The PNPP substrate in DEA buffer, 
pH 9.6, was added to each well and incubated for 20 minutes. 
Plates were then read at 405 nm on a Biotek 
E1x800microplate reader. 
0052. Direct binding assays were initially performed 
using the portable instrument of the present invention to com 
pare the signal generated by an avidin-Alexa Fluor 647 con 
jugate and an avidin-alkaline phosphatase complex coupled 
with DDAO-phosphate as a substrate. In this scheme, the 
mouse IgG was immobilized at a constant concentration in 
the capillary tube 102 and the goat anti-mouse/biotin 
(GAMB) was diluted and used as the standard to be detected. 
For direct ELISA assays, the GAMB standards (prepared in 
phosphate buffered saline with 1 mg/ml BSA and Tween 20 
(PBSTB)) was drawn into the capillary 102 using a plastic 
Syringe and then incubated for approximately 15 minutes. 
0053. The capillary 102 was then rinsed with PBSTB and 
a 1:20,000 solution of the avidin/AP complex in pH 8.0 tris 
buffered saline with 5.0 mg/ml BSA was added and incubated 
for approximately 5 minutes. The capillary 102 was then 
inserted into the instrument and a buffer was flowed there 
through through at a flow rate of approximately 0.19 ml/min. 
After a few seconds, the inlet was switched over to the sub 
strate (20 uM DDAO in pH 9.8 Tris buffer with 100 mg/L 
MgCl). As used herein, the term substrate refers to the mol 
ecules used for amplification of immunological reactions 
commonly used in Enzyme linked Immunosorbent Assay 
(ELISA). ELISA is considered the “gold standard for immu 
nological analytical techniques. In an ELISA, an antibody 
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(primary) specific to an antigen (or target species) is immo 
bilized onto a Solid Support Such as a polystyrene plate 
microwell plate. The antigen, (or target species) specifically 
binds to the capture antibody. A labeled second antibody 
(secondary) specifically recognizes another epitope on the 
antigen (or a site on the target). The secondary antibody is 
conjugated to an enzyme and doubles up as the detection 
antibody. The final step of the assay is amplification, which is 
made possible by the addition of a substrate upon which the 
enzyme acts with a very high turnover rate giving a detectable 
product. The endpoint of the enzymatic reaction, typically 
leads to a colored product that is detected spectrophotometri 
cally. The absorbance is used to quantify the amount of anti 
gen or target species, present in the sample. 
0054 When the substrate passed into the capillary, the 
pump 112 was shut off and the enzymatic cleavage of DDAO 
was allowed to proceed. 
0055 For direct assays involving avidin-AF647, the 
GAMB standards were incubated in the same manner as 
described hereinabove. However, after the incubation step, 
the capillary 102 was placed in the potable instrument. Buffer 
was flowed through the capillary 102 and a baseline voltage 
was recorded for approximately 20 seconds. A solution of 
avidin-AF647(10 ug/ml in PBSTB) was then introduced into 
capillary tube 102. After the avidin-AF647solution had 
entered the capillary tube 102, the pump 112 was switched off 
and incubation of approximately 5 minutes was allowed. 
After the incubation period, buffer was reintroduced into 
capillary tube 102 and the pump 112 was operated at high 
speed for approximately 30 seconds. Following the buffer 
rinse, the electrical output signal was recorded with an 
increase in voltage being indicative of surface bound AF647. 
0056 Capillary sandwich fluorescent ELISA assays were 
performed using the capillaries 102 with immobilized goat 
anti-mouse IgG. Capillaries 102 were strung onto Syringes 
using Tygon tubing. An incubation sequence having the indi 
cated Steps was then performed: 

0057 i) incubate with mouse IgG standard; 
0058 ii) incubate with GAMB secondary antibody (10 

g/ml); and 
0059) iii) incubate with avidin-AP complex. 

0060 Appropriate rinses were performed between each of 
the incubation steps by drawing a buffer solution into the 
Syringe, disconnecting the capillaries 102, and discharging 
the buffer solution. The sequence was repeated two additional 
times. After the final incubation, the capillary 102 was 
inserted into the instrument and the DDAO substrate was 
flowed in as in the direct assay method described herein 
above. For optimization, different incubation times ranging 
between approximately 5 and 60 minutes, and different titers 
of the enzyme complex (1:5,000 to 1:30,000) were used. 
These parameters, in conjunction with controls containing no 
capture antibody, no antigen or no biotinylated secondary 
antibody were used to determine an optimum assay. Assays 
using the avidin-AF647 complex were executed using the 
following sequence: 

0061 i) incubate with mouse IgG standard for 10 min 
utes; 

0062) ii) incubate with GAMB secondary antibody for 5 
minutes (10 ug/ml); 

0063 iii) insert capillary 102 into instrument and record 
a baseline; 

0064 iv) flow in avidin-AF647 complex and incubate 
for 5 minutes; and 
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0065 V) rinse for 30 seconds and record signal while 
flowing buffer at 0.18 ml/min. 

