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As a leading cause of death in developing countries and a persistent problem 

elsewhere, pathogenic organisms are as ubiquitous as they are dangerous.  

Significant worldwide resources are directed toward their detection and 

eradication, leading to a broad coalition of government agencies, healthcare 

providers, academic researchers, and food manufacturers dedicated to providing 

the best-available prevention strategies for mitigating exposure risk.  At the 

forefront of this effort is the field of pathogen detection.  Our work directly 

addresses the current lack of simple, rapid, sensitive, and selective pathogen 

detection methods needed for frontline intervention in the most at-risk 

populations.  To begin, we focused on the common food- and water-borne 

contaminant, E. coli.  Using a resonance energy transfer system incorporating a 

bioluminescent protein and quantum dots, we demonstrated that adjacent 

hybridization of sequence-specific, labeled probes could detect E. coli 16s rRNA 

at concentrations as low as 2.1 nM in only 5 minutes.  Continuing, we developed 

a paper-based platform for Epstein-Barr virus (EBV) detection using a target-

bridged capture scheme in which EBER-1 RNA from EBV linked a tethered probe 

to a fluorescent reporter probe for a low nanomolar detection limit.  Finally, we 



 

 

developed a novel tuberculosis (TB) biosensor in both microtiter plate and paper-

based microfluidic platforms that utilized zinc finger proteins as selective capture 

reagents for the detection of two different TB DNA biomarkers.  The dual-

platform design afforded either quantitative (microtiter plate, 1.0-20.0 nM) or 

qualitative (paper microfluidic) detection. While divergent in design and target, 

these assays achieve the aims of current pathogen detection research while 

providing cost-effective options for deployment in resource-poor environments. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Overview of pathogen detection 

The detection of pathogens is a major issue in the fields of clinical 

diagnostics, food preparation and processing, environmental control, and 

bioterrorism prevention [1-5].  Infectious disease is the leading cause of death in 

low-income countries, and the major diseases including lower respiratory 

infections, HIV/AIDS, diarrheal diseases, and malaria are responsible for 45% of 

these deaths [6].  Meanwhile, infectious disease caused two-thirds of deaths in 

children younger than five years old [7].  Early diagnosis plays an important role 

in interrupting transmission of infectious diseases.  High quality diagnostic tools 

are available for some infectious diseases.  However, due to the lack of technical 

infrastructure and highly-skilled personnel, they are usually unaffordable or 

inaccessible to people in developing countries.  Meanwhile, most of the widely-

used, inexpensive diagnosis tests cannot provide accurate and adequate results 

[8].  Therefore, pathogen detection for point-of-care (POC) testing in resource-

poor settings is still in high demand [9].  As requested by the World Health 

Organization (WHO), these detection methods should meet the ASSURED 

criteria: affordable, sensitive, specific, user-friendly, rapid and robust, equipment-

free, and deliverable to end users [9]. 
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1.2 Principles of pathogen detection methods 

1.2.1 Culture and colony count 

Culture and colony count is the gold standard of bacterial detection and 

usually provides a conclusive result.  Meanwhile, it can provide information such 

as drug-susceptibility, which is one of the major issues in infectious disease 

treatment.  Low-cost, culture-based tests for drug-susceptibility of Mycobacterium 

tuberculosis are recommended by the WHO [8].  However, culture and colony 

count is time-consuming (typically weeks), needs highly skilled personnel, and 

can still be subject to misinterpretation [10, 11]. 

 

1.2.2 Enzyme-linked immunosorbent assay (ELISA) 

Immunology-based assays utilize antibodies that bind specific antigens 

and report using a secondary, enzyme-labeled antibody [12-14].  The detection 

target for ELISA is usually protein, and a test can be performed in as few as 

several hours.  However, the binding affinity and specificity of antibodies varies 

significantly [15].  Also, antibodies have short shelf life, batch-to-batch variation, 

and cannot withstand harsh environmental conditions.  Furthermore, in some 

occasions such as infant HIV detection, antibody-based assays are not suitable 

because maternal anti-HIV antibodies may persist in infant blood up to 18-

months [9]. 

 

 



3 
 

 

 

 

 

 
Figure 1.1  Scheme of ELISA detection platform.  Antigen is captured by 
immobilized antibody.  The antigen can be detected with either labeled primary 
antibody, or primary antibody with an enzyme-labeled secondary antibody. 
 

 

1.2.3 Nucleic acids hybridization 

Instead of proteins, nucleic acids can also serve as target for pathogen 

detection.  Each organism has its own specific nucleic acid code, which enables 

differentiation based solely on sequence.  Nucleic acid hybridization employs 
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oligonucleotides (oligos) with complementary sequence to a target strand for 

capture or detection due to the highly-specific base pairing of A-T(U) and C-G in 

a unique sequence.  The simplest configuration of a nucleic acid hybridization 

platform includes three steps: immobilization of target on a surface, hybridization 

of a labeled probe, and detection after a thorough wash step. 

 

 

 
Figure 1.2  Scheme of nucleic acid hybridization.  The capture probe is 
immobilized on surface and hybridizes to a labeled target.  A non-labeled target 
can also be detected through a bridge format in which the target hybridizes to 
both the capture and reporter probes. 
 

Compared to antibody production, oligonucleotide synthesis is less 

expensive, and the final product can be stored at 4 °C for up to 6 months in a 

broad range of concentrations (1 µM-5 mM) [16].  Additionally, nucleic acid 
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samples are very stable: plasmid storage on a filter paper is a prevalent way for 

shipping plasmid, and nucleic acids detection in dried blood spots is a well-

developed technology [17, 18].  Thus, nucleic acid-based detection methods are 

suitable for low-cost POC testing. 

 

1.2.4 Polymerase chain reaction (PCR) 

Polymerase Chain Reaction (PCR), currently the most prevalent nucleic 

acids amplification method, was developed in 1987 by Kary Mullis [19] and 

enabled him to enrich specific nucleic acid sequences by a factor of 106 [20].  

Nucleic acid sequences are often difficult to detect in clinical samples as a result 

of matrix effects, limited sample volume, low concentrations, and instability [20].  

Before the development of PCR, a cell or tissue culture step was typically 

performed to increase cell or organism number, thereby enriching target nucleic 

acids [21].  PCR dramatically reduced the time (2-3 hours) necessary to amplify 

specific nucleic acid regions with high accuracy. 

The inherent value of PCR stems from its simplicity.  A PCR mixture is 

composed of template DNA, two single-stranded oligonucleotide primers, a 

thermostable DNA polymerase, deoxynucleotide triphosphates (dNTPs, including 

dATP, dTTP, dCTP, and dGTP), MgCl2, and reaction buffer.  To initiate the 

process, double-stranded DNA (template) is denatured under high temperature 

(usually 95 °C).  Then, two antisense primers are allowed to anneal at opposite 

ends of the desired amplification region when the reaction temperature is 

decreased below the melting temperature (Tm) of both primers.  The annealed 
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primers can be extended using the free dNTPs with the aid of Taq polymerase, a 

temperature-stable DNA polymerase isolated from the thermophilic bacterium 

Thermus aquaticus.  By repeating these three steps (typically 20-40 cycles), a 

specific nucleic acid region can be selectively amplified.  If the template is RNA, 

a reverse transcription process (usually with Avian myeloblastosis virus (AMV) or 

Moloney murine leukemia virus (M-MLV) reverse transcriptases) can generate a 

single-stranded cDNA (complementary DNA) strand, which is complementary to 

the RNA sequence and acts as a stable template for amplifying a DNA copy of 

the RNA sequence. 

PCR is advantageous in that it is much faster and less complicated than 

cell or tissue culture.  The two primers confine the amplification region, which 

guarantees the efficient amplification of a specific region.  The amplified product 

from one cycle serves as a new template in the following cycle so that the 

amount of product approximately doubles with every cycle.  This leads to an 

exponential increase of the desired DNA fragment and allows high-sensitivity 

detection.  Taq polymerase is utilized because it can withstand the high 

temperature during the denaturation step.  However, PCR has some drawbacks.  

It may give false-positives, and some nucleic acid sequence information is 

required in order to design primers.  Also, Taq polymerase lacks a 3′ → 5′ 

proofreading activity, leading to low replication fidelity (1 error per 5 × 105 [22] 

nucleic acids). 
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Figure 1.3  Scheme of PCR amplification.  The double-stranded template is 
denatured using high temperature, and then the primers are annealed at a lower 
temperature.  In the presence of DNA polymerase, the primers are extended, 
resulting in double-stranded DNA.  The specific nucleic acid region is amplified 
by repeating these three steps. 
 

Various techniques are utilized for increasing PCR quality.  Higher 

annealing temperatures and Mg2+ concentration will increase PCR stringency 

[22].  Furthermore, several methods have been developed to limit non-specific 
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binding, such as nested PCR, hot start PCR, and touchdown PCR.  Nested PCR 

employs an additional primer set which allows amplification of a long region of 

DNA containing the target DNA sequence that can be used as template for a 

second PCR to generate the desired DNA product [23-25].  The two-round 

amplification increases the efficiency of specific amplification because of 

complete denaturation of the smaller template (1st round PCR product).  While 

nested PCR can amplify long DNA fragments from complex DNA template (such 

as genomic DNA), it requires more sequence information.  Hot start PCR 

involves heating the mixture without polymerase to denaturation temperature 

followed by addition of polymerase in order to reduce non-specific amplification 

during initial setup [26, 27].  In touchdown PCR, the annealing temperature of the 

initial cycle is 3-5 degrees higher than the Tm of primers and is gradually 

decreased to 3-5 degrees lower than the Tm in the later cycles [28].  The high 

annealing temperature increases PCR stringency, while the lower annealing 

temperature in subsequent cycles ensures efficient amplification.  Several other 

DNA polymerases which do incorporate 3´→ 5´ exonuclease activity have also 

been employed to eliminate amplification errors common to Taq polymerase.  

These polymerases were either discovered from other organisms or designed 

through protein engineering.  Nowadays, commercially-available, high-fidelity 

DNA polymerases include Pyrococcus furiosus (Pfu) DNA polymerase (1.6 x 10-6 

errors per nucleotide (nt) [29]), Phusion® High-Fidelity DNA polymerase (4.4 x 10-

7 errors per nt), and Q5® High-Fidelity DNA polymerase (error rate is 12-fold 

lower than that of pfu). 
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Figure 1.4  Scheme of nested PCR.  Two sets of PCR primers are employed in 
nested PCR (black and blue).  First, PCR products amplified with the 1st primer 
set are generated, which contain the desired nucleic acid region.  Those PCR 
products are employed as template for 2nd PCR amplification.  With the 2nd set of 
primers, the target nucleic acid region is amplified as the final PCR product. 
 

 

1.3 Signal detection methods  

1.3.1 Optical detection methods 

Optical detection methods consist of fluorescence, bioluminescence, 

chemiluminescence, and absorbance.  The first three methods utilize specific 

labels to generate signal, and though most absorbance assays still employ 

labels, absorbance techniques can be performed in a label-free format.  

Typically, the detection limits of bioluminescence and chemiluminescence assays 
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are higher than fluorescence platforms, which are more comparable to 

absorbance assays.  However, because the signal output of certain absorbance 

methods such as colorimetric assays can be observed visually, absorbance is 

more useful in point-of-care (POC) detection.  Since the major difference 

between fluorescence, bioluminescence, and chemiluminescence assays is the 

labeling reagent, fluorescence and absorbance techniques will be discussed in 

detail, while bioluminescence and chemiluminescence methods will be 

mentioned briefly. 

The simplest detection method for nucleic acids amplification is gel 

electrophoresis.  DNA fragments of different size and/or charge can be separated 

on a gel (usually made of agarose) in an external electrical field.  The result is 

typically visualized with UV-excited fluorescent intercalating dyes such as 

ethidium bromide, propidium iodide, and SYBR green.  Gel electrophoresis is 

quite simple and has been reported to detect pathogenic bacteria following PCR 

amplification [30-32].  However, it is a qualitative method, providing only 

information about DNA size, and does not have the ability to differentiate specific 

amplification products from non-specific products. 

The need to quantify PCR products during the amplification process led to 

the development of real-time PCR (qPCR).  Two quantitative labels are 

employed in qPCR: intercalating dyes (usually SYBR green) [33, 34] and 

fluorophore-labeled, antisense oligos [35-37].  While the same intercalating dye 

is also used in gel-electrophoresis, its non-specific nature precludes sequence 

identity, providing information only about the quantity of amplification product.  By 



11 
 

 

 

combining the ability to determine product quantity with labeled, sequence-

specific DNA probes, qPCR enables the direct quantitation of up to several PCR 

products in real-time.  Probes are designed using a stem-loop approach, where a 

fluorophore and quencher are appended to opposite ends of each sequence.  In 

the absence of target, probe fluorescence is quenched due to the proximity of the 

fluorophore to the quencher dye following hybridization of the stem region.  The 

increase in product concentration during amplification promotes hybridization of a 

complementary sequence in the loop region to the amplified product, thereby 

producing a fluorescence signal that is directly proportional to the product 

concentration.  A significant drawback to this method is the expense of the stem-

loop probes, and the specialized thermocycler required for detection further limits 

the utilization of qPCR to well-equipped laboratories. 

DNA hybridization is accurate and specific because of the uniform structure of 

DNA.  The simplest configuration of a fluorescence-based DNA detection 

platform includes three steps: immobilization of target on a surface, hybridization 

of a fluorophore-labeled probe, and detection after a thorough wash step.  This 

format is widely used for DNA microarrays (DNA chip), which can screen 

thousands of DNA sequences with high sensitivity and selectivity [38].  The limit 

of detection (LOD) is 107 molecules/cm2 [39] and includes the ability to 

distinguish single-nucleotide polymorphisms (SNPs) [40].  However, the high 

sensitivity of DNA microarrays results from a combination of elaborate 

procedures, sophisticated instrumentation, and precise computational and 

statistical analysis.  Because microarray assays are so time-consuming and 
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expensive, they are best suited for core facilities or commercial applications.  For 

simple fluorophore-labeled DNA hybridization, the LOD is defined by the 

characteristics of the fluorophore given that there is often significant excitation 

and emission peak overlap that can contribute to high background.  Additionally, 

fluorescent dyes are susceptible to photo-bleaching.  Therefore, several methods 

have been reported to minimize these limitations in order to increase the LOD. 

 

                

 
Figure 1.5  Scheme of qPCR detection with stem-loop probe.  The stem-loop 
probe is conjugated with a fluorophore and a quencher.  When the loop is closed, 
the fluorescence is quenched.  In presence of target, the loop opens by 
hybridization to target.  During the elongation process, the stem-loop probe is 
released by DNA polymerase. 
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One strategy is to utilize fluorescence resonance energy transfer (FRET) 

to reduce excitation background in fluorescence assays [41].  FRET is the result 

of long-range, dipole-dipole interactions between a donor (D) molecule in the 

excited state and an accepter (A) molecule in the ground state.  It is distance-

dependent as defined by the Förster radius for each donor and acceptor pair and 

does not involve donor photon emission [42].  Rather, the emission spectrum of 

the donor and excitation spectrum of the acceptor need to have significant 

overlap in order to non-radiatively transfer energy from donor to acceptor.  The 

utility of this technique is demonstrated by either the generation of significant 

peak separation from acceptor emission or signal quenching from acceptor 

resonance decay.  A breakthrough technique based on FRET theory occurred 

with the development of molecular beacons in 1996 [43].  As introduced above 

with respect to qPCR, molecular beacons incorporate a fluorophore-quencher D-

A pair appended to either end of an oligonucleotide sequence designed with 

short, terminal complementary regions that, when hybridized, bring the D-A pair 

within their respective Förster radii for efficient resonance energy transfer.  The 

loop that forms upon hybridization of the complementary “stem” sequences 

contains a region that is complementary to a target oligonucleotide.  In absence 

of target, donor fluorescence is quenched by the acceptor, while target binding 

introduces sufficient strain at the stem region to force the loop open and separate 

the D-A pair.  As target concentration increases, fluorescence also increases in a 

dose-dependent response.  By designing the stem sequence appropriately, it is 

possible to use molecular beacons to efficiently distinguish SNPs [44]. 
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Besides fluorescent dyes, other labels are employed to increase the LOD, 

including quantum dots (Qds), bioluminescent proteins, and chemiluminescent 

enzymes.  Qds are zero-dimension semiconductor nanoparticles which are 

characterized by a broad excitation and a narrow emission spectrum that are 

well-separated compared to organic fluorophores [45, 46].  Additionally, Qds 

have a high extinction coefficient that efficiently lowers the LOD for Qd-labeled 

nucleic acid assays to single molecule hybridization [47].  However, Qds are 

significantly larger and typically more expensive than organic dyes.  

Bioluminescent protein generates luminescence from a chemical modification of 

its substrate.  Compared to an external excitation source, luminescence is very 

weak and confined, resulting in greatly reduced background and non-specific 

signal.  Some of the most widely used bioluminescent proteins include aequorin 

[48-50] and luciferase [51-55].  However, the requirement for substrate addition 

complicates the operation of bioluminescent protein-based assays. 

Enzyme-based signal amplification using chemiluminescence (color 

change) has been widely used, and ELISA is one of the most developed 

techniques.  Prevalent enzymes include horseradish peroxidase (HRP) and 

alkaline phosphatase (AP).  HRP catalyzes the oxidation of substrate in the 

presence of hydrogen peroxide with a high turnover rate, resulting in a colorful 

compound that serves as a dose-dependent signal indicator.  AP is the name of 

a family of enzymes which hydrolyze phosphates from nucleotides and proteins.  

This enzyme family is activated by divalent cations, and inhibited by cysteine, 

cyanides, arsenate, inorganic phosphate and divalent cation chelators such as 
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EDTA [56].  Previous literature reported the utilization of HRP or AP probe to 

detect viral DNA [57-59] or other target DNA [60, 61] with different substrates.  

These enzymes have high sensitivity and a long shelf life (compared to 

antibodies).  However, they are much larger than organic fluorophores and 

require substrate to generate signal. 

Another method to increase LOD is to incorporate an amplification step 

prior to detection.  However, because the amplification product is double-

stranded, it is still subject to competition between the original amplification 

product and target sequence as well as the potential for secondary structure 

formation when amplifying sections of long, single-stranded DNA.  To overcome 

this problem, some researchers have included biotin-labeled primers that enable 

subsequent capture of the double-stranded PCR products using streptavidin-

coated magnetic beads [62].  Following denaturation via a NaOH wash, single-

stranded DNA without biotin can be recovered.  Also, the Hill group developed a 

method to block the hybridization of PCR complementary sequences [63].  

However, the excessive number of steps and inconvenient operation requires 

this method to be automated. 

To avoid a separation step for double-stranded amplification products, 

some reports employed rolling circle amplification (RCA) for single-stranded DNA 

generation, or zinc finger protein (ZFP) binding to specific double-stranded DNA 

sequences.  RCA is an isothermal amplification method that utilizes a 

circularizable oligonucleotide, called a ‘padlock probe,’ which hybridizes to a 

single target nucleic acid using both termini.  After ligation, the circular template 
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is amplified with DNA polymerase phage ø29 to generate a long, single-stranded 

DNA with a repeating sequence.  The single-stranded RCA product can be 

detected with fluorophore-labeled probe [59, 64-67].  The nucleic acid target is 

employed as a bridge to allow priming (Figure 1.6) of the circular template. 

 

 

 
Figure 1.6  Scheme of nucleic acid detection with RCA.  In order to start the 
RCA reaction, the target bridges two probes.  After DNA ligation, the circular 
template is amplified with DNA polymerase.  The resulting single-stranded 
amplification product is detected with fluorophore-labeled probe.  These schemes 
are adapted from literature [67]. 
 

If the target is present as double-stranded DNA, ZFPs can be used to 

capture a specific sequence in the target.  Previous literature reported detection 

of E. coli with a bioluminescent protein-ZFP fusion [68, 69].  Another group 

labeled both halves of a split enzyme using two ZFPs that recognized a target 
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DNA, resulting in enzyme reassembly for detection [70].  However, these 

methods required that the ZFP binding sequence be present in the target DNA, 

which limited their utility. 

 

 

 
Figure 1.7  Scheme of double-stranded DNA detection with ZFP.  A) Two ZFPs 
recognize a specific target region on double-stranded DNA, allowing the 
reassembly of an enzyme.  A color change is measured upon substrate addition.  
B) Double-stranded DNA sequence is recognized and detected with ZFP and 
bioluminescent protein fusion.  These schemes are adapted from literature [69, 
70].  The structure of ZFP, bioluminescent protein (firefly luciferase), and TEM1 
beta lactamase were obtained from RCSB protein data bank (1SP1, 1LCI, and 
1ZG4, respectively). 
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Figure 1.8  Scheme of single-tube amplification and detection.  A) Molecular 
beacon is opened through hybridization to RNA target.  In presence of duplex-
specific nuclease (DSN), the DNA portion of the DNA-RNA hybrid is cut, resulting 
in released RNA target and separation of fluorophore and quencher probes.  B) 
Molecular beacon 1 is hybridized to target first.  Then, upon addition of molecular 
beacon 2, the target is released by strand replacement, leaving a beacon-beacon 
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hybrid with high fluorescent emission.  C) Target nucleic acid is employed as 
primer.  After DNA amplification and nicking enzyme cutting, another nucleic acid 
product 1 is generated.  Serving as primer, product 1 can generate product 2 
upon amplification with another template and cutting.  Product 2 bridges the 
biotinylated capture probe and fluorophore-labeled reporter probe.  The sandwich 
DNA hybrid is captured by streptavidin-conjugated Qd and detected via FRET 
between Qd and fluorophore label.  These schemes are adapted from literature 
[71-73]. 
 

Some assay designs even incorporate target amplification and detection in 

one tube.  These can include polymerase-based target amplification and 

enzyme-based target regeneration.  The Ye group employed duplex-specific 

nuclease (DSN) to cut the DNA strand in a DNA-RNA hybrid, resulting in release 

of RNA target which would be free to hybridize with another DNA probe [71].  

The Zhang group utilized nicking enzymes to cut specific regions of the PCR 

product to force aggregation of single-stranded target, which could then be 

detected using FRET [73].  Another report demonstrated an enzyme-free signal 

amplification method with two molecular beacons [72].  The first beacon was 

hybridized with target, followed by the addition of the second beacon which had a 

longer complementary sequence to the first beacon than target.  Thus, the target 

was freed due to a strand displacement.  The increased target concentration was 

measured as enhanced fluorescence from the opened beacon. 

However, fluorescence-based detection methods such as these cannot be 

used in the field, and absorbance assays are still the prevalent method for POC 

detection.  More recent literature has begun to amplify target regions using a 

relatively new technique called loop-mediated isothermal amplification (LAMP) 

[74-78].  LAMP  employs  4-6  primers  that  synthesize  a  loop  structure using a  
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Target Detection Detection 
Platform 

Can use in 
resource-
poor 
settings?  

Sample 
Volume LOD Reaction 

Time 

Target 
Amplification 
Method  

Ref 

Salmonella, C. 
jejuni, Shigella, V. 
cholerae 

Fluorescence PCR chip Yes  
10–100 
copies per 
reaction 

30 min LAMP [79] 

HIV-1, HIV-2, 
human T-
lymphotrophic virus 
types I and II 

Fluorescence PCR tube No  10 
molecules 2 hrs real-time 

PCR [80] 

Salmonella Fluorescence PCR tube Yes 1 µL 9 amol 2 hrs RCA [65] 

P. falciparum Bioluminescence microtiter 
plate No 100 µL 0.03 nM 3 hrs N/A [48] 

Anthrax DNA Absorbance microtiter 
plate No 100 µL 10 zmol 4-5 hrs N/A [58] 

Pseudorabies virus Absorbance PCR chip Yes 0.4 µL 10 fg 1 hr LAMP [74] 

Crimean-Congo 
hemorrhagic fever 
virus 

Absorbance microtiter 
plate No  

600 
copies per 
reaction 

3-4 hrs RCA [59] 

E. coli Electrochemistry carbon 
electrodes No 1 µL 0.75 amol 40 min N/A [81] 

C. perfringens, C. 
tetani, S. 
pneumonia, P. 
aeruginosa, E. coli 

QCM chip No  1.5 × 102 
CFU/mL 5 hrs PCR [82] 

V. vulnificus, 
Salmonella spp., S. 
aureus, E. faecalis, 
N. gonorrhea, 
S. epidermidis, K. 
oxytoca 

SPR chip No 5 µL 50 zmol 6 hrs PCR [83] 

E. faecium, S. 
aureus, S. 
maltophilia, V. 
vulnificus 

SERS Au 
nanowire No 30 µL 10 pM 14 hrs PCR [84] 

Hepatitis B Virus 
(HBV) Cantilever cantilever No 100 µL 23.1 fM 6-7 hrs PCR [85] 

 
Table 1.1  Some examples of previously reported methods of pathogen detection 
using various platforms.  The reaction time was considered to begin at the time of 
sample addition and includes the target amplification time. 
 

strand-displacing DNA polymerase, a process that can be detected as turbidity 

due to the increasing quantity of magnesium pyrophosphate byproduct in solution 

[77].  The resulting loop is utilized as the template for subsequent amplification 

[78].  This method, combined with its simple detection technique, is suitable for 

resource-limited setting usage.  However, it cannot detect multiple targets in one 

amplification reaction. 
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 Gold nanoparticles (AuNPs) are another widely used label for POC 

detection, especially in paper strip assays, due to their biocompatibility, chemical 

stability, ease of conjugation, and optical properties.  Because of a high affinity 

for thiols, AuNPs can be linked to thiol-modified oligos or proteins (via cysteine) 

by simply mixing.  Additionally, the adsorption characteristics of AuNPs are highly 

dependent on particle size.  In other words, aggregation of AuNPs can be seen 

as a color change.  This property led to the development of commercial 

pregnancy kits [86].  Simply, AuNPs separate in the presence of human chorionic 

gonadotropin, a hormone produced after fertilization.  Thus, a positive sample 

would disrupt aggregation and produce a pink color in the correct window, while 

a negative sample would show a gray color due to intact aggregate.  Some 

reports also demonstrate the detection of specific nucleic acid sequences based 

on this characteristic.  In these assays, two AuNPs-labeled oligos were allowed 

to hybridize to target in a sandwich format.  Target recognition would produce a 

color change due to the induced aggregation stimulated by the proximity of the 

two labeled probes [87].  Another prevalent detection technique using AuNPs 

employs silver as an enhancer to enlarge a gold colloid via precipitation of the 

silver, resulting in a colorful signal.  Many reports employ this strategy for nucleic 

acids detection [44, 88], which is capable of detection limits as low as 100 fM 

[89]. 
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Figure 1.9  Scheme of AuNP-based nucleic acid detection methods.  A) AuNPs 
conjugated with oligonucleotides aggregate upon nucleic acid hybridization, 
resulting in a color change.  B) AuNP label utilized in nucleic acid sandwich 
hybridization can be visually detected upon addition of silver enhancer, which 
aggregates on the AuNPs to increase the nanoparticle size and change the 
absorption characteristics.  These schemes are adapted from literature [87, 88]. 
 

 

1.3.2 Electrochemical detection method 

Electrochemical methods enable label-free detection of nucleic acids 

simply by detecting hybridization events [90, 91].  Label-based detection 

methods are also employed through the use of electroactive molecules which 

allow for distinguishing ssDNA verses dsDNA as well as DNA-RNA hybrids [92].  

Labels include nanoparticles [93], intercalators (methylene blue) [94-96], and 

enzymes [97-99] and allow for detection limits in the femtomolar range [100]. 
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Figure 1.10  Different schemes of electrochemical nucleic acid detection.  A) 
Molecular beacon is opened through hybridization with target, which decreases 
the electron transfer from label to electrode.  B) Intercalating dyes only bind to 
double-stranded nucleic acids following hybridization.  The dye is detected by 
increasing electron transfer to the electrode.  C) Enzyme-labeled nucleic acid 
sandwich platforms can also be performed using electrochemistry.  The enzyme-
catalyzed reaction serves as the electron donor to the electrode.  For clarity, all 
schemes show only the anode. 
 

To further increase the detection limit, nanomaterials have been utilized as 

electrodes [100, 101].  Nanoparticles effectively increase surface area, enhance 

delivery of amplification agents, and allow precise conjugation to biomolecules 

[92] to provide an attamolar-range detection limit [102].  Carbon nanomaterials, 

including nanowires, nanotubes, and graphene, are the most prevalent 

nanomaterials employed because of their excellent electric conductivity, low cost, 

and easy implementation [103-105]. 

 

Electrode

Target

e-

e-

e-Intercalating 
dye

A B

Enzyme

C
Substrate

Product

e-



24 
 

 

 

Electrochemical detection for nucleic acids is fast, provides low detection 

limits, and can be label-free, as opposed to luminescence-based methods.  

However, reports of electrochemical methods in biological samples are limited 

due to the high background commonly present in complex matrices [92].  

Additionally, instrumentation is often delicate and complex, relegating these 

methods to the laboratory. 

 

1.3.3 Other detection techniques 

By immobilizing capture probes to a metal film surface, surface plasmon 

resonance (SPR) can detect target hybridization by observing a change in the 

local refractive index of the support matrix [106-108].  Another label-free method, 

quartz crystal microbalance (QCM), can provide real-time monitoring of target 

hybridization [109-112].  This method detects a mass change per unit area by 

measuring frequency perturbations in a harmonically oscillating quartz crystal 

resonator.  Surface acoustic wave (SAW) sensors measure perturbations in a 

generated mechanical wave when analyte selectively binds to the surface [113, 

114].  The cantilever method detects target hybridization by measuring incident 

angle changes that are reported by laser reflection from the cantilever surface 

[85].  These label-free detection methods have high LOD, but they are typically 

laboratory-based because of the precise instrumentation required. 
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1.4 Multiplex nucleic acids detection 

There are two major methods to detect multiple targets at same time: 

detect individual targets in each reaction and perform several reactions at same 

time, or detect several targets in one reaction (multiplex).  Since multiplex 

detection is significantly more complex, many reports rely on performing multiple 

reactions. 

Real-time PCR with intercalating dye (or stem-loop probe) is the most 

prevalent multiplex technique.  Probes with chemiluminescent [115] or 

fluorescent (including microarray) [116, 117]  labels have also been utilized for 

multiplex target detection.  Newer methods have employed isothermal 

amplification, especially LAMP, to detect multiple pathogens [79, 118], or several 

sequences for one pathogen [119], which is ideal for on-site detection.  Some 

detection techniques like electrochemistry and SERS enable multiplexed target 

detection using different probes attached to separate areas [84, 120-122].  QCM 

was utilized to detect several bacterial targets in parallel using different channels 

[82]. 

Reporter probes with different labels are employed for multiplex nucleic 

acid detection.  Molecular beacons (MB) labeled with non-overlapping 

fluorophores have shown detection limits at the picomolar level [80, 123, 124].  

Ferrocene (Fc)- and MB-labeled probes have been used to detect two DNA 

targets electrochemically [125].  Another electrochemical assay employed HRP- 

and AP-labeled AuNPs for detecting two targets, producing detection limits of 0.1 

and 12 pM, respectively [126].  Different color Qds were also employed to detect 
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DNA hybridization as emission peak shifts [127] or intensity changes to give 

nanomolar - range   detection   limits  [128-131].    Additionally,  Qds  have  been  

 

                         

 
Figure 1.11  Scheme for nucleic acid multiplex detection with FRET.  The target 
is hybridized with a biotinylated capture probe and a fluorophore-labeled reporter 
probe.  The DNA hybrid is captured by streptavidin-conjugated Qd through biotin-
streptavidin binding.  Based on overlap, the Qd can only transfer energy to Alexa 
Fluor 647, while Alexa Fluor 488 is excited using the same excitation wavelength 
as Qd.  Therefore, one target is detected via FRET transfer from the Qd to Alexa 
Fluor 647, while the other target is detected with the emission from Alexa Fluor 
488.  This scheme is adapted from literature [132]. 
 

combined with fluorophores as energy transfer D-A pairs to detect multiplex DNA 

target with picomolar-range detection limits [132].  As previously mentioned, 
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DNA/RNA hybrids have been detected using a combined target amplification and 

regeneration step to increase sensitivity.  Target regeneration was performed 

enzymatically using DSN [71] and nicking enzyme [73].  Multiplex analysis was 

accomplished by taking advantage of non-overlapping signals from the labels. 
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CHAPTER 2: RAPID DETECTION OF BACTERIAL NUCLEIC ACIDS USING 
BRET BETWEEN RLUC AND QDS 
 

2.1 Overview of Study  

We developed a bioluminescence resonance energy transfer (BRET)-

based sensing system that was able to detect nucleic acid target in 5 min with 

high sensitivity and selectivity.  Upon presence of target, the individual Renilla 

luciferase (Rluc)-labeled and quantum dot (Qd)-labeled oligos formed a head-to-

head binding format, which brought Rluc and Qds within proximity for non-

radiative energy transfer.  Rluc, as the energy donor, is a bioluminescent protein 

that generates light via substrate cleavage. The energy was transferred to Qds 

that served as an energy acceptor.  A higher target concentration was indicated 

by decreased emission from Rluc, with a commensurate increase in Qd 

luminescence.  This sensing system could detect target nucleic acid in buffer with 

a LOD of 2.1 nM after a 5-min incubation.  This assay was also tested with E. coli 

16s rRNA detection in cell lysate. 

 

2.2 Background 

Nucleic acid detection has found applications in fields such as medicine, 

molecular biology, clinical diagnostics, forensics, bioterrorism prevention, and 

food technology.  These applications require very rapid results with high 

sensitivity and selectivity, leading to many reports that focus on the design of 

qualified sensing systems [133-136].  The nucleic acids hybridization between a
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target strand and a probe with complimentary sequence is commonly utilized in 

the design of nucleic acid sensing systems.  Among many reporters that exist for 

nucleic acid detection techniques, fluorescence is the most popular reporter due 

to its high detection sensitivity, multiplexing capability, the accessibility of diverse 

labels, and the possibility of non-invasive detection [42, 43, 137-149]. 

Fluorescence-based methods such as fluorescence resonance energy 

transfer (FRET) have gained wide acceptance as sensitive detection platforms.  

Bioluminescence resonance energy transfer (BRET) is a highly similar technique 

that avoids the need for an external excitation source.  In BRET, light is produced 

by cleavage of a specific substrate molecule by a bioluminescent protein.  

Therefore, inadvertent excitation of the acceptor is prevented, leading to 

significantly reduced background and improved signal-to-noise ratio.  

Bioluminescent proteins such as aequorin and luciferase can be easily 

expressed from E. coli.  BRET has mainly been employed in the detection of 

protein–protein [150] or protein–ligand interactions [151-155] because the energy 

transfer ratio is highly dependent on the distance between donor (D) and 

acceptor (A) [42].  A few recent reports demonstrated applications of the 

bioluminescent protein Renilla luciferase (Rluc) with green fluorescent protein 

(GFP) in an on-type assay [156, 157].  These assays are promising, but their 

LOD could be further improved by utilizing an acceptor with a higher extinction 

coefficient (ε) and/or a D-A pair with better spectral overlap.  For example, a 

previous nucleic acid detection method from our lab utilized an Rluc-Qd705 D-A 

pair in a signal-off assay format [51].  This D-A pair was chosen because Rluc 
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has a broad emission spectrum that favorably overlaps with the Qd705 excitation 

spectrum, and the extinction coefficient of Qd705 (ε = 3×106 cm-1M-1, λex = 488 

nm) is larger than that of GFP (less than 105 cm-1M-1) or organic dyes (ex. Alexa 

Fluor 488, ε = 7.3×104 cm-1M-1, λex = 495 nm).  In order to further increase the 

detection limit, we tested a similar Rluc-Qd D-A pair in a signal-on assay format.  

Instead of Qd705, we employed Qd625 due to a similar extinction coefficient (ε = 

2.7×106 cm-1M-1, λex = 488 nm) but higher absorption around 480 nm. 

 

     

 
Figure 2.1  Scheme of the BRET-based nucleic acid sensing system.  Two 
probes were employed in this detection platform, Rluc-probe (blue) and Qd625-
DAP-probe (green).  When no target was present, Rluc would luminesce upon 
addition of coelenterazine, but Qd625 would not emit due to the lack of an 
excitation source.  In the presence of target, the two probes hybridized to 
adjacent regions of the target.  When coelenterazine was injected, Qd625 
accepted and then emitted the transferred energy from coelenterazine oxidation.  
Increased target concentrations were indicated by increased red emission from 
Qd625 and decreased blue emission from Rluc in a dose-dependent response.  
The Rluc8 structure was obtained from RCSB protein data bank (2PSD). 
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In this design, two oligonucleotide (oligo) probes terminally-labeled with 

either Rluc or Qd625 were designed to include sequence complementary to 

adjacent regions of a target oligo (Figure 2.1).  This design feature allowed the 

labeled probes to hybridize with the target in a head-to-head arrangement, 

promoting efficient energy transfer between Rluc and Qd625.  Increasing target 

concentrations were directly proportional to increased Qd625 emission and 

decreased Rluc emission, and the detection limit of this assay was found to be 

2.1 nM after a 5-min hybridization. 

 

2.3 Materials and Methods 

2.3.1 Materials 

All purchased chemicals were used without further purification.  1,3-

diamino-2-hdroxypropane (DAP) and imidazole were purchased from ACROS 

(Fair Lawn, NJ).  Microcon YM-30 spin columns were from Millipore (Billercia, 

MA).  Zeba desalting spin columns were purchased from Thermo Fisher 

Scientific (Rockford, IL).  Miller Lysogeny Broth (LB), sodium tetraborate 

decahydrate, ethylenediaminetetraacetic acid (EDTA), sodium phosphate dibasic 

heptahydrate, and sodium phosphate monobasic anhydrous were from Fisher 

Scientific (Fairlawn, NJ).  Carboxylated-quantum dots (Qd625, CdSe/ZnS) and 

aldehyde-modified oligonucleotides probes were purchased from Invitrogen 

(Carlsbad, CA).  MP Biomedical (Solon, OH) supplied the agarose, while 

ampicillin, diethyl pyrocarbonate (DEPC), and Coomassie Brilliant Blue R250 

stain were purchased from Sigma-Aldrich (St. Louis, MO).  Succinimidyl 6-
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hydrazinonicotinate acetone hydrazone (SANH), 96-well microtiter plates, and 1-

ethyl- 3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Pierce 

Thermo Fisher Scientific (Rockford, IL).  High performance Ni2+-NTA agarose 

was purchased from GE Healthcare (Uppsala, Sweden).  Native coelenterazine 

was from Prolume (Pinetop, AZ).  All oligonucleotide targets and amine-modified 

oligonucleotides were obtained from Eurofins MWG Operon (Huntsville, AL). 

Buffers that were used in the present study were prepared in the 

laboratory and their compositions are as follows: binding buffer (20 mM sodium 

phosphate, 500 mM NaCl, 20 mM imidazole pH 7.0); elution buffer (20 mM 

sodium phosphate, 500 mM NaCl, 500 mM imidazole pH 7.0); hybridization 

buffer (100 mM sodium phosphate pH 7.0), borate buffer (10 mM sodium borate 

pH 7.0); SANH conjugation buffer (100 mM sodium phosphate, 150 mM NaCl pH 

7.5); DNA conjugation buffer (100 mM sodium phosphate, 150 mM NaCl pH 5.8).  

DEPC-treated buffer preparation consisted of adding 0.1% (v/v) DEPC to 

hybridization buffer, followed by 2-h incubation before autoclaving. 

 

2.3.2 Oligonucleotide sequences 

All targets and probes used for this work are listed in Table 2.1.  Target 

oligonucleotides were DNA analogues of a small sequence from Escherichia coli 

16s rRNA (Genbank NR_024570.1).  Two small oligonucleotides (Probe-1 and 

Probe-2) were employed as detection probes.  Probe-1 was an 18-base oligo 

with a 5′-aldehyde for Rluc conjugation.  Probe-2 was a 20-base oligo conjugated 

to Qd625 using a 3′ linker consisting of a 7-carbon spacer and a terminal amine.  
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Target oligonucleotides (Tar-1, Tar-2, Tar-3, and Tar-4) were designed to vary 

the distance between the two complementary sequence regions.  The single 

nucleotide polymorphism (SNP) contained a mismatch within the complementary 

region for both Probe-1 and Probe-2.  The multiple mismatch target (MM-Tar) 

contained one mismatch in the complementary region for Probe-1 and two 

mismatches in the region complementary to Probe-2. 

 

Tar-1 

(5-nucleotide spacer) 
AAC GTC GCA AGA CCA AAG AGC AGC CAC ACT GGA ACT GAG ACA C 

43 bases  

Tar-2 

(10-nucleotide spacer) 
AAC GTC GCA AGA CCA AAG AGG GGA CCA GCC ACA CTG GAA CTG AGA CAC 

48 bases 

Tar-3 

(15-nucleotide spacer) 

AAC GTC GCA AGA CCA AAG AGG GGG AAT GAC CAG CCA CAC TGG AAC TGA 

GAC AC 

53 bases 
Tar-4 

(20-nucleotide spacer) 

AAC GTC GCA AGA CCA AAG AGG GGG ACC AGG ATG ACC AGC CAC ACT GGA 

ACT GAG ACA C 

58 bases 

Probe-1 
Aldehyde - CTT TGG TCT TGC GAC GTT 

18 bases 

Probe-2 
GTG TCT CAG TTC CAG TGT GG - C 7 Amine 

20 bases 

SNP 
AAC GTC GCA TGA CCA AAG AGG GGG AAT GAC CAG CCA CAC TGG TAC TGA 

GAC AC 

53 bases 

MM-Tar 
AAC GTC GCA TGA CGA AAG AGG GGG AAT GAC CAG CCG CAC TGG TAC TGA 

GAC AC 

53 bases 

E. coli 16s  rRNA Genbank NR_024570.1 

 

Table 2.1  List of nucleotide sequences for targets and probes (5’-3’).  The 
underlined and double-underlined sequences in targets indicate the 
complementary regions to Probe-1 and Probe-2, respectively.  The mismatched 
nucleotides in SNP and MM-Tar are shown in red. 
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2.3.3 Rluc expression and purification 

The plasmid containing the gene for Rluc8, a serum-stable mutant (noted 

as Rluc in this manuscript) was constructed according to previous reports [51].  

E. coli (strain LMG-194) containing the Rluc-encoding plasmid was cultured in 

400 mL LB broth with 100 µg/mL ampicillin at 37 °C.  At OD600 of 0.6-0.8, Rluc 

was induced with 0.2% L-arabinose at 37 °C for 5 h.  Then, the cells were 

pelleted at 7,000 RPM for 20 min and resuspended in binding buffer.  Following a 

freeze-thaw cycle (-80 °C to 37 °C, 3X), cells were sonicated (Fisher Scientific, 

Sonic Dismembrator, Model-500) for 2 min (5 sec on, 20 sec off) to release 

protein.  The protein was separated by centrifuging at 17,000 RPM for 10 min, 

and the supernatant was passed through a 0.2 µm filter.  Approximately 10 mL of 

the filtered, crude protein was subsequently loaded on fresh Ni2+-NTA beads and 

incubated while mixing at room temperature for 2 h.  The column was washed 

with three 10 mL aliquots of binding buffer prior to Rluc elution using 5 mL elution 

buffer.  Luminescence activity of the elution was verified before SDS-PAGE 

analysis.  The concentration of the purified protein was determined using a 

Bradford assay. 

 

2.3.4 Rluc conjugation to aldehyde-modified oligonucleotide 

As shown in Figure 2.2, Rluc was covalently attached to the 

oligonucleotide probe using a previously described method [156]. Briefly, 25 nmol 

of Rluc was added to 206 µL of SANH conjugation buffer, followed by addition of 

10X mole excess of SANH.  The mixture was allowed to incubate for 3 h at room 
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temperature.  The reaction was stopped by buffer-exchanging the mixture to the 

DNA hybridization buffer using a Zeba desalting spin column.  The concentration 

of SANH-modified Rluc was determined using Bradford assay.  Then, Probe-1 

with  1.5X  mole  excess  of  the  SANH -modified  Rluc  was  added and  reacted 

 

 

 
Figure 2.2  Chemical reaction for Rluc-probe (A) and Qd625-DAP-probe (B) 
conjugation.  A) Rluc was conjugated with aldehyde-modified oligonucleotide 
through SANH.  B) EDC was employed as crosslinker in Qd625 blocking and 
conjugation steps.  The carboxylated Qd625 was blocked with DAP first, followed 
by conjugation to amine-modified oligonucleotide. 
 

overnight at room temperature.  The resulting Rluc-probe was separated from 

unreacted reagents by passing through a Zeba desalting column.  The 

A B 



36 
 

 

 

concentration of Rluc-probe was determined using a Bradford assay.  The Rluc-

probe was stored at 4 °C prior to use. 

 

2.3.5 Conjugation of Qd625 to amine-functionalized oligonucleotide 

Probe-2 was conjugated to Qd625 after blocking with DAP.  This blocking 

method was reported previously [158], with some modifications described below.  

Briefly, carboxyl-coated Qd625 was blocked with DAP using EDC chemistry 

(Figure 2.2).  For this, 0.8 nmol Qd625 was buffer-exchanged to borate buffer 

using Zeba desalting columns, followed by dilution to a final volume of 2 mL in 

borate buffer.  EDC solution was then added to a final amount of 88.6 µmol.  

After 5-min incubation, 11.4 µmol DAP was injected into the mixture, and the 

mixture was incubated for 1 h.  Unreacted EDC and DAP were separated by 

passing the mixture through a YM-30 spin column at 5000 RPM for 6 min.  The 

separated Qd625-DAP was then mixed with 88.6 µmol EDC and 1.5 nmol Probe-

2, and reacted for 1 h.  The conjugated Qd625-DAP-probe was again separated 

from excess reactants by passing the mixture through a YM-30 spin-column at 

5000 RPM for 6 min.  The concentration of Qd625-DAP-probe was determined 

by measuring the fluorescence intensity (ex: 480/10 nm, em: 630/10 nm) of 2 µL 

of Qd625-DAP-probe in 148 µL borate buffer in a 96-well microtiter plate using a 

Varian Cary Eclipse spectrofluorometer (Agilent; Santa Clara, CA).  The 

concentration of Qd625-probe was calculated using a calibration curve generated 

by measuring the fluorescence intensity of Qd625 standard dilutions.  The 

Qd625-DAP-probe was stored at 4 °C before use.  In order to compare 
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conjugation efficiencies with and without the addition of DAP, Qd625 was 

covalently conjugated to Probe-2 following the above procedure, with the 

exception of excluding the blocking step. 

 

2.3.6 BRET D-A pair distance optimization  

The spacing between the Rluc-probe and Qd625-DAP-probe hybridized to 

the target was optimized.  Four oligonucleotide targets (Tar-1, Tar-2, Tar-3 and 

Tar-4) with spacing variations of 5, 10, 15, and 20 nucleotides were tested.  In a 

100 µL reaction, 1.3 pmol of Qd625-DAP-probe and 1.7 pmol of Rluc-probe were 

mixed, followed by addition of various volumes of 2 µM target stock solution.  The 

mixture was hybridized for 35 min at room temperature in hybridization buffer.  

For detection, a 50 µL aliquot of 2.6 nM coelenterazine was injected into each 

well.  Bioluminescence intensity was detected using a PerkinElmer Victor X Light 

luminometer (PerkinElmer, Model-2030) with 486 ± 10 nm and 630 ± 10 nm 

filters.  All luminescence readings were obtained with a 1-sec integration time.  

Negative controls were performed concurrently with all assay components except 

target. 

 

2.3.7 Hybridization time optimization 

The hybridization time required for the labeled probes to capture target 

was optimized to obtain maximum BRET signal.  In this experiment, 1.3 pmol of 

Qd625-DAP-probe and 1.7 pmol of Rluc-probe were mixed with different volumes 

of 2 µM Tar-3 stock solution (final concentrations ranging from 1 nM to 133 nM) 
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for a total volume of 100 µL in hybridization buffer.  Oligonucleotides were 

hybridized at room temperature for 1, 5, and 35 min, and the luminescence 

intensity was measured after injecting a 50 µL aliquot of 2.6 nM coelenterazine.  

Negative controls (no target) were performed concurrently. 

 

2.3.8 Detection limit and dynamic range determination 

To ascertain the sensitivity and range of this sensing platform, a 

calibration curve was generated by adding from 75 fmol to 4.5 pmol of Tar-3 to a 

mixture of 1.3 pmol of Qd625-DAP-probe and 1.7 pmol of Rluc-probe in a total 

reaction volume of 100 µL.  Luminescence intensity was measured after 5-min 

hybridization via injection of a 50 µL aliquot of 2.6 nM coelenterazine.  Negative 

controls (no target) were performed concurrently.  Three independent 

experiments were carried out as validation.  Identical conditions were maintained 

for comparing Qd625-probe to Qd625-DAP-probe. 

 

2.3.9 Selectivity studies 

The ability of the sensing system to discriminate between specific target 

and mismatched targets (SNP and MM-Tar) was tested in DEPC-treated buffer.  

In a 100 µL reaction solution, Tar-3 and mismatch targets (SNP and MM-Tar) 

with a concentration range of 2.67 nM to 20 nM were added to a mixture of 1.3 

pmol of Qd625-DAP-probe and 1.7 pmol of Rluc-probe.  After 5-min incubation, 

50 µL of 2.6 nM coelenterazine was injected prior to detection.  Negative controls 
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(no target) were performed concurrently.  Three independent experiments were 

performed to validate reproducibility. 

 

2.3.10 Detection of E. coli 16s rRNA 

An E. coli ER2566 5 ml culture was transferred to 200 mL LB and 

incubated at 37 °C with shaking at 250 RPM until reaching OD600 0.6-0.8.  Cells 

were harvested by centrifugation at 7,000 RPM for 10 min and resuspended in 

35 mL hybridization buffer for sonication.  After centrifuging at 17,000 RPM for 1 

min, the supernatant was passed through a 0.2 µm filter to eliminate any 

remaining cellular debris.  The filtered cell extract was diluted 100-fold in DEPC-

treated buffer before further usage. 

In 100 µL of reaction solution, 3-25 µL of diluted E. coli cell extract was 

added to a mixture of 1.3 pmol Qd625-DAP-probe and 1.7 pmol Rluc-probe.  

After 5-min hybridization, a 50 µL aliquot of 2.6 nM coelenterazine was injected 

to the mixture prior to luminescence detection.  Negative controls (no cell extract) 

were performed concurrently. 

 

2.4 Results and discussion 

For this work, we designed an on-type BRET nucleic acid sensing system 

around two oligonucleotide probes individually labeled with either Rluc or Qd625 

to form an energy D-A pair.  Rluc is a bioluminescent protein that generates light 

(λmax = 488 nm) by catalyzing a chemical reaction of its substrate, coelenterazine.  

Because of the absence of an external excitation source, bioluminescent proteins 
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improve the detection limit of an assay by significantly reducing background [159, 

160].  Qds are zero-dimensional nanoparticles with wide absorption bands and 

narrow emission spectrums that incorporate significantly larger extinction 

coefficients than organic fluorophores.  With an extinction coefficient of 2,700,000 

cm−1 M−1 and a large spectral overlap with Rluc (data not shown), Qd625 (Ex: 

488 nm, Em: 625 nm) allowed efficient energy transfer from donor to acceptor.  

Meanwhile, Qds with different λem can be effectively excited with the same λex, 

which allows the possibility of multiple target detection using different Qd labels.  

The conjugation method of Probe-1 to Rluc and Probe-2 to Qd625 were reported 

previously [51, 156] (Figure 2.2).  We blocked Qd625 with DAP prior to Probe-2 

linkage to reduce non-specific binding between Qd625 and Rluc [158] and 

increase the electronic stability of conjugated Qd625.  The zeta potentials of 

Qd625 and Qd625-DAP were −39.5 mV and −31.3 mV, respectively.  All 

measurements were carried out at room temperature in phosphate buffer at pH 

8.5.  To verify the necessity of blocking Qd625, we tested the same assay with 

Qd625-probe and demonstrated that a higher background existed with the 

unblocked Qd625 than with the Qd625-DAP-probe (Figure 2.3).  Thus, DAP 

could block the non-specific binding between Qd625 and Rluc for a lower 

detection limit. 

Energy transfer efficiency (E) is highly dependent on the separation 

distance between donor and acceptor (r) as shown in Equation 2.1.  However, 

Rluc and Qd625 had a minimum separation boundary because steric hindrance 

could  potentially  disrupt the  hybridization  between probe and  target.  Thus, we 
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Figure 2.3  The effect of DAP blocking.  The DAP-blocked Qd probe (Qd625-
DAP-probe, black square) hybridized to the target more efficiently than non-
blocked Qd probe (Qd625-probe, blue circle).  Thus, DAP effectively prevented 
non-specific binding between Qds and Rluc. 
 

tested different separation distances within the Förster radius (R0), as calculated 

from Equations 2.2 & 2.3.  From the normalized emission of Rluc and the 

absorption of Qd625, we used the refractive index of the medium (n = 1.33), the 

quantum yield of Rluc (Q=0.07) [161], the orientation factor (!!! = 0.67), and the 

extinction coefficient of Qd625 at 488 nm (ε(λ) = 2,700,000 cm−1 M−1 ) to 

determine an overlap integral J(λ) of 1.53 × 10−11 cm3 M−1 using Equation 2.2.  A 

R0 of 7.6 nm was estimated using Equation 2.3. 

 

! =    !!!

!!!!!!
                                     (Eq. 2.1) 

J λ = !(!)!(!)!!!"
! ! !"

                        (Eq. 2.2) 
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Based on the calculated Förster radius, we estimated that effective energy 

transfer required donor and accepter separation to be less than 7.6 nm.  Thus, 

we tested spacing distances between the two probes ranging from 5 to 20 

nucleotides (1.7-6.8 nm).  BRET signal was shown to increase as the spacer 

length increased from 5 to 15 nucleotides and then decreased as the distance 

extended to 20 nucleotides (data not shown).  Steric effects reduced 

hybridization efficiency between the two probes and the target when the 

separation distance of two probes was ≤10 nucleotides.  If the spacer length was 

longer than 15 nucleotides, the BRET signal decreased commensurately with an 

increase in D-A distance.  Therefore, a spacer length of 15 nucleotides was 

employed in the following studies in order to maximize BRET efficiency without 

destabilizing the hybridization dynamics. 

The BRET signal was calculated as the ratio of normalized emission from 

Qd625 over the normalized emission from Rluc: 

 

!"#$  !"#$%& = !!"#$/!!"#$,!
!!"!"#/!!"!"#,!

         (Eq. 2.4) 

 

where IRluc and IQd625 are luminescence intensities from Rluc and Qd625, 

respectively, when target/sample was present, while IRluc,0 and IQd625,0 are the 

emissions from Rluc and Qd625 in absence of target. 
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After spacer selection, the time required for a stable hybridization between 

labeled probes and target was also studied.  As shown in Figure 2.4, maximum 

BRET signal was obtained after incubating for 5 min, which gave a similar 

response to 35-min hybridization.  Meanwhile, energy transfer occurred even 

after 1-min incubation.  However, the BRET signal for 1-min incubation was lower 

than the corresponding BRET signals for 5-min and 35-min hybridization due to 

incomplete hybridization. 

 

             

 
Figure 2.4  Hybridization time optimization.  Energy transfer between Rluc and 
Qd625 could be seen after 1-min incubation (green circle).  Maximum BRET 
signal was obtained after 5-min hybridization (black square), which showed a 
similar result to 35-min hybridization (blue diamond). 
 

The selectivity of this detection platform was then evaluated using the 5-

min incubation timepoint (Figure 2.5), and our sensor demonstrated the capability 
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of distinguishing mismatched oligonucleotides (SNP and MM-Tar) from perfectly 

matched target (Tar-3) with high fidelity.  Only minimal energy transfer could be 

seen in SNP and MM-Tar, which resulted from a significantly-reduced energy 

transfer ratio as labeled probes failed to completely hybridize.  The larger 

standard deviation of mismatched targets also illustrated this hybridization 

instability. 

 

          

 
Figure 2.5  Selectivity between perfectly-matched target and mismatched 
targets.  Efficient energy transfer only occurred in the presence of perfectly-
matched target (Tar-3, black square).  Increasing concentrations of mismatched 
target produced no substantial increase in BRET signal (SNP (blue circle) and 
MM-Tar (green diamond)). 
 

As shown in Figure 2.6, a linear calibration curve was generated in a 

range of 0.5 nM to 26.7 nM (75 fmol to 4 pmol) from three independent assays.  

The detection limit was calculated as 2.1 nM or 0.32 pmol with blank + 3σ.  The 

0 5 10 15 20 25

1.0

1.2

1.4

1.6 Tar-3
SNP
MM-Tar

Target (nM)

B
R

ET
 s

ig
na

l



45 
 

 

 

dynamic range of this assay was 0.5 nM to 467 nM (75 fmol to 70 pmol).  The 

linear portion has a limited range because we employed 1.3 pmol of Qd625-DAP-

probe and 1.7 pmol of Rluc-probe.  Increasing the amount of each probe could 

compensate for higher target concentrations. 

 

                          
 
Figure 2.6  Detection of target in DEPC-treated buffer.  This detection platform 
could detect synthesized oligonucleotide with a linear range from 0.5 nM to 26.7 
nM.  The calibration curve was generated with the data obtained from three 
independent experiments. 
 

Following synthetic oligonucleotide target detection, we further optimized 

this system for E. coli 16s rRNA detection.  The E. coli ER2566 cell extract was 

diluted 100-fold in DEPC-treated buffer in order to prevent RNA degradation.  An 

increasing BRET signal was observed for increasing volumes of E. coli cell 

extract (Figure 2.7). 
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Figure 2.7  Detection of E. coli cell extract.  The E. coli cell extract was diluted 
100-fold and detected in DEPC-treated buffer.  The BRET signal increased with 
increasing volumes of E. coli extract added. 
 

 

2.5 Conclusion 

We designed an on-type, BRET-based sensing platform which could 

detect oligonucleotides after a 5-min incubation with a LOD of 2.1 nM.  Two 

probes with sequences complementary to adjacent regions of a target strand 

were conjugated to either Rluc or Qd625.  This format enabled head-to-head 

proximity of the labels when hybridized to target, allowing energy transfer from 

Rluc to Qd625.  This detection platform demonstrated high selectivity against 

mismatched targets.  It could also successfully detect E. coli 16s rRNA.  We 

believe that our method can be applied for target nucleic acid detection in 

diagnostic, clinical, and environmental applications. 
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CHAPTER 3: PAPER-BASED VIRAL RNA DETECTION 

 

3.1 Overview of study 

Viral detection presents a host of challenges for even the most sensitive 

analytical techniques, and the complexity of common detection platforms typically 

preclude portability.  With these considerations in mind, we designed a paper-

based virus sensing system to detect cDNA reverse-transcribed from total RNA 

extraction by utilizing a biotinylated capture probe and an Alexa Fluor 647-

labeled reporter probe.  The biotinylated capture probe was linked to the paper 

surface via NeutrAvidin® that was physically adsorbed on the paper.  After 

addition of sample and reporter in sequence, the target captured the reporter 

probe and tethered it to the capture probe using a bridged format.  Fluorophore 

capture was imaged by a Western blot imaging system, and higher target 

concentration was visible by the increased emission intensity from Alexa Fluor 

647.  By utilizing paper, this detection setup could also serve as a sample 

concentration method via evaporation, which could remarkably lower the 

detection limit.  This detection platform was utilized for Epstein-Barr virus (EBV) 

RNA detection by sensing cDNA resulting from reverse transcription and can be 

further expanded as a general method for pathogen nucleic acids detection.  The 

assay was accomplished within 2.5 hours including the RNA extraction and 

reverse transcription steps.  Also, this paper-based platform was stored for 3 

months without a discernible chance in signal, which is an important criterion for 

analytical testing tools in resource-poor conditions. 
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3.2 Background 

Rapid virus detection with high sensitivity and selectivity is critical in many 

fields such as food production, disease diagnosis, and environmental monitoring 

[1, 2].  As reported by the WHO, infectious disease was the leading cause of 

death in low-income countries [6].  Also, it was responsible for two-thirds of 

deaths in children below age 5 worldwide in 2008 [7].  To prevent the 

transmission of infectious disease, early diagnosis and treatment is very 

important.  However, high-quality diagnosis tests are typically unaffordable or 

inaccessible to people in underdeveloped countries, and the inexpensive 

diagnostic methods prevalent in these areas cannot provide enough information 

[8].  Therefore, a cheap, portable, high-quality virus detection method, which can 

be used in resource-limited environments, is in high demand. 

The targets for virus detection include viral particles, antigens, and nucleic 

acids.  Viral particle detection is based on recognition of antigens on the surface 

of a virus, and these antigens are detected with enzyme linked immunosorbent 

assay (ELISA) using labeled antibody [10].  However, the antigen must be at a 

sufficient concentration above the assay detection limit and, therefore, cannot be 

used for diagnosis of early-phase pathogenic infectious diseases.  Also, being 

proteins, antigens are more vulnerable to environmental conditions, such as 

temperature and pH, and have a much shorter shelf-life than nucleic acids.  

Typically, antigen recognition requires a specific, monoclonal antibody, which is 

expensive and usually requires storage at -20 °C.  Conversely, nucleic acids can 

serve as targets for early diagnosis due to their stability even in harsh conditions.  
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They are usually captured and/or detected with antisense nucleic acids, which 

are inexpensive to synthesize and very stable compared to antibody.  

Oligonucleotides with different modifications are commercially available, resulting 

in easy labeling or conjugation of oligonucleotide probes.  Furthermore, nucleic 

acids are amenable to amplification using techniques such as polymerase chain 

reaction (PCR) [19], rolling circle amplification (RCA) [162], and loop-mediated 

isothermal amplification (LAMP) [78].  For these reasons, nucleic acids are 

suitable targets for point-of-care (POC) detection. 

Common detection methods for viral nucleic acids include PCR [163-165], 

electrochemistry [166-168], surface plasmon resonance (SPR) [169], and 

piezoelectric biosensors (quartz crystal microbalance (QCM) [170], cantilever 

[171], etc.).  These detection methods are very sensitive, but they all have some 

disadvantages which prevent them from meeting the requirements of POC 

detection.  SPR and piezoelectric biosensors are restricted to laboratory use only 

due to the requirement of sensitive instrumentation and highly-skilled personnel.  

Electrochemistry reactions can be performed on portable devices, but these 

devices have limited sensitivity.  PCR reactions can be performed with a portable 

thermocycler, and the result can be detected without instrumentation but with the 

possibility of false-positive results.  For on-site nucleic acid detection, some 

reports have included LAMP and monitored the result by turbidity or intercalating 

dye [74, 79, 172]. 

As an alternative approach to on-site virus detection, we decided to 

perform nucleic acid detection on a paper-based setup because of several 
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advantages of this format.  It is inexpensive, easily disposable (biodegradable 

and flammable), conducive to native biomolecule conformations, and a good 

sample and reagent carrier.  These benefits make paper a suitable material for 

POC detection in remote environments or in underdeveloped countries.  PCR for 

DNA detection from dried blood spots is a well-developed technique [173, 174].  

However, practical paper-based devices did not become viable platforms until an 

easy fabrication method was published in 2007 [175].  The paper 96-well plate 

used in our study was termed a “paper microzone plate” by its designer, the 

Whitesides’ group at Harvard University [176]. 

In this study, we tested our detection platform by sensing Epstein-Barr 

virus (EBV), also named human herpesvirus-4 (HHV4).  EBV is a double-

stranded DNA virus which is transmissible via nasopharyngeal secretions.  EBV 

typically targets B lymphocytes due to strong receptor homology for EBV surface 

antigens, but other immune cells as well as unrelated cell types can be infected 

due to the complex surface antigen complement on herpes viruses [177].  Given 

its tendency to go latent, more than 90% of the world’s population is an EBV 

carrier.  Reported targets for EBV detection include antigen and RNA (Epstein 

Barr encoded RNAs (EBER)), but RNA presents a more lucrative target given 

that, on average, there are 107 copies of EBER (EBER-1 and EBER-2) present in 

one latently infected cell [178, 179].  These two RNAs are small, non-coding 

RNAs which are usually bound to nuclear proteins [180].  We optimized our 

detection platform with EBV primarily due to the significant expression of EBER 

RNAs.  To date, there has been only one paper-based virus detection method 
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published.  The authors performed reverse transcription (RT)-LAMP prior to 

target detection using an intercalating dye.  In this case, paper was only 

employed as a carrier for double-stranded DNA, and the assay was incapable of 

differentiating multiple targets in one assay.  Here, we developed a multiplex viral 

diagnostic assay using DNA hybridization on a paper surface. 

As shown in Figure 3.1, a biotinylated-capture probe is immobilized on a 

paper surface that has been previously coated with physically absorbed NA.  The 

single-stranded cDNA target generated from RT of extracted total RNA was 

captured on a paper microzone surface by DNA hybridization.  The cDNA was 

detected with an Alexa Fluor 647-labeled reporter probe, and the fluorescent 

result was imaged with a LI-COR instrument and analyzed with ImageJ. 

 

 
 
Figure 3.1  Scheme of paper-based virus detection system.  NeutrAvidin® (NA) 
was physically absorbed onto the paper surface for immobilization of the 
biotinylated capture probe.  After sample loading, target was selected by 
hybridization to the capture probe.  Target was detected by its subsequent 
capture of an Alexa Fluor 647-labeled probe.  Increasing concentrations/volumes 
of target were indicated as higher fluorescence intensity. 
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3.3 Material and Methods 

3.3.1 Materials 

The NeutrAvidin® (NA), dNTPs, Alexa Fluor 647-oligo, herring sperm, 

TRIzol reagent, and RNaseOUT were from Invitrogen (Grand Island, NY).  The 

RPMI media, fetal bovine serum, biotinylated capture probe, and unmodified 

oligo were purchased from Sigma-Aldrich (St. Louis, MO).  StartingBlock blocking 

buffer was from Pierce (Rlckford, IL).  The Raji B cell line was purchased from 

American Type Culture Collection (Manassas, VA).  The RNeasy Mini Kit was 

from Qiagen (Valencia, CA).  The M-MLV reverse transcriptase was from 

Epicentre (Madison, WI).  Whatman #1 cellulose paper was purchased from 

Whatman (Piscataway, NJ). 

 

3.3.2 Cell preparation and RNA extraction 

Raji cells were cultured at 37 °C, 5% CO2 in RPMI media with 10% fetal 

bovine serum.  After centrifugation, total RNA was extracted using an RNeasy 

Mini Kit based on the Qiagen protocol.  Briefly, approximately 1 × 107 cells were 

lysed in 0.5 mL Buffer RLT.  Proteinase K (100 µg/ml) was added prior to a 10-

min incubation at 60 °C to reduce RNase activity.  Then, a 0.5 mL aliquot of 70% 

ethanol was added to the mixture.  The solution was transferred to the filter 

column, and RNA was collected by centrifuging for 15 s.  The filter was washed 

with 700 µL of Buffer RW1 and centrifuged for 15 s.  Then, a 500 µL aliquot of 

Buffer RPE was added to the column, and the column was centrifuged for 2 min.  

The empty column was centrifuged for 1 min before adding 30 µL of 65 °C 
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RNase-free water.  The filter was incubated for an additional 1 min before 

centrifuging for 1 min.  All centrifuge steps were performed at 4 °C and 10,000 × 

g.  The concentration of total RNA was checked with a GE NanoVue Plus 

spectrophotometer (Hollywood, FL). 

 

3.3.3 Single strand cDNA synthesis 

Reverse transcription was performed according to Epicentre M-MLV 

protocol.  Briefly, extracted total RNA was mixed with 10 pmol RT primer and 

RNase-free water to a total volume of 10 µL.  After denaturing at 65 °C for 2 min, 

the mixture was cooled on ice for 1 min.  For a 20 µL reaction, 2 µL of 10X buffer, 

200 nmol DTT, 10 nmol of each dNTP, 0.5 µL M-MLV reverse transcriptase, 0.5 

µL RNAseOUT, and RNAse-free water to volume were added to the mixture.  

The solution was incubated at room temperature for 10 min, followed by 10 min 

at 37 °C.  The reverse transcriptase was denatured by heating the reaction to 85 

°C for 5 min.  RNA was hydrolyzed at 70 °C for 10 min with 0.33 M NaOH.  

Following neutralization with HCl, the single stranded cDNA was ready for 

detection. 

 

3.3.4 Design and use of paper microzones for synthesized oligo and cDNA 

detection 

96-well paper microzones were fabricated according to previous literature 

protocols [176, 181].  Briefly, the 96-well pattern was designed with Adobe 

Illustrator and printed on the filter paper surface using a Xerox ColorQube 8570 
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solid ink printer (Xerox; Norwalk, CT).  The wax was melted using an oven by 

incubating for 1 min at 110 °C.  To assemble the paper capture construct, a 4 µL 

aliquot of 0.25 mg/mL NA was allowed to adsorb for 30 min in each fabricated 

reaction zone.  After washing once with PBS buffer (10 mM sodium phosphate, 

150 mM sodium chloride pH 7.2), a 4 µL aliquot of 4 µM biotinylated capture 

probe (b-Tar, Table 3.1) was incubated in the well for 15 min.  Then, the wells 

were washed once with PBS and blocked with blocking buffer (StartingBlock 

blocking buffer with 10 µg/mL herring sperm) for 40 min, followed by drying for 20 

min under ambient conditions. 

For synthesized oligo detection, the blocked paper wells were washed 

once with PBS before incubating with target (Tar, 7 nM to 1 mM, Table 3.1) for 

30 min.  Then the wells were washed once with PBS, and 4 µL reporter probe 

(Alexa-Tar, Table 3.1) was added to a final concentration of 300 nM.  After 30-

min incubation, the wells were washed three times with PBST (PBS with 0.05% 

Tween-20 (v/v)).  The procedure for cDNA detection was similar to the 

synthesized oligo detection, except for the sample capture step.  Each tube of 

neutralized cDNA sample (about 26 µL) was loaded in one well and incubated for 

1 h.  The capture probe and reporter probe employed for cDNA detection are 

referred to as b-cDNA and Alexa-cDNA, respectively, as shown in Table 3.1. 

The positive control consisted of a biotinylated oligo (b-pos) and Alexa Fluor 647-

oligo (Alexa-pos) (100 nM) pair with complementary sequences, as shown in 

Table 3.1.  Thus, positive control wells were left empty during the target 

incubation step.  The fluorescence result was recorded with a LI-COR Odyssey 
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Fc imaging system from LI-COR Biosciences (Lincoln, Nebraska) using a 30 s 

exposure at 700 nm.  The brightness was calculated with ImageJ software by 

normalizing the brightness of each well against the positive control well. 

 

Name Sequence (5′→3′) 

b-pos CTTAGCTTCCGAGATCAGACGAGA - biotin 

Alexa-pos Alexa Fluor 647-TCTCGTCTGATCTCGGAAGCTAAG 

b-Tar GCTACAGCCACACACGTCTCCTC - biotin 

Tar GACGTGTGTGGCTGTAGCCACCCGTCCCGGGTACAAGTCCCGGGTGGTGAG 

Alexa-Tar Alexa Fluor 647 - CTCACCACCCGGGACTTGTACCC 

Ran-Tar TTATACAGATGATATTAGATGATCTCAATAGGAGCATCATTACTATATTAA 

b-cDNA GGGTACAAGTCCCGGGTGGTGAG - biotin 

Alexa-cDNA Alexa Fluor 647 - GAGGAGACGTGTGTGGCTGTAGC 

 
Table 3.1  Sequences of all probes and synthesized oligonucleotide targets.  The 
first two oligos were used as the complementary positive control pair.  The next 
three oligonucleotides comprised the set of probes for synthesized target 
detection.  The single and double underlined regions in the Tar sequence are 
complementary to b-Tar and Alexa-Tar, respectively.  The bottom two oligos 
were used as capture probe and reporter probe for cDNA detection. 
 

 

3.3.5 Concentrate sample with paper microzone 

All the steps were identical to the synthesized oligo sensing assay, except 

for target loading and incubation.  Different volumes (4, 8, 16, 32, 64, 128 µL) of 

Tar or Ran-Tar (Table 3.1) were loaded and dried under ambient conditions.  

Then, a 4 µL aliquot of PBS was added to each well and incubated for 30 min, 

followed by a 30-min hybridization to the Alexa Fluor 647-oligo.  The result was 
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imaged using a LI-COR Odyssey Fc imaging system, and target wells were 

normalized against the positive control well. 

 

3.4 Results and Discussion 

Viruses only replicate inside living cells.  Except for the unusual case of 

prions, the starting material for viral replication is DNA or RNA [182].  Based on 

the Baltimore classification, viruses fall into seven catagories based upon the 

starting material: dsDNA, ssDNA, dsRNA, (+)ssRNA, (-)ssRNA, ssRNA-RT, and 

dsRNA-RT [183].  Because RNA is a common product of all viral replication 

strategies, we chose the small non-coding RNA EBER-1 as our target.  However, 

a reverse transcription step was performed to generate complementary cDNA as 

the direct target for detection due to the instability of RNA.  Typically, special 

buffer (DEPC-treated or RNase-free buffer) is employed and careful handling is 

required in RNA detection methods in order to prevent RNA degradation [184].  

Therefore, RNA is not suitable as target for POC detection.  Thus, the RT 

process for cDNA generation was included. 

We detected the cDNA target on cellulose paper printed with a 96-well 

pattern.  Compared to prevalent viral nucleic acid detection methods such as 

PCR, electrochemistry, and SPR, paper-based detection platforms can provide 

the basis for POC detection in resource-limited settings because paper is 

inexpensive, lightweight, disposable, and easy to functionalize and modify [185].  

Also, filter paper is commonly used to store samples and reagents in a dry form 

for long periods without refrigeration [17, 18].  Paper-based sensing assays have 
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garnered much attention since an easy and reliable fabrication method was 

published in 2007 by the Whitesides’ group [175].  Now, the two major paper 

fabrication methods are photolithography [175] and wax printing [181].  We 

decided to pursue the wax printing method due to the ease of fabrication with 

current instrumentation.  First, the 96-well pattern was designed using Adobe 

Illustrator.  The pattern was printed with a solid ink printer, which printed wax on 

the paper surface.  Then, the printed paper was heated in order to allow the wax 

to fill the pores of the paper and form hydrophobic barriers.  The resulting paper 

microzone can be stored in ambient conditions for a substantial period of time. 

We targeted cDNA transcribed from EBER-1, which produced a 167 

nucleotide product (Figure 3.2).  Therefore, a 10-min RT reaction was performed 

to generate cDNA instead of the typical >1-hour PCR for double-stranded 

product.  Then, the single-stranded cDNA was isolated after hydrolyzing the RNA 

template with NaOH for 10 min, which is a widely used technique in DNA 

microarray analysis.  In order to detect the neutralized cDNA, two probes were 

utilized - a capture probe and a reporting probe, both of which contain sequence 

that was complementary to adjacent regions in the target strand.  The cDNA 

target was initially captured by the biotinylated capture probe, which was tethered 

to the paper surface via non-covalent binding of its 3′ biotin to physically 

adsorbed NA.  The captured target was detected by hybridization to a reporter 

probe labeled with Alexa Fluor 647.  The fluorescence intensity was imaged 

using a LI-COR instrument and analyzed with ImageJ software. 
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Figure 3.2  RT and RT-PCR product using total RNA extract from Raji B cells as 
template.  As shown in lane 2, the variable length of RT products was the result 
of truncated product that was incompletely transcribed at the end of the 10 min 
cycle.  In lane 3, the desired 167 bp PCR product is visible. 
 

Before moving to real-sample detection, we characterized the paper-

based detection system first by testing synthesized oligonucleotide target (Tar).  

A 4 µL aliquot of Tar with different concentrations (7 nM to 1 µM) was detected 

using this platform.  As shown in Figure 3.3, a linear calibration curve was 

obtained in a range of 50 to 500 nM (0.2 to 2 pmol) from three independent 

assays.  The detection limit of 66.4 nM (265 fmol) was calculated by the blank 

value + 3σ.  For normalization, 100% signal was defined as the brightness of 

Alexa-pos captured by b-pos, while 0% was the background brightness of the 

negative control (no target addition).  All data was analyzed using this same 

method. 
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Figure 3.3  Detection of synthesized oligonucleotide target on the paper 
microzone.  Oligonucleotide target was detected within a linear range from 50 to 
500 nM.  The detection limit was calculated to be 66.4 nM. 
 

Then, we evaluated this method by detecting EBER-1 extracted from Raji 

B cells.  Total RNA was extracted with an RNA isolation kit, the RNA 

concentration was measured, and three calculated RNA volumes corresponding 

to different cell counts (2 × 106 to 8 × 106) were added as template for RT.  After 

cDNA synthesis and RNA hydrolysis, each neutralized mixture (about 26 µL) 

containing single-stranded cDNA was added to one well on the paper microzone 

and incubated for 1 h.  As shown in Figure 3.4, there was a significant increase in 

fluorescence corresponding to the addition of more RNA template. 

Because of the porous structure of the paper, it served as an effective 

carrier.  Thus, we tested the ability of the paper to concentrate samples in order 

to improve the detection limit.  In each well, we loaded different volumes (4, 8, 

16, 32, 64, and 128 µL)  of  Tar and Ran-Tar.   The  paper  microzone  was  dried 
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Figure 3.4  Detection of EBER-1 extracted from Raji B cells with different cell 
counts on the paper microzone.  There was a significant increase in fluorescence 
intensity that corresponded to increasing cell count. 
 

prior to the addition of 4 µL PBS and 30-min hybridization.  The captured target 

was detected with the same method used for the synthesized oligo detection.  As 

shown in Figure 3.5, Ran-Tar could be easily distinguished even in high 

concentrations.  Meanwhile, the detection limit was also enhanced with the 

addition of the concentration step.  Comparing Figure 3.5 to Figure 3.4, the signal 

generated from similar amounts of concentrated sample was close to or higher 

than the corresponding signals in the direct target detection.  In Figure 3.4, the 

signals of 0.4 pmol and 2 pmol Tar (0.1 µM and 0.5 µM) were 29.6% and 95.0%, 

respectively, of the maximum signal, while the intensities of 0.16 pmol and 1.28 

pmol Tar (16 µL and 128 µL) in Figure 3.5 were 27.7% and 91.8%, respectively.  

This indicated that there was almost no loss of DNA target in the concentration 

process.  The higher signal at low DNA amounts may have been due to the 
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longer total hybridization time (time for sample drying process plus 30-min 

hybridization). 

 

                   
 
Figure 3.5  Detection of sample concentrated on the paper microzone.  Different 
volumes of target (Tar, circle and square) and non-target (Ran-Tar, triangles) 
were concentrated on the paper microzone, and the dried sample was detected 
with Alexa-Tar.  Target and non-target could be easily distinguished even with 
higher concentration and large loading volumes.  The process of concentrating 
the sample also served to improve the detection limit. 
 

We also tested the shelf life of the paper microzone subsequent to capture 

probe immobilization for periods of up to 3 months.  There was no observed 

signal loss if the paper microzone was stored in dry conditions.  Additionally, 

there was no decrease in the fluorescence intensity if the assay was completed 

and stored without imaging.  Thus, the assay could be performed and then stored 

for a period of time prior to signal analysis, which would be a potential strategy 

for detection in resource-poor conditions.  As this method was only a proof-of-
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concept platform for paper-based virus detection, further changes can be made 

in order to better suit this method for POC detection.  First, the RT process can 

be performed at room temperature.  There were two steps for RT, annealing and 

elongation, which were performed at room temperature and 37 °C, respectively, 

as suggested by the protocol.  For our demonstration, the elongation step was 

performed at 37 °C because this was the optimal temperature for M-MLV reverse 

transcriptase.  Although M-MLV has less activity at room temperature, our target 

was short (167 nt) and would allow room temperature RT if the elongation time 

was extended.  Second, a colorimetric reporter probe (such as gold nanoparticle-

functionalized probe) can be employed to eliminate instrumentation completely.  

Besides virus detection, this method could be utilized as a general DNA or RNA 

diagnostic platform.  It could also serve as an alternative to traditional Northern 

blot because of the reduction of experimental steps, smaller sample size, shorter 

incubation time, and inexpensive buffer. 

 

3.5 Conclusion 

We developed a paper-based virus detection method which is suitable for 

resource-poor settings.  This method includes two steps, RT and paper-based 

detection.  The isothermal RT process was performed to generate cDNA, which 

is much more stable than RNA, as the nucleic acid target.  Paper-based 

detection was chosen as a way to increase portability, reduce platform expense, 

and provide an easy means of disposal.  Also, the porous structure of paper 

increased the effective surface area, which provided a commensurately 
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decreased detection limit.  The paper microzone required less reagent and 

sample size (4 µL for synthesized oligonucleotide detection), which reduced the 

cost of each test.  Meanwhile, the paper substrate was shown to provide a 

means to concentrate the samples in order to further decrease the detection limit.  

This testing platform could be stored at room temperature for at least 3 months 

prior to use, and the result of a completed assay can be imaged after 3 months.  

We believe that this paper-based detection method is suitable for diagnostic use 

in resource-limited environments.  In addition, it has the potential to be employed 

as a general assay for DNA or RNA detection. 
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CHAPTER 4: RAPID, INEXPENSIVE, MULTIPLEXED DNA DETECTION 
USING NOVEL ZINC FINGER PROTEIN TAGS AND A PAPER-BASED 
MICROFLUIDIC DEVICE  
 

4.1 Overview of Study 

Multiplexed, DNA-based diagnostics for resource-poor settings are 

urgently needed for accurate pathogen detection at the point-of-care (POC).  Yet, 

current limitations of the available DNA detection methodologies significantly limit 

the development of economical diagnostic devices.  Here, we describe a novel 

zinc finger protein (ZFP)-based method for direct multiplex detection of double- 

stranded DNA using a paper-based microfluidics device.  We encoded unique 

ZFP DNA recognition sequences (termed “ztags”) in the DNA amplification 

primers themselves, thereby tagging each product DNA for recognition by a 

specific, pre-designed ZFP.  Given the unlimited number of unique ZFP 

recognition sequences that can be placed as tags in different amplification 

primers, our design allows for detection of many DNA biomarkers by using 

multiple ztagged DNA products along with their respective capture ZFPs.  We 

applied our methodology to detect two different tuberculosis (TB) biomarkers 

using immobilized ZFPs and showed specific and selective detection in uniplex 

and multiplex assays.  We also developed a paper-based microfluidic device 

platform and applied our novel DNA detection methodology to it.  Here, in a 

proof-of-concept experiment, we show that this paper-based microfluidic device 

can accurately detect two different TB genes and provides simple, visible readout 

of the assay.  Our results suggest that primer-encoded ZFP tags, in combination 
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with the corresponding ZFPs, can be used to easily detect multiple DNA targets 

in a single assay and can be utilized with simple, paper-based microfluidic 

devices for accurate and rapid pathogen detection.  This novel methodology has 

the potential to be developed into a simple method for DNA diagnostics at the 

POC in resource-poor settings. 

 

4.2 Background 

Early and accurate diagnosis of disease-causing agents in resource-poor 

settings is critical for effective treatment of patients and for disease containment.  

Yet, cost-effective methods and technologies for identifying infected patients are 

sorely lacking.  For example, tuberculosis (TB) is a leading cause of death 

worldwide due to infections and is especially prevalent in the developing world 

[186, 187], but the pathway for accurate diagnosis requires an assessment of 

clinical symptoms, chest radiography, and microscopy of sputum specimens, 

followed by isolation and culture of Mycobacterium tuberculosis (M. Tb), the gold 

standard for positive identification of TB and its strain [188, 189].  However, 

culture of the pathogenic bacteria takes weeks due to the slow growth rate of TB 

in culture.  While newer, faster molecular diagnostics based upon nucleic acid 

amplification are available in the western countries for the identification and 

typing of TB, diagnostic assays in resource-poor settings still rely on older 

methods due to the high costs of molecular diagnostic tests and their need for 

sophisticated equipment [190-193].  Thus, there is an urgent need for rapid and 

specific diagnostic assays for such pathogens [194].  Furthermore, having such 



66 
 

 

 

diagnostic tests available at point-of-care (POC) clinical settings is also critical for 

the effective treatment of patients, as many do not return for a follow-up visit.  

This necessitates a major re-think of the currently available nucleic acid 

amplification-based diagnostic assays that are commonly used in the more 

affluent countries.  Some tests that are available for use and are potentially 

applicable in a low-resource setting rely on amplification and detection of a single 

target per test [78, 195, 196], thus requiring multiple assays for the detection of 

multiple nucleic acid biomarkers of infectious agents in each sample.  In terms of 

technical challenges, while many methods have been developed to easily and 

cost-effectively amplify different DNA/RNA sequences in a single test tube [195], 

detection of amplified DNA products in a single assay at the POC in a resource-

poor setting still remains a big challenge [197, 198], as most methods for 

detecting multiple amplified targets in a single assay require expensive or 

complex technological solutions that are beyond the on-site capabilities in 

resource-poor communities [199].  One key challenge with detection of multiple 

different amplified DNA sequences is the issue of DNA denaturation and 

subsequent hybridization to specific detection probes, which requires at least a 

few separate steps [63, 200].  A second challenge is the implementation of 

reliable multiplexed DNA detection assay onto a low-cost, instrument-free, POC 

device.  While paper-based microfluidic devices [181, 201-203] are ideally suited 

for this, and paper-based devices have been reported as platforms for DNA 

amplification [204, 205], no such devices have yet been described in literature for 

multiplexed DNA diagnostics, perhaps owing to the difficulties associated with 
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implementing the commonly-used methods for DNA detection onto the paper-

based microfluidics platform.  One recent report describes utilization of a paper-

based lateral-flow strip for detecting PCR products, which required a separation 

step after PCR for single DNA species generation [206]. 

Zinc finger proteins (ZFPs) are common DNA-binding proteins present in 

the human genome and form a large subset of all transcription factors encoded 

by the genome.  We utilized two C2H2 ZFPs, which contain multiple Cys2-His2 

class zinc finger domains that recognize a specific sequence of dsDNA [207-

209].  Each zinc finger domain consists of a linear chain of approximately 30 

amino acids that folds into a compact “finger-like” structure with two antiparallel 

β-sheets and one α-helix.  The α-helix contains two key histidine residues that, 

together with two cysteine residues from the hairpin region of the antiparallel β-

sheets, form a tetrahedral coordinate bond structure around a single zinc ion 

[210].  Specific residues in the α-helix of a typical zinc finger domain recognize a 

3 DNA base pair (bp) sequence and do so in a highly selective manner.  Using 

insights gained from structural studies and structure-function relationship studies, 

substitution of different residues in the α-helix has been used to engineer zinc 

finger domains that can target almost any three to four bp DNA sequence [211].  

A typical ZFP contains a tandem array of three zinc finger domains, which 

facilitates recognition of an approximately nine bp linear DNA sequence.  Thus, a 

variety of rational design methodologies with interchangeable zinc finger domains 

in a tandem array have been used to generate ZFPs against almost any DNA 

sequence of 9-18 bp in length [207, 212, 213], and computational algorithms for 
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designing ZFPs against almost any 9-12 bp DNA sequence are widely available.  

ZFPs containing three zinc finger domains have been the most commonly 

engineered proteins because, in general, they are easier to design and produce 

as compared to larger ZFPs and bind with high specificity to their target binding 

sites on DNA [213].  Recently-described transcription activator-like effector 

(TALE) proteins would also be useful for this purpose [214].  Engineered ZFPs 

have been developed and tested as synthetic transcription factors as well as 

novel enzymes such as targeted endonucleases and integrases [207, 211-213]. 

Given their ability to sequence-selectively bind dsDNA, ZFPs have been 

proposed for use in diagnostics ever since their discovery and structural 

elucidation in the 1990s.  The ZFPs Sp1, Sp2 and Zif268 have been used to 

detect their respective endogenous recognition sequences that are naturally 

present in genomic DNA from different bacteria [68, 215-217].  Similarly, 

sequence-enabled reassembly (SEER) of two different ZFPs linked to split-

proteins has been developed to detect long stretches of endogenous DNA 

sequences that correspond to the natural recognition sites for a pair of ZFPs 

[218, 219].  Furthermore, hydrogel immobilization of one of the two ZFPs from 

the SEER pair drove the dsDNA-dependent ZFP-based reassembly of β-

lactamase in a recent study.  This allowed for rapid, multiplexed detection of 

dsDNA on an array [70], proving that ZFPs can be used to create inexpensive 

diagnostic devices for use in the POC setting.  However, a critical drawback of 

the current ZFP-based diagnostic assays is their reliance on the detection of pre-

existing ZFP recognition sequences in their target DNA, which greatly limits the 
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dsDNA biomarkers that can be detected due to the challenge of designing 

multiple unique ZFPs against related sequences.  Although engineered, novel 

ZFPs that can be directed against almost any target DNA sequence would 

provide an alternative method, it has been difficult to transition from theory to 

practice. 

Here, we present a solution for the direct detection of multiple dsDNA 

sequences in a single assay that circumvents the need for denaturation and 

hybridization steps by using ZFPs as dsDNA detection agents in a novel fashion.  

In our assay, ZFP DNA recognition sequences are incorporated as tags in the 

primers used to amplify target biomarkers (Figure 4.1).  Subsequently, we use 

the incorporated ZFP binding sequence (which we refer to as “ztag”) to detect the 

amplified target DNA using its corresponding ZFP as a detection agent.  Because 

almost any ZFP recognition site can be incorporated in amplification primers, our 

design circumvents previous limitations of ZFPs and allows for multiplexed 

detection of DNA biomarkers by using multiple, independent amplification primer 

pairs for different DNA targets that are selectively assayed using their respective 

capture ZFPs.  Additionally, we incorporated biotin tags in the amplified DNA for 

ease of detection with a variety of commonly available, avidin-based detection 

agents.  As with the previous ZFP-based DNA detection methods, our approach 

does not require any denaturation or additional processing steps for the 

multiplexed detection of target dsDNA.  We present results from the testing of our 

approach using TB genomic DNA as a model system.  Additionally, we show 

implementation of our novel, multiplexed DNA detection assay on a paper-based 
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microfluidics device to overcome some of the existing difficulties in creating an 

appropriate device for use at the POC in a resource-poor setting.  Our newly 

developed assay methodology and its incorporation into a paper-based 

microfluidics device provides a novel approach for designing economical devices 

for pathogen detection in a resource-poor setting. 

 

 

 
Figure 4.1  Schematic representation of the primer-encoded ZFP tag (ztag) 
methodology for the multiplex detection of DNA sequences using ZFPs.  The 
ZFP recognition sequences are encoded in DNA amplification primers so that 
predesigned ZFP binding sites are added to each amplified DNA product.  A 
biotin moiety is also incorporated into the DNA products during the amplification 
step for ease of detection.  Multiple amplified DNA products are selectively 
captured on a detection device using site-selectively immobilized ZFPs that 
correspond to each of the encoded ztags and are detected via the biotin moiety.  
The ZFP structure was obtained from RCSB protein data bank (1A1L). 
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4.3 Materials and Methods 

4.3.1 Materials 

Primers for polymerase chain reaction (PCR), the 0.01% poly-L-lysine 

solution, nitrocellulose membranes, sodium periodate, chitosan (low molecular 

weight), and sodium cyanoborohydride were purchased from Sigma-Aldrich (St. 

Louis, MO).  The Choice Taq DNA polymerase was purchased from Denville 

(Metuchen, NJ).  The Ni2+-NTA agarose beads and QIAprep Miniprep plasmid 

DNA purification kits were purchased from Qiagen (Valencia, CA).  Amylose 

resin and anti-maltose binding protein (MBP) antibody were obtained from New 

England BioLabs (Ipswich, MA).  The M. Tb genomic DNA (H37Ra, catalog # 

25177) and human K562 erythroleukemic cell line were purchased from 

American Type Culture Collection (Manassas, VA).  The 96-well microtiter plates 

were obtained from Corning (Corning, NY).  The anti-His antibody, E.coli BL21 

cells, herring sperm, and NeutrAvidin®-horseradish peroxidase conjugate (NA-

HRP) were purchased from Invitrogen (Grand Island, NY).  Glutaraldehyde 

solution (20%) was obtained from Electron Microscopy Science (Hatfield, PA), 

the streptavidin-horseradish peroxidase (SA-HRP) and SDS-PAGE were from 

Bio-Rad (Hercules, CA), the 3,3,5,5-tetramethylbenzidine (TMB) substrate was 

from Vector Laboratories (Burlingame, CA) and the SuperSignal West Pico 

Chemiluminescent Substrate was from Pierce (Rockford, IL).  The Bio-Dot 

microfiltration apparatus and StartingBlock Blocking buffers were purchased from 

Thermo Fisher Scientific (Waltham, MA).  Whatman #1 cellulose paper was from 

Whatman (Piscataway, NJ).  Pooled human genomic DNA was purchased from 
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Promega (Madison, WI).  The anti-MBP polyclonal antibody was from Rockland 

(Gilbertsville, PA). 

 

4.3.2 Expression and purification of ZFPs 

The construct (residues 331-430) of human EGR1, corresponding to three 

tandem copies of C2H2-type zinc fingers, was cloned into an Invitrogen TOPO® 

pET102 bacterial expression vector that included an N-terminal thioredoxin (Trx)-

tag and a C-terminal polyhistidine-tag.  Notably, Trx-tag was included to 

maximize protein expression in soluble fraction, while the His-tag was added to 

aid in protein purification through Ni2+-NTA affinity chromatography.  The 

bacterial expression plasmid pMAL-c2X containing the ZFP rrsA1175 has been 

previously described [70].  ZFPs were expressed by transforming E. coli BL21 

cells with each of the plasmids according to manufacturer’s protocol.  BL21 cells 

were cultured in LB media containing ampicillin (100 µg/mL) at 37 °C until the cell 

density reached an OD600 of 0.6-0.8.  Expression of EGR1 was induced in the 

cells by cooling the cells in culture to 15 °C, then adding isopropyl-1-thio-β-D-

galactopyranoside (IPTG, 0.5 mM) and culturing the cell at 15 °C overnight.  

Expression of rrsA1175 was induced in the cells by cooling the cells in culture to 

15 °C, then adding IPTG (0.3 mM) and culturing the cell at 15 °C overnight.  

Reduced expression temperatures were employed to reduce basal protein levels 

and retain solubility for the induced protein fraction.  The cells were pelleted at 

7000 × g for 20 min and resuspended in lysis buffer.  The EGR1 lysis buffer 

consisted of 100 mM Tris base, 150 mM NaCl, 10 mM imidazole, 90 µM ZnSO4, 



73 
 

 

 

0.05% (v/v) Tween-20, 2 mM β-mercaptoethanol pH 8.0, while the rrsA1175 lysis 

buffer included 50 mM Tris base, 200 mM NaCl, 90 µM ZnSO4, 0.05% Tween-20 

(v/v), and 10 mM β-mercaptoethanol pH 7.5.  The cell lysate was sonicated, and 

the crude protein was isolated by centrifugation for 10 min at 18000 × g.  EGR1 

protein (His-tagged) was purified using a Ni2+-NTA column according to 

manufacturer’s directions.  Briefly, Ni2+-NTA agarose beads were loaded on a 

column and pre-equilibrated with EGR1 lysis buffer.  The crude protein lysate 

from EGR1 culture was loaded onto the column, and the bound protein was 

washed using imidazole wash buffer (30 mM imidazole in 100 mM Tris base, 150 

mM NaCl, 90 µM ZnSO4, 0.05% Tween-20 (v/v), 2 mM β-mercaptoethanol pH 

8.0).  EGR1 was eluted using imidazole elution buffer (200 mM imidazole in 100 

mM Tris base, 150 mM NaCl, 90 µM ZnSO4, 0.05% Tween-20 (v/v), 2 mM β-

mercaptoethanol pH 8.0) and pooled.  Amylose was used to purify rrsA1175.  

The amylose column was pre-equilibrated with rrsA1175 lysis buffer, and the 

crude protein lysate was loaded onto the column.  The resin-bound protein was 

washed using rrsA1175 lysis buffer, and was eluted from the column using the 

maltose elution buffer (10 mM maltose in 50 mM Tris base, 200 mM NaCl, 90 µM 

ZnSO4, 0.05% Tween-20 (v/v), 10 mM β-mercaptoethanol pH 7.5).  Purified 

protein was dialyzed in PBST/Zn2+ buffer (100 mM phosphate, 150 mM NaCl, 

0.05% Tween-20 (v/v), 90 µM ZnSO4 pH 7.4) and stored at 4 °C.  Purity of the 

recombinant ZFP protein was confirmed using SDS-PAGE (Figure 4.2). 
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Figure 4.2  Cloning and expression of the recombinant ZFPs.  A) Coomassie-
stained SDS-PAGE (4%-12% gradient) gel showing purification of His-tagged 
EGR1 from bacterial lysates using Ni2+-NTA column.  A cartoon diagram 
depicting the construct used for the expression of the recombinant EGR1 in E. 
coli is shown above the gel.  Lane M, molecular weight standards; lane 1, crude 
bacterial lysate; lane 2, flow-through fraction from a Ni2+-NTA column after 
loading the EGR1-containing crude bacterial lysate on the column; lanes 3-6, 
wash fraction from the column, lanes 7-14, various elution fractions from the 
column upon treatment with imidazole-containing elution buffer.  Arrow points to 
the correct size of the purified protein.  B) Coomassie-stained SDS-PAGE (4%-
12% gradient) gel showing purification of MBP-tagged rrsA1175 from bacterial 
lysates using amylose-resin column.  A cartoon diagram depicting the construct 
used for the expression of the recombinant rrsA1175 in E. coli is shown above 
the gel.  Lane M, molecular weight standards; lane 1, crude bacterial lysate; lane 
2, flow-through fraction from the amylose resin column after loading the 
rrsA1175-containing crude bacterial lysate on the column; lanes 3-6, wash 
fraction from the column, lanes 7-14, various elution fractions from the column 
upon treatment with maltose-containing elution buffer.  Arrow points to the 
correct size of the purified protein. 
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4.3.3 Tissue Culture 

K562 cells were maintained at 37 °C and 5% CO2 in Iscove’s Modified 

Dulbecco’s Medium (IMDM) supplemented with 10% FBS according to the 

provider’s protocol (ATCC, Manassas, VA).  Cells from confluent cultures were 

used for the isolation of human genomic DNA. 

 

4.3.4 PCR amplification for the incorporation of ztags in the PCR products 

The sequences of PCR primers used in this study are listed in Table 4.1.  

All PCR amplification reactions were performed using an Eppendorf Mastercycler 

gradient thermocycler (Hauppauge, NY) and the concentration of purified DNA 

products was determined using a GE Nanovue Plus spectrophotometer 

(Hollywood, FL).  PCR amplifications were performed in a total volume of 50 µL 

containing 4 ng of M. Tb genomic DNA, 0.5 µM primers (each), 1.5 mM Mg2+, 50 

µM dNTPs (each), and 0.5 µL Choice Taq DNA polymerase.  The reaction 

conditions for PCR with non-biotinylated primers were: initial denaturation at 95 

°C for 2 min, followed by 30 reaction cycles (95 °C for 30 s, 56 °C for 30 s, and 

72 °C for 1 min), followed by incubation at 72 °C for 10 minutes.  The reaction 

conditions for PCR with biotinylated forward primers containing ztag sequences 

were: initial denaturation at 95 °C for 2 min, followed by 40 reaction cycles (95 °C 

for 5 min, 70 °C for 90 s, and 72 °C for 1 min), followed by incubation at 72 °C for 

10 minutes.  The same protocol was used in PCR reactions using human K562 

cell genomic DNA as template.  PCR products were analyzed using agarose gel 

electrophoresis (2%).  The PCR products were purified and concentrated using a 
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standard QIAprep spin Miniprep plasmid DNA purification kit (Qiagen).  DNA 

concentration of the PCR products was determined using a Nanovue Plus 

spectrophotometer by absorbance measurements at 260 nm and 280 nm.  For 

using the amplified product in the paper-based microfluidic device, the PCR 

reactions were performed in a total volume of 50 µL containing 4 ng of pooled 

human genomic DNA and 400 pg of M. Tb genomic DNA, 0.4 µM primers (each) 

against human 18S rRNA gene, 0.8 µM primers (each) against each of the TB 

genes,  1.5  mM  Mg2+,  125  µM  dNTPs  (each),  and  1  µL  Choice  Taq  DNA  

 

Name Description Forward primer 
sequence (5’-3’) 

Reverse primer sequence 
(5’-3’) 

inhA 
Drug resistance region. 
Expected PCR product size = 203 
bp. 

TGC TGA GTC ACA CCG CGT AAC CAG GAC TGA AC 

katG 
TB principal genotypic region. 
Expected PCR product size = 300 
bp. 

GTT GCG AGA TAC CTT TGC GAA TGA CCT TG 

EGR1-inhA 
inhA primer encoded with EGR1 
tag. 
Expected PCR product size = 211 
bp. 

TTT GCG TGG GCG TCT 
TGC TGA GTC ACA CCG 
 

TCC GGT AAC CAG GAC 
TGA ACG GGA TAC GAA 
TGG G 

EGR1-katG 
inhA primer encoded with EGR1 
tag. 
Expected PCR product size = 297 
bp. 

TTT GCG TGG GCG TCT 
AGG GTT GCG AGA TAC 
CTT 

AGG GTG CGA ATG ACC 
TTG CGC AGA TCC C 

rrsA1175-inhA 
inhA primer encoded with EGR1 
tag. 
Expected PCR product size = 218 
bp. 

TCT GAG GAA GGT TCT 
CGA AGT GTG CTG AGT 
CAC ACC GAC A 

TCC GGT AAC CAG GAC 
TGA ACG GGA TAC GAA 
TGG G 

rrsA1175-katG 
inhA primer encoded with EGR1 
tag. 
Expected PCR product size = 315 
bp. 

TCT GAG GAA GGT TCT 
TCC CGT TGC GAG ATA 
CCT TGG G 

AGG GTG CGA ATG ACC 
TTG CGC AGA TCC C 

H-RNA 
Primers specific for human 18s 
rRNA. 
Expected PCR product size = 315 
bp  

GTA ACC CGT TGA ACC 
CCA TT 

CCA TCC AAT CGG TAG 
TAG CG 

 
Table 4.1  DNA sequences of the primers used in this study.  Standard forward 
and reverse primers for the amplification of regions of TB genes inhA and katG 
were from literature [220].  The ztags for ZFPs EGR1 or rrsA1175 were included 
only in the forward primers, which were also biotinylated at the 5’-end.  DNA 
sequences of primers containing the encoded ZFP tags are shown with the ztag 
sequence in bold and the sequence from the standard primer underlined. 
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polymerase.  The reaction conditions for PCR were: initial denaturation at 95 °C 

for 2 min, followed by 40 reaction cycles (95 °C for 5 min, 70 °C for 90 s, and 72 

°C for 1 min), followed by incubation at 72 °C for 10 minutes.  Prior to their use in 

the paper-based microfluidic device, 0.1 µL Zn2+ solution (50 mM) and 2.5 µL of 

channel-blocking buffer (StartingBlock Blocking buffers containing 10 µg/mL 

herring sperm) were added to each 50 µL PCR product. 

 

4.3.5 Detection of ZFP-tagged PCR products 

First, DNA detection limits in the SA-HRP based colorimetric assay were 

tested in absence of ZFPs.  A 50 µL aliquot of 0.01% poly-L-lysine was coated to 

each well of a 96-well microtiter plate at 4 °C overnight.  After washing, various 

amounts of biotinylated DNA alone (0.01 pmol to 4 pmol) was added and reacted 

for 2 h.  After incubating with glutaraldehyde (1.25%, 50 µL) for 1 h, the wells 

were blocked with plate-blocking buffer (0.125 M glycine, 1% milk (w/v) in 

PBST/Zn2+) for 1 h.  Then 50 µL of SA-HRP (1:5000) in PBST/Zn2+ was added 

and incubated for 2 h at room temperature.  After washing the plate with 

PBST/Zn2+, TMB substrate was added according to manufacturer’s protocol.  The 

reaction was stopped with addition of a 50 µL aliquot of 1 M H2SO4 following a 

10-min incubation.  To quantify the amount of bound DNA, absorbance of the 

TMB product was read at 450 nm using a Spectramax M5 spectrophotometer 

(Molecular Devices, Sunnyvale, CA).  Each concentration point was performed in 

triplicate. 
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Detection for PCR products with a specific ztag was performed as follows. 

Wells of 96-well microtiter plates were coated with poly-L-lysine (0.01%, 50 µL) at 

30 °C for 2 h.  Coating solution was removed and the wells were washed 1X with 

PBS (100 mM phosphate, 150 mM NaCl pH 7.4).  The wells were then coated 

with anti-His or anti-MBP antibodies (1 µg/mL) in PBS (50 µL) at 4°C overnight.  

The unbound antibody was washed 1X with PBST/Zn2+ buffer and the wells were 

blocked using plate-blocking buffer for 1 h at room temperature.  The wells were 

then washed 1X with PBST/Zn2+ and subsequently used in DNA binding studies.  

For binding studies, the ztag-containing PCR product was mixed with the 

appropriate ZFP in PBSTM (0.1% milk (w/v) in PBST/Zn2+, 50 µL), and this 

mixture was added to the antibody-coated wells and incubated for 2 h at room 

temperature.  The unbound DNA-ZFP complex was washed with PBST/Zn2+ and 

the remaining DNA-ZFP complex was cross-linked to the bound antibody with 

glutaraldehyde (1.25% in PBS, 100 µL) for 30 min at room temperature, followed 

by blocking with plate-blocking buffer (150 µL) for 1 h at room temperature.  To 

quantify the amount of bound biotinylated DNA, the wells were incubated with 

SA-HRP (1:5000, 80 µL) in PBSTM for 90 min at room temperature, followed by 

washing 3X with PBST/Zn2+ to remove the unbound SA-HRP.  Colorimetric 

detection of bound DNA was performed using the TMB substrate kit according to 

manufacturer’s protocol.  The reaction was stopped with addition of a 50 µL 

aliquot of 1 M H2SO4 after 10-min incubation.  Absorbance of the TMB product 

was read at 450 nm using a Spectramax M5 spectrophotometer (Molecular 
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Devices, Sunnyvale, CA).  Each concentration point was performed in triplicate, 

and the data shown is from one of at least three independent experiments. 

 

4.3.6 Multiple-target DNA detection on ZFP-coated nitrocellulose membrane 

Nitrocellulose membranes were coated with varying amounts of each 

protein using a Bio-Dot microfiltration apparatus under vacuum following the 

manufacturer’s instructions.  The membrane was placed in the microfiltration 

apparatus chamber, and the protein dilution series with either EGR1 (150, 300, 

500, 1000 pmol/well) or rrsA1175 (5, 10, 12.5, 15 pmol/well) was loaded into 

different wells of the chamber.  Application of vacuum applied the protein onto a 

defined area on the membrane by moving the protein solution through the 

chamber.  Subsequently, the membrane was removed and dried for 30 min at 

room temperature.  Next, the protein-coated membranes were washed twice with 

PBST/Zn2+ buffer, followed by blocking with 5% milk in PBST/Zn2+ for 1 h at room 

temperature. 

For the multiplex detection of two amplified M. Tb genes in a single assay, 

the amplified PCR products containing the ztags EGR1-inhA (300 pmol) and 

rrsA1175-inhA (80 pmol) were applied to the ZFP-coated membranes in PBSTM 

(5 mL) for 2 h at room temperature.  The membranes were subsequently washed 

with PBST/Zn2+ and treated with SA-HRP (1:10000 dilution in PBSTM) for 1 h at 

room temperature for the detection of ztagged DNA product bound to the 

immobilized ZFPs.  After washing 1X with PBST/Zn2+, the DNA was detected 

with an X-ray film using SuperSignal West Pico chemiluminescent substrate after 
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a 30 sec exposure.  The spot intensity was quantified using NIH ImageJ [221].  

Data presented is representative of at least three independent experiments. 

 

4.3.7 Design and use of paper-based microfluidic devices for multiplexed 

DNA detection 

The devices were fabricated according to literature protocols [181, 222].  

Briefly, Whatman #1 cellulose paper was used for creating the device.  The 

pattern for the device was designed using Rhinoceros software (Robert McNeel 

& Associates, Seattle, WA).  The channel design for each layer of the device was 

printed on the cellulose paper with solid wax using a Xerox ColorQube 8570 solid 

ink printer.  To create a hydrophobic barrier for the channels, the wax printed on 

the cellulose paper surface was rapidly melted by baking the sheet of paper for 1 

min in a 110 °C oven.  Subsequently, the circular detection area on the detection 

layer of the cellulose paper was prepared by oxidizing the cellulose surface 

according to published protocol [223] and adsorbing the antibody and proteins to 

it.  Briefly, an aliquot of 6.5 µL NaIO4 (0.5 M in Milli-Q H2O) was applied onto the 

circular wells. After 30-min incubation in the dark, the oxidant was washed off 

with 24 µL Milli-Q H2O, and antibodies (20 µg/mL anti-His for the left well and 10 

µg/mL polyclonal anti-MBP for the middle and right wells) were linked to the 

oxidized surface for 30 min.  The Schiff base was reduced with 24 µL NaCNBH3 

(25.5 mM in Milli-Q H2O, Sigma-Aldrich) for 30 min.  The reaction was stopped 

with 24 µL Tris-HCl (1 M, pH 5.0) and blocked using channel-blocking buffer 

(StartingBlock blocking buffer containing 10 µg/mL herring sperm).  Test 
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validation wells (ellipse wells) were coated with chitosan as follows.  An aliquot of 

40 µL chitosan (1 mg/mL) was applied to the ellipse wells for 1 hour.  Unbound 

chitosan was removed and the wells were washed using 40 µL Milli-Q water.  

Subsequently, all the channels and wells were blocked with channel-blocking 

buffer.  To load ZFPs in the circular detection zones, recombinant, purified ZFPs 

(EGR1 and rrsA1175, 300 pmol each) were applied in the appropriate paper 

layer and respective antibody-coated circular wells (EGR1 in the left well and 

rrsA1175 in the right well, Figure 4.10B).  The paper layer was incubated at room 

temperature for 30 min, and any unbound ZFP was removed by washing with 

PBST/Zn2+ buffer. 

For the multiplex detection of two amplified M. Tb genes in the presence 

of human DNA, the device containing the amplified PCR products incorporating 

the ztags EGR1-inhA and rrsA1175-inhA was assembled using paper clips 

according to Figure 4.7B.  The device was pre-equilibrated with PBST/Zn2+ buffer 

by dipping the device into an Eppendorf tube containing the buffer.  For the 

multiplex assay, a device with only the top two layers was dipped into an 

Eppendorf tube containing 100 µL of amplified DNA solution for approximately 1 

h at room temperature.  Next, the third paper layer was added onto the device, 

and the device was dipped into a new Eppendorf tube containing 80 µL of NA-

HRP (1 µg/mL) for 20 min.  Subsequently, the device was dipped into Eppendorf 

tubes containing the wash buffer (PBST/Zn2+).  The device was then treated with 

TMB solution to develop colored zones for detection.  After approximately 5 min, 

the device was disassembled, and the layers were images using the camera of a 
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mobile phone.  Data presented is representative of two to three independent 

experiments. 

 

4.4 Results and discussion 

4.4.1 Assay design using zinc finger protein binding sites as tags 

ZFPs recognize double-stranded DNA (dsDNA) in a sequence-specific 

fashion and are easily designed against almost any 9-12 bp DNA sequence 

[207].  Here, we propose using ZFP-binding sequences as tags that are directly 

incorporated into a target dsDNA during amplification.  In our design, a unique 

ZFP binding site (referred to as “ztag”) is incorporated close to the 5′-end of 

amplification primers for each target DNA sequence in order to introduce this 

sequence into the PCR product during amplification (Figure 4.1).  The unique 

ztags introduced during amplification are then used to identify a target DNA 

sequence using a corresponding immobilized ZFP as a capture reagent.  Our 

design overcomes a key limitation of the current ZFP-based methods that detect 

only pre-existing ZFP recognition sequences in the target genomes [68, 69, 215-

217].  It also allows for using multiple, independent ZFP-primer pairs for 

sequence-specific DNA detection using multiple cognate ZFPs that selectively 

bind to each of their respective ztags.  Additionally, our design uses biotin-tags 

that are incorporated via biotinylated nucleotides in the amplified DNA in order to 

easily detect the amplified product using a variety of commonly available, 

streptavidin-based detection agents. 
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To demonstrate feasibility of our approach, we chose the M. Tb genome 

as a model system.  We targeted two known TB genes as biomarkers in our 

experiments – a genotype marker (inhA-15, referred to as “inhA” here) and a 

drug resistance marker (katG463, referred to as “katG” here) [220].  We 

employed standard PCR amplification to amplify these genes in our experiments, 

which are mainly designed to validate the concept of ztagged primers and ZFP-

based capture agents as a potential diagnostic.  However, the method is 

applicable to DNA amplified using any protocol, including isothermal amplification 

methods [78, 224, 225].  Sequences of these primers (both forward and reverse, 

modified from their original references) are shown in Table 4.1.  These DNA 

segments were chosen based on prior literature reports that showed that these 

segments to be specific for the M. Tb genome [220].  We chose two different 

ZFPs as capture agents: EGR1 (also known as zif268 [226]) and rrsA1175 [70].  

EGR1 is a natural three-finger ZFP that has been well characterized in the 

literature and recognizes a nine base pair sequence (5′-GCGTGGGCG-3′) in the 

target EGR binding element [218].  Conversely, rrsA1175 is a synthetic ZFP that 

has been recently described [70] and was designed to bind a predefined nine 

base pair dsDNA sequence (5′-GAGGAAGGT-3′).  The binding sequences of 

each ZFP were incorporated into two different forward primers near their 

respective 5′-ends.  Sequences of these primers are also shown in Table 4.1. We 

also verified that the target TB genes do not contain these sequences, indicating 

that the ZFPs will only detect ztagged amplification product.  Furthermore, our 

design included a 5′-biotin tag in the primers and the use of biotinylated dUTP 
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during the DNA amplification steps so that the ZFP-bound DNA product could 

easily be detected with commonly used, streptavidin-based detection reagents. 

 

4.4.2 Zinc finger-based detection of amplified TB genes 

First, to test the efficiency of the ztag-modified primers, we amplified 

diagnostic segments of the two target TB genes, katG and inhA, from TB 

genomic DNA using standard amplification primers and with primers containing 

the encoded ztags for EGR1 or rrsA1175.  Analysis of the amplified DNA 

products using gel electrophoresis showed amplified products of the expected 

length from each primer pair and visible increases in product length for the DNA 

products amplified using the two types of ztagged primers (Figure 4.3, lanes 2, 5, 

8, and 11).  This suggests that the addition of ztags in the primers did not affect 

primer specificity and that the ztags were successfully incorporated into the 

products.  Additionally, since TB genomic DNA material can often contain 

contaminating human genomic DNA material, we also performed the 

amplification reactions on human genomic DNA template using the newly 

designed primers.  Analysis of the amplified DNA products using gel 

electrophoresis showed no DNA amplification product band on the gel, 

confirming the selectivity of the designed primers for the TB genomic DNA 

(Figure 4.3, lanes 3, 6, 9, and 12). 
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Figure 4.3  Gel electrophoresis of DNA products amplified from genomic DNA.  
The image shows TB biomarkers amplified using standard primers for inhA 
(lanes 1 and 7) and katG (lanes 4 and 10), primers containing the encoded 
EGR1 ztag (lanes 2 and 5), or the primers containing rrsA1175 ztag (lanes 8 and 
11).  TB genomic DNA was used as the template for all amplifications except for 
product in lanes 3, 6, 9, and 12, where human genomic DNA isolated from K562 
cells was used.  A 100 bp DNA ladder is shown in lane M. 
 

Next, we tested the ability of the two ZFPs (EGR1 and rrsA1175) to 

capture and detect ztag-containing, amplified DNA products using an enzyme-

linked immunosorbent assay (ELISA) [227].  Our assay scheme is shown in 

Figure 4.5A.  The two ZFPs were expressed in bacteria and were affinity purified 

prior to use in the assay (Figure 4.2).  In order to preserve the DNA binding 

region of ZFPs and provide appropriate orientation for efficient binding of target 

DNA, we decided to capture the ZFPs on the interior surface of microtiter plate 

wells via capture antibodies specific to the tags available in the two recombinant 

proteins.  EGR1 contained a histidine tag (His-tag) and rrsA1175 contained a 
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MBP tag.  We immobilized the two different antibodies (anti-His and anti-MBP) in 

individual wells of a 96-well plate.  The ZFPs EGR1 (150 µg/mL, 250 pmol) and 

rrsA1175 (150 µg/mL, 100 pmol) were mixed with their respective ztagged DNA 

products (varying amounts ranging from 0.01 pmol to 3 pmol), and the 

complexes were added to the antibody-coated wells.  Since the amplified DNA 

was biotin-tagged during the amplification reaction, the amount of bound 

ZFP/DNA complex was detected using a streptavidin-horse radish peroxidase 

(SA-HRP) conjugate by measuring the absorbance of its substrate (TMB) in each 

well (Figure 4.5B-J).  First, in order to quantify the amount of bound, ztagged 

DNA, we generated a calibration curve by immobilizing various amounts of 

biotinylated DNA alone (0.01 pmol to 4 pmol, linear range of 0.08 pmol to 2 pmol) 

on poly-L-lysine coated wells and detecting the immobilized DNA using SA-HRP 

and TMB substrate (Figure 4.4).  Control wells contained no input DNA.  The 

resulting dose-response curve shows that the calculated detection limit 

(background absorption + 3σ) of this absorbance-based system is 0.066 pmol of 

input DNA.  Next, we detected the amount of DNA containing specific ztags using 

ZFPs.  The results show that our ZFP-based detection system generated a DNA 

dose-dependent response that was linear and quantitative in the range of 1 nM to 

16 nM for the EGR1-tagged DNA (R2 correlation coefficients of 0.93 and 0.87 for 

the two EGR1-tagged DNA) and 20 nM to 100 nM for the rrsA1175-tagged DNA 

(R2 correlation coefficient of 0.94 for the two rrsA1175-tagged DNA).  Our 

calculations show that the ZFPs have low nanomolar sensitivity for the detection 

of ztagged DNA (approximately 1.0 nM to 6.2 nM for EGR1-tagged DNA and 
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18.8 nM to 20.0 nM of the rrsA1175-tagged DNA).  These data show that our 

novel ZFP-based assay system can sensitively and efficiently detect amplified TB 

biomarkers via the primer-encoded ztags. 

  

 
 
Figure 4.4  Determination of DNA detection limits in the SA-HRP-based 
colorimetric assay.  A dose-response curve showing detection of biotinylated 
DNA immobilized on poly-L-lysine coated wells.  An increasing amount of DNA 
was added to each well and the amount of immobilized DNA was measured 
using SA-HRP-based colorimetric assay.  The linear correlation coefficient is also 
shown.  Data shown is the mean ± SEM from three independent wells and is 
representative of at least three independent experiments. 
 

 

4.4.3 Multiplex detection of TB genes using ZFPs 

Next, we designed an assay to detect multiple, ztagged DNA targets using the 

two different ZFPs in a single assay.  As shown schematically in Figure 4.6A-B, 

we immobilized varying amounts of the recombinant EGR1 (150-1000 pmol) and 

rrsA1175 (5-15 pmol) ZFPs on a nitrocellulose membrane to capture and detect 

the corresponding ztagged DNA.  We found that membrane loading required 

more   EGR1   than   rrsA1175  due  to  a  large   fraction  of  EGR1  that  passed 
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Figure 4.5  Colorimetric detection of ztagged, amplified DNA products using 
ZFPs.  A-B) Schematic representation of our assay design for the colorimetric 
assay.  The ztagged DNA (biotinylated) was detected with the SA-HRP system 
and was quantified by measuring the intensity of blue color generated by HRP-
dependent, TMB substrate oxidation.  An example image of the assay plate is 
shown in B.  C-J) Dose-response curves showing detection of ztagged DNA by 
its corresponding ZFP.  C-F) Primers containing EGR1 ztag were used to amplify 
TB biomarker inhA (C-D) or katG (E-F).  An increasing amount of the amplified 
DNA product was mixed with recombinant EGR1 (250 pmol) containing a His-tag 
and added to wells coated with anti-His antibody, and the amount of ZFP-bound 
DNA was measured using the colorimetric assay described above.  Data from 
the full range of input DNA amounts used in the assay are shown in the dose-
response curves in C and E, where the absorbance signal saturates at higher 
amounts of input DNA:ZFP mixture.  The linear portion of the data curves (D and 
F) was extracted from the two data sets to determine the linear correlation 
coefficients.  Data shown represent the mean ± SEM from three independent 
wells and are representative of at least three independent experiments.  G-J) 
Primers containing rrsA1175 ztag were used to amplify TB biomarker inhA (C-D) 
or katG (E-F).  An increasing amount of the amplified DNA product was mixed 
with recombinant rrsA1175 (100 pmol) containing a MBP-tag and added to wells 
coated with anti-MBP antibody, and the amount of ZFP-bound DNA was 
measured using the colorimetric assay described above.  Data from the full range 
of input DNA amounts used in the assay are shown in the dose-response curves 
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in G and I, where the absorbance signal saturates at higher amounts of input 
DNA:ZFP mixture.  The linear portion of the data curves (H and J) was extracted 
from the two data sets to determine the linear correlation coefficients.  Data 
shown represent the mean ± SEM from three independent wells and are 
representative of at least three independent experiments.  The ZFP and ZFP-
DNA binding structure were obtained from RCSB protein data bank (1A1L). 
 

through the membrane without interaction, perhaps a consequence of its smaller 

size (30 kDa) as compared to rrsA1175 (67 kDa).  First, the amplified, ztagged 

DNA product containing either the EGR1 (60 nM) or the rrsA1175 (16 nM) tag 

was applied to the nitrocellulose membrane.  The captured DNA was detected 

using SA-HRP by measuring the chemiluminescence intensity generated from 

luminol oxidation, which has higher sensitivity as compared to the absorbance-

based system using TMB.  The results show that dsDNA products were 

selectively captured by each of the two immobilized ZFPs, with increasing 

concentrations of ZFP capturing the DNA product in a dose-dependent fashion 

(Figure 4.6C-D).  We demonstrated that the ZFPs were highly selectivity and 

would only bind dsDNA if the appropriate ztag was present in the amplified 

product.  It has been shown that rrsA1175 has a higher binding affinity for its 

target sequence (determined Kd < 0.06 nM [70]) as compared to EGR1 

(determined Kd = approximately 0.34-6 nM [210]), perhaps explaining the lower 

LOD for rrsA1175.  Assay conditions and the G-C content of the recognition 

sequence in the target DNA would also influence this parameter.  Finally, 

incubation of amplified DNA product tagged with either EGR1 or rrsA1175 on the 

nitrocellulose membrane showed high signal intensity at spots where either of the 

two ZFPs were immobilized and a linear increase in spot intensity with increasing 
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concentrations of immobilized ZFPs (Figure 4.6E).  These results suggest that 

the ZFP/ztag pairs can be used for multiplex detection of TB biomarkers in 

diagnostic assays. 

 

 
 
Figure 4.6  Multiplex detection of ztagged DNA using immobilized ZFPs and 
luminescence.  A) Schematic representation of our assay design for the 
luminescence-based multiplex assay.  B) Varying amounts of EGR1 (150-1000 
pmol) and rrsA1175 (5-15 pmol) were immobilized as an array on a single 
nitrocellulose membrane in a spatially separated manner.  C-E: The ztagged 
DNA (biotinylated) was detected on X-ray films with the SA-HRP-based 
luminescence system and was quantified by measuring spot density on the 
digitized films.  C) Image showing chemiluminescent detection of EGR1-ztagged 
DNA product (inhA, 60 nM) on a nitrocellulose membrane containing immobilized 
EGR1 and rrsA1175 proteins.  D) Image showing chemiluminescent detection of 
rrsA1175 ztagged DNA product (inhA, 16 nM) on a nitrocellulose membrane 
containing immobilized EGR1 and rrsA1175 proteins.  E) Image showing 
chemiluminescent detection of a mixture containing DNA product encoded with 
ztags for EGR1 or rrsA1175 and incubated on a nitrocellulose membrane 
containing immobilized EGR1 and rrsA1175 proteins.  Data presented in this 
figure are representative of at least three independent experiments.  The ZFP 
and ZFP-DNA binding structures were obtained from the RCSB protein data 
bank (1A1L). 
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4.4.4 Paper-based microfluidic device for multiplexed detection of amplified 

TB genes 

Paper-based diagnostics has recently emerged as the method of choice 

for multiplex detection of various markers in resource-poor settings [228-231].  

Such devices are inexpensive to manufacture and easy to use in almost any 

condition.  However, paper-based devices have not been developed for 

multiplexed, DNA-based tests, primarily due to the limitations inherent in 

transitioning current methods onto paper-based platforms.  Here, we developed a 

novel, simple, paper-based microfluidic device around our ZFP-based detection 

platform to test its applicability for multiplexed DNA detection. 

As shown in Figure 4.10A, our paper-based microfluidic device is based 

on three differentially-patterned paper layers assembled in a 3-D composite 

structure.  A fully assembled device can be seen in Figure 4.7B.  The device 

design (Figure 4.10B) consists of two circular regions for the detection of unique 

dsDNA products via the immobilized ZFPs EGR1 and rrsA1175, a circular control 

region (marked “C”) without ZFP as a background signal control, and elliptical 

regions to capture flow-through dsDNA via immobilized chitosan (a positively-

charged polymer to bind any DNA and provide test confirmation).  The assay 

detection chemistry utilized the NeutrAvidin®-HRP (NA-HRP) system, similar as 

SA-HRP, which was used in the ELISA assays described in Figure 4.5A, 

resulting in a blue/brown color that could be visually identified.  Thus, the device 

contained several highly informative design features that convey test result 

information as a visual readout.  A positive result would be indicated by colored 
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outputs in the ZFP-containing circular regions and the chitosan-containing 

elliptical regions with no/little background color in the non-ZFP control region.  In 

case none of the ZFP-containing regions was positive but the elliptical DNA-

binding control region showed a positive result, the assay would be valid and 

would lead to a conclusion that the tested TB genes were absent in the sample.  

On the other hand, if the elliptical control region showed no color, the test would 

be considered invalid and would need to be re-run. 

To develop the device, we fabricated the sensor on cellulose paper 

(Whatman #1) using published methods [181, 222].  Microfluidic path patterns for 

the three layers (Figure 4.10A) were printed onto the cellulose paper using a 

solid wax ink printer, and each of the three layers was obtained by manually 

cutting it from a single sheet of paper (Figure 4.8).  On the middle paper layer, 

recombinant ZFPs, EGR1 and rrsA1175 were immobilized onto individual 

detection wells (EGR1 on left, rrsA1175 on right, Figure 4.10B) using capture 

antibodies (anti-His and anti-MBP, respectively), as illustrated in Figures 4.5A.  

No ZFP was added to the central circular region, which acts as a negative control 

(region “C”, Figure 4.10B).  Chitosan was immobilized in the elliptical regions to 

capture all DNA (and, thus, define positive control regions) because of two 

considerations; a) previous reports mentioned that chitosan can be immobilized 

onto a cellulose membrane surface by physical adsorption [232], and b) the 

positively-charged chitosan is ideal for non-selectively capturing negatively-

charged DNA molecules. 
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Figure 4.7  Design of paper-based channel.  A) A schematic showing the design 
of each of the three layers of the paper-based microfluidic device and the 
dimensions (measurements are in mm) of the printed features.  B) A 
photographic image of a fully assembled device (using paper-clips) and 
immersed in an cut Eppendorf tube. 
 

First, the top two layers were assembled using a clip and were dipped into 

a solution containing target dsDNA in order to bind the target with the 

immobilized ZFPs.  Subsequently, the third layer was added to the assembled 

device, and the unbound DNA was further washed to the chitosan-containing 

elliptical regions for confirmation that the platform is operational.  Bound DNA 

was detected by sequentially loading solutions containing NA-HRP, wash buffer, 

and TMB substrate through the assembled device.  Development of blue/brown 

color in the different regions of the device signified a “positive” for that region. 

To evaluate its performance, we applied a variety of amplified dsDNA products to 

the device.  We amplified TB genomic DNA using two different ztags, EGR1-katG 

and rrsA1175-inhA, as described above.  As an additional  specificity control, we  
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Figure 4.8  A schematic showing the final print layout of the paper-based 
microfluidic device.  This shows how multiple devices could be printed on a 
single sheet of A4 paper. 
 

also used human genomic DNA to amplify a human gene (18s rRNA gene 

product) without a ztag for use  on the device.  As shown in Figure 4.9, the gene-

specific primers successfully amplified individual genes in the PCR reactions.  

Furthermore, in order to better mimic natural conditions, DNA amplification 

reactions were performed using human (4 ng) and TB genomic DNA (0.4 ng) 

mixture as the template.  Figure 4.9 also shows that a mixture of all three sets of 

primers (TB EGR1-katG, TB rrsA1175-inhA and human 18S rRNA) successfully 

amplified the two specific TB genes and the human gene in a single amplification 

reaction containing both human and TB genomic DNA as template.  Therefore, 
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DNA from combined amplification reactions was used on the paper-based 

microfluidic device for detection.  In Figure 4.10C, a photograph of the device #1 

clearly showed brown color in the elliptical regions, suggesting a “valid” assay.  

Additionally, no colored product could be seen in any of the ZFP-containing 

circular regions or the negative control region, validating the specificity of the 

ZFPs for actual target.  Next, we determined the efficiency and selectivity of this 

device for measuring one of the two TB genes by applying dsDNA product 

mixture from an amplification reaction with either the human and the rrsA1175-

inhA primer mixtures (Device #2, Figure 4.10C) or the human and the EGR1-

katG primer mixtures (Device #3, Figure 4.10C).  The blue color showed in 

corresponding ZFP immobilized region clearly demonstrated that the device 

could accurately detect the appropriate gene.  Finally, analysis of dsDNA 

amplified using all three sets of primers (human 18S rRNA, EGR1-katG, and 

rrsA1175-inhA) showed visually-identifiable detection of both TB genes by a 

single device (Device #4, Figure 4.10C).  Although the intensity of the product 

spots in the detection regions was slightly variable in different assays and 

devices (due to its dependence on the flow rate, concentration of the amplified 

dsDNA products, and the time of HRP-based color development), these results 

clearly show that this detection method is highly reproducible and is able to 

accurately perform multiplexed DNA detection in a simple and easy-to-read 

fashion. 
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Figure 4.9  Gel electrophoresis of amplified DNA products detected on the 
paper-based microfluidic device.  All PCR products shown were amplified with a 
mixed template containing 400 pg TB genomic DNA and 4 ng human pooled 
genomic DNA.  Different lanes represented dsDNA product amplified with 
different primer sets.  Lane M: 100 bp DNA ladder; Lane 1: dsDNA product 
amplified with only the EGR1-katG primers; lane 2: dsDNA product amplified with 
H-RNA specific for human 18s rRNA; lane 3: dsDNA product amplified with two 
sets of primers, the TB EGR1-katG primers and H-RNA; lane 4: dsDNA product 
amplified with only the rrsA1175-inhA primers; lane 5: dsDNA product amplified 
with H-RNA; lane 6: dsDNA product amplified with two sets of primers, the TB 
rrsA1175-inhA primers and H-RNA; lane 7: dsDNA product amplified with a 
mixture of TB primer sets, the EGR1-katG and the rrsA1175-inhA primers; lane 
8: dsDNA product amplified with H-RNA; lane 9: dsDNA products from an 
amplification reaction with a mixture of all three primer sets, the TB EGR1-katG 
primers, the TB rrsA1175-inhA primers, and the H-RNA primers.  Expected 
products for each of the specific sets of primers are also labeled. 
 

 

 

EGR1 
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Figure 4.10  Multiplexed DNA detection using a paper-based microfluidic device.  
A) Schematic representation of the device.  It consisted of three layers of 
patterned cellulose paper.  The top-most layer carried the DNA mixture into the 
different detection zones on the next layer.  The detection zones contained 
immobilized ZFPs and a separate zone for capturing flow-through dsDNA 
product via immobilized chitosan.  The third layer contained channels to help 
transport liquids from detection zones to the control zones.  B) Schematic of the 
detection zones on the detection layer of the device, the possible colorimetric 
readout, and its interpretation.  C) Image of each of the three paper layers of the 
device after a test run with various samples.  The test device “1” shows the 
results from a control experiment, where the device was incubated with a sample 
containing only the amplified human 18S rRNA gene product.  The three circular 
detection zones show no increase in blue/brown color, suggesting a negative 
result.  The elliptical zones show positive brown staining, suggesting that the test 
was valid.  Similarly, the test device “2” shows results from a device incubated 
with a mixture of amplified human and rrsA1175-tagged TB product; the device 
“3” shows results from a device incubated with a mixture of amplified human and 
EGR1-tagged TB product and the test device “4” shows results from a device 
incubated with a mixture of amplified human gene, the rrsA1175-tagged TB 
product, and the EGR1-tagged TB gene product.  The devices shown are 
representative of two to three independent tests. 
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4.5 Conclusion 

A majority of the nucleic acid-based diagnostic assays that are currently 

available for pathogen detection in a low-resource setting rely upon amplification 

and detection of a single target per test [225, 233].  This necessitates multiple 

assays for the detection of multiple nucleic acid biomarkers in each sample.  

Alternative methods for detecting multiple targets in a single assay require 

expensive or complex technological solutions that are beyond the capabilities 

available in resource-poor settings.  Here, we describe the development of a 

novel assay for the detection of multiple DNA sequences in a single assay by 

using ZFP binding sequences as tags that are directly incorporated into the 

amplification primers (Figure 4.1) and used in combination with immobilized 

ZFPs specific to the amplified binding sequences.  Using TB as a model system, 

we show that our design can detect multiple TB genes in a single test and can do 

so on a number of different detection platforms, including a paper-based 

microfluidics device for use at the POC in a resource-poor setting.  The data 

presented in this proof-of-concept study establishes that both the assay and the 

device are easy to design, use simple reagents, and provide visual readouts.  

This suggests that this novel assay/device has the potential to be implemented in 

underserved areas for rapid disease diagnostics and effective management 

strategies. 

ZFPs have previously been used as a way to detect double-stranded DNA 

[68-70, 211, 215-219, 234].  By incorporating almost any desired ZFP recognition 

sequence in the amplification primers, our ZFP-based method offers significant 



99 
 

 

 

advantages in that it circumvents many limitations of previous ZFP-based 

detection methods that require their recognition sequences be endogenously 

present in the target sequence.  Additionally, multiple, independent primers can 

be pre-encoded with unique ztags for amplification of different DNA targets, 

allowing for multiplex detection in a single assay.  Using TB genomic DNA in our 

proof-of-concept assays, we showed that our novel design is simple and 

practical, enabling sensitive detection of two different TB biomarkers in a single 

assay.  Thus, the results presented here provide a construct for the future 

addition of other ztag:ZFP combinations that would increase the multiplex 

capabilities of the system.  A potential concern with our assay design could be 

that amplified DNA products may also contain endogenous ZFP recognition sites, 

which would make detection (and differential detection) problematic.  However, 

the variety of endogenous and synthetic ZFPs enables a choice of ztags that are 

not represented in the amplified DNA targets.  Additionally, in this report, we 

tested only two different ZFPs with very different binding affinities.  Whether 

ZFPs with similar binding affinities would make better detection agents in this 

setting is not known and would be evaluated in the future.  Similarly, we found 

that the immobilization efficiency of ZFPs played a role in the target detection 

limits, as the smaller EGR1 was not efficiently retained during immobilization on 

the nitrocellulose membranes.  Future studies will also need to determine the 

effects of overall size and the various tags on the recombinant ZFPs.  

Furthermore, additional improvements such as incorporation of isothermal DNA 

amplification methods and increasing the overall dynamic range for the assay by 
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changing the concentration of capture ZFPs may further improve the 

performance of this assay.  Moreover, there are a number of other approaches 

that are available in the literature for direct recognition and detection of dsDNA 

[234].  These include the triplex-forming oligos (TFOs, both linear and circular), a 

variety of natural and synthetic major groove binders and other transcription 

factors [234].  Currently, ZFPs are the most versatile and have higher 

applicability in diagnostics due to high affinities for their target DNA.  However, all 

of the previously described assays have a key limitation in that they were 

designed to detect DNA sequences that are endogenously present or pre-exist in 

their target biomarkers, thus limiting their potential for use in a multiplex assay.  

While engineering novel transcription factors against almost any target DNA 

sequence has previously been proposed, this has been difficult to achieve 

experimentally.  Our novel assay design avoids this critical limitation by directly 

encoding the detection sequences in the amplification primers, thus providing a 

greater degree of freedom in the choice of multiplex detection agents.  

Additionally, our design methodology can easily be extended to include TFOs, 

minor groove binders, and other DNA binding agents given that the DNA 

recognition sequence for almost any DNA binding agent can be encoded in the 

amplification primers. 

Our paper-based microfluidics platform for multiplexed DNA detection also 

offers several technical advantages, including many that have already been 

reported to be associated with such paper-based devices [181, 185, 235].  The 

incorporation of multiple layers in the design allows multiplexed detection by 
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splitting the input channel into multiple channels.  Although we show the device 

with three split channels to detect two unique DNA markers, the device design 

allows for easy incorporation of additional channels and detection zones for more 

ZFP:ztag combinations.  Similarly, the device provides a visual, color-based test 

result that can either be read manually or with the help of any portable camera, 

such as those that are built into a majority of cell phones.  The device platform is 

also versatile and is open to application of a variety of other detection strategies 

such as gold nanoparticles [236, 237], electrochemical detection [222, 238-240], 

electrical impedance-based detection [241], etc.  A future goal is to demonstrate 

this newly developed methodology on patient samples in order to fully validate 

device performance.  Similarly, future studies will also evaluate the long-term 

device stability, especially under conditions typically associated with a resource-

poor POC setting. 

In summary, we describe a successful proof-of-concept implementation of 

a multiplexed DNA detection platform using a simple, economical, paper-based 

microfluidic device.  This research provides a framework for the implementation 

of simple, accurate, and reliable POC devices to help improve the quality of life 

for patients in resource-poor settings. 
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