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BOLAYER INTERFEROMETRY 
MEASUREMENT OF BIOLOGICAL 

TARGETS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority to provisional application 
61/366,384, filed Jul. 21, 2010, hereby incorporated by ref. 
erence in its entirety. 

GOVERNMENT SUPPORT CLAUSE 

This work was supported by the National Institutes of 
Health Grant Number 10237237. The U.S. Government has 
certain rights in this invention. 

FIELD OF THE INVENTION 

The invention relates to novel ultra-sensitive methods for 
measuring specific biological molecules, including DNA, 
RNA, and protein, using biolayer interferometry. 

BACKGROUND 

The analysis of DNA has become vital in modern molecu 
lar biology and clinical diagnostics. It is now routine for 
patients with HIV to have their viral isolates analyzed by 
DNA sequencing for the presence of mutations that cause 
drug resistance ('genotyping”). Because the amount of DNA 
found in biological samples is often below detection by com 
monly used methods, amplification by polymerase chain 
reaction (PCR) is utilized to not only increase the amount of 
DNA but to do so specifically—i.e., targets in a heteroge 
neous mixture of DNAs are specifically amplified with PCR. 
Although PCR is highly sensitive, successful application of 
this procedure to detect single molecules of DNA under ideal 
conditions requires the use of extensive purification of DNA, 
use of enzymatic manipulations requiring high levels of 
expertise, and additional downstream manipulations that can 
be costly and time-consuming to perform because of techni 
cal requirements. Many of these procedures are limited to use 
as research tools because their application for genetic screen 
ing is difficult to implement commercially. The Inventor has 
discovered a method to detect biological targets including 
specific DNA targets at ultra-high sensitivity using biolayer 
interferometry. Because of this high sensitivity, the method 
circumvents the need for PCR amplification of DNA for many 
applications related to genetic screening. Whereas conven 
tional biolayer interferometry is capable of detecting -0.2 
pmole of DNA, the Inventor has extended that sensitivity >1 
million-fold so that -0.2 attomole (~100,000) DNA targets 
are detectable. The method which the Inventor has designated 
Peroxidase Chain Reaction (PXCR), is able to detect as few as 
100 DNA, RNA, and protein targets. 

SUMMARY OF THE INVENTION 

Disclosed are methods and compositions related to detect 
ing a target molecule including exposing a biosensor to a 
sample containing the target molecule, the Surface of the 
biosensor comprising a capture probe with specific affinity 
for the target molecule, allowing the target molecule to bind 
to the capture probe, allowing a target detection molecule to 
bind to the target molecule, allowing a peroxidase enzyme to 
bind to the target detection molecule by biotin-streptavidin or 
other bridging methodology, allowing the peroxidase enzyme 
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2 
to react in the presence of a substrate, whereby the substrate 
is deposited on the biosensor, and analyzing the results by 
biolayer interferometry. 

Also disclosed are methods and compositions related to a 
method of detecting a target molecule comprising: exposing a 
biosensor to a sample containing the target molecule, the 
Surface of the biosensor comprising a capture probe with 
specific affinity for the target molecule, allowing the target 
molecule to bind to the capture probe, allowing a target detec 
tion molecule to bind to the target molecule, allowing a per 
oxidase enzyme to bind to the target detection molecule by 
biotin-streptavidin or other bridging methodology, amplify 
ing the number of bound peroxidase by allowing the peroxi 
dase enzyme to react with a proteinaceous Substrate coupled 
to biotin, whereby the reaction products deposit on the bio 
sensor, allowing streptavidin-peroxidase to bind to the biotin 
deposited on the biosensor, repeating the amplification as 
desired, allowing the peroxidase enzyme to react with a Sub 
strate, and analyzing the results by biolayer interferometry. 

DESCRIPTION OF THE FIGURES 

FIG.1 illustrates the physical principle by which biological 
targets are detected using biolayer interferometry. White light 
shines down an optic fiber which terminates at its tip in a thin 
glass disc from which light reflects both from its internal and 
external surface. The assembly is hereafter referred to as a 
biosensor. 

FIG. 2 illustrates a generalized example of Peroxidase 
Chain Reaction (PXCR) which may include multiple cycles. 
Targets are captured onto biosensors by specific binding 
interactions: hybridization for nucleic acids; antibody capture 
for proteins and infectious particles—e.g., viruses. With the 
larger infectious particles binding may be cooperative due to 
their larger size. Bound targets are then tagged with biotin 
(indicated by solid black dots) by interaction with a second 
probe which is biotinylated. Signal amplification may pro 
ceed in the same manner for all targets. Biosensors are moved 
into a solution of streptavidin-conjugated horseradish peroxi 
dase (SA-Px) which binds to the biotin-tagged target. The 
biosensor may then be moved through intervening washes 
and into a solution of biotinylated colloidal casein, which the 
Inventor has discovered serves as a preferred substrate for 
horseradish peroxidase (PX). Enzymatic activity leads to the 
deposition of biotinylated casein onto biosensors. In the next 
cycle, the biotinylated casein recruits many more molecules 
of SA-PX. In real-time PXCR the amount of substrate and 
enzyme bound to biosensors is reported by biolayer interfer 
ometry. With greater sensitivity, the amount of bound SA-Px 
may be measured by incubation of biosensors in a substrate 
like diaminobenzidine (DAB), which precipitates onto the 
biosensor and is measured by biolayer interferometry. 

FIG. 3 illustrates one example of the ultrahigh detection 
sensitivity of DNA targets using nanoparticles. Capture 
probes (Probes) coupled to biosensors by chemical crosslink 
ing, hybridize to targets which are then tagged with a bioti 
nylated target detection oligonucleotide. Streptavidin coated 
nanoparticles containing horseradish peroxidase are 
recruited to the biosensor bound target molecule by biotin on 
the target detection oligonucleotide. 

FIG. 4 illustrates the amplification of the number of per 
oxidase molecules recruited onto a biosensor and the use of a 
biotinylated protein as a substrate. Peroxidase, bound to the 
biosensor via target molecules is reacted in a solution con 
taining a biotinylated proteinaceous Substrate, by way of 
example biotin-BSA or biotinylated colloidal casein so that 
enzymatic activity drives the adsorption or deposition of the 
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biotinylated proteinaceous substrate, onto the biosensor. The 
presence of biotin on the biosensor is then used to recruit 
peroxidase to biosensor by the addition of a solution contain 
ing streptavidin-peroxidase. 

FIG. 5 illustrates real-time detection of DNA targets by 
conventional biolayer interferometry. Arrows indicate 
sequential transfer of streptavidin bound biosensors into 200 
ul solutions (20 mM Tris-HCl pH 7.6, 1 mM EDTA,500 mM 
NaCl, 0.1% Polysorbate 20 (TWEEN 20), 100 g/ml BSA) 
containing biotinylated capture probe (10 pmoles), followed 
by transfer to a solution containing the target molecules 
(amounts as indicated). Binding capacity of streptavidin bio 
sensors are ~1 pmole. Capture probe: 5' biotin-dT15 gcTCt 
gcca (Locked nucleic acid (LNA) nucleotides in caps; targets: 
5'-ccacccaagaaacagggtttgtaagatggcagagcccggt-3'(SEQ ID 
NO: 1). 

FIG. 6 illustrates the use of nanoparticles for the detection 
of targets (amounts as indicated) in 20 ul which hybridized to 
capture probes on biosensors, and were sequentially pro 
cessed through solutions containing nanoparticles and per 
oxidase (see FIG.3). Bound targets were detected in reactions 
containing hydrogen peroxide and protein (left). The majority 
of background signal is due to non-specific binding of nano 
particles as shown by the no bead (no target) control. Signals 
from 500 second time points are plotted versus amount of 
DNA target (right). 

FIG. 7 illustrates amplification of bound peroxidase using 
a biotinylated protein substrate. Streptavidin biosensors were 
incubated off-line in 10 pg/ml biotin-peroxidase followed by 
streptavidin-peroxidase. Bound peroxidase was allowed to 
react in the presence of a solution of biotin-BSA. A solution 
ofstreptavidin-peroxidase was then applied to allow the bind 
ing of additional peroxidase enzyme. A Subsequent incuba 
tion with streptavidin-peroxidase allowed the binding of 
additional peroxidase enzyme. Total peroxidase bound to the 
biosensor was then detected in reactions containing diami 
nobenzidine as Substrate. 

FIG. 8 illustrates the discrimination between wild-type and 
mutant targets representing human mitochondrial DNA 
sequences (MELAS and MERRF) using LNA capture probes 
and fluorescent detection on printed slides. Fluorescence due 
to bound targets was quantified by laser Scanning and is 
expressed in arbitrary units. 

FIG. 9 illustrates the detection of mitochondrial DNA 
mutations at 1% frequency using 9-mer LNA oligonucle 
otides. 

FIG. 10 illustrates the discrimination between wild-type 
and mutant targets by real-time biolayer interferometry. Cap 
ture probes: 5' biotinylated MELAS wild-type or mutant LNA 
oligonucleotides as indicated; targets: unlabeled conven 
tional oligonucleotides having either the wild-type or mutant 
genomic sequence at the MELAS site as indicated in the 
legend on the right. Streptavidin biosensors were first incu 
bated for 1 hour in 20 nM capture probe solutions and then 
after a brief wash moved into 20 nM target solutions. 

FIG. 11 illustrates the detection of nucleic acid targets. 
Targets are bound to biosensors by annealing to a capture 
probe that is covalently crosslinked to the Biosensor. Targets 
are tagged with biotin (Solid black dot) by annealing to a 
second biotinylated probe. Streptavidin-Peroxidase (SA-Px) 
is recruited onto biosensors by binding to the biotinylated 
tagging probe (11A). DNA oligonucleotide targets in the 
indicated amounts were annealed to biosensors in 20 ul of 
binding buffer (B: 20 mM Tris pH 7.5, 500 mM NaCl, 1 mM 
EDTA, 0.1% Tween-20, 100ug/ml BSA) for 12 hours at room 
temperature. All Subsequent steps were performed roboti 
cally in 96-well plates. SA-Px (1 lug/ml) was bound to bio 
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4 
sensors in BB+0.5% colloidal casein for 15 min. After further 
processing and washes, bound peroxidase (PX) activity was 
measured with a diaminobenzidine-based substrate (Im 
mPact DAB: Vector Labs). Shown are the enzymatic reaction 
traces for all 8 biosensors. (B. Left Panel): From those traces 
the signal was quantified based upon initial enzymatic rates 
(B. Right Panel). 

FIG. 12 illustrates real-Time PxCR for DNA Targets. A 
cycle consists of SA-Px GuHCL/sarkosyl wash-biotiny 
lated substrate buffer wash. The arrow points to the first 
guanidine wash step. Biosensors were incubated with the 
indicated amount of DNA oligonucleotide targets in 20ul BB 
for 1 hour before starting PXCR (left panel). At the end of 
cycle 15 of the amplification phase, biosensors were washed 
and then moved at time 6260 sec into DAB solutions for 
detection of PX activity (right panel). 

FIG. 13 illustrates real-time PXCR detection of as few as 
100 DNA Targets. Biosensors were incubated overnight in 20 
ul of BB containing the indicated number of DNA oligonucle 
otide targets (“0” target samples contain the biotinylated tag 
ging probe but with a non-homologous target) (left panel). 
Signal quantification was based on the Anm shifts recorded in 
the guanidine wash steps (cycle 15-cycle 1; arrows). Cycle 
times: SA-PX and Biotin-colloid: 2 mins; wash steps: 30 secs 
(right panel). 

FIG. 14 illustrates single cycle PXCR for the detection of 
RNA, and DNA: Biosensors were incubated with the indi 
cated amounts of oligonucleotide DNA or RNA targets (both 
with the same nucleotide sequence; amounts based upon 
OD260 measurements of stock solutions) for 20 hours in 20ul 
BB. After binding SA-Px, biosensors were incubated for 1 hr 
in biotinylated colloidal casein (0.1% w/v). Shown are enzy 
matic activity traces with DAB substrate either in Immobilon 
(Millipore; top panel) or ImmPact (Vector Labs; middle 
panel). Quantification (bottom panel) was based on A nm 
shifts at plateau. 

FIG. 15 illustrates single cycle PxCR for the detection of 
proteins: Biosensors were tethered with anti-avidin antibody 
(Vector Labs) and incubated with the indicated amount of 
avidin tetramers (Vector Labs; 1 ug/ml stock solutions) for 24 
hours in BB. Following capture, bound avidin was tagged by 
incubation for 1 hour with the same antibody but in a bioti 
nylated version (Vector Labs; all solutions contained high 
amounts of free biotin). After binding SA-Px, biosensors 
were incubated for 1 hr in biotinylated colloidal casein (0.1% 
w/v). Shown are enzymatic activity traces with DAB sub 
strate either in Immobilon (Millipore; top panel) or ImmPact 
(Vector Labs; middle panel). Quantification (bottom panel) 
was based on A nm shifts at plateau. 

DETAILED DESCRIPTION 

The Inventor has developed technology for the rapid, ultra 
sensitive detection of oligonucleotides, proteins, and infec 
tious agents and has designated it Peroxidase Chain Reaction 
(PxCR). Unlike Polymerase Chain Reaction (PCR), PxCR 
amplifies signals rather than targets, thereby avoiding the 
problems associated with contamination of samples, 
reagents, and work spaces by amplified DNA. Because the 
signal is amplified, PxCR may detect not only DNA and 
RNA, but also proteins, protein complexes and infectious 
particles, including viruses, bacteria, and other microorgan 
isms. PXCR may be used to detect virtually any substance that 
is able to display an epitope Such that it is recognized by an 
antibody. Peroxidase chain reaction detects the deposition of 
material on a sensor, hereafter referred to as a biosensor, by 
interferometry (FIG. 1). The deposition of material reflects 
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amounts of a specific target Substance in a test sample. 
Examples of PXCR are illustrated in FIGS. 2, 3, 4, and 11A. 
These figures show target molecules, captured onto the bio 
sensor tagged with a biotinylated probe, and then allowed to 
react, with Streptavidin-conjugated peroxidase (SA-PX) via 
biotin-streptavidin interactions. Amplification takes place by 
cycling the bound biosensors between Solutions, one solution 
containing abiotinylated Substrate for peroxidase and another 
solution containing additional SA-Px (FIG. 2). Reaction of 
peroxidase with the substrate causes the substrate to deposit 
on the surface of the biosensor. The amount of peroxidase 
(Px) bound to the biosensor is amplified, as the reacted bioti 
nylated Substrate deposits on the biosensor, thereby allowing 
additional binding of SA-Px. Detection occurs either in real 
time as biosensors report the amount of deposited enzyme 
and substrate or, with increased sensitivity, by incubation of 
the biosensors with a suitable substrate for detecting peroxi 
dase, for example, the staining Substrate diaminobenzidine 
(DAB). 
By way of example, and as illustrated in FIGS. 2 and 11A, 

capture probes may be attached to biosensors through any 
number of means including covalent attachment and/or 
chemical crosslinking. In the examples that follow, the Inven 
tor has used Bioconjugate Toolkit reagents from Pierce or 
carbodiimide (EDAC)/N-hydroxysuccinimide (NHS), as 
described by ForteBio, the manufacturer of the biosensors 
used in the examples. Targets may then be attached to the 
biosensor through specific binding to the capture probe. As 
illustrated in FIGS. 2 and 11A, the capture of nucleic acid 
targets is via hybridization to oligonucleotide capture probes. 
FIG. 2 also illustrates the capture of proteins and infectious 
particles. For detection of proteins and infectious particles, 
capture is via binding to antibodies tethered to the biosensor 
(FIG. 11). The detection of oligosaccharides may also be 
performed similar to proteins by Substituting specific lectins 
for antibodies to be used as capture probes. Captured targets 
are then tagged with biotin (solid black dots) by specific 
binding to a second, biotinylated probe, either another oligo 
nucleotide for detection of nucleic acids or another antibody 
for detection of proteins and infectious particles (FIG. 2), or 
in the detection of oligosaccharides, biotinylated lectins. 
Finally, SA-Px is recruited onto the biosensor through the 
binding of streptavidin to biotin. Peroxidase activity is 
detected by incubation of biosensors in a substrate whose 
reaction product attaches to the biosensor and is reported by 
nm shift. In the examples that follow, a preferred substrate 
diaminobenzidine (DAB) was used as described. This method 
gives detection sensitivities in the femto to attomole range as 
demonstrated in Example 5 and (FIG. 11B left and right). 

Manipulation of the biosensors, reagents, and reaction ves 
sels may be performed robotically. Because the capture of 
targets by the biosensor relies on the specific recognition of 
target molecules, including specific hybridization for nucleic 
acids and specific antibody affinities for proteins and infec 
tious particles, sample preparation may be minimal allowing 
the use of semi purified or unpurified samples. For RNA 
targets, preparation may merely be solubilization to release 
genomic RNA from a virus or host cell. For proteins and 
infectious particles with exposed epitopes, preparation may 
be as simple as dilution into the loading Solution. Specificity 
is high similar to PCR since, in a preferred embodiment, 
detection requires that the targets bind to two separate probes, 
a capture probe tethered to the biosensor and a biotinylated 
tagging probe. 

The physical principle utilized by the Inventor to detect 
biological target molecules including DNA, RNA, and pro 
teins, is biolayer interferometry. White light shines down an 
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6 
optic fiber which terminates at its tip in a thin glass disc from 
which light reflects both from its internal and external surface 
(FIG. 1). This assembly hereafter is referred to as a biosensor. 
Reflection from the internal surface constitutes the reference 
beam while reflection from the external surface constitutes 
the signal beam. The phase of the reflected signal beam is 
modulated by the number of biomolecules or reacted sub 
strates that bind to the tip of the biosensor. Thus, the reference 
and signal reflections show constructive and destructive inter 
ference at different wavelengths. This interference pattern is 
captured by a spectrometer coupled to a photodetector. A 
change in the number of molecules bound to the tip of the 
biosensor causes a shift in the interference pattern which is 
reported as a wavelength shift (nm). The magnitude of the 
wavelength shift is a direct measure of the number of biomol 
ecules bound to the tip of the biosensor (see Abdiche et al., 
(2008) Anal Biochem377:209-217, the contents of which are 
herein incorporated by reference in their entirety). Also, an 
example of biolayer interferometry apparatus, including a 
bio-layer interferometry biosensor, is described in U.S. Pat. 
No. 7.394,547, the contents of which are herein incorporated 
by reference in their entirety. 
The inventor has discovered that the sensitivity for detec 

tion of a specific target molecule is increased from thousands 
to more than one million fold when peroxidase enzymes are 
attached to the Surface of the biosensor via a target molecule, 
and the results are analyzed by biolayer interferometry. The 
reaction products produced by the peroxidase enzyme and an 
appropriate substrate bind to the surface of the biosensor 
where they are detected by biolayer interferometry. By 
attaching peroxidase to the biosensor via a specific target 
molecule, the number of peroxidase molecules, and therefore 
the amount of reacted substrate deposited on the surface of the 
biosensor are directly proportional to the amount of bound 
target molecule. The Substrate may be any Substance that is 
deposited on the biosensor by the action of peroxidase and is 
detected by interferometry. Substrates include proteins such 
as colloidal casein and non-protein such as DAB. The Inven 
tor has discovered that biotinylated colloidal casein is a most 
preferred substrate for peroxidase in PXCR and may be 
reacted in the absence of hydrogen peroxide. While not wish 
ing to be bound by theory, the Inventor hypothesized that the 
biochemistry underlying PXCR using a colloidal casein sub 
strate is related to the spontaneous generation of free radicals 
in the biotinylated colloidal casein substrate. These free radi 
cals rapidly decompose into organic peroxides which Support 
PX activity towards casein so as to generate additional free 
radicals. This “free radical chain reaction' mechanism may 
be similar to that proposed for the hydrogen peroxide-inde 
pendent peroxidation of indole-3-acetic acid (Krylov et al., 
(1996) J. Phys. Chem. 100:913-920). 
The Inventor has also found other proteins to be useful 

substrates preferably when reacted in the presence of Immo 
bilon chemiluminescent HRP substrate (Millipore) or equiva 
lent solutions. While not wishing to be bound by theory, the 
Inventor believes that peroxidase catalyzes the decomposi 
tion of hydrogen peroxide, generating free radicals as reac 
tion products. These free radicals then go on to react with a 
Substrate causing the Substrate to be deposited on the Surface 
of the biosensor. The substrate is preferably a protein, by way 
of example bovine serum albumin (BSA) or milk proteins 
(e.g., non-fat dried milk commonly used for blocking of non 
specific binding in antibody based assays and available from 
commercial food stores). 

Substrates used in PXCR may be any molecule that is 
deposited on biosensors by the action of peroxidase. The 
Substrate may also be biotinylated, or possess anotherform of 
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bridging which may be exploited to recruit peroxidase. By 
way of example, digoxigenin may be conjugated to a Sub 
strate as a bridging molecule which then would recruit per 
oxidase using covalent anti-digoxigenin antibody conjugated 
to peroxidase. 

Peroxidase substrates and their reaction conditions are well 
known in the field. It is appreciated that a variety of substrates 
and reaction conditions may be applied to the instance inven 
tion, provided the Substrate, once reacted, is ultimately depos 
ited on the surface of the biosensor. Proteinaceous substrates 
and reaction conditions for peroxidase that may be adapted to 
PXCR have been described in the art. For example see Ostdal 
et al., (2002) Free Radic Biol Med 33(2): 201-9 and Minami 
hata et al., (2011) Bioconjug Chem 22(1): 74-81, hereby 
incorporated by reference in their entirety. 

Deposition of the reacted substrate is registered by the 
biosensor as biolayer interference. Non-proteinaceous sub 
strates are also effective. A widely used histochemical sub 
strate for peroxidase is diaminobenzidine (DAB). The Inven 
tors have shown that DAB is also deposited on biosensors by 
the action of peroxidase and that this deposition is also 
detected as biolayer interference. Because peroxidase under 
goes many reaction cycles per minute, a large amount of 
Substrate is deposited on a biosensor for each bound peroxi 
dase enzyme. The director indirect linking of peroxidase with 
specific capture probes provides specific recognition of target 
molecules. The further utilization of peroxidase substrates 
that are linked to yet additional peroxidase enzymes provides 
for increased amplification of the detected signal. 
The attachment of the target molecule to the biosensor may 

be direct or indirect (FIG. 3). The target molecule may be 
bound directly to the biosensor or preferably, may be bound 
via a capture probe with a specific affinity for the target 
molecule. Examples of capture probes with affinity for a 
target molecule where the target molecule is a nucleic acid 
include oligonucleotides which will hybridize to the target, 
either DNA or RNA. Examples of capture probes with affinity 
for target molecules where the target molecule is an antigen 
include antibodies which will specifically bind to the target 
antigen. Antigens include any Substance capable of invoking 
an immune response in an animal which generates antibodies, 
including chemical compounds, proteins, lipids, fatty acids, 
carbohydrates, combinations thereof and chemically modi 
fied variations thereof. In addition to oligonucleotides and 
antibodies, examples of capture probes also include any mol 
ecule with a specific affinity for a target molecule, by way of 
example, lectins, oligosaccharides, enzymes and receptors, 
which have a specific affinity for Substrates, agonists, or 
antagonists. Direct attachment of capture probes includes 
chemical crosslinking for example Bioconjugate Toolkit 
reagents from Pierce or carbodiimide EDAC/N-hydroxysuc 
cinimide (NHS), as described by ForteBio, the manufacturer 
of these biosensors (also see Staros, J. V., et al (1986) Anal. 
Biochem 156:220-2). Examples of target molecules include 
any molecule which may be attached with specificity to the 
biosensor or capture probe and used directly or indirectly to 
recruit peroxidase enzymes. Attachment of the target mol 
ecule or the capture probe to the biosensor may be via a 
biotin-streptavidin bridge or other binding methods. By way 
of example streptavidin may be bound to the surface to the 
biosensor and the target molecule or capture probe may be 
coupled to biotin whereby the affinity of biotin for streptavi 
din provides the means for attachment. 
The attachment of peroxidase to the target molecule may 

be direct or indirect. Peroxidase may be directly coupled to 
the target nucleic acid or protein, or preferably the attachment 
of peroxidase is indirect when for example peroxidase is 
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8 
coupled to a target detection molecule selected for its ability 
to specifically bind to the target molecule. Where the target 
molecule is a nucleic acid, examples of target detection mol 
ecules include oligonucleotides that hybridize or bind to the 
target nucleic acid. Where the target is an antigen, the target 
detection molecule includes antibodies that specifically bind 
to the target antigen. Where the target is an oligosachharides 
the target detection molecule may be a lectin. In some 
instances, a capture probe and a target detection molecule 
may be identical or nearly identical. These target detection 
molecules are in turn directly or indirectly coupled to a per 
oxidase enzyme. 
Any number of amplification scenarios may be envisioned 

which allow for additional peroxidase enzymes to be 
recruited to the biosensor via the target molecule, the target 
detection molecule, or combinations thereof. By way of 
example, increased sensitivity may be achieved by linking 
peroxidase enzymes to target molecules via a biotin-strepta 
vidinbridge. Biotin-streptavidinbridging systems and ampli 
fication methods are known in the art associated with anti 
body based assays. A target detection molecule coupled to 
biotin specifically binds to the target molecule whereby the 
biotin in turn due to its affinity for streptavidin is used to bind 
a streptavidin molecule that is coupled to one or more peroxi 
dase enzymes. The streptavidin-peroxidase may be a com 
plex comprising multiple peroxidase enzymes further 
increasing the number of peroxidase enzymes recruited to the 
biosensor. In addition, the Streptavidin-peroxidase may con 
tain multiple streptavidin, thereby binding additional bioti 
nylated target detection molecules, thereby binding addi 
tional target molecules, and thereby repeating the binding 
cycle so the number of peroxidase enzymes recruited to the 
biosensor is greatly increased, but remains dependent on the 
amount of target molecule being detected. In one example 
nanoparticles coated with hundreds to thousands of strepta 
vidin molecules are used for binding to biotinylated target 
detection molecules (FIG. 3). Each nanoparticle is then 
capable of recruiting multiple peroxidase molecules resulting 
in the linkage of many peroxidase enzymes to a single target 
or target detection molecule. 
The inventors have discovered that the use of certain sub 

strates coupled to biotin will further increase the sensitivity. 
As described above, peroxidase activity results in the depo 
sition of certain substrates on the surface of the biosensor, for 
example: proteins, such as bovine serum albumin (BSA) and 
milk proteins, when reacted in the presence of Immobilon 
chemiluminescent HRP substrate (Millipore) or the equiva 
lent. A most preferred substrate is colloidal casein which does 
not require Immobilon chemiluminescent HRP substrate 
(Millipore) or hydrogen peroxide. Yet another amplification 
strategy uses these Substrates and a bridging system to further 
increase sensitivity. A most preferred example of a bridging is 
biotin-streptavidin methodology. Antibodies and antigens 
may also be used as bridging systems. By way of example, 
digoxigenin may be conjugated to a detection molecule or a 
Substrate as a which then would recruit peroxidase using 
anti-digoxigenin antibody conjugated to peroxidase. 
By way of example, the sensitivity of any of the above 

described assays may be enhanced by providing proteina 
ceous substrates bonded to biotin such as BSA-biotin or milk 
protein-biotin, or colloidal casein-biotin, under reaction con 
ditions that result in the deposition of the substrate on the 
biosensor. In a most preferred example colloidal casein-bi 
otin, Supplied as a Substrate, in any of the above described 
assays will result in the colloidal casein-biotin being depos 
ited on the tip of the biosensor (FIG. 4). The biosensor may 
then be exposed to a streptavidin-peroxidase or Streptavidin 
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peroxidase containing nanoparticles thereby recruiting more 
peroxidase enzymes to the tip of the biosensor and further 
increasing detection sensitivity. The biosensor may then be 
reacted with additional colloidal casein-biotin and streptavi 
din-peroxidase repeating the cycle one or more times to fur 
ther enhance the number of peroxidase on the surface of the 
biosensor. In a most preferred example a chemical Substrate 
such as DAB may be used to enhance detection. Peroxidase 
activity may then be detected as biolayer interferometry. Pro 
tein Substrates and chemical Substrates Such as the chemical 
Substrates DAB may be used together or in any combination. 
Maximum sensitivity (i.e., detection of Zeptomole and lower 
amounts of DNA) is achieved by using any or all of the above 
amplification strategies so that multiple peroxidase mol 
ecules become linked to a single target. 

Biotin may be coupled to proteins through any number of 
methods know in the art including, amine biotinylation, car 
bohydrate biotinylation, carboxyl biotinylation, sulflhydryl 
biotinylation, and photoreactive biotinylation. Biotin may be 
coupled to oligonucleotides through any number of methods, 
for example terminal deoxynucleotidyl transferase (TdT) to 
catalyze nontemplate-directed nucleotide incorporation onto 
the 3'-OH end of single-stranded DNA. Oligonucleotides 
coupled to biotin may also be purchased commercially. 
Reagents and methods are available from commercial Suppli 
ers including Thermo Fisher Scientific, PO Box 117, Rock 
ford, Ill. 61105 USA. 

In one preferred embodiment is a method of detecting a 
target molecule, by attaching a capture probe to a biosensor, 
allowing the capture probe to bind to the target molecule from 
a sample solution, allowing a detection molecule to bind to 
the target molecule whereby the detection molecule is conju 
gated with biotin, allowing streptavidin-peroxidase to bind to 
the biotin, reacting the peroxidase with a substrate that depos 
its on the biosensor and is detected by interferometry. 

In another preferred embodiment is a method of detecting 
a target molecule, by attaching a capture probe to a biosensor, 
allowing the capture probe to bind to the target molecule from 
a sample solution, allowing a detection molecule to bind to 
the target molecule whereby the detection molecule is conju 
gated with biotin, allowing streptavidin-peroxidase to bind to 
the biotin, amplifying the number of peroxidase by reacting 
the peroxidase with a biotinylated proteinaceous substrate 
that deposits on the biosensor, allowing additional streptavi 
din-peroxidase to bind to deposited biotin, repeating the 
amplification as desired, and reacting the peroxidase with a 
substrate that deposits on the biosensor and is detected by 
interferometry. 

In a most preferred embodiment is a method of detecting a 
target molecule, by attaching a capture probe to a biosensor, 
allowing the capture probe to bind to the target molecule from 
a sample solution, allowing a detection molecule to bind to 
the target molecule whereby the detection molecule is conju 
gated with biotin, allowing streptavidin-peroxidase to bind to 
the biotin, amplifying the number of peroxidase by reacting 
the peroxidase with a biotinylated colloidal casein substrate 
that deposits on the biosensor, allowing additional streptavi 
din-peroxidase to bind to deposited biotin, repeating the 
amplification as desired, reacting the peroxidase with DAB, 
or the equivalent, and detected by biolayer interferometry. 

In another preferred embodiment is a method of detecting 
a target molecule, by attaching a capture probe to a biosensor, 
allowing the capture probe to bind to the target molecule from 
a sample solution, allowing a detection molecule to bind to 
the target molecule whereby the detection molecule is conju 
gated with biotin, allowing streptavidin-peroxidase to bind to 
the biotin, amplifying the number of peroxidase by reacting 
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10 
the peroxidase in the presence of Immobilon chemilumines 
cent reagent or an equivalent Solution and a biotinylated bsa 
Substrate that deposits on the biosensor, allowing additional 
streptavidin-peroxidase to bind to the deposited biotin, 
repeating the amplification as desired, reacting the peroxi 
dase with DAB, or equivalent, and detected by biolayer inter 
ferometry. 
Biolayer Interferometry Detection 

Macromolecules bind specifically to the tip of the biosen 
Sor depending on the nature of functionalities that are 
covalently attached to the tip. As described above the specific 
detection of DNA or RNA targets may be achieved by the 
covalent attachment of complementary oligonucleotides 
which bind via hybridization only to specific DNA sequences 
found uniquely in the desired target. The ForteBio OCTET 
was developed for measuring protein-protein interactions 
(e.g., antibody-antigen binding). The inventors have demon 
strated that it is also capable of detecting DNA targets by 
hybridization. Using conventional methods, the lower limit 
for sensitivity of detection is approximately 0.2 pmole of 
target protein or DNA bound to the biosensor. Increased 
sensitivity is achieved once peroxidase molecules are 
recruited to the biosensor, and the detection of peroxidase 
molecules which are associated with a biological target is 
performed by biolayer interferometry, for example a ForteBio 
OCTET as described in U.S. Pat. No. 7,394,547, the contents 
of which are herein incorporated by reference in their entirety. 
The OCTET is a bench top instrument that uses biolayer 
interferometry for real-time detection of macromolecules that 
bind to a fiberopitic, referred to herein as a biosensor. The 
biosensor is a rigid, thin optic fiber that is typically incubated 
in a sample solution contained in a 96-well microtiter plate. 
Macromolecules that bind to the tip of the biosensor are 
detected due to the reflectance they cause of lightshone down 
the biosensor. The reflected light interferes with the incident 
light and that interference is measured by a spectrophotom 
eter built into the instrument (FIG. 1). Reflection from the 
internal surface constitutes the reference beam while reflec 
tion from the external Surface constitutes the signal beam. The 
phase of the reflected signal beam is modulated by the number 
of biomolecules that bind to the tip of the biosensor. Thus, the 
reference and signal reflections show constructive and 
destructive interference at different wavelengths. This inter 
ference pattern is captured by a spectrometer coupled to a 
photodetector. A change in the number of molecules bound to 
the tip of the biosensor causes a shift in the interference 
pattern which is reported as a wavelength shift (nm). The 
magnitude of the wavelength shift is a direct measure of the 
number of biomolecules bound to the tip of the biosensor 
(FIG. 1) (see Abdiche et al., (2008) Anal Biochem 377:209 
217, the contents of which are herein incorporated by refer 
ence in their entirety). 
The quantity of bound macromolecules determines the 

amount of interference which is displayed graphically in real 
time using computer peripherals. The biosensor is robotically 
controlled so that it can be incubated in up to 12 different 
wells, for varying times in any order as programmed by the 
user. Eight separate biosensors can be operated at one time 
which gives the instrument the capability for multiple, simul 
taneous analyses. 
Ultra-Sensitive Interferometry May be Used in Combination 
with Other Methods of Analysis. 
The invention can also be combined with other methods of 

detection or analysis, for example assays that alter the speci 
ficity of detection for the target molecule. Assay conditions, 
for example temperature may be altered such that the target 
nucleic acids hybridize to an oligonucleotide capture probe 
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under more Stringent or less stringent conditions. This is 
useful in detecting Small variations between genetic 
sequences in a target nucleic acid. Locked nucleic acid (LNA) 
technology allows for enormous design flexibility in order to 
synthesize oligonucleotides that have high mismatch dis 
crimination. Mutant and wild-type DNAs that differ by a 
single nucleotide can be discriminated by hybridization based 
upon the difference in the thermal stability (i.e., the ATm) of 
duplexes that are a perfect match versus a single mismatch. 
But the ATm using conventional oligonucleotides is often less 
than 10° C. and is highly variable depending on the mis 
matched nucleotide pair and the Surrounding DNA sequence 
(Relogio et al., (2002) Nucleic Acids Res 30:e51, the contents 
of which are herein incorporated by reference in their 
entirety). Thus, mutants present in a mixture of wild-type and 
mutant molecules at less than 10% frequency are not reliably 
detected. The inventors have devised oligonucleotides syn 
thesized from LNA nucleotides so that mutants are routinely 
identified at frequencies of 1% and below. LNA’s are nucle 
otide analogs where the nucleotide is “locked into a C3'- 
endo conformation. In duplexes between LNA oligonucle 
otides and canonical DNA, the helix twists to adopt an A-form 
structure rather than the usual B-form. In the A-form, intras 
trand base-stacking interactions contribute more to the stabil 
ity of the duplex compared to the B-form. Consequently, the 
Tm of an A-form duplex is higher and the destabilizing effect 
of a mismatch is greater. For instance, in studies comparing 
LNA 8-mers to their canonical counterparts, where both were 
hybridized to normal DNA complements, increases in the Tm 
of LNA duplexes ranged from 30-40°C. while the ATm of a 
mismatch increased to 20-30°C. compared to the 5-10°C. for 
mismatches with canonical duplexes. Because the effects of 
LNA nucleotides on the Tm of LNA:DNA duplexes are addi 
tive, the composition of oligonucleotide capture probes can 
be adjusted to a specified Tm (You et al., (2006) Nucleic 
Acids Res 34:eo0, the contents of which are herein incorpo 
rated by reference in their entirety). It is this unprecedented 
combination of high Tms and high mismatch ATms with 
LNA oligonucleotides that leads to better than 100-fold dis 
crimination between mutant and wild-type nucleic acids. 

Because T's are high, oligonucleotides can be as short as 
7-mers. The mismatch position can be anywhere within the 
oligonucleotide other than at the termini; and the composition 
(i.e., number of LNA nucleotides) can be varied to fine tune 
Ts. Since discrimination of single-base mismatches can 
vary greatly depending on sequence context and the nucle 
otide mismatch being interrogated (for example, the G:T 
mismatch can be difficult to detect), this design flexibility 
makes it highly likely that well-performing oligonucleotides 
can be made to interrogate most any site in a target nucleic 
acid molecule for the presence of a mutation. 
As described above, a variety of amplification schemes can 

be devised to further increase the number of peroxidase mol 
ecules bound to each DNA target on a biosensor, resulting in 
even greater signals. Overall, increases in sensitivity of detec 
tion by more than 1-million fold have been achieved so that 
the binding of ~100,000 DNA molecules (i.e., -0.2 atto 
moles) to a biosensor can be detected. 

Preferred embodiments of the invention are described in 
the following examples. Other embodiments within the scope 
of the claims herein will be apparent to one skilled in the art 
from consideration of the specification or practice of the 
invention as disclosed herein. It is intended that the specifi 
cation, together with the examples, be considered exemplary 
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12 
only, with the scope and spirit of the invention being indicated 
by the claims, which follow the examples. 

EXAMPLES 

Methods and Materials 

Enzymatic Amplification of Signals. 
Detection of bound target DNAs relies on the enzymatic 

activity of horseradish peroxidase that is recruited onto bio 
sensors. The amount of peroxidase bound to biosensors can 
be amplified by incubation in biotinylated-BSA, which serves 
as a Substrate for the pre-existing peroxidase that is bound to 
DNA targets. Peroxidase activity drives binding of biotiny 
lated-BSA to the biosensor, which, in turn, allows for recruit 
ment of many more streptavidin-peroxidase conjugates. As 
shown in FIG. 7 this strategy amplifies signals at least 
20-fold. For ultra-high sensitivity, peroxidase-coated nano 
particles may be employed instead of streptavidin-peroxidase 
conjugates in the final incubation step so as to recruit larger 
numbers of peroxidase enzymes onto the biotinylated-BSA 
that is deposited on biosensor tips. 
The nanoparticles used were 0.37 um polystyrene micro 

spheres containing covalently attached Streptavidin. Once 
bound to biotinylated DNA targets on the biosensor, they 
were coated with peroxidase by sequential incubations in 
biotinylated anti-streptavidin (Vector Laboratories) and poly 
meric streptavidin-peroxidase (Sigma). Polystyrene Strepta 
vidin microspheres are available in sizes from 50 nm to 20 um 
and similar beads made from silica are available in sizes from 
150 nm to 5 um (Bangs Labs and Spherotech). Although 
larger streptavidin spheres have greater surface area and 
therefore bind more biotinylated peroxidase, larger spheres 
may also suffer from crowding effects on the biosensor. The 
surface area of a biosensor is ~3x10 micron; assuming an 
even distribution, 10,000 bound DNA targets yields a surface 
density of 1 DNA molecule per 30 micron, which calculates 
to a mean spacing between DNA molecules of ~6 microns. 
Larger spheres, therefore, have a greater likelihood of 
crosslinking DNA targets, leading to decreased sensitivity 
and non-linear responses as the number of bound DNA tar 
gets increase. The size and composition (polystyrene Versus 
silica) of microspheres also affect their non-specific adsorp 
tion to Surfaces, clumpiness, ease of handling (e.g., washing), 
and Suspension characteristics. 

Hybridizations were performed for 3 hours at room tem 
perature (RT) with biosensors incubated in 20 Jul 3xSSC/ 
0.05% Tween 20 or binding buffer (BB: 20 mM Tris-HCl pH 
7.6, 1 mM EDTA, 500 mM. NaCl, 0.1% Tween 20, 100 g/ml 
BSA), to which denatured salmon sperm DNA is added as 
carrier at 100 ug/ml. Targets were quantified based upon their 
ODo and diluted in hybridization buffer to the desired num 
ber of targets. Detection oligonucleotides were held constant 
at 10/ml. As sensitivities increase and therefore the concen 
tration of DNA targets decreases in reactions, it is expected 
that hybridization rates will decrease due to mass action. It is 
also expected that the use of molecular crowding reagents 
(PEG, dextran sulfate) will enhance hybridization rates. Fol 
lowing hybridization, biosensors were washed in BB and 
incubated for 30 min in 50 ul BB plus 0.1 lug/ml streptavidin 
peroxidase (Sigma or ThermoEisher). Non-specific adsorp 
tion of Streptavidin-peroxidase conjugates to biosensors has 
been shown to be very low in BB. Background absorption 
may be further reduced by the use of commercial blockers 
(SuperBlock, Pierce; SNIPE, Biocare Medical) or by the use 
of lower concentrations of Streptavidin-peroxidase conju 
gates or complexes. 
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Amplification using biotin-BSA (Sigma, 8-12 biotins/mol 
ecule) was performed with biosensors incubated at RT for 5 
minin 200 ulchemiluminescent detection reagent (Millipore) 
containing 10 ug/ml biotin-BSA plus 200 g/ml normal BSA 
(99% fatty acid free, Sigma). Peroxidase driven adsorption of 5 
BSA (and other protein Substrates, including milk proteins, 
e.g., non-fat dry milk, and gelatin) onto biosensors occurs at 
faster rates and to higher levels in the Millipore reagent com 
pared to standard peroxidase buffers (PBS+0.03% H.O.). 
Following amplification, biosensors were washed in BB, 
incubated in 0.1 ug/ml streptavidin-peroxidase to load 
enzyme onto the biotin-BSA which has been adsorbed onto 
biosensors, and then bound enzyme was detected by biolayer 
interferometry in reactions using diaminobenzidine (DAB) as 
substrate (Vector Labs) in standard peroxidase buffer. 
Although bound enzyme may also be detected using BSA 
(200 ug/ml) added to chemiluminescent reagent, the DAB 
reaction gives faster rates and higher signals. 

Amplification was assessed quantitatively for signal versus 
background, using reactions containing 50 attomoles of tar 
gets, a value near the lower limit of detection when not using 
nanoparticles. Backgrounds were measured in reactions 
without targets plus/minus amplification. Signal amplifica 
tion was determined from reactions containing targets plus/ 
minus amplification. The minus amplification reaction were 
biosensors held in BB while the plus amplification biosensors 
were reacted, since peroxidase loses activity when placed in 
HO, due to free radical attack on the enzyme. With condi 
tions established that maximize amplification, target concen 
trations were varied to measure detection sensitivities (signal: 
noise 22 at p-0.05). 
LNA oligonucleotide capture probes (5' amino) were 

chemically crosslinked to aminopropylsilane biosensors 
(ForteBio) using Bioconjugate Toolkit reagents from Pierce 
(ThermoEisher). Yields were 0.1-0.2 pmole oligonucleotide 
per biosensor. LNA capture probes contained a 15 base 5’ 
polydT spacer before the 7-9 base capture probe sequence. 
Examples of nucleic acid targets were 40 base oligonucle 
otides synthesized from conventional nucleotides (Midland) 
based upon the genomic sequence Surrounding mutant sites in 
human mitochondrial DNA (termed MELAS and 
MERRFs). Capture probe/target pairs interrogating either 
the MELAS or MERRFs mutations were used. Target 
oligonucleotides contained the mutant base within 15 bases 
of the 3' end, so that once annealed to LNA capture probes the 
overhanging 5' region of the target was available for hybrid 
ization to 3' biotinylated target detection oligonucleotides. 

Coupling of Capture Probes to Biosensors: 
Amine-reactive biosensors (ForteBio) were hydrated in 

PBS (phosphate buffered saline) and washed in 0.1M MES 
pH 5.0 (2-(N-morpholino ethanesulfonic acid)). Biosensors 
were activated by treatment for 10 mins in a solution com 
posed of 0.1 M MES pH 5.0, 40 mg/ml EDC (1-ethyl-3-3- 
dimethylaminopropylcarbodiimide hydrochloride), 6 
mg/ml NHS (N-hydrosulfosuccinimide). After activation, 
biosensors were immediately transferred to 30 ul solutions 
containing oligonucleotides (1 lug/ml; 5' or 3' amino termi 
nated.) or antibody (35ug/ml) in 0.1MMES pH 5.0. Biosen 
sors were incubated for 12 hours, then washed with 0.1M 
MES pH 5.0 and stored at 4 C. 

Biotinylated Colloidal Casein Substrate: 
5% w/v casein colloid (Fitzgerald) is dialysed overnight 

against PBS. One ml of dialysed colloidal casein was reacted 
for 2 hours with EZ-Link LC-Biotin (4 mg dissolved in 50 ul 
DMSO; Pierce) at room temperature and the reaction prod 
ucts are dialysed for 24 hours against PBS. Biotinylated sub 
strate is stored at 4 C. 
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14 
Reaction Conditions for Binding of Streptavidin-Peroxi 

dase to Biosensors: 
Biosensors were incubated for variable periods of time in a 

solution composed of: 20 mM Tric-HCl, pH 7.5, 1 mM 
EDTA, 500 mM. NaCl, 100 ug/ml BSA (bovine serum albu 
min), 100 ug/ml salmon sperm DNA, 0.1% Tween-20, 0.25% 
Pluronic F-127, 0.1% (w/v) casein colloid and 1 ug/ml 
streptavidin-horseradish peroxidase (Sigma, ultrasensitive). 

Reaction Conditions for Peroxidase-Dependent Deposi 
tion of Biotinylated Colloidal Casein onto Biosensors: 

Biosensors were incubated for variable periods of time at 
room temperature in a solution composed of 20 mM Tris 
HCl, pH 7.5, 10 uM desferoxamine, 500 mM. NaCl, 100 
ug/ml BSA, 100 ug/ml salmon sperm DNA, 0.1% Tween-20, 
50 uM dithiothreitol, 10 uMumbelliferone, 0.1% biotiny 
lated colloidal casein. 

Reaction Conditions for the Capture of DNA and RNA 
onto Biosensors: 

Biosensors were incubated for variable periods of time in a 
20ul solution composed of 20 mM Tris-HCL, pH 7.5, 1 mM 
EDTA, 500 mM. NaCl, 100 ug/ml BSA, 100 ug/ml salmon 
sperm DNA, 0.1% Tween-20 and either DNA or RNA targets 
at variable concentrations. 

Reaction Conditions for the Capture of Proteins onto Bio 
SSOS 

Biosensors were incubated for variable periods of time in a 
20ul solution composed of 20 mM Tris-HCL, pH 7.5, 1 mM 
EDTA, 500 mM. NaCl, 100 ug/ml BSA, 100 ug/ml salmon 
sperm DNA, 0.1% Tween-20, 0.5% casein colloid, and the 
protein target at variable concentrations. 

Reaction Conditions for Tagging Captured DNA and RNA 
Targets with a Biotinylated Probe: 

Probes were oligonucleotides terminated with biotin as 
Sourced from commercial vendors. Oligonucleotides may 
also be labeled internally with biotins. Captured DNA or 
RNA targets were tagged with the biotinylated probe by incu 
bation of biosensors for 30 mins in 20ul of 20 mM Tris-HCL, 
pH 7.5, 1 mM EDTA, 500 mM NaCl, 100 ug/ml BSA, 100 
ug/ml salmon sperm DNA, 0.1% Tween-20 plus the biotiny 
lated oligonucleotide at variable concentrations. 

Reaction Conditions for Tagging Captured Protein Targets 
with a Biotinylated Probe: 

Probes may be antibodies that are biotinylated. They may 
be obtained commercially or unlabeled antibodies may be 
chemically biotinylated using EZ-Link biotin according to 
instructions provided by the manufacturer (Pierce). Protein 
targets which have been captured onto biosensors were 
tagged with biotin by incubation for 60 minutes in 20 ul of a 
solution composed of 20 mM Tris-HCL, pH 7.5, 1 mM 
EDTA, 500 mM. NaCl, 100 ug/ml BSA, 100 ug/ml salmon 
sperm DNA, 0.1% Tween-20, 0.25% Pluronic F-127, 0.5% 
casein colloid plus 1 ug/ml of the biotinylated antibody probe. 

Detection of Peroxidase Activity on Biosensors by 
Biolayer Interferometry: 
Method 1: Biosensors were incubated for 10 mins. in 

Immobilon chemiluminescent HRP substrate (Millipore) 
containing 200 ug/ml BSA or 200 ug/ml non-fat dried milk. 
Method 2: Biosensors were incubated for 10 mins in 
ImmPACT DAB according to the manufacturers instructions 
(Vector Labs). 

Cycle Parameters for PxCR: 
All operations were performed at room temperature. In the 

Examples described below the following method steps were 
included: 

Step 1: 2 minute incubation of biosensors in a solution 
containing streptavidin-peroxidase (described above). 
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Step 2: 30 second incubation of biosensors in a wash solu 
tion composed of 2 MGuanidine hydrochloride, 1% (w/v) 
sarkosyl dissolved in 15 mM Tris-HCl, pH 7.5, 0.7 mM 
EDTA, 350 mM. NaCl, 70 ug/ml BSA (bovine serum albu 
min), 70 ug/ml salmon sperm DNA, 0.07% Tween-20 5 

Step 3. 2 minute incubation in solution of biotinylated 
colloidal casein substrate (described above). 

Step 4.30 second incubation in a wash Solution composed 
of 20 mM Tris-HCl, pH 7.5, 1 mM EDTA,500 mMNaCl, 100 
ug/ml BSA (bovine serumalbumin), 100 ug/ml salmon sperm 
DNA, 0.1% Tween-20, 0.25% Pluronic F-127, 0.1% (w/v) 
casein colloid 

Step 5: Back to Step 1 for a variable number of cycles 
Step 6: Incubation of biosensors in a solution for the detec 

tion of peroxidase activity (described above). 
Parameters for Single Cycle PXCR: 
Step 1: 30 minute incubation in a solution containing 

streptavidin-peroxidase (described above) 
Step 2: 60 minute incubation in a solution containing bioti 

nylated colloidal casein (described above). 
Step 3: 10 minute incubation in a solution for detection of 

peroxidase activity as described above. 
PXCR was implemented with the ForteBio OCTET. Bio 

sensors were robotically controlled and can be incubated 
sequentially in any order through 12 different Solutions. Incu 
bations are performed in disposable 96-well plates at room 
temperature. Up to 8 separate biosensors were operated at one 
time for simultaneous analyses of different samples. Up to 96 
biosensors in batches of 8 can be processed at one time so that 
samples can be repeatedly analyzed for 12 different targets. 
At the end of the run the sample can be recovered for storage 
and/or alternate analyses. The computer controlled ForteBio 
OCTET, has a desktop footprint of less than 4 ft. 
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Example 1 
35 

Biotinylated capture probes were allowed to bind to 
streptavidin-coated biosensors. Binding of the capture probes 
to the immobilized streptavidin was rapid and saturable. Bio 
sensors were then robotically moved into a solution contain 
ing the complementary target DNA. Binding (i.e., hybridiza 
tion) of the target DNA to the capture probe/biosensor was 
also rapid and Saturable. As expected from the 1:1 stoichiom 
etry of DNA duplexes, the maximum signal from hybridiza 
tion (0.75 nm shift) was nearly equal to the original signal 
from capture probe binding (0.85 nm shift). FIG. 5 shows that 
biolayer interferometry detected target DNA hybridizing in 
real-time to oligonucleotide capture probes immobilized onto 
the tip of the biosensor. 
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Example 2 
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Although real-time detection of specific DNA targets is 
useful for many applications, the sensitivity of detection is 
limited to ~0.2 pmole DNA targets. To increase sensitivity the 
detection strategy was reconfigured so that bound DNA tar 
gets recruited multiple horseradish peroxidase enzymes 
(FIG. 3). Unlabeled targets bound indirectly to the biosensor 
by hybridization to the immobilized capture probe. They 
were then annealed to a target detection oligonucleotide that 
was biotinylated at a position that was available for binding. 
Incubation with Streptavidin-conjugated-horseradish peroxi 
dase then recruited peroxidase enzyme onto the biosensortip. 
Horseradish peroxidase catalyses the degradation of hydro 
gen peroxide generating free radicals which can be donated to 
a variety of different acceptors, including proteins (Ostdal et 
al., (1999) Archives of Biochemistry & Biophysics 362:105 
112, the contents of which are herein incorporated by refer- 65 
ence in their entirety). Reacted proteins bind to the biosensor 
which is reported by biolayer interferometry. Ultrahigh detec 
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tion sensitivity was accomplished by recruiting a "bag of 
peroxidase molecules to each bound target using peroxidase 
coated nanoparticles for signal amplification (FIG. 3). This 
amplification allowed detection of 0.2 attomole of DNA tar 
gets—i.e., 100,000 molecules (FIG. 6, left and right). 

Example 3 

Biotin-BSA Amplification 

Abiotinylated-protein may be used as a substrate to further 
amplify the signal from biosensor bound peroxidase enzymes 
(for an example of an intended application see FIG. 4). To 
provide proof of concept for the use of a biotinylated protein 
as a Substrate for peroxidase recruited to the tip of a biosensor, 
a simplified experiment was designed. Peroxidase was bound 
to a biosensor by way of a biotin-streptavidinbridge. Specifi 
cally, streptavidin bound biosensors were incubated in 10 
pg/ml biotin-peroxidase. The biosensor bound peroxidase 
was then allowed to react in a solution containing biotin-BSA 
so that the enzymatic activity would drive adsorption of 
biotin-BSA onto the biosensor. After washing in solution 
containing 100 ng/ml biotin, real-time biolayer interferom 
etry was initiated. The control (Ct) and amplified (Amp Px) 
biosensors were incubated for 5 minutes in chemiluminescent 
reagent containing 10 ug/ml biotin-BSA+200 ug/ml normal 
BSA while the non-amplified biosensor (Px) was held in 
buffer only. Biotin at 100 ng/ml was also present during this 
incubation to ensure no binding of biotin-BSA to streptavidin 
biosensors due to biotin-streptavidin interactions. A Subse 
quent incubation with Streptavidin-peroxidase amplified the 
numbers of peroxidase enzyme bound to the biosensors. After 
further washing and incubation in streptavidin-peroxidase, 
bound enzyme was detected in reactions containing diami 
nobenzidine as substrate. As demonstrated in FIG. 7, signal 
amplification was 20-fold (0.8 nm shift PX versus 16 nm shift, 
Amp Px; amplification background control (Ct)<0.1 nm 
shift). 

Example 4 

Discrimination Technology 

Detection of mitochondrial DNA mutations requires not 
only high sensitivity but also high discrimination. This is 
because mutant molecules are often mixed with an excess of 
wild-type molecules. An example of high discrimination 
using 9-mer LNA oligonucleotides is shown in FIG.8 where 
hybridizations were performed on glass slides. Here, LNA 
capture probes were designed that detected two commonly 
found mutations in mitochondrial DNA, termed MELAS 
and MERRFs. Both of those mutations are A->G substi 
tutions and capture probes were designed to specifically 
detect either mutant or wild-type sequences. LNA capture 
probes (5'amino) were printed onto glass aldehyde slides and 
then hybridized to fluorescently labeled target DNAS synthe 
sized from conventional nucleotides. For both MELAS and 
MERRF sequences, the wild-type targets were labeled with 
AlexaFluors55 (green) while the mutant targets were labeled 
with AlexaFluoró47 (red). All four targets (1 nM each) were 
mixed together and hybridized to the array. As can be seen in 
FIG. 8, the specificity of those LNA capture probes was very 
high so that discrimination between mutant and wild-type 
targets was equally high. Such high discrimination allows 
LNA capture probes to detect mutations at 1% frequencies. 
Mixtures of mutant and wild-type targets were generated 
where the amount of the mutant was 1% relative to the wild 
type (0.01 nM versus 1 nM, respectively). For these 
examples, targets were end-labeled with biotin and visualiza 
tion of bound targets on the array was performed using horse 
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radish peroxidase conjugated to Streptavidin and chemilumi 
nescent detection. In comparison to the no mutant control, 
both MELAS and MERRF mutants were readily detected at a 
1% level (FIG. 9). This same discrimination occurs when 
LNA capture probe oligonucleotides are attached to biosen- 5 
sors (FIG. 10). 

Example 5 

Streptavidin-Peroxidase (SA-Px) is recruited onto biosen- 10 
sors by binding to the biotinylated tagging probe as illustrated 
in FIG. 11 A. DNA oligonucleotide targets in the indicated 
amounts were annealed to biosensors in 20 ul of binding 
buffer (B: 20 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA, 
0.1% Tween-20, 100 ug/ml BSA) for 12 hours at room tem- 15 
perature. All subsequent steps were performed robotically in 
96-well plates. SA-Px (1 lug/ml) was bound to biosensors in 
BB+0.5% colloidal casein for 15 min. After further process 
ing and washes, bound peroxidase (PX) activity was measured 
with a diaminobenzidine-based substrate (ImmPact DAB: 20 
Vector Labs). Shown are the enzymatic reaction traces for all 
8 biosensors. (FIG. 11B, Left Panel): From those traces the 
signal was quantified based upon initial enzymatic rates (FIG. 
11B, Right Panel). 

25 

Example 6 

PXCR improves sensitivities into the range of2One hun 
dred molecules by introducing a form of signal amplification 
into the method illustrated in FIG. 2. The Inventor discovered 30 
that biotinylated casein (colloidal casein, Fitzgerald Indus 
tries.) is a substrate for peroxidase in the absence of added 
hydrogen peroxide. Peroxidase activity without added hydro 
gen peroxide has been described, as has the ability of some 
proteins to serve as Substrates for the enzyme. By cycling 35 
biosensors between solutions containing biotinylated casein 
and SA-Px, the amounts of those proteins are amplified expo 
nentially on the biosensor In this example using DNA targets, 
amplification is reported in real-time as signals from biosen 
sors are recorded while they robotically move back and forth 40 
between amplifying and intervening wash solutions. Ampli 
fication is most clearly appreciated from the signal traces of 
biosensors that were immersed for 30 seconds in a 2M 
GuHC1/1% sarkosyl wash solution, as indicated by the arrow 
(FIG. 12, left panel). At the end of the amplification phase, 45 
bound PX can be detected based on its enzymatic activity by 
incubation of biosensors in DAB (FIG. 12, right panel). In this 
example, the amount of PX bound to target biosensors was too 
high for the time resolution of the instrument (1.6 sec/data 
point) to distinguish among the biosensors based upon initial 
enzymatic rates. The vastly increased sensitivity for detecting 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS : 1 

<21 Os SEQ ID NO 1 
&211s LENGTH: 4 O 

&212s. TYPE: DNA 

<213> ORGANISM: Homo sapiens 

<4 OOs SEQUENCE: 1 

ccacc caaga aac agggittt gtaagatggc agagc.ccggit 
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bound Px by its enzymatic activity, however, is shown by the 
significant background rate detected with the negative control 
biosensor, a background not evident from the traces of that 
biosensor (FIG. 12, left panel). 

Example 7 

Signal amplification allows PXCR to detect targets with 
ultrasensitivity. FIG. 13 left panel, shows that real-time PXCR 
was able to detect as few as 100 DNA targets. Quantification 
of the signal at the end of cycle 15 Suggests that signal detec 
tion may become saturated above 1,000 targets under these 
conditions (FIG. 13, right panel). 

Example 8 

It was demonstrated that the deposition of biotinylated 
casein onto biosensors persisted for up to 2 hours when low 
amounts of SA-Px are bound (data not shown). Thus, single 
cycle amplifications can be performed by prolonged incuba 
tion of biosensors in biotinylated casein to build up the level 
of deposited substrate. At the end of the amplification phase, 
subsequent incubation of biosensors in SA-Px followed by 
incubation in DAB reported the number of targets based on 
the enzymatic activity of the amplified, bound SA-Px. In 
single cycle format, PxCR detected as few as 100 DNA and 
RNA targets (FIG. 14). 

Example 9 

Single cycle PXCR is also capable of detecting as few as 
100 protein molecules (FIG. 15). Biosensors were tethered 
with anti-avidin antibody (Vector Labs) and incubated with 
the indicated amount of avidin tetramers (Vector Labs: 1 
ug/ml stock solutions) for 24 hours in binding buffer (BB). 
Following capture, bound avidin was tagged by incubation 
for 1 hour with the same antibody but in a biotinylated version 
(Vector Labs; all solutions contained high amounts of free 
biotin). After binding SA-Px, biosensors were incubated for 1 
hr in biotinylated colloidal casein (0.1% w/v). Shown are 
enzymatic activity traces with DAB substrate either in Immo 
bilon (Millipore; top panel) or ImmPact (Vector Labs; middle 
panel). Quantification (bottom panel) was based on A nm 
shifts at plateau. The Inventors was able to show that single 
cycle PXCR is also capable of detecting as few as 100 protein 
molecules. 

All publications and patents cited in this specification are 
hereby incorporated by reference in their entirety. The dis 
cussion of the references herein is intended merely to Sum 
marize the assertions made by the authors and no admission is 
made that any reference constitutes prior art. Applicants 
reserve the right to challenge the accuracy and pertinence of 
the cited references. 

4 O 
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What is claimed is: 
1. A method of determining the amount of a target molecule 

based on the amount of peroxidase reaction product deposited 
on a biosensor, the method comprising: 

a) exposing the biosensor to a sample containing the target 
molecule, the surface of the biosensor comprising a cap 
ture probe with specific affinity for the target molecule, 

b) allowing the target molecule to bind to the capture probe, 
c) allowing a target detection molecule to bind to the target 

molecule, 
d) allowing a peroxidase enzyme to bind to the target 

detection molecule, 
e) allowing the peroxidase enzyme to react with colloidal 

casein in the presence of dithiothreitol and in the 
absence of H2O, wherein a peroxidase reaction product 
is deposited on the biosensor, 

f) determining the amount of the peroxidase reaction prod 
uct deposited on the biosensor using biolayer interfer 
ometry, and 

g) determining the amount of the target molecule based on 
the amount of the peroxidase reaction product deposited 
on the biosensor. 

2. The method of claim 1, wherein the target molecule 
consists of a first oligonucleotide and the capture probe con 
sists of a second oligonucleotide and the target detection 
molecule consists of a third oligonucleotide. 

3. The method of claim 1, wherein the target molecule 
consists of a protein and the capture probe consists of an 
antibody. 

4. The method of claim 1, wherein the target molecule 
consists of an oligosaccharide and the capture probe consists 
of a lectin. 

5. The method of claim 1, wherein the peroxidase enzyme 
is bound to the target detection molecule using a bridging 
system. 

6. The method of claim 1, wherein the peroxidase enzyme 
is bound to the target detection molecule by using a biotiny 
lated target detection molecule and streptavidin-peroxidase. 

7. The method of claim 1, wherein the target molecule 
consists of a protein and the capture probe consists of a first 
antibody and the target detection molecule consists of a sec 
ond antibody. 

8. The method of claim 1, wherein the target molecule 
consists of an oligosaccharide and the capture probe consists 
of a first lectin and the target detection molecule consists of a 
second lectin. 
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9. The method of claim 1, wherein the substrate is diami 

nobenzidine. 
10. A method of determining the amount of a target mol 

ecule based on the amount of peroxidase reaction product 
deposited on a biosensor, the method comprising: 

a) exposing a biosensor to a sample containing the target 
molecule, wherein a surface of the biosensor comprises 
a capture probe with specific affinity for the target mol 
ecule, 

b) allowing the target molecule to bind to the capture probe, 
c) allowing a target detection molecule to bind to the target 

molecule, 
d) allowing a peroxidase enzyme to bind to the target 

detection molecule, 
e) allowing the peroxidase enzyme to react with biotiny 

lated colloidal casein in the presence of dithiothreitol 
and in the absence of HO, wherein biotin is deposited 
on the biosensor, 

f) allowing streptavidin-peroxidase to bind to the biotin 
deposited on the biosensor, 

g) optionally repeating steps e) and f) as desired, 
h) allowing the peroxidase enzyme to react with a sub 

strate, wherein peroxidase reaction products are depos 
ited on the biosensor, 

i) determining the amount of the peroxidase reaction prod 
uct deposited on the biosensor using biolayer interfer 
ometry, and 

j) determining the amount of the target molecule based on 
the amount of the peroxidase reaction products depos 
ited on the biosensor. 

11. The method of claim 10, wherein the target molecule 
consists of a first oligonucleotide and the capture probe con 
sists of a second oligonucleotide and the target detection 
molecule consists of a third oligonucleotide. 

12. The method of claim 10, wherein the target molecule 
consists of a protein and the capture probe consists of a first 
antibody and the target detection molecule consist of a second 
antibody. 

13. The method of claim 10, wherein the target molecule 
consists of an oligosaccharide and the capture probe consists 
of a first lectin and the target detection molecule consists of a 
second lectin. 

14. The method of claim 10, wherein the substrate is diami 
nobenzidine. 