0.066 Controls used were identical to those described for 
the fluorescent ELISA hereinabove. 
0067 Sandwich assays using the AF-647 labeled goat 
anti-mouse tracer antibody were performed in a similar fash 
ion. After incubation with the antigen standards for 10 min 
utes, the capillary 102 was inserted into the instrument. A 
solution of 10 ug/ml AF-647 labeled goat anti-mouse in 
PBSTB was introduced into capillary tube 102. The pump 
112 was shut off and the antibody was allowed to incubate for 
various times in the range of between approximately 4 and 15 
minutes to optimize the signal to noise ratio. Controls con 
sisted of capillary tubes 102 prepared with no capture anti 
body as well as blank capillary tubes 102 with no antigen 
present. 
0068. Materials for use in evaluating and/or operating the 
biosensor system of the present invention are available from 
several sources. Alexa-Fluor 647 NHS-ester, Alexa Fluor 647 
labeled streptavidin and the phosphatase substrate 9H-(1,3- 
dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate, diam 
monium salt DDAO-phosphate) were purchased from 
Molecular Probes, Eugene, Oreg. Goatanti-mouse antibodies 
to be used as tracers were labeled with a 15-fold molar excess 
of Alexa-Fluor 647 NHS-ester at pH 8.0 and incubated over 
night in the refrigerator. Unbound AF 647 was removed with 
protein desalting spin columns (Pierce Biotech, Rockland, 
Ill.) according to the manufacturers instructions. The dye: 
protein ratio was determined to be 4.2:1 by measuring the 
absorbance at 280 and 650 nm on a Hewlett-Packard diode 
array spectrophotometer and making the calculations accord 
ing to the manufacturers instructions. Bovine Serum Albu 
min (BSA) and alkaline phosphatase labeled avidin were 
purchased from Sigma, ST. Louis, Mo. 
0069. The system of FIG.1 may be miniaturized for por 
table applications. It is desirable that such a portable instru 
ment exhibit four important characteristics. First, size and 
weight should be minimized to create in instrument readily 
usable in the field. Ideally, all powerfor the instrument should 
be supplied by internal batteries, preferably rechargeable bat 
teries. Second, the instrument must be rugged to withstand 
rough handling to which Such an instrument is typically Sub 
jected. As the instrument may contain a fragile capillary tube 
and optical components requiring relatively precise align 
ment, proper shock mounting of components is required. 
Third, the instrument should be sensitive to allow precise 
quantitative/qualitative measurements to be performed in as 
short an amount of time as possible. Finally, the instrument 
should be relatively inexpensive. 
0070 The prototype used for purposes of disclosure full 

fills these four requirements. The prototype exhibits a weight 
of approximately 33.5 pounds, or 15.4 kg, and is packaged in 
approximately a 12x4x5 inch volume. It is believed that the 
size of the instrument may be further reduced, ultimately to 
the size of a typical PDA or similar hand-held instrument. 
0071 Referring now to FIG. 4, there is shown a system 
block diagram of the portable biosensor of the invention. The 
electronic signal processing portion 122 consists an low-pass 
filter 170, an integrating voltmeter 124, a self-contained digi 
tal readout 126, and an optional computer interface 122. 
0072 An electrical signal output of photosensor 114 is 
connected to the input of low-pass filter 170. In the embodi 
ment chosen for purposes of disclosure, low-pass filter 170 is 
implemented as a Butterworth filter consisting of an opera 
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tional amplifier (op-amp) having an appropriate feedback 
network to form the desired cut-off frequency and slope. 
Butterworth filters are well known to those of skill in the 
electronic design arts and are not further described herein. 
0073. Referring now also to FIG. 5, there is shown an 
exemplary circuit diagram of an embodiment of the inventive, 
portable biosensor System. In the illustrative prototype, an 
LM-741 op-amp is used. For purposes of disclosure, a filter 
circuit having an approximately 30 HZ cut-off frequency has 
been chosen. It will be recognized that other suitable low-pass 
filter topologies and or implementations may be substituted 
for the Butterworth filter chosen for purposes of disclosure. 
Consequently, the invention is not considered limited to any 
particular filter design. It will be further recognized that cir 
cuit designs may be provided without any low-pass filter. The 
present invention is intended to include Such designs as well. 
0074 The output of low-pass filter 170 is connected to the 
input of an A/D converter 124 forming an integrating Voltme 
ter. The output of integrating Voltmeter 124 is connected to 
the input of a digital display device 126 (i.e., a digital read 
out). Integrating Voltmeter 124 may be implemented using an 
IC7106 analog-to-digital (A/D) converter adapted to directly 
drive an LCD display device 126. The IC7106 chip accepts an 
absolute voltage reference (available from the power supply 
of the portable instrument) using a calibration potentiometer 
174 or other suitable arrangement. This allows accurate, 
absolute Voltage measurements to be performed, typically at 
a rate of approximately 3 readings per second. Reading capa 
bility in the range of 0-5 volts has been found satisfactory, 
even when high concentrations of fluorescent dyes are uti 
lized for an assay. The digital readout 126 of the apparatus has 
been found to be suitably stable to allow manual recording of 
readings by an operator of the instrument. A 3.5-digit digital 
display has been found to be adequate. 
0075. The prototype can be operated with a power supply 
of both plus and minus Voltages in the range of approximately 
12-15V 176, 178, respectively. Voltage regulators 182, 184 
maintain a constant Voltage to the circuitry as output Voltage 
from batteries 176, 178 decreases. Series-connected 9-volt 
batteries have been found suitable to provide voltages 176, 
178. 

0076 A separate 5-volt power supply consisting of a bat 
tery 186 and voltage regulator 188 is used to power laser 108. 
Battery lifetime is typically not a major concern as both pump 
112 and laser 108 are intermittently operated. Although it is 
possible to power the laser from power supply 176, it is 
desirable to use a separate power supply 186 or 188 to avoid 
any electrical transients that might potentially damage laser 
108. In addition, as laser 108 requires only a positive voltage, 
batteries of positive power supply 176 would most likely be 
discharged more rapidly would than the batteries of negative 
power supply 178. 
0077. The output signal from the low-pass filter 170 is 
fairly clean and typically does not require complex lock-in 
amplification or other specialized signal processing. The pho 
tosensor module 114, CMOSA/D converter (i.e., integrating 
voltmeter) 124, filter circuit 180 and LCD display 126 are all 
driven by the same power Supply, typically consisting of four 
9-volt batteries. In theory, the power supply can last for a 
maximum of 70 hours while powering all of the above com 
ponents. However, if pump 112 and laser 108 (FIG. 1) are run 
from the same power supply 176, typical battery lifetimes are 
reduced to approximately 10 hours. As previously stated, 
either non-rechargeable or rechargeable batteries may be 
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used. Rechargeable batteries are preferable and built-in 
recharging capability, not shown, may be provided if desired. 
The low power consuming photosensor module 114 makes 
possible a biosensor containing two or more of these photo 
sensor modules 114 configured for multi-analyte or multiple 
sample analysis feasible. 
0078 Since other modifications and changes varied to fit 
particular operating requirements and environments will be 
apparent to those skilled in the art, the invention is not con 
sidered limited to the example chosen for purposes of disclo 
Sure, and covers all changes and modifications which do not 
constitute departures from the true spirit and scope of this 
invention. 
0079. Having thus described the invention, what is desired 
to be protected by Letters Patent is presented in the subse 
quently appended claims. 
What is claimed: 
1. A portable biosensor system, comprising: 
a) a capillary tube extending longitudinally along a major 

axis between a proximal inlet end and a distal end, said 
capillary having an interior Surface coated with a capture 
material and forming a waveguide; 

b) a source of electromagnetic radiation disposed proxi 
mate to the major axis of said capillary tube and posi 
tioned relative to the capillary tube so that energy enters 
said capillary tube from its exterior along Substantially 
the entire length of said capillary tube to project energy 
along Substantially the entire longitudinal extent of said 
capillary tube: 

c) a photosensor disposed proximate said distal end of said 
capillary tube for receiving emissive radiation there 
from, said photosensor generating an output Voltage rep 
resentative of said emissive radiation; and 

d) means for measuring said output Voltage. 
2. The portable biosensor system as recited in claim 1, 

wherein said capillary tube comprises means for introducing 
a fluid into said capillary tube, means for extracting a fluid 
from said capillary tube, or combinations thereof. 

3. The portable biosensor system as recited in claim 1, 
wherein said capture material comprises a capture antigen. 

4. The portable biosensor system as recited in claim 3, 
wherein said capture antigen comprises at least one material 
selected from the group consisting of DNA, RNA, whole 
cells, carbohydrates, and lectins. 

5. The portable biosensor system as recited in claim 1, 
wherein said means for measuring comprises means for dis 
playing a value representative of said Voltage. 

6. The portable biosensor system as recited in claim 5, 
wherein said means for measuring said Voltage comprises an 
integrating Voltmeter. 

7. The portable biosensor system as recited in claim 6, 
wherein said integrating Voltmeter comprises an A/D con 
Verter. 

8. The portable biosensor system as recited in claim 5, 
wherein said means for displaying a value comprises a digital 
display. 

9. The portable biosensor system as recited in claim 1, 
further comprising: 

e) an optical arrangement disposed intermediate said distal 
end of said capillary tube and said photosensor. 

10. The portable biosensor system as recited in claim 9. 
wherein said optical arrangement comprises at least one lens, 
an optical filter, and combinations thereof. 
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11. The portable biosensor system as recited in claim 9. 
wherein said capillary tube, said optical arrangement, and 
said photosensor are substantially axially aligned. 

12. The portable biosensor system as recited in claim 10, 
wherein said at least one lens comprises a plano-convex lens. 

13. The portable biosensor system as recited in claim 10, 
wherein said optical filter comprises a low-pass optical filter. 

14. The portable biosensor system as recited in claim 1, 
wherein said photosensor comprises a photodetector assem 
bly, said photodetector assembly comprises a photomultiplier 
tube, a photodiode, or an infrared detector. 

15. The portable biosensor system as recited in claim 6, 
further comprising: 

e) a low-pass electrical filter disposed intermediate said 
photosensor and said integrating Voltmeter. 

16. The portable biosensor system as recited in claim 15, 
wherein said low-pass filter comprises a Butterworth filter. 

17. The portable biosensor system as recited in claim 1, 
wherein said laser comprises a line-generating lens. 

18. The portable biosensor system as recited in claim 1, 
further comprising: 

e) a computer interface adapted to present a signal repre 
sentative of said output Voltage to a device external to 
said portable biosensor. 

19. The portable biosensor system as recited in claim 2, 
further comprising: 

e) means for pumping operatively connected to at least one 
of said means for introducing a fluid into said capillary 
tube, and said means for extracting a fluid from said 
capillary tube. 

20. The portable biosensor system as recited in claim 19, 
wherein said means for pumping comprises a multi-speed, 
peristaltic pump. 

21. The portable biosensor system as recited in claim 9. 
further comprising: 

f) a vibration-isolating mounting structure for Supporting 
at least one of said capillary tube, said laser, and said 
photosensor, and said optical arrangement. 

22. The portable biosensor system as recited in claim 1, 
wherein the Source of electromagnetic radiation is Substan 
tially perpendicular to the major axis of said capillary tube. 
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23. A portable biosensor System, comprising: 
a) a capillary tube extending longitudinally along a major 

axis between a proximal inlet end and a distal end, said 
capillary having an interior Surface coated with a capture 
material and forming both a waveguide and a reaction 
chamber; 

b) a source of electromagnetic radiation disposed proxi 
mate to the major axis of said capillary tube and posi 
tioned relative to the capillary tube so that energy enters 
said capillary tube from its exterior to project energy 
along Substantially the entire longitudinal extent of said 
capillary tube: 

c) a photosensor disposed proximate said distal end of said 
capillary tube for receiving emissive radiation there 
from, said photosensor generating an output Voltage rep 
resentative of said emissive radiation; and 

d) means for measuring said output Voltage. 
24. A portable biosensor System, comprising: 
a) a capillary tube which includes a section extending 

longitudinally along a major axis between a proximal 
inlet end and a distal end, said section ofcapillary having 
an interior Surface coated with a capture material and 
forming a waveguide; 

b) a source of electromagnetic radiation disposed proxi 
mate to the major axis of said section of capillary tube 
and positioned relative to the section of capillary tube so 
that energy enters said section of capillary tube from its 
exterior to project energy along substantially the entire 
longitudinal extent of the section of said capillary tube: 

c) a photosensor disposed proximate said distal end of said 
capillary tube for receiving emissive radiation there 
from, said photosensor generating an output Voltage rep 
resentative of said emissive radiation; and 

d) means for measuring said output Voltage. 
25. The biosensor system of claim 24, therein the source of 

electromagnetic radiation is substantially perpendicular to 
the major axis of said capillary tube. 
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