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ABSTRACT OF THE DISSERTATION 

 

Amplification-Free Detection of 16S rRNA for Next Generation Point-of-Care Diagnostics 

 

by 

 

Zhenrong Zheng 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2022 

Professor Harold G. Monbouquette, Chair 

 

The ongoing COVID-19 global pandemic has highlighted the need for point-of-care (POC) 

testing to monitor public health threats and to provide timely healthcare to patients. POC testing 

involves performing a diagnostic test that produces a rapid and reliable result outside the laboratory 

at the point of first contact between patients and healthcare professionals. In previous work, our 

group successfully demonstrated a novel nucleic acid (NA) sensing method based on simple pore 

blockage. In our approach, uncharged peptide nucleic acid (PNA) probes are conjugated to 

carboxyl-functionalized microspheres to form nearly neutral complexes that do not exhibit 

electrophoretic movement in an electric field. When the probe-bead conjugates capture the target 

NA, they gain negative charge and therefore become mobile in the presence of an electric field. If 

the probe-bead conjugate with hybridized target NA is directed to a smaller diameter pore in a thin 
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glass membrane, it will at least partially block it resulting in a sustained drop in ionic current, 

which serves as the detection signal. We achieved a limit of detection of 1 aM (10-18 M) E. coli 

16S rRNA with this simple scheme, yet this approach required laboratory-based manipulations 

and a turnaround time of 10 hours. In this dissertation, we present our work to reduce the total 

assay time and complexity so that this technology can meet the criteria for POC testing. 

To reduce the lengthy sampling time, alkaline lysis followed by simple filtration was 

explored to accelerate the NA isolation process. In addition, kinetically enhanced hybridization 

was accomplished by passing NA samples through a compact bed of charge neutral peptide nucleic 

acid (PNA) capture probes conjugated to submicron polystyrene beads. With these two 

improvements, we shortened the lab-based process time to 30 minutes and achieved a limit of 

detection (LOD) of 100 zM (10-19 M) E. coli 16S rRNA. However, work with E. coli spiked in 

sterile, pooled human urine suggested that a subsequent cleanup is needed for alkaline extraction 

in complex media. Rapid commercial RNA extraction kits therefore were used to achieve more 

consistent results in later work. To evaluate the capability of our technology to detect an important 

pathogen in complex media, kinetically enhanced hybridization was used to capture the 16S rRNA 

of Neisseria gonorrhoeae spiked in human urine. Based on 44 test runs, the ability to detect N. 

gonorrhoeae over the range of 10 to 100 CFU/mL spiked in human urine was demonstrated 
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successfully with sensitivity and specificity of ~98% and ~100%, respectively. No false positives 

were observed for the control group of representative background flora at 1000 CFU/mL. 

To further improve our technology for POC applications, we integrated the nanopore 

detector with the lateral flow assay (LFA) format. In this approach, an extracted NA sample 

quickly flows along the LFA membrane by capillary action and hybridizes with preloaded PNA-

bead conjugates. The resulting conjugates that are hybridized with negatively charged target RNA 

therefore move toward and block the smaller glass nanopore under the influence of an external 

electric field. The detection of 10 aM E. coli 16S rRNA against 10 fM P. putida 16S rRNA within 

15 minutes has been successfully demonstrated. Finally, our LFA format device rapidly detected 

E. coli at 10 CFU/mL against a one-million-fold background of viable P. putida. With further 

improvements in sensitivity and reliability, this simple, rapid, and inexpensive amplification-free 

technology may be promising for widespread diagnostic usage in defense of public health. 
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Chapter 1: Introduction to point-of-care (POC), amplification-free nucleic 

acid detection 
 

1.1 Motivation  

 Sequence specific nucleic acid detection can be applied widely in numerous fields such as 

disease diagnosis, patient screening during epidemics, and detection of pathogens in food and 

water. The ongoing COVID-19 pandemic highlighted the need glaringly apparent for rapid, 

convenient, inexpensive, sensitive and reliable disease diagnostics. If a diagnostic device is 

intended for widespread use, it should be easy to operate and interpret, and preferably in a point-

of-care (POC) setting. Further, it must be rapid, as it has been observed that a significant portion 

of the patient population will not wait in a clinic more than 20 minutes for a test result.[1, 2] Finally, 

ideal tests should be inexpensive, especially if tests are to be repeated at high frequency for each 

individual, such as during a pandemic; and if the technology is to be made available to developing 

countries where inefficient disease diagnosis leads to 95% of deaths.[3] 

1.2 Current detection methods  

Currently, nucleic acid amplification tests (NAATs) appear to provide the best combination 

of low detection limit and accuracy relative to conventional binding assays such as immunoassays. 

[4, 5] However, since most NAATs rely on polymerase chain reaction (PCR) to amplify target 

nucleic acid (NA) in a sample, the process requires high purity NA isolation, precise temperature 

control, integration with labeled amplicon detection, and perishable reagents including polymerase, 

primers, and nucleotides. These complexities of NAATs makes them less favorable for POC 

applications. 
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Over the past few years, many remarkable works with NA amplification-free detection 

have been reported based on transduction mechanisms to covert selective hybridization events into 

detectable signals, such as optical signals or electrochemical signals. For example, oligonucleotide 

probe-modified gold nanoparticles are widely applied in optical methods to visualize the binding 

of target NAs.[6-8] Electrochemical approaches, with greater diversity, can involve constant 

potential amperometry (CPA), voltammetry, and field effect transistors (FETs).[9-14] In 

electrochemical approaches, current and potential are recorded to analyze the NA capture event. 

These remarkable approaches can selectively detect NAs at the single digit attomolar level or lower. 

However, the need for expensive analytical equipment, special labels, or lengthy assay time makes 

them less favorable for development of inexpensive, handheld POC diagnostics. 

1.3 Novel platform of nanopore based sequence specific detection of 16S rRNA 

Our novel platform method for NA detection is a nanopore based approach for detection 

of the sequence-specific 16S rRNA of bacterial pathogens by utilizing complementary peptide 

nucleic acid (PNA), an uncharged polyamide analog to DNA/RNA. In our system, PNA is 

covalently bound to carboxyl-functionalized polystyrene microbeads to form charge neutral, bead 

to PNA probe conjugates. When the neutral PNA-microbead conjugates hybridize with target 

rRNA, they gain negative charge and therefore exhibit mobility in an electric field. If the complex 

is directed to a smaller diameter pore in a glass membrane, it will at least partially block it, resulting 

in a sustained drop in ionic current thereby signaling the presence of the target rRNA. 

In a previous study, our group successfully demonstrated detection of 1 attomolar E. coli 

16S rRNA against 10 femtomolar P. putida 16S rRNA. [15] However, it took about 10 hours to 

complete sample treatment, including RNA extraction and hybridization. In pursuit of POC device 

development, it is necessary to investigate a faster approach for sample preparation. Since our 
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system did not involve any NA amplification steps, we hypothesized that there is no need for 

extensive NA purification through NA adsorption, washing and elution steps to remove inhibitors 

of polymerases. Therefore, we proposed to lyse bacterial cells with high pH buffer followed by a 

simple cleanup with filtration. We also anticipated enhancing hybridization kinetics by creating 

more interfacial contact between PNA-beads and target RNA. 

In the meantime, it is important to for us to preform tests with clinical or at least mock 

clinical specimens. Our goal was detection of N. gonorrhoeae in mock clinical samples based on 

recognition of the species-specific 16S rRNA. N. gonorrhoeae is the gram-negative diplococcus 

bacterium responsible for the second most common notifiable communicable disease in the US. E. 

coli was first spiked into sterile human urine to optimize our system. Next, our system was used 

to examinate N. gonorrhoeae in sterilize pooled human urine. A significant number of positive 

and negative samples was tested to determine sensitivity and specificity. A competitive diagnostic 

system should provide sensitivity and specificity of ≥95%. 

Finally, since our ultimate goal is to develop of an inexpensive, handheld, and robust device 

for NA-based detection within 15 minutes. Our nanopore detector must be integrated with cell 

lysis, RNA extraction, and target rRNA hybridization to PNA probes. Lateral flow assay (LFA) 

technology provides an attractive approach to integrate our nanopore detector. In LFAs, sample 

can be easily carried by capillary flow through a strip of membranes, which potentially avoids the 

need for any installation of complicated valves and pumps. This technology has been applied 

widely for inexpensive POC immunoassays such as the well-known home pregnancy test. [16-18] 
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Chapter 2: Nucleic acid amplification-free detection of DNA and RNA at 

ultralow concentration 
 

Chapter 2 is a manuscript published with the following citation: 

Cao, Y., Z. Zheng, and H.G. Monbouquette, Nucleic acid amplification-free detection of DNA 

and RNA at ultralow concentration. Current Opinion in Biotechnology, 2021. 71: p. 145-150. 

Abstract 

The broad spectrum of approaches for nucleic acid amplification-free detection of DNA 

and RNA at single-digit attomolar (10-18 M) concentration and lower is reviewed.  These low 

concentrations correspond roughly to the most clinically desirable detection range for pathogen-

specific nucleic acid as well as the detection limits of commercially available, nucleic acid 

amplification tests based primarily on polymerase chain reaction (PCR).  The need for more rapid 

and inexpensive, yet still highly accurate tests, has become evident during the pandemic.  It is 

expected that publication of reports describing improved tests will accelerate soon, and this review 

covers the wide variety of detection methods based on both optical and electrical measurements 

that have been conceived over recent years, enabled generally by the advent of nanotechnology. 

2.1 Introduction 

The ongoing COVID-19 pandemic and the realization that this public health crisis likely 

will not be the last of its kind has made the need glaringly apparent for rapid, convenient, 

inexpensive, sensitive and reliable disease diagnostics.  A clinical sample taken for testing gives a 

“snapshot” of an individual’s disease state of steadily diminishing value with time during a 

pandemic, and most people, even in developed countries, have access only to testing regimens 

with a turnaround time of a day or more.  Of course, there are many other microbial and viral 

pathogens that are tested for at high volume (e.g., influenza, Group A Streptococcus, respiratory 
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syncytial virus, gonorrhea, chlamydia, etc.), and it has been observed that a significant portion of 

the patient population will not wait in a clinic more than 20 minutes for a test result after giving a 

sample.[1,2]  If a diagnostic device is intended for widespread use, it should accept a conveniently 

obtained clinical sample (e.g., saliva, nasal swab, urine) and be easy to operate and interpret, 

preferably in a point-of-care (POC) setting.  Further, it should be inexpensive, especially if tests 

are to be repeated at high frequency for each individual, such as during a pandemic; and if the 

technology is to be made available to those in developing countries where inefficient disease 

diagnosis leads to 95% of deaths.[3]  Ideally, it should have a low enough limit of detection (LOD) 

to identify infected individuals early in the disease cycle with a low rate of both false negatives 

(>95% sensitivity) and false positives (>95% specificity).  Currently, nucleic acid amplification 

tests (NAATs) appear to provide the best combination of low detection limit, high sensitivity and 

high specificity relative to conventional binding assays such as immunoassays.[4,5] 

However, the most advanced NAATs currently FDA approved, including those for POC 

clinical use (i.e., CLIA-waived) such as those produced by Abbott, Roche, Cepheid, and Mesa 

Biotech, provide a complete result in ~15 minutes or more, and the typical US Medicare/Medicaid 

program reimbursement rate is ~$40-50.  Most NAATs rely on polymerase chain reaction (PCR) 

to amplify the copy number of the target, disease-specific nucleic acid (NA) in a sample and label 

these amplicons for subsequent detection by optical or electrochemical means.  Although this 

approach can provide very low LODs in principle, the process is inherently complex entailing the 

need to isolate and purify NA from a sample so as to remove polymerase inhibitors, to control 

temperature cycling during the enzyme-catalyzed amplification process, to provide perishable 

reagents including polymerase, primers and nucleotides, and to integrate a means for labeled 

amplicon detection.  Isothermal amplification approaches eliminate the need for temperature 
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cycling, but all other requirements remain.  Given the process design challenges, the machines 

currently on the market are remarkable feats of engineering.  Although one cannot rule out future 

advances in system design that will result in NAATs with faster turnaround times at much lower 

cost, many researchers have made an effort to conceive of alternate, amplification-free, NA-based 

pathogen detection schemes that may prove more promising. 

This review focuses on discussion of published approaches for nucleic acid amplification-

free detection of NA of specific sequence at the single-digit attomolar (~1-9  10-18 M) threshold 

or lower.  The 1 aM level corresponds to ~1000 pathogens/mL based on chromosomal NA or ~1 

viable bacterium/10 mL based on ribosomal RNA, since rRNA is present at ~10,000 copies per 

viable bacterial cell.  To put these numbers in perspective, the commercial, high throughput, 

clinical laboratory-based NAATs available for N. gonorrhoeae in urine have limits of detection 

(LODs) in the ~1 - 100 CFU/mL range.  The SARS-CoV-2 virus, the causative agent of COVID-

19, is present at as low as 104 virions/mL in throat samples taken from individuals several days 

post initial infection.[6]  Since some NAATs have practical LODs for SARS-CoV-2 of ≥104 

copies/mL, this data may explain a significant portion of reported false negatives.[7-10]  These 

data suggest that amplification-free methods should exhibit LODs in the low aM range or below 

to be competitive with NAATs and to be broadly useful for disease diagnosis.  Recently, 

microRNAs have emerged as important disease markers and concentrations of these ~19-25 

nucleotide RNAs in blood plasma also are very low (<pM).[11]  Clearly, the technical challenges 

are great and this review includes mention both of approaches that may be translatable to portable, 

low-power POC devices as well as those technologies that may be better suited for clinical 

laboratory-based systems that process large batches of samples at high throughput.  Although most 

commercialized technologies are qualitative in the sense that they give only a positive or negative 
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result, which is the primary objective for most disease diagnosis, most approaches described here 

provide the added potential benefit of being quantitative, i.e., being capable of providing pathogen 

concentration in a sample. 

2.2 Optical methods 

2.2.1 Förster resonance energy transfer (FRET) 

A common theme throughout this review is the use of nanoparticles as key components of 

transduction mechanisms to convert a selective hybridization event into a detectable signal.  This 

generalization applies well to those schemes based on optical detection methods with the exception 

of the approach described by Ho et al., which is one of the earliest reports of selective NA detection 

at the single-digit attomolar level or lower,[12] and is based on FRET from a cationic 

polythiophene to a fluorophore (Alexa Fluor 546).  The FRET mechanism is exploited by 

combining a polymeric transducer with capture probes labeled with a fluorophore to form a duplex.  

Polythiophene fluorescence is quenched in this duplex state.  However, once hybridized with target 

DNA, the cationic polymer transducer undergoes a conformational change and forms a triplex that 

exhibits intrinsic fluorescence at 530 nm.  Energy transfer to the neighboring fluorophores bound 

to the ssDNA probe results in amplified emission at 572 nm upon excitation at 420 nm.  

Hybridization at 65 °C resulted in high stringency, and the method proved to be quantitative over 

the range examined.  This scheme provided the lowest limit of detection (LOD) among those 

discussed in this review at 3 zM (3  10-21 M) in as little as 5 min.  More recently, the technique 

has been adapted to the microarray format for multiplex detection.[13]  Analysis of more complex 

samples representative of those obtained in the clinic would be an important next step in 

development of this promising technology. 
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2.2.2 Bio-barcode method 

At around the same time as the work described above, the Mirkin laboratory demonstrated 

a novel “bio-barcode”-based DNA detection method utilizing oligonucleotide probe-modified 

gold nanoparticles (AuNPs), probe-functionalized magnetic beads (MBs), and silver development 

for scanometric readout.[14]  The AuNPs actually are conjugated with two types of 

oligonucleotide probes, one complementary to the target DNA and the other complementary to a 

barcode sequence.  Since both AuNP probe and MB probe are complementary to target DNA at 

separate locations, a sandwich hybridization complex is formed between the AuNPs, target DNA 

and the MBs.  This complex is separated using a magnetic field, washed, and bar-code DNA is 

released by heating to 55 °C.  The released barcode DNA is detected by a sandwich assay using 

complementary oligonucleotide capture probes attached to a microscope slide and AuNPs 

modified with oligonucleotide probes complementary to a separate portion of the barcode DNA.  

Silver ions (Ag+) are reduced to silver metal on the AuNPs for signal amplification prior to 

detection based on scattered light intensity.[15]  The LOD for purified anthrax DNA was estimated 

to be ~500 zM.  Thaxton et al. reported an alternative to the use of heat to release barcode DNA 

from AuNPs based on DTT ligand exchange with thiolated barcodes.[16]  Although it is not a 

rapid method and it involves multiple hybridization steps subject to interference, the powerful and 

popular barcode approach can be multiplexed and has proven broadly applicable. 

2.2.3 Quantum dot fluorescence 

Liu et al. appear to be the first to demonstrate the use of quantum dot (QD) fluorescence 

and magnetic beads (MBs) to achieve single-digit attomolar or lower detection of NAs.[17]  More 

recently, two other groups have pursued a similar strategy.[18,19]  In all cases, a sandwich 

assembly is created involving the MBs and QDs, and a magnetic field is used to isolate the 
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complexed, target DNA.  The approaches differ in how QDs are used for signal amplification.  Liu 

et al. use a biotinylated signal probe, streptavidin-conjugated QDs and a biotinylated linker to 

create a multilayer network of the fluorescent nanoparticles on the underlying sandwich assembly, 

and an impressive LOD of 250 zM was achieved.[17]  Kim and Son use QDs with emission at 655 

nm (QD655), conjugated with capture probe linked covalently to the MBs, and a signaling probe 

oligonucleotide, conjugated to QDs with emission at 565 nm (QD565).[18]  The QD655 labels serve 

as an internal standard to account for differences in nanoparticle concentrations among assays.  

Their approach proved quantitative with a LOD for ssDNA of 890 zM.  Zhou et al. pursued a 

somewhat different approach using liposome-encapsulated QDs.[19]  In this study, liposomes are 

adopted to serve as carriers encapsulating QDs of different fluorescent color for multiplexed 

detection.  After creation of the sandwich hybridization complex and separation with the assistance 

of a magnetic field, the liposomes are disrupted thereby releasing hundreds of QDs to amplify the 

hybridization event.  An LOD for HIV DNA of 1 aM was achieved with this quantitative technique 

and multiplexed detection of a second HIV sequence also was demonstrated.  Although promising, 

these methods based on QD fluorescence have not yet been tested with complex clinical samples, 

which contain a variety of species that can interfere at multiple points in a complicated assay 

scheme.  The need for testing with clinical samples, or at least mock clinical samples, is a common 

theme among early-stage technologies for amplification-free NA detection. 

2.2.4 Surface enhanced Raman spectroscopy (SERS) and surface plasmon resonance (SPR) 

Others have pursued alternative optical techniques using AuNPs as signal enhancers 

enabling application of SERS and SPR for NA detection.  Most recently, Liyanage et al. designed 

a scheme for label-free detection of tumor suppressor microRNAs at zeptomolar levels based on 

alteration of localized surface plasmon resonance when target microRNA binds to oligonucleotide 
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probes on triangular AuNPs (AuTNPs) (Fig. 2.1).[20]  A LOD as low as 137 zM was achieved.  

Single base-pair mismatches also were shown to be discernable, and quantification of tumor 

suppressor microRNAs was demonstrated in diluted plasma samples.  In earlier work, D’Agata et 

al. also used AuNP-enhanced SPR imaging to detect target human genomic DNA at 2.6 aM with 

selectivity for point mutations.[21]  In another scheme developed by Hu et al., SERS signals are 

enhanced both by reducing the distance between Raman labels (X-rhodamine, Rox) and AuNPs to 

create SERS “hot spots” enabling quantitative HIV DNA detection at the 100 zM level with 

selectivity toward single-base mismatches.[22]  Although D’Agata et al. did conduct tests with 

blood samples,[21] all of these techniques could benefit from further validation with clinical-type 

samples.  Nevertheless, the reliance on spectroscopy instrumentation likely will limit such 

approaches to the laboratory. 

2.2.5 Darkfield microscopy 

In yet another nanotechnology-based detection scheme described in this case by Li et al., 

target DNA is sandwiched between MBs conjugated with an oligonucleotide capture probe and 

gold nanorods (AuNRs) conjugated with a second capture probe complementary to a separate site 

on the target DNA.[23]  The sandwich structures are isolated from unbound AuNRs in a magnetic 

field and the assemblies subsequently are dehybridized at 60 °C.  The recovered AuNRs, each 

corresponding to a single DNA target, are electrostatically bound to a positively charged glass 

surface modified with (3-aminopropyl)triethoxysilane.  The deposited AuNRs, evident as red spots, 

are counted using darkfield microscopy and image recognition software.  The technique was 

shown to be quantitative and the LOD for 63mer single-stranded DNA corresponding to the human 

papillomavirus (HPV) is 6.5 aM.  However, lengthy hybridization steps and use of a laboratory 

microscope will need to be overcome, assuming detection using complex clinical samples is 
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demonstrated successfully.  Recent demonstrations of smartphone use for optical diagnostic 

applications may be helpful in this regard.[24] 

 

Figure 2.1. Detection of microRNA by surface plasmon resonance using triangular Au 

nanoparticles (see text) [20] 

 

2.3 Electrochemical/Electronic methods 

Electrochemical or electronic approaches for detection of NAs of specific sequence at 

ultralow concentration generally have been developed later than optical schemes and all within 

about the last 10 years, yet there is somewhat greater diversity of such technologies and a 

substantially greater number of corresponding publications. 

2.3.1 Mass spectrometry (MS) 

MS is based on the measurement of the mass-to-charge ratio of ions generated by ionizing 

a sample by various means, separating the species in an electrical or magnetic field and then 

detecting the separated ions.  Although MS may not be widely thought of as an inexpensive 

medical diagnostic technique, advances in miniaturization suggest that perception may 
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change.[25,26]  The work of Yang et al. serves to demonstrate one approach, based on a novel 

“bio-masscode” probe, where MS is used for simultaneous detection of multiple pathogen DNAs 

at low attomolar levels.[27]  MBs and AuNPs are modified with oligonucleotide probes 

complementary to separate regions of the target DNAs thereby enabling hybridization to form an 

MB-target DNA-AuNP sandwich complex.  However, the AuNPs also are modified with organic 

disulfide molecules that serve as the masscode for specific DNA targets.  The sandwich complexes 

are extracted using a magnetic field, and the AuNPs are released by heating and the masscodes 

analyzed using matrix-assisted laser desorption ionization (MALDI), time-of-flight (TOF) MS.  

The technique appears to be at least semiquantitative with an LOD of ~1 aM.  In a key study, 

hepatitis B virus DNA was detected successfully in a blood sample.  However, the published 

protocol requires long hybridization times like many other techniques discussed in this review. 

2.3.2 Constant potential amperometry 

Perhaps the simplest electroanalytical technique is constant potential amperometry (CPA) 

where current is measured at a fixed potential.  Spain et al. developed a CPA method for detection 

of S. aureus DNA based on usage of novel platinum nanoparticles (PtNPs) that have a portion of 

their surface area modified with an oligonucleotide capture probe and the remainder available for 

electrocatalyzed reduction of H2O2 for signal amplification (Fig. 2.2).[28]  An estimated LOD of 

~1 aM was achieved and single-base pair selectivity was demonstrated.  This simple technique is 

surprisingly powerful, however the long incubation times specified for hybridization constitute a 

drawback.  A few years later an alternative, catalytic means to amplify a recognition event and to 

transduce it using CPA was demonstrated by Li et al.[29]  Dual-thiolated, double-stranded hairpin 

DNA is first immobilized on the gold electrode surface as the capture probe. The biotin-labeled 

signal DNA is designed partially complementary to the capture loop and complementary to the 



16 

 

portion of the target NA that does not hybridize to the capture probe.  Yet, the signal DNA itself 

cannot bind to the capture probe, because the melting temperature Tm of the complex is lower than 

the assay operation temperature of 37 ℃.  Once target DNA is introduced, however, signal DNA, 

target DNA, and capture probe can form a more extensively hybridized, Y-shaped DNA structure 

on the loop of the capture probe, because the Tm is higher than the working temperature.  The 

target recognition is amplified and transduced using streptavidin-labeled horseradish peroxidase 

(SA-HRP), which binds to the biotin-labeled signal DNA and catalyzes the reduction of supplied 

H2O2 with 3,3′,5,5′-tetramethylbenzidine (TMB) serving as the electron transfer mediator with the 

underlying electrode.  A constant reducing potential is imposed at the electrode and the steady-

state current is recorded within ~100 seconds.  The technique was demonstrated with PCR product 

DNA, mRNA and microRNA with a LOD estimated at 3 aM.  This is a versatile approach that 

could be made more attractive if the relatively long assay time could be reduced significantly from 

~1 hour. 

2.3.3 Voltammetry 

As a general class, voltametric techniques have been the most popular of electrochemical 

methods for detection of DNA and RNA at ultralow concentration.  Of these voltametric 

approaches, cyclic voltammetry (CV) is the most widely known and among the most 

straightforward.  In CV, potential at a working electrode is ramped linearly between reducing and 

oxidizing limits in a sawtooth wave, and the current is measured and plotted versus potential.  For 

example, Kim et al. constructed a microfluidic-channel-based, electrochemical DNA biosensor 

that relies on CV as the detection method.[30]  Gold is first plated in an electroless manner on the 

pore walls of anodic aluminum oxide (AAO) filtration membranes, which serve as the working 

electrodes.  DNA oligonucleotides on the modified membrane pore surfaces serve as capture 
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probes.  Relatively rapid hybridization in ~20 mins is achieved by flowing the target DNA solution 

through the modified membrane pores, and DNA was detected successfully at as low as 100 zM.  

This technique cleverly exploits the high surface area membrane geometry to speed hybridization 

and to increase assay sensitivity.  The technology would appear even more promising if it were 

demonstrated successfully with complex clinical samples. 

 

Figure 2.2. DNA detection by constant potential amperometry using Pt-labeled signal 

oligonucleotides and Pt-catalyzed, H2O2 electroreduction (see text)[28] 

Square wave voltammetry (SWV) is a similar technique to CV in that potential is swept 

between potential limits while current is monitored.  However, the potential is not swept linearly 

as in CV, rather the potential waveform may be regarded as a square wave superimposed onto an 

underlying staircase change in potential.  SWV provides a means to minimize the contribution of 

non-faradaic (i.e., charging) current to the overall signal monitored.  Hu et al. employed 

electrochemically controlled reversible addition−fragmentation chain-transfer (eRAFT) 

polymerization in conjugation with SWV to amplify target DNA recognition events and to achieve 

transduction to measurable current signals.[31]  The eRAFT polymerization step results in 

attachment of numerous electroactive ferrocenyl (Fc) tags that serve to amplify the DNA capture 
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events by peptide nucleic acid probes immobilized on the electrode surface.  This is a promising 

quantitative method with a reported LOD of 4.1 aM that shows single-base selectivity and has 

been tested with samples containing 10% human serum, but includes specification for a lengthy 

1.5-hour hybridization time. 

In differential pulse voltammetry (DPV), voltage pulses are superimposed on the 

background potential swept linearly or in stairstep mode.  Like SWV, DPV isolates the faradaic 

component of the overall current signal thereby enabling a focus on the actual electrode reactions 

taking place.  At least four publications have appeared describing the use of DPV to detect NAs at 

ultralow concentration.[32-35]  In the most recent work, Widaningrum et al. constructed an 

electrochemical sensing strategy based on use of “bio-barcode” latex labels and detection of 

deposited Ag metal using DPV.[33]  The technique is quantitative and an LOD of 560 zM was 

reported.  Dong et al. also successfully constructed a scheme to detect DNA based on DPV 

measurements where electrochemically reduced graphene oxide (ERGO) on glassy carbon is used 

as the electrode material.[34]  Target DNA is captured in a sandwich complex on the electrode 

with streptavidin–horseradish peroxidase (HRP) functionalized carbon spheres serving as signal 

amplifying tags.  In related work, Gao et al. developed a sensing strategy based on the molecular 

beacon approach using HRP for signal amplification and measurements made using DPV.[35]  

Finally, Hu et al. developed a PNA probe-based DNA assay based on DPV measurements that 

entails the reduction of Ag+ ions and subsequent deposition of silver metal that subsequently can 

be electrochemically stripped thereby offering a powerful approach that takes advantage of the 

DPV technique.[32]  Further validation of all of these DPV-based methods using clinical-type 

samples is needed as well as a reduction in total assay time in most cases. 
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2.3.4 Electrochemical impedance spectroscopy (EIS) 

EIS might be considered yet another related voltametric technique where a sinusoidal (AC) 

potential of varied frequency is imposed at the working electrode and the resulting current signal 

is monitored.  The corresponding, frequency-dependent impedance (potential divided by current) 

often is represented on a Nyquist plot.  Benvidi et al. developed an approach based on glassy 

carbon electrodes modified with reduced graphene oxide (RGO).[36]  DNA probes are 

immobilized covalently on the deposited RGO, and EIS data are gathered before and after target 

DNA hybridization in an aqueous solution containing [Fe(CN)6]
3-/4-.  An increase in charge transfer 

resistance, Rct, with target DNA concentration was observed and a remarkable LOD of 3.2 zM was 

achieved.  Although EIS is a relatively sophisticated technique, this overall approach is 

straightforward and powerful.  If it proves applicable to clinical samples and overall assay times 

could be shortened, this scheme may be among the more promising.  Tripathy et al. developed an 

approach very similar to that of Benvidi et al. for the detection of Dengue virus DNA in whole 

blood in the zeptomolar range.[36,37]  Finally, Sahoo et al. developed a label-free, EIS-dependent 

DNA detection method based on poly(amidoamine)dendrimer (G3-PAMAM) functionalized GaN 

nanowires (NWs) grown on gold.[38]  A LOD of 100 zM for a synthetic H1N1 swine flu DNA 

sequence was achieved.  As with the other EIS-based techniques, this approach appears relatively 

straightforward and powerful, but could be made more attractive with a reduction in overall assay 

time.  

2.3.5 Field effect transistors (FETs) 

The use of field effect transistors (FETs) as sensors constitutes an entirely different 

approach to electrochemical NA detection.  A FET is a type of transistor where the electric field 

at a “gate” controls the flow of current between “source” and “drain” electrodes.  When configured 
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as a sensor, the binding of an analyte at the gate results in a change in potential that gives rise to a 

measurable shift in the flow of current between the source and drain.  Ramnani and et al. 

demonstrated label-free and rapid detection of microRNA based on a carbon nanotube field-effect 

transistor (FET) functionalized with the Carnation Italian ringspot virus (CIRV) p19 protein (Fig. 

3).[39]  The FET device is fabricated using 3-aminopropyltriethoxysilane (APTES)-assisted 

assembly of carbon nanotubes (CNTs) across gold electrodes acting as source and drain.  The 

CNTs are subsequently modified with CIRV p19.  The microRNA target, miRNA-122a, which is 

a specific liver marker, is first hybridized to a complementary RNA probe to form a double-

stranded complex.  This complex subsequently is contacted with CIRV p19 on the FET sensor 

surface.  CIRV p19 shows high and selective affinity only for shorter, double stranded/duplex 

RNA, but not to tRNA, rRNA or DNA.  The binding of the miRNA-RNA probe complex to p19 

results in a change of conductance of the CNTs, which is quantified by measuring the change in 

resistance evident from the FET I-V curve. The LOD was estimated at ~1 aM against a large 

background of nontarget RNA and quantitative detection in the range of 1 aM to 10 fM also was 

demonstrated.  Although the total assay time is over 2 hours, this method is attractive for 

challenging, quantitative microRNA detection.  Notably, Chen et al. introduced the concept of a 

GaN nanowire (GaNNW) based extended-gate FET (EGFET) biosensor for ultralow NA detection 

where the GaNNWs are exposed to the sample solution and are connected to a commercial metal-

oxide semiconductor FET (MOSFET) via a metal wire.[40] A similar LOD was estimated at ~1 

aM, yet a shorter, more encouraging assay time of ~30 minutes was demonstrated. 
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Figure 2.3. microRNA detection using carbon nanotube field effect transistors functionalized with 

the Carnation Italian ringspot virus p19 protein (see text)[39] 

2.3.6 Piezoelectric plate sensor 

In yet another approach demonstrating the diversity of electrochemical approaches, a 1.6 

aM DNA LOD was achieved using a piezoelectric plate sensor consisting of an 8-µm-thick lead 

magnesium niobate-lead nitrate (PMN-PT) cantilever layer sandwiched between Cr/Au electrodes 

and insulated with 3-mercaptopropylmethoxysilane.[41]  Wu et al. immobilized a  oligonucleotide 

probe for hepatitis B viral DNA on the cantilever surface and monitored the shift in length 

extension or width extension mode resonance peak frequency upon 200mer target HBV DNA 

binding in buffer solution.[41]  A sensor response is evident in less than 10 mins, however it is 

unclear how well the sensor will work with target in complex sample media. 

2.4 Nanopore sensors 

Most nanopore-based NA sensing systems are based on a resistive-pulse sensing 

mechanism following on the work of Coulter,[42] where the conductance of an electrolyte-filled 

pore or channel is monitored as analyte species traverse it.  Rahman et al. pursued this general 

strategy while also taking advantage of optical trapping to enhance counting of target DNA species 

using nanopores.[43]  The LOD was estimated at ~1 aM, and the DNA counting process is 
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accomplished in just a few minutes, which is remarkable.  However, the study appears to have 

been conducted with purified DNA and requires electronics capable of resolving millisecond-

timescale, nA deflections in current.  Rather than measure small, short-lived deflections in current 

as target species traverse a small diameter nanopore, the detection technique described by Koo et 

al. entails simple conductometric detection of much-larger-pore blockage events.[44]  The method 

relies on an electromechanical signal transduction mechanism that also enables detection of NA at 

~1 aM.  Uncharged PNA capture probes are conjugated to ~800-nm-diameter polystyrene spheres 

that are designed to be very nearly charge neutral overall such that they do not exhibit 

electrophoretic movement in the presence of an electric field.  However, the substantial negative 

charge acquired upon capture of a target NA sequence makes the hybridized conjugate mobile.  

Electrophoresis of the bead-PNA conjugate with hybridized target NA to the mouth of a smaller 

diameter glass pore causes a significant decrease in pore conductance, thereby resulting in a strong, 

sustained drop in measured ionic current.  Nonspecifically bound NA is removed from the bead 

conjugate by the strong electric field at the pore mouth resulting in no sustained signal.  Further, 

the opposing electroosmotic flow through the glass pore sweeps PNA-bead conjugates without 

hybridized target away from the pore mouth.  In such a way, this simple conductometric device 

gives a highly selective (no observed false positives), binary response signaling the presence or 

absence of the target NA.  E. coli rRNA was detected at 1 aM against a large background of P. 

putida RNA.  With a substantial decrease in overall assay time, this simple, potentially inexpensive, 

label-free technique may hold promise. 

2.5 Conclusion and outlook 

The COVID-19 pandemic has brought the need back into focus for rapid, user-friendly, 

inexpensive, sensitive and accurate disease diagnostics.  Commercially available nucleic acid (NA) 
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amplification tests (NAATs) serve as the standard for both point-of-care (POC) and clinical 

laboratory-based disease diagnostics, yet the current assay time of ~15 minutes or more for the 

POC technology and the cost of these assays makes them nonideal.  Mostly within the past 10 

years, there has been a steady stream of reports describing NA amplification-free methods 

applicable to detection of pathogen-specific DNA or RNA at the most clinically desirable LODs 

of single-digit attomolar or lower.  Such approaches hold promise for the development of faster, 

less expensive diagnostic systems.  With the added urgency made evident by the pandemic, the 

appearance of publications reporting amplification-free techniques is expected to accelerate, which 

makes this review timely.  Without question, the emergence of nanotechnology has enabled 

conception of nearly all of the novel approaches with ultralow LODs published, which incorporate 

nanoparticles, fluorescent quantum dots, nanorods, nanowires and nanotubes.  The broad spectrum 

of possible schemes also builds upon the very diverse arsenal of optical and electrical measurement 

devices available.  However, very few of the methods described in this review have been tested 

sufficiently with clinical, or even mock clinical samples, that typically contain many species 

capable of interfering with an assay; and even fewer of the detection technologies have been 

integrated into complete diagnostic devices for which an overall assay time can be established.  

Lengthy reported hybridization times alone for many of these amplification-free schemes exceed 

the overall assay time for commercial NAATs.  There are published means to reduce hybridization 

steps to just a few minutes,[45] but such selective binding events are possible points of error and 

interference by the myriad species present in actual clinical samples.  It should be expected that 

methods reliant on the fewest reagents and selective binding events as well as the simplest 

electrical or optical measurements such as constant potential amperometry, conductimetry, light 

scattering, and fluorescence might have the greatest potential for eventual commercial success.  
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Also, a number of developments have emerged in the recent literature that may eventually lead to 

additional schemes for ultralow, amplification-free NA detection including CRISPR 

technology.[46,47]  Based on the available evidence, it appears likely that during the next several 

years some new and exciting NA-based disease diagnostic technology will emerge commercially. 
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Chapter 3: Simplified NA extraction and enhanced kinetic hybridization for 

amplification-free, sequence-specific 16S rRNA detection at 100 zM 
 

Abstract 

An amplification-free, nanopore-based nucleic acid detection method with simplified 

nucleic acid extraction and kinetically enhanced hybridization has been demonstrated for rapid, 

rRNA sequence-specific detection of Escherichia coli (E. coli) at the ultralow concentration of 

100 zM (10-19 M). This work was motivated by the need for simple, rapid, and low-cost detection 

of species-specific bacterial infection at low concentration. In our system, an amine-terminated 

peptide nucleic acid (i.e., an uncharged polyamide analog to DNA/RNA) probe complementary to 

E. coli 16S rRNA, is covalently bound to carboxyl-functionalized polystyrene microbeads to form 

a charge neutral bead-probe conjugate. After exposure to the sample, the target 16S rRNA 

hybridizes with the complementary PNA probe conjugated to the microbeads. Driven by an 

externally applied electric field, the PNA-microbeads with negative charge added by hybridized 

rRNA are driven to a smaller diameter nanopore on a glass chip and at least partially block it 

resulting in a sustained drop in ionic current thereby signaling the presence of the target rRNA. 

Simplified nucleic acid extraction was accomplished using 0.1 M NaOH followed by simple 

filtration with 0.02 μm pore diameter membrane. Kinetically enhanced hybridization was achieved 

by flowing RNA-containing samples through a compact bed of PNA beads, which assured better 

interfacial contact between the PNA-beads and target RNA. Alkaline extraction and this kinetically 

enhanced hybridization enabled us to accomplish lab-based sample pretreatment within 30 minutes. 

The longest detection time took about 25 minutes, which occurred at the lowest concentration of 

16S rRNA (100 zM). These results suggest that this technology with improved sample 
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pretreatment have great potential for developing a rapid, inexpensive, low-cost pathogen detection 

system for point-of-care applications. 

3.1 Introduction 

The ongoing COVID-19 pandemic has last for over two years, and has caused millions of 

deaths. This worldwide, public crisis has made the need for rapid, sensitive, and inexpensive point-

of-care (POC) disease diagnostics readily apparent. An ideal POC diagnostic system should be 

rapid and reliable so that patients can be treated optimally without the need for undependable 

follow up visits to the clinic. It also should be inexpensive so that it is affordable for most of the 

patient population. Lastly, the diagnostic system should be easy for people without complicated 

training to operate, the ideal case would require only loading sample and pressing a button.[1]  

Currently, most existing clinical sample analyses with high sensitivity and specificity, and low 

LOD are conducted using lab-based nucleic acid amplification tests (NAATs) with turnaround 

times of one day or more. [2, 3] However, NA amplification relies on systems for precise reaction 

control and expensive reagents such as primers, polymerase, and nucleotides. 

Over the past 10 years, many remarkable studies have been reported with NA 

amplification-free systems with low LODs and high sensitivity. Optical methods are common 

themes that utilize nanoparticles, such as gold nanoparticles, functionalized magnetic beads and 

quantum dot fluorescence, as the key elements to convert a selective hybridization event into an 

optical signal.[4-10] Yet the requirement for optical components increases complexity and cost. 

Electrochemical approaches provide ultralow concentration detection by transducing chemical 

signals into electric signals. Constant potential amperometry (CPA) is a simple electroanalytical 

technique that measure cell current at fixed potential, and it can be used to achieve LODs in the 

single-digit attomolar range. [11, 12] Voltammetry (CV) is another technique for NA detection at 
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ultralow concentration by measuring the current versus potential of a characteristic redox process. 

[13, 14] Field effect transistors (FETs) embody yet a different approach that utilize an electric field 

as a “gate” to control the flow of current between “source” and “drain”. Target NA binding results 

in a change in potential at the “gate”, which causes a current shift between the “source” and “drain” 

thereby providing the detection signal. Such FET sensors can also achieve a LOD in the single-

digit attomolar range. [15, 16] Yet the need for expensive labels and/or lengthy assay times have 

been drawbacks of these otherwise promising electrochemical approaches. 

Nanopore technology has also been used to sense NA based on the resistive-pulse sensing 

(RPS) mechanism, which analyzes the conductance through the electrolyte-filled pore as analyte 

species pass through it [17]. With the advantage of optical trapping technics, nanopore RPS 

sensing has achieved a LOD of ~1 aM. [18] In contrast, our group developed a nanopore sensor to 

detect sequence-specific 16S rRNA of bacterial pathogens based on pore blockage. [19] Since each 

viable bacterial cell contains ≥10,000 copies of rRNA, better sensitivity could be achieved by 

detecting rRNA compared to tests based on low copy number DNA.[20] In our system, peptide 

nucleic acid (PNA), an uncharged polyamide analog to DNA/RNA, is covalently bound to 

carboxyl-functionalized polystyrene microbeads to form charge neutral bead-probe conjugates. 

When the neutral PNA-microbeads hybridize with target rRNA, they gain substantial negative 

charge and therefore exhibit mobility in an electric field. If the complex is directed to a smaller 

diameter pore in a glass membrane, it will at least partially block it, resulting in a sustained drop 

in ionic current thereby signaling the presence of the target rRNA. In prior work, the extraction of 

16S rRNA, and hybridization between the bead-PNA conjugates and target 16S rRNA took 2 hours 

and 8 hours, respectively. In addition, the previously reported LOD for this system is about 1 

attomolar (aM, 10-18) but with a long detection time of 40 minutes. Therefore, the overall assay 
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time must be reduced to make the technology more applicable at the POC. In this study, we focused 

on reducing the total detection time by simplifying both RNA extraction and hybridization. 

3.2 Materials and methods 

3.2.1 Reagents 

Carboxyl-functionalized, 820 nm-dia. polystyrene microspheres and 0.02 μm pore dia. 

Vivaspin® 2 mL ultrafiltration devices were purchased from Bangs Laboratories, Inc. (Fishers, 

IN).  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was obtained from 

ThermoFisher Scientific (Waltham, MA). 2-(N-Morpholino)ethanesulfonic acid (MES), 

methoxypolyethylene glycol amine (mPEG-amine) and ethanolamine were purchased from 

Sigma-Aldrich (St. Louis, MO).  Peptide nucleic acid (PNA) probes were synthesized by PNA Bio 

(Thousand Oaks, CA) and arrived as >95% HPLC-purified, lyophilized powders.  The target PNA 

probe sequence for detecting E. coli 16S rRNA was NH2-(CH2CH2OCH2CH2OCH2CO)6-CTC 

CTT CCC TCA TTT CA.[21]  E. coli (ATCC 25922), P. putida (ATCC 12633), ATCC Medium 

18: trypticase soy broth and ATCC Medium 3: nutrient broth were purchased from American Type 

Culture Collection (Manassas, VA). RNeasy protect bacteria mini kit was purchased from Qiagen 

(Redwood City, CA).  Two mm-diameter, 4 mm-long Ag/AgCl pellet electrodes were secured 

from A-M systems, Inc. (Carlsborg, WA).  GE Healthcare Life Sciences Anotop 25 syringe filters 

(25 mm-diameter, 0.02 μm pore) were supplied by Genesee Scientific (San Diego, CA). 

3.2.2 Coupling PNA probe to microspheres 

To prepare microspheres to be conjugated with PNA, one μL of 820 nm-dia. carboxyl-

functionalized polystyrene microspheres, at a stock concentration of 3.25 ×  1011/mL were 

suspended in 500 μL MES buffer, pH 4.5.  The beads were washed 3 times by centrifugation at 
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14,000 rpm for 15 minute and resuspension in fresh MES buffer.  After the third wash, the beads 

were resuspended in 600 μL MES buffer, and EDC (200 mM final concentration) was added to 

the suspension to serve as a crosslinker between the carboxyl groups on the polystyrene 

microbeads and the terminal primary amine groups on the PNA probes.  The bead and EDC 

preparation was incubated for 15 minutes at 50 °C.  Next, 1.14 nmol of the PNA probe was added 

followed by incubation for 2 hours at 50 °C.  Subsequently, mPEG-amine was added to a final 

concentration of 100 mM, and the mixture was incubated for another 1 hour at 50 °C.  This latter 

conjugation step was designed to reduce bead aggregation.  Finally, ethanolamine was added to 

final concentration of 138 mM and incubated for yet another hour at 50 °C.  Ethanolamine served 

to cap remaining carboxylic groups, thereby ensuring that the PNA conjugated beads were nearly 

charge neutral.  After the surface modification of the polystyrene microbeads, they were washed 3 

times with 0.4× SSC (60 mM NaCl, 6 mM trisodium citrate, 0.1% Triton X-100, pH 8).  Each 

wash consisted of centrifugation at 14,000 rpm for 15 mins, followed by resuspension in 0.4× 

SSC. One fourth of the final bead preparation was taken for zeta potential measurement, and the 

remainder was resuspended and stored in hybridization buffer (10 mM NaCl, 25 mM Tris-HCL, 

pH 7).  The zeta potential of the PNA-beads was measured in testing buffer (10 mM KCl, 5.5 mM 

HEPES, 0.01% Tween-80, pH 7) with a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, 

Worcestershire, England).  A zeta potential in the negative single-digit mV range was taken as 

evidence of successful microbead surface modification. 

3.2.3 Cell culturing 

Cultures of E. coli and P. putida were initiated by suspension of the lyophilized 

preparations in soy (ATCC Medium 18) and nutrient (ATCC Medium 3) media, respectively, 

followed by incubation.  E. coli subsequently was cultured in shake flasks at 37 °C and 250 rpm, 
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and P. putida at room temperature and 250 rpm.  The initial culture was divided into aliquots which 

were stored at -80 °C to serve later as inocula.  To prepare culture for RNA extraction, a small 

portion of frozen E. coli and P. putida were mixed into 3mL of soy and nutrient media, respectively. 

Culturing conditions were same as described above.  Both bacterial was grown to log phase with 

approximately OD of ~0.5. 

3.2.4 RNA extraction 

RNeasy protect bacteria mini kit from Qiagen was used to extract high purity RNA. To 

start the extraction, 1.7 mL of bacterial culture was pelleted out followed by 45 minutes of 

enzymatic lysis. The cell lysate was transferred into RNeasy spin column for purification and the 

final RNA was eluted into 100 μL of RNase-free purified water.  

Lysis under alkaline conditions followed by simple filtration was performed as a more 

efficient method suitable for our detection scheme.[22] This latter approach entailed centrifugation 

of 1 mL of culture at 14,000 rpm for five minutes followed by resuspension of the cell pellet in 

200 μL of 0.1 M NaOH (pH 13.2) for bacterial lysis.  After incubation for 1 minute, 400 μL of 0.2 

M Tris-HCl (pH 4.5) was added to neutralize the preparation.  Immediately after, a 0.02-μm 

syringe filter was used to remove cell debris. The concentration and purity of the total RNA were 

measured using a Thermo Scientific Nanodrop 2000. From the previous study regarding the 

percentage of 16S rRNA in total RNA for E. coli and P. putida, the concentration of 16S rRNA in 

the samples of extracted RNA from E. coli and P. putida were estimated and are reported in Table 

3.1.[23] 
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3.2.5 Hybridization of RNA to PNA-bead conjugate 

According to our previous work, a specific volume of extracted RNA was added to 

approximate 1.26 × 106 PNA-bead conjugates in 600 μL hybridization buffer to give the desired 

approximate 16S rRNA concentration.  Hybridization was permitted to occur at room temperature 

for 8 hours on a rotator. PNA-beads with hybridized target were then cleaned with Vivaspin® 2 

mL ultrafiltration devices using centrifugation at 700 rpm for five minutes. The final product was 

suspended in 200 μL of testing buffer. [19]  

Kinetically enhanced hybridization was achieved in 2 mL, 0.02 μm pore dia. Vivaspin® 

ultrafiltration devices. As shown in Figure 3.1, PNA beads in hybridization buffer first were 

transferred to the Vivaspin® devices and centrifuged at 1000 rpm for 5 minutes to sediment the 

bead-PNA conjugates in ~2-layer deep bed on the porous membrane.  The RNA preparation of 

known concentration then was added to the same Vivaspin® device and spun at 1000 rpm for 5 

minutes to facilitate intimate contact of the extracted RNA with the deposited bead-PNA resulting 

in hybridization of target 16S rRNA.  After washing with 0.4× SSC buffer, hybridized beads were 

collected in testing buffer by the reverse spinning of the Vivaspin® device. 
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Figure 3.1.  Schematic of kinetic enhanced hybridization between PNA beads and the target RNA 

3.2.6 Sample detection 

According to earlier work, 4-in. borosilicate glass wafers (Plan Optik, Elsoff, Germany) 

was used to microfabricate the glass chip with nanopore.  A ~0.25 mm2, 1 µm-thick membrane 

was firstly wet etched in the center of the chip with hydrofluoric acid (89% water, 10% 

hydrofluoric acid and 1% hydrochloric acid).  A ~500 nm pore was then bored in the center of the 

membrane with a focused ion beam (FEI Nova 600 Nanolab DualBeam SEM/FIB).[19]  The glass 

chip was sandwiched by two Teflon chambers (6 mm ×  6 mm ×  8 mm) using 

polydimethylsiloxane (PDMS) O-rings as seals (Figure 3.2).  Each chamber was filled with 200 

μL of testing buffer.  A Ag/AgCl pellet electrode was placed in each chamber, and both electrodes 

were connected to a multichannel potentiostat (VMP3).  EC-Lab software (Bio-Logic USA, LLC, 

Knoxville, TN) was used to control the voltage across the nanopore and record the ionic current 

over time.  Hybridized PNA-bead samples were injected into the chamber with liquid contacting 

the smooth backside (opposite to the etched well) of the glass chip.  After the addition of the 

sample, a voltage of 1.5 V was applied across the nanopore and the current over time was recorded.  

After each detection signal, indicated by 60 seconds of sustained ionic current drop, the polarity 
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of the electronic field was reversed to -1.5 V to attempt to unblock the pore.  After ~1 min of 

reversed polarity, the field was flipped back to 1.5 V to confirm baseline current recovery and 

detection signal reproducibility. 

 

Figure 3.2 Glass chip and detector assembly.  a) The 1 cm  1 cm chip with ~1 µm-thick membrane 

and pore in the center.  b) Micrograph of the ~1 µm-thick membrane at the chip center.  c) 

Micrograph of the ~500 nm pore at the center of the glass membrane.  d) The glass chip sandwiched 

between Teflon chambers (6 mm  6 mm  8 mm). 

3.3 Results and discussion 

In previous work, we demonstrated detection of E. coli 16S rRNA at ~1 aM against a 

background of ~1pM of P. putida RNA.  In this study, an attempt was made to push the limit of 

detection (LOD) lower while also exploring more rapid methods to extract RNA and to hybridize 

target rRNA with complementary PNA probe conjugated to polystyrene beads.  Results illustrated 

in Figure 3.3 show clear, sustained drops in ionic current at ~100 zM E. coli 16S rRNA prepared 

using the Qiagen kit and after hybridization overnight.  Note that the voltage polarity was reversed 

briefly after the first and second step changes in current to drive PNA-beads with hybridized target 

rRNA away from the glass pore in order to confirm detection when the operating voltage was re-

applied.  No detection signals were observed at 10 zM E. coli 16S rRNA, which suggests that the 

LOD of our nanopore system is in the ~100 zM range. One interested point is that the first detection 

event onset time varied from ~600 seconds to ~2500 seconds among the tests with 100 zM RNA. 

By hybridizing PNA beads with 600 μL RNA sample at the concentration of 100 zM, less than 
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forty PNA-beads with bound target rRNA would be expected in the preparation, and therefore the 

dispersed initial position of injected beads could account for the variation of detection time. Since 

the greatest electric field existed near the pore mouth, the target bead conjugates would first diffuse 

from the chamber to the nanopore proximity. If the target bead conjugates located far away from 

the nanopore, the extra diffusion time would be added to the total detection time. 

 

Figure 3.3. PNA-beads tests with Qiagen extraction kit and over-night hybridization. a) shows 

repeated, consistent current drops using in a concentration of 100 zM E. coli 16S rRNA, and b) 

shows no current drop occurred with 10 zM E. coli 16S rRNA. 

Although the control runs with P. putida RNA led to no false positives, transient blockage 

events were observed infrequently in some cases.  Previously, we hypothesized that the electric 

field at the pore (~10,000 V/cm) is strong enough to remove non-specifically bound nucleic acid 

(and other negatively charged species) while not removing hybridized complementary target rRNA 

[19, 23-25].  In addition at neutral pH, silanol groups on the glass surfaces deprotonate giving rise 

to a layer of fixed negative charges neutralized by free, hydrated counterions. These hydrated 

cations move toward the cathode resulting in an electroosmotic flow (EOF) that exerts a drag force 

on PNA-beads moving toward the anode.  If negatively charged species bound to the PNA-beads 
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are removed at the pore mouth, the nearly charge neutral beads are driven away from the pore by 

the EOF.  This active mechanism to avert false positives is a unique aspect of our detection system.  

Since our detection system also does not require purification of extracted RNA to remove 

inhibitors of polymerases, we explored simpler approaches.  We investigated RNA extraction at 

alkaline pH followed by neutralization and simple, 0.02-µm filtration.  Rapid extraction under 

alkaline conditions resulted in higher RNA yield than with the Qiagen kit, but at lower purity 

(Table 3.1). 

Table 3.1.  RNA extraction time, yield, estimated 16S rRNA concentration and purity using the 

Qiagen kit compared to the alternate alkaline lysis/neutralization/filtration approach. 

 RNeasy Kit Alkaline Extraction 

Extraction Time >2 Hours <10 Minutes 

Yield (ng/μL) E. coli ~200 ~300-500 

P. putida ~100 ~300-400 

Estimated 

concentration 

of 16S rRNA 

(nM) 

E. coli ~75.7 ~113.5-189.2 

P. putida ~53.4 ~160.3-213.8 

Purity 

(A260/A280) 

~2.00 1.53-1.90 

To verify that our devices are still selective with preparations of reduced purity, we 

performed detection runs with samples at 100 zM E. coli 16S rRNA generated by the alkaline 

extraction procedure followed by over-night hybridization.  Representative data shown in Figure 
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3.4a and 3.4b (P. putida RNA control) confirm success at 100 zM, albeit against greater 

background noise including transient drops in ionic current.  This observation may be due to the 

increased of impurity the RNA preparation leading to more nonspecific binding.  One interesting 

point is that 3 of the detection events shown were composed of multiple small step changes of <2 

nA (Fig. 3.4a), which we hypothesize are due to the accumulation of multiple beads at the pore 

mouth.   

In an effort to further streamline the detection protocol through a more rapid hybridization 

step, a ~2-layer bed of PNA-beads was first deposited on the membrane of Vivaspin centrifuge 

filter followed by filtration of the RNA preparation produced using alkaline solution lysis.  We 

hypothesized that better interfacial contact between PNA-beads and target RNA would enhance 

hybridization kinetics.  As shown in Figure 3.4c and 3.4d, detection of 100 zM E. coli 16S rRNA 

was achieved with this ~10-minute hybridization protocol and no false positives were observed 

with the P. putida RNA preparation. 
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Figure 3.4. I) 820-nm carboxylic beads tests with alkaline extraction and over-night hybridization 

a) shows repeated, consistent current drop in a concentration of 100 zM of E. coli 16S rRNA, and 

b) shows that no current drop occurred for 10 fM of P. putida 16S rRNA. II) 820-nm carboxylic 

beads tests with alkaline extraction and kinetic enhanced hybridization c) shows repeated, 

consistent current drop in a concentration of 100 zM of E. coli 16S rRNA, and d) shows that no 

current drop occurred for 100 fM of P. putida 16S rRNA. 

3.4 Conclusion 

Using our novel glass chip detection system, an LOD of ~100 zM E. coli 16S rRNA was 

achieved and no false positives were observed with P. putida RNA.  Further, this performance 

level also was attained with a simplified alkaline solution lysis and RNA extraction method 

followed by kinetically enhanced hybridization, which reduced the overall detection time from 

~10 hours to ~30 minutes.  These results suggest that our glass nanopore detection technology 

could be utilized for development of POC pathogen detection systems that are competitive with 

those dependent on nucleic acid amplification. 
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Chapter 4: Detection of E. coli spiked in sterile pooled human urine  
 

Abstract 

 With the more efficient RNA extraction and hybridization approaches described in 

previous work, 100 zM detection of E. coli 16S rRNA was achieved with our glass nanopore-based 

detector. However, it is important to study the performance of our detector when used with samples 

in complex media (i.e., urine) before we move into real clinical samples. E. coli spiked into sterile 

pooled human urine was therefore used as a model system. Initial tests with samples of E. coli in 

urine and blank urine controls suggested that noisy data and false positives could be caused by 

phospholipids commonly found in human urine. Lipase from Mucor miehei was added to the lysate 

to address this issue. The same LOD of 100 zM attained previously was achieved after 30 minutes 

of 0.25 U lipase pretreatment. These preliminary tests implied that sample cleanup processes in 

addition to filtration is required after alkaline extraction. For more consistent results, we applied 

rapid commercial RNA extraction kits followed by the same kinetically enhanced hybridization 

step in our future work with more realistic pathogen samples, such as N. gonorrhoeae in urine 

samples. 

4.1 Introduction 

Since our ultimate goal is to engineer a NA amplification-free detection system for point-

of-care (POC) applications, it is necessary to study the performance of our detector in complex 

media. Urine is one of the most important complex clinical media that can be used to detect and 

manage a wide range of disorders, such as urinary tract infections, kidney disease or diabetes. 

Studies have suggested that uropathogenic E. coli can be distinguished from other bacteria 

common to the urinary tract based on 16S rRNA, and therefore E. coli in sterile human urine was 
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used to study and optimize our detection system.[1-3] Our target LOD was ≤10 CFU/mL. 

Successful completion of this study will suggest that our detector has the potential for detecting 

more threatening pathogens, such as N. gonorrhoeae in actual clinical samples. 

4.2 Method and materials 

Materials and experimental methods were the same as described in Chapter 2. The 

additional step was to spike sterile pooled human urine (BioIVT, Westbury, NY) with cultured 

bacteria. After the bacteria were cultured to log phase, viable cell concentration was determined 

by serial dilution and colony counts on agar plates. E. coli and P. putida were spiked into 10 mL 

of sterile pooled human urine to final concentrations of 10 CFU/mL and 1000 CFU/mL, 

respectively. Next, 1 mL urine samples were transferred into 2 mL of 0.2 M NaOH (pH ~ 13) for 

bacterial lysis. After a 1 minute of incubation, 150 μL of the mixture was added to 300 μL of 0.2 

M Tris-HCl (pH ~4.5) to neutralize the pH and therefore to stop the lysis. [4] A 0.02 μm filter was 

used to remove the large cell debris that could potentially cause blockage of the nanopore and false 

positive signals. The purity of the extracted RNA was measured using a Thermo Scientific 

Nanodrop 2000 and is reported in Table 4.1. 

4.3 Results and Discussion 

With the same alkaline extraction described in chapter 2, the purity of RNA from bacteria-

urine mixture was significant lower compared to the result we obtained in the previous chapter, as 

shown in Table 4.1. For case A, bacterial cultures were pelleted out prior to the alkaline cell lysis, 

which minimized the impurity from culture medium (i.e., soy broth and nutrient media). For case 

B, since we aimed to study the impact of urine on the nanopore detection system, bacterial species 

were spiked into sterilized human urine followed directly by the alkaline cell lysis. Therefore, it 
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was hypothesized that urine media accounted for the decrease in purity of the extracted RNA. Tests 

with samples from case B were performed, and the results are shown as Figure 4.1. 

Table 4.1. Comparison of RNA purity between pelleted bacterial culture (Case A) and bacteria-

urine mixtures (Case B) using alkaline extraction 

 Purity (A260/A280) 

Case A  1.53-1.90 

Case B  1.31-1.51 

 

 

Figure 4.1. 820-nm carboxylic beads tests with alkaline extraction and kinetic enhanced 

hybridization a) shows unrepeatable permanent current drops for 10 CFU/mL of E. coli in 

sterilized human urine, and b) shows a false positive for 1000 CFU/mL of P. putida in sterilized 

human urine.  

In the test with E. coli in sterilized human urine, a current drop was observed. However, 

the current could not be recovered after the voltage was reversed. Furthermore, the current was 

unstable with frequent transient blockages. In the negative control with P. putida, a permanent 

current drop was observed as a false positive. To further investigate the reasons for the noisy data 
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and false positives, we applied blank human urine to our detection system, and we observed a 

quick, large, and repeated current drop, as shown in Figure 4.2. 

 

Figure 4.2. Blank human urine test shows repeatable permanent current drops. 

Since urine contains a great amount of lipid/phospholipids, it might form large negatively 

charged liposomes. [5, 6] Therefore, we hypothesized that lipid/phospholipids broke down into 

smaller pieces during the filtration, and right after filtration these smaller pieces reassembled into 

larger liposomes that blocked the nanopore. To address this problem, we introduced lipase (from 

Mucor miehei) to degrade lipid/phospholipids and prevent the further formation of large lipid 

aggregates. [7]  Initially, 0.25 U of lipase was added to the lysate followed by an incubation of 30 

minutes and the preliminary data is showed in Figure 4.3. 
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Figure 4.3. 820-nm carboxylic beads tests with alkaline extraction, lipase treatment, and kinetic 

enhanced hybridization a) shows repeated, consistent current drops for 10 CFU/mL of E. coli in 

sterilized human urine, and b) shows that no false positive for 1000 CFU/mL of P. putida in 

sterilized human urine. 

Clearly, our NA-based nanopore detector with alkaline extraction and kinetically enhanced 

hybridization was applicable for detecting bacterial species in complex media, but an additional 

cleanup process prior to filtration was required. In our case, lipase treatment helped resolve the 

problem of the noisy data and false positives, but the additional 30 minutes is lengthy for POC 

applications. Attempts were made to reduce the time usage by increasing the amount of lipase. 

However, false positives occurred again as we increased the amount of lipase to 0.5 U, which 

suggested that lipase itself could be an impurity that causes false positives. Since we believed it 

would be more important to demonstrate a stable detection of pathogen in human urine, we stepped 

back to use of rapid commercial RNA extraction kits, such as the Direct-zol RNA Miniprep Kits 

from ZYMO Research, to achieve more consistent results. But it is still suggested to investigate a 

faster way to clean up the urine sample without introducing new impurities. The study done by Cherif 

show that a high pH lipase could be produced by Staphylococcus sp. Stain, and this lipase have been 
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shown with high activity at pH 12. So, in the future we might be able to incorporate small amount 

of this lipase into our alkaline lysis mixture. [8] 

4.4 Conclusion 

 In this work, we successfully detected 10 CFU/mL of E. coli spiked in sterilized human 

urine with alkaline extraction followed by lipase cleanup. These preliminary results suggested that 

our NA-based nanopore detector has the potential to detect pathogens in urine samples. While 

resolving to further investigate faster and more robust sample cleanup, we settled on using Direct-

zol RNA Microprep Kits from ZYMO Research followed by the same kinetically enhanced 

hybridization in our immediate future work.  
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Chapter 5: An amplification-free, 16S rRNA test for Neisseria gonorrhoeae in 

urine 
 

Chapter 5 is a manuscript submitted to Sensors & Diagnostics, the Royal Society of Chemistry 

and is currently under review. 

Abstract 

An amplification-free, nanopore-based nucleic acid detection platform has been 

demonstrated for rapid, 16S rRNA sequence-specific detection of Neisseria gonorrhoeae at 10-100 

CFU/mL in human urine against background bacterial flora at 1000 CFU/mL.  Gonorrhea is a very 

common notifiable communicable disease, antibiotic resistant strains have emerged, and the rate 

of reported gonococcal infections continues to increase.  Since rapid clinical identification of 

bacterial pathogens in clinical samples is needed to guide proper antibiotic treatment and to control 

disease spread, it is important to engineer rapid, sensitive, selective, and inexpensive point-of-care 

(POC) diagnostic devices for pathogens such as N. gonorrhoeae.  Our detector technology is based 

on straightforward conductometric detection of sustained blockage of a glass nanopore.  Charge 

neutral, complementary peptide nucleic acid probes are conjugated to polystyrene beads to capture 

N. gonorrhoeae 16S rRNA selectively.  In the presence of an electric field applied externally 

through a glass nanopore, the PNA-microbead conjugates that acquire substantial negative charge 

upon target hybridization are driven to the smaller diameter nanopore.  At least partial blockage of 

the nanopore results in a sustained drop in ionic current that can be measured easily with simple 

electronics.  The ability to detect N. gonorrhoeae over the range of 10 to 100 CFU/mL spiked in 

human urine was demonstrated successfully with estimated sensitivity and specificity of ~98% and 

~100%, respectively.  No false positives were observed for the control group of representative 

background flora (E. coli, K. pneumoniae, and E. faecalis) at 1000 CFU/mL.  Also, N. 

gonorrhoeae at 50 CFU/mL was successfully detected against 1000 CFU/mL of background flora 
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in urine.  These results suggest that this amplification-free technology may serve as the basis for 

rapid, inexpensive, low-power detection of pathogens in clinical samples at the POC. 

5.1 Introduction 

Gonorrhea is the second most common notifiable sexually transmitted infection in the US, 

and its prevalence has been increasing. [1]  A total of 677,769 cases of gonorrhea were reported to 

the US Centers for Disease Control and Prevention (CDC) in 2020 out of an estimated 1.6M new 

infections that occur each year in the US. [1, 2]  Since the historic low in 2009, reports of gonorrhea 

infection have increased 111%. [1] Alarmingly, strains of the gram-negative bacterium responsible 

for gonorrhea infections, Neisseria gonorrhoeae, have developed antibiotic resistance; and about 

half of all gonorrhea infections reported in 2020 were caused by an antibiotic resistant strain. [1]  

Only one recommended treatment remains: the cephalosporin, ceftriaxone. [2]  Unfortunately, the 

infection often is asymptomatic in women, and if untreated, pelvic inflammatory disease leading 

to ectopic pregnancies and infertility can result. [3]  Currently, the CDC recommends that all 

sexually active women under age 25, as well as sexually active gay or bisexual men, be tested each 

year.[3]  In order to guide proper usage of antibiotics, to perform timely treatment, and to curtail 

disease spread, rapid, inexpensive point-of-care (POC) diagnostic tests are needed urgently. 

The historical method for N. gonorrhoeae detection in a clinical sample has long entailed 

culturing; however, at least a day is required for results that must be generated by skilled 

technicians. [4]  Microscopic examination of urethral smears also can be used to provide evidence 

of infection, but the reliability of this diagnostic approach depends strongly on the quality of the 

specimen and the experience of the microscopist. [4]  Currently, nucleic acid amplification tests 

(NAATs) are the preferred methods for gonorrhea diagnostic detection due to sensitivities >90% 

and very high specificities of ~99%. [5]  However, most NAATs are conducted in the clinical 
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laboratory where the turnaround time also is a day or longer, and these complex systems must be 

operated by trained personnel.  POC NAATs have emerged on the market recently (i.e., Binx io, 

Visby Medical Sexual Health Test), [6, 7] but an external power source is required for these 

complex devices that entail nucleic acid (NA) isolation to high purity for removal of polymerase 

inhibitors; tight control of complex reaction steps involving expensive, perishable reagents (e.g., 

primers, polymerase, and nucleotides); optical or electrochemical means to detect amplicons; and 

assay times of ~15-30 minutes.  An ideal NA-based POC diagnostic system would exhibit an assay 

time of ~5 minutes, would be battery powered and completely portable, would be inexpensive 

(~$20/test), and would provide competitive sensitivity and specificity of ≥95%. [8, 9] 

The need for more optimal POC diagnostic tests has provided impetus for a number of 

studies focused on simpler, yet powerful, amplification-free, NA-based detection approaches.  The 

“gold standard” limits of detection (LODs) of commercial clinical laboratory-based NAATs 

available for N. gonorrhoeae in urine in the ~1–100 CFU/mL range are reflective of clinical need 

and correspond to NA LODs at the single-digit aM (10-18 M) level.10  Over the past 10 years or so, 

many reports, including ours, have appeared describing NA amplification-free systems exhibiting 

these very low LODs for NAs of specific sequence.[10, 11]  Our system utilized here relies on the 

use of peptide nucleic acid (PNA) capture probes.[12]  PNA is an uncharged polyamide analog to 

DNA/RNA that we bind covalently to carboxyl-functionalized microbeads to form nearly charge 

neutral bead-probe conjugates.  When the neutral PNA-microbead hybridizes target NA, it gains 

substantial negative charge thereby making it mobile in an electric field.  If the negatively charged 

PNA-microbeads with hybridized target NA are directed to a glass nanopore of lesser diameter, 

they will at least partially block it, resulting in a sustained, easily measured drop in ionic current.  

In previous work, our group has successfully demonstrated the detection of E. coli rRNA at a 
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concentration of 1 aM against a 106-fold background of P. putida RNA and E. coli at 10 CFU/mL 

against a 106-fold background of viable P. putida.[11]  However, few NA amplification-free 

detection schemes, including ours, had been tested with clinical, or even mock clinical, 

specimens.[10] 

5.2 Methods and materials 

5.2.1 Reagents 

Carboxyl-functionalized, 820 nm-dia. polystyrene microspheres and Vivaspin® 2 mL 

ultrafiltration devices were purchased from Bangs Laboratories, Inc. (Fishers, IN).  1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) was obtained from ThermoFisher 

Scientific (Waltham, MA).  2-(N-Morpholino)ethanesulfonic acid (MES), methoxypolyethylene 

glycol amine (mPEG-amine) and ethanolamine were purchased from Sigma-Aldrich (St. Louis, 

MO).  Peptide nucleic acid (PNA) probes were synthesized by PNA Bio (Thousand Oaks, CA) 

and arrived as >95% HPLC-purified, lyophilized powders.  E. coli (ATCC 25922), P. putida 

(ATCC 12633), spy broth and nutrient broth were purchased from American Type Culture 

Collection (Manassas, VA).  Direct-zol RNA Miniprep kits and TRI Reagent were purchased from 

Zymo Research (Irvine, CA).  Two mm-diameter, 4 mm-long Ag/AgCl pellet electrodes were 

purchased from A-M systems, Inc. (Carlsborg, WA).  GE Healthcare Life Sciences Anotop 25 

syringe filters (25 mm-diameter, 0.02 μm pore) were supplied by Genesee Scientific (San Diego, 

CA). 

5.2.2 Detector assembly 

Glass chips (1 cm × 1 cm) were micromachined from 4-in. borosilicate glass wafers (Plan 

Optik, Elsoff, Germany) as described earlier.[11]  A ~0.25 mm2, 1 µm-thick membrane was etched 
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in the center of the chip and a ~500 nm nanopore was milled in the center of the membrane with a 

focused ion beam (FEI Nova 600 Nanolab DualBeam SEM/FIB).  These glass chips were 

sandwiched between two, custom-machined Teflon chambers (each measuring 6 mm × 6 mm × 

8 mm, 216 μL) with cast polydimethylsiloxane (PDMS) seals (Fig. 5.1).  A 4 mm-diameter hole 

drilled through the chamber walls facing the glass chip permitted buffer access on either side of 

the chip.  A Ag/AgCl pellet electrode was placed in each, buffer-filled chamber, and voltage was 

controlled and current monitored using a Versatile Multichannel Potentiostat (model VMP3) 

equipped with the ‘p’ low current option and N’Stat box driven by EC-LAB software (Bio-Logic 

USA, LLC, Knoxville, TN).  This assembly constituted our detection system for target N. 

gonorrhoeae 16S rRNA hybridized to PNA probe conjugated to microspheres (see below). 

 

Figure 5.1.  Glass chip and detector assembly.  a) The 1 cm  1 cm chip with ~1 µm-thick 

membrane and pore in the center.  b) Micrograph of the ~1 µm-thick membrane at the chip center.  

c) Micrograph of the ~500 nm pore at the center of the glass membrane.  d) The glass chip 

sandwiched between Teflon chambers (6 mm  6 mm  8 mm). 

5.2.3 Coupling PNA probe to microspheres 

The complementary PNA probe sequence with PEG linker for detecting N. gonorrhoeae 

16S rRNA consisted of NH2-(CH2CH2OCH2CH2OCH2CO)6- TTG CCA ATA TCG GCG GCC. 

[13]  In order to prepare microspheres to be conjugated with PNA, one μL of 820 nm-diameter 

carboxylic group-functionalized polystyrene microspheres, at a concentration of ~3.25 × 1011/mL, 

was suspended and washed three times in 100 mM MES buffer (pH 4.5).  For each wash step, after 

5 mm 500 nm100 μm

(a) (b) (c)
PDMS seals

Glass chip

(d)
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centrifugation at 14,000 rpm for 15 minutes, the sedimented pellet microspheres were resuspended 

in fresh MES buffer.  After the third wash, the microbeads were re-suspended in 600 μL of MES 

buffer, and EDC (200 mM final concentration) was added to the suspension to serve as a 

crosslinker between the carboxyl groups on the polystyrene microbeads and the terminal primary 

amine groups appended on the PNA probes.  This preparation was incubated for 15 minutes at 

50 °C.  Immediately afterward, 1.14 nmol of the PNA target probe was added followed by 

incubation for an additional two hours at 50 °C.  Next, mPEG-amine was added to a final 

concentration of 100 mM followed by incubation for another hour at 50 °C.  This latter conjugation 

step was added to inhibit microbead aggregation. Finally, ethanolamine was added to a final 

concentration of 138 mM and incubated for yet another hour at 50 °C.  Ethanolamine was added 

to fully cap any remaining carboxyl groups, thereby ensuring that the PNA-conjugated microbeads 

were nearly charge neutral. After completion of microbead surface modification, the beads were 

washed three times with 0.4× SSC buffer (60 mM NaCl, 6 mM trisodium citrate, and 0.1% Triton 

X-100, pH 8).  Each wash was conducted for 15 minutes at 14,000 rpm in microfuge tubes.  One 

fourth of the final product was set aside for zeta potential measurements, while the rest of the PNA-

beads were stored in hybridization buffer at room temperature (10 mM NaCl, 25 mM Tris-HCL, 

pH 7).  The zeta potential was measured for modified microbeads suspended in the testing buffer 

(10 nM KCl, 5.5 mM HEPES, 0.01% Tween-80, pH 7) using a Malvern Zetasizer Nano ZS 

(Malvern Instruments Ltd, Worcestershire, England).  A zeta potential in the negative single-digit 

mV range was taken as evidence of successful microbead surface modification. 

5.2.4 RNA extraction 

N. gonorrhoeae (ATCC 43069) frozen stock was subcultured onto chocolate agar.  Agar 

plates were incubated at 35 °C with 5% CO2 for 16-18 hrs.  The bacterium was cultured in ATCC 
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814 medium to a McFarland standard 0.5 corresponding to ~1.5 × 108 CFU/mL.  The culture then 

was serially diluted in 0.85% saline to achieve the desired concentrations for spiking into sterilized 

pooled human urine (BioIVT, Westbury, NY).  The background bacterial flora including E. coli, 

K. pneumoniae, and E. faecalis served as negative controls.  The protocols for use of the Direct-

zol RNA Miniprep kit and TRI Reagent (Zymo Research, Irvine, CA) were followed for total RNA 

extraction and purification.  Each extraction began with 1 mL of human urine previously spiked 

with 10-100 CFU/mL of N. gonorrhoeae, 1000 CFU/mL of background flora, or 10-100 CFU/mL 

of N. gonorrhoeae and 1000 CFU/mL of background flora.  Extracted total RNA was eluted into 

100 μL of RNase-free purified water and used within ~1-2 hours. 

5.2.5 Hybridization of RNA to PNA-bead conjugates 

Hybridization was accomplished in Vivaspin® 2 mL ultrafiltration devices with 0.02-μm-

diameter membranes.  Bead-PNA conjugates in 600 μL hybridization buffer (see above) were 

transferred to Vivaspin® devices and spun at 1000 rpm for 5 minutes to form a compact bed of 

the conjugates on the membrane surface.  Subsequently, extracted RNA from N. gonorrhoeae 

spiked in human urine was added to the loaded Vivaspin® device and spun at 1000 rpm for 5 

minutes to facilitate intimate contact and hybridization of target 16S rRNA with the previously 

deposited bead-PNA conjugates.  Finally, after two rounds of wash with hybridization buffer in 

the Vivaspin®, hybridized beads were collected in hybridization buffer by reverse spinning the 

loaded Vivaspin® devices. 

5.2.6 Sample detection 

Prior to the injection of a sample, the open current was measured to verify the integrity of 

the glass chips.  Depending on the exact nanopore size, clean glass chips had typical open currents 

of 35 nA to 100 nA.  After undergoing the hybridization procedure, bead-PNA conjugates 
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potentially bound with target N. gonorrhoeae 16S rRNA were injected into the detector chamber 

contacting the smooth backside (opposite the etched well) of the glass chip.  After bead sample 

addition, a potential of 1.5 V was imposed, and the current was monitored for a sustained, ionic 

current drop that would signal detection of target 16S rRNA.  After each detection signal (indicated 

by sustained ionic current drop of ~50 s) was observed, the polarity of the electronic field was 

reversed to -1.5 V to attempt to unblock the pore.  After ~1 min of reversed polarity, the field was 

flipped back to 1.5 V to confirm baseline current recovery and detection signal reproducibility 

5.3 Results and Discussion 

Forty-four samples of N. gonorrhoeae spiked in human urine over the 10-100 CFU/mL 

concentration range (14 at 10 CFU/mL, 10 each at 50 and 100 CFU/mL, and 10 at 50 CFU/mL 

against representative bacterial flora at 1000 CFU/mL) were processed and tested as described 

above.  The bacterial flora control representative of microbes frequently present in human urine 

included E. coli, K. pneumoniae, and E. faecalis.  Out of these 44 trials, only one false negative 

was observed at 50 CFU/mL.  No positive detection results were recorded for any of 10 samples 

of the background flora alone at a concentration of 1000 CFU/mL in human urine, which served 

as a negative control.  Sample data showing easily recognized, reproducible detection events as 

well as the lack of response to the negative control is presented as Fig. 5.2, and the complete results 

are summarized in Table 5.1. 
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Figure 5.2.  Detector current response to the presence of target N. gonorrhoeae 16S rRNA and the 

lack of response to RNA extracted from background bacterial flora alone.  (a) Reproducible, 

sustained current signal step reductions in response to the presence of PNA-beads with hybridized 

target 16S rRNA extracted from N. gonorrhoeae at 10 CFU/mL in human urine.  The applied 

voltage for detection events was 1.5 V.  After a sustained current signal of ~50 s, the voltage 

polarity was reversed temporarily to -1.5 V to drive bead complexes away from the pore before 

demonstrating signal reversibility by reimposing a potential of 1.5 V.  (b) No current signal in 

response to the presence of PNA-beads hybridized with RNA extracted from background bacterial 

flora spiked at 1000 CFU/mL in human urine (negative control). 
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Table 5.1.  Summary of N. gonorrhoeae (NG) detection data over a concentration range of 10-

100 CFU/mL in human urine 

Sample Agreement w/Expected result* 

10 CFU/mL 14/14 

50 CFU/mL 9/10 

100 CFU/mL 10/10 

50 CFU/mL + 1000 CFU/mL 

Flora* 

10/10 

1000 CFU/mL Flora* 10/10 

Total agreement 53/54 (98.1%) 

*(number of expected test results) / (number of tests) 

**Background flora included E. coli, K. pneumoniae, and E. faecalis. 

Background flora also served as negative control. 

 

The data presented in Table 1 provide the basis for preliminary estimates of sensitivity and 

specificity of ~98% and ~100%, respectively, for detection of N. gonorrhoeae over the range of 

10 to 100 CFU/mL when spiked in sterile pooled human urine.  Note that the first detection event 

for true positive cases, indicated by the first sustained ionic current drop, occurred from 500 

seconds to 1500 seconds.  Absence of ionic current drop for over 3000 seconds constituted negative 

detection (likely an extreme waiting period based on many test runs), and only one false negative 

was observed at 50 CFU/mL.  Since 50 CFU/mL is well above the detection limit of our device, 
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we suspect that RNA instability may have played a role since samples were lysed at the off-campus 

clinical laboratory and subsequently transported on campus for testing.  Nevertheless, the 

preliminary sensitivity and specificity data presented here compare very well to the currently 

preferred NAATs, both those that are lab-based and those that are designed for the POC. [6, 7] 

As an amplification-free test, this technology is considerably less complex than NAATs 

and avoids the need for perishable reagents (i.e., polymerase, primers, nucleotides).  The current 

lab-based version of our amplification-free test with the glass nanopore detector requires ~10 

minutes for RNA extraction, ~10 minutes for hybridization, and ~15 minutes for sample detection, 

which makes it competitive in overall assay time with many fully automated NAATs.  However, 

the detection chamber in a microfluidic device under development is reduced ~10 ×  in 

characteristic dimension thereby dramatically reducing the transit time of bead-PNA conjugates 

with hybridized target to the glass nanopore detector.  In the near future, we anticipate reporting 

on the extensive time savings achieved with our glass chip detectors integrated into a complete, 

low-power automated system that also includes frontend sample processing and hybridization, as 

well as an order-of-magnitude reduction in detection chamber size. 

5.4 Conclusions 

A novel amplification-free rRNA test based on a nanopore glass detector was used 

successfully to assay for N. gonorrhoeae spiked in human urine with high sensitivity (~98%) and 

specificity (~100%).  N. gonorrhoeae was detected successfully over the 10-100 CFU/mL range 

and against background bacterial flora at 1000 CFU/mL.  These results suggest that this potentially 

rapid and inexpensive technology may one day prove advantageous for POC use.  Indeed with 

further improvement in overall assay time and integration of the glass nanopore detector with 

automated frontend sample processing, this simple, amplification-free detection technology may 



65 

 

lead to rapid, inexpensive, low-power and portable POC pathogen detection devices with minimal 

reagent requirements. 
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Chapter 6: Amplification-free detection of 16S rRNA using a glass chip detector 

integrated into the lateral flow assay format 

Abstract 

A nucleic acid amplification-free platform integrated with the lateral flow assay (LFA) 

format has been demonstrated for rapid detection of 10 attomolar (aM) Escherichia coli 16S rRNA 

within 15 minutes. The ongoing COVID-19 pandemic and the public health issues revealed during 

this crisis have illustrated the need for rapid, convenient, and customer-affordable disease 

diagnostic methods that can meet point-of-care (POC) requirements with simple operating 

procedures. Clinical studies have shown that a substantial portion of the patient population is 

unwilling to wait in the clinic for more than 20 minutes for a test result; therefore, in order to 

address POC requirements better, an NA detection method with an assay time as short as 5 minutes 

has been developed. The single-use component of the system is composed of a glass chip-based 

nanopore detector integrated with a lateral flow membrane strip which is preloaded with 

polystyrene microbeads conjugated with peptide nucleic acid (PNA) probe complementary to the 

target 16S rRNA. A 100 µL rRNA sample deposited on the test strip quickly flows along the LFA 

membrane due to capillary action, and target rRNA hybridizes with the complementary PNA 

probes conjugated to the preloaded microbeads. Driven by an externally applied electronic field, 

the PNA-microbeads with the negative charge added by the hybridized rRNA are driven to the 

smaller nanopore on the integrated glass chip and at least partially block it resulting in a sustained 

drop in ionic current. This easily measured, step change in current constitutes the signal indicating 

the presence of target nucleic acid. With this system, the detection of 10 aM E. coli 16S rRNA 

against 10 fM P. putida 16S rRNA within 15 minutes has been successfully demonstrated. Finally, 

our LFA device readily detected E. coli at 10 CFU/mL against a one-million-fold background of 
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viable P. putida. With further improvements in sensitivity and reliability, this simple, rapid, and 

inexpensive amplification-free technology may be promising for widespread diagnostic usage in 

defense of public health. 

6.1 Introduction 

The ongoing COVID-19 pandemic and the public health issues revealed during this crisis 

have illustrated that there is great demand for low-cost, sensitive, and robust point-of-care (POC) 

nucleic acid (NA) based diagnostic devices that give results in minutes. Culturing methods and 

laboratory-based nucleic acid amplification tests (NAATs) are authoritative diagnosis methods for 

most infectious diseases with high sensitivity, but both have turnaround times of one day or more. 

[1] This causes a problematic time gap for patients to get the optimal counseling and therapies, 

which is exacerbated by the need for undependable follow-up visits. To date, several NAATs have 

been developed for POC application. [2] These PCR-dependent POC NAATs are highly sensitive 

and selective compared to traditional POC immunoassays, but the NA amplification step requires 

precise reaction control, expensive reagents such as primers and polymerases, and added time. The 

overall assay time for POC NAATs is ~15-30 minutes, but it has been shown that a significant 

portion of the population will not wait in the clinic for test results that take this long. [3, 4] In 

recent years, remarkable progress has also been made in development of amplification-free NA 

detection with single-digit attomolar (10-18 M) detection limits. Optical methods are common 

among these amplification-free methods with utilization of nanoparticles, such as gold 

nanoparticles, functionalized magnetic beads or quantum dot fluorescence, as the key element to 

convert a selective hybridization event into an optical signal. Yet the requirement of optical 

components increases complexity and cost. Electrochemical approaches, such as constant potential 

amperometry (CPA), cyclic voltammetry (CV) and field effect transistors (FETs), also provide 
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ultralow concentration detection by transducing the hybridization event into an electric signal, yet 

additional labels and/or lengthy assay times are required for most of the schemes. [5]  

Our detection system provides a simple binary yes/no response to hybridization of the 

sequence-specific 16S rRNA of bacterial pathogens by utilizing peptide nucleic acid (PNA), an 

uncharged polyamide analog to DNA/RNA. PNA is covalently bound to carboxyl-functionalized 

polystyrene microbeads to form neutral bead-probe conjugates. Yet when the neutral PNA-

microbead conjugates hybridize with target rRNA, they gain substantial negative charge and 

therefore exhibit electrophoretic mobility in an electric field. If the complex is directed to a smaller 

diameter nanopore in a glass membrane, it will at least partially block it, resulting in a sustained 

drop in ionic current thereby signaling the presence of the target rRNA. In previous work, our 

group has successfully demonstrated the detection of 16S rRNA of E. coli at a concentration of 

100 zM and 50 CFU/mL of N. gonorrhoeae against a 1000 CFU/mL background of bacterial flora. 

However, an average one-hour detection time was reported from sample to result due to the macro 

size of the experimental setup and the need for an external hybridization step. In our previous 

setting, the average distance for beads to travel from teflon chamber to nanopore is about 0.6 cm, 

therefore, it is hypothesized that reducing the travel distance for beads will help shorten the 

detection time. Lateral flow assay (LFA) technology presents a straightforward approach for 

integrating our nanopore detector into inexpensive handheld POC devices. In LFAs, liquid samples 

were carried by capillary flow through porous membrane strips thereby avoiding construction of 

complex microfluidic channels with pumps and valves. This technology has been proven highly 

successful and is the basis for the immunoassay-based pregnant test strips. [6-8] Therefore, we 

attempted to integrate our glass chip-base detector in an easily assembled LFA format prototype 
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that includes integration of the hybridization step by pre-depositing the PNA-beads just 

downstream of the sample loading area. 

6.2 Method and Materials 

6.2.1 Reagents  

Carboxyl-functionalized, 1 μm-dia. polystyrene microspheres were purchased from Bangs 

Laboratories, Inc. (Fishers, IN).  (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) 

(EDC) was obtained from ThermoFisher Scientific (Waltham, MA).  2-(N-

Morpholino)ethanesulfonic acid (MES), methoxypolyethylene glycol amine (mPEG-

amine),  ethanolamine and 0.0025 mm-thick platinum foil were purchased from Sigma-Aldrich 

(St. Louis, MO).  Peptide nucleic acid (PNA) probes were synthesized by PNA Bio (Thousand 

Oaks, CA) and arrived as >95% HPLC-purified, lyophilized powders.  E. coli (ATCC 25922), P. 

putida (ATCC 12633), soy broth and nutrient broth were purchased from American Type Culture 

Collection (Manassas, VA). Direct-zol RNA miniprep kits were purchased from ZYMO Research 

(Irvine, CA). Ag/AgCl pellet electrodes of 2 mm dia. were purchased from A-M systems, Inc. 

(Carlsborg, WA).  GE Healthcare Life Sciences Anotop 25 syringe filters (25 mm-diameter, 0.02 

μm pore) were supplied by Genesee Scientific (San Diego, CA).  Fusion 5 membrane material and 

backing cards were purchased from Cytiva (Marlborough, MA). 

6.2.2 Coupling PNA probe to microspheres 

The target PNA probe sequence for detecting E. coli 16S rRNA was NH2-

(CH2CH2OCH2CH2OCH2CO)6- CTC CTT CCC TCA TTT CA.[9] To prepare microspheres to be 

conjugated with PNA, one μL of 1 μm-diameter carboxylic group-functionalized polystyrene 

microspheres, at a stock concentration of 1.58 × 1011/mL were suspended and washed three times 
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in MES buffer (100 mM 2-(N-morpholino) ethanesulfonic acid, pH 4.5). For each wash step, after 

centrifugation at 14,000 rpm for 15 minutes, the sedimented pellet microspheres were resuspended 

in fresh MES buffer. After the third wash, the beads were resuspended in 600 μL MES buffer, and 

EDC (200mM final concentration) was added to the suspension to serve as a crosslinker between 

the carboxyl groups on the polystyrene microbeads and the terminal primary amine groups on the 

PNA probes. This preparation was incubated at 50 °C for 15 minutes. Next, 1.14 nmol of the PNA 

target probe was added followed by incubation of two hours at 50 °C. To inhibit bead aggregation, 

mPEG-amine was added to a final concentration of 100 mM and incubated at 50 °C for one hour. 

Finally, ethanolamine was added to a final concentration of 138 mM and incubated at 50 °C for 

another hour. Ethanolamine was added to fully cap any remaining carboxyl groups, ensuring the 

PNA conjugated beads are near charge neutral. After the surface modification of the polystyrene 

microbeads, the beads were washed three times in 0.4 × SSC solution (60 mM NaCl, 6 mM 

trisodium citrate, and 0.1% Triton X-100, pH 8). Each wash was done at 14,000 rpm for 15 minutes. 

One fourth of the final product was taken for zeta potential measurement, and the rest of the beads 

were stored in the hybridization buffer at room temperature (10 mM NaCl, 25 mM Tris-HCL, pH 

7). The zeta potential was measured with microbeads suspended in the hybridization buffer with a 

Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, England). A zeta potential 

in the negative single-digit mV range was taken as evidence of successful microbead surface 

modification. 

6.2.3 Cell culturing and counting 

E. coli ATCC 25922 was cultured in tryptic soy broth, and P. putida ATCC 12633 was 

cultured in ATCC nutrient broth. Both tryptic soy broth and nutrient broth were sterilized at 120 °C 

for 20 minutes prior to use. To initiate the bacterial culture of E. coli and P. putida, lyophilized 
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preparations were mixed into tryptic soy broth and nutrient broth, respectively, followed by 

incubation of two days. E. coli was cultured at 37 °C and 250 rpm, and P. putida was cultured at 

room temperature and 250 rpm. Aliquots of both cultures were stored at -80 °C to serve as inocula 

for future cultures. To prepare a sample for RNA extraction (see below), a small portion of frozen 

E. coli and P. putida were taken and mixed into 3 mL of tryptic soy broth and nutrient broth, 

respectively. Both E. coli and P. putida were incubated overnight under the same conditions 

described above. Cultured bacterial cells were then serially diluted, plated and incubated overnight 

for colony counting. 

6.2.4 RNA extraction   

For the experiments to determine the limit of detection (LOD), total RNA from both E. coli 

and P. putida cultures were extracted separately. Prior to the extraction, 1 mL of bacterial culture 

was pelleted out by centrifugation. Next, 1 mL of TRI Reagent was added followed by an 

incubation of 5 minutes. Cell lysate including TRI reagent was transferred into Zymo-Spin™ 

IIICG Column for purification, and the final RNA product was eluted into 100 μL of RNase-free 

purified water and used within ~1-2 hours. The concentration of the total extracted RNA was 

measured using a Thermo Scientific Nanodrop 2000. An A260/A280 ratio above 1.8 suggested 

highly purified RNA. According to previous measurements, approximately 18.2% of the total 

RNA is 16S rRNA for E. coli and 25.7% of the total RNA is 16S rRNA for P. putida. [10] The 

estimated concentration varied from ~50 nM to ~200 nM for both cultures in different trials. To 

verify the detection of viable cells, 10 CFU/mL of E. coli was mixed with 106 CFU/mL of P. putida 

prior to the total RNA extraction. Next, 1 mL of the bacterial mixture was collected into 3 mL of 

TRI reagent followed by the same procedure describe above. The concentration of viable cells was 

determined by serial dilution and colony counts on agar plates. 
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6.2.5 Lateral flow assay system assembly and sample detection 

Glass chips (shown in Figure 6.1) were previously microfabricated from 4-in. borosilicate 

glass wafers. After a ~0.25 mm2 1 µm-thick membrane was etched in the center of the chip with 

hydrofluoric acid, a ~500 nm pore was then bored in the center of the membrane with a focused 

ion beam (FEI Nova 600 Nanolab DualBeam SEM/FIB). [11] The LFA detection system is 

illustrated in Figure 6.2. First, a platinum foil electrode soldered with silicon wire was placed in 

the center of the backing card, and two pieces of Fusion 5 membrane (15 mm in length, 3 mm in 

width, and 0.37 mm in thickness) were placed on either side of the platinum electrode, leaving a 

gap of ~1 mm between them. Two PDMS strips of about the same thickness as the Fusion 5 

membrane were aligned parallel with the membrane on the backing card to prevent leakage. Since 

the Fusion 5 membrane has a large pore size such that PNA-beads can move through it, PNA-

beads were preloaded on the Fusion 5 membrane just upstream of the gap. [12] One thinner PDMS 

O-ring (~100 μm in thickness) was attached to the smooth backside (opposite to the etched well) 

of the glass chip to protect the nanopore, and another thicker PDMS O-ring (~500 μm in thickness) 

was attached to the other side of the glass chip to serve as the reservoir. The glass chip with the 

smooth backside face down was then placed on top of the membrane assembly with the nanopore 

positioned directly above the gap. One Ag/AgCl pellet electrode was placed in the PDMS reservoir 

on the top side of the chip in a droplet of hybridization buffer. Both electrodes were connected to 

a multichannel potentionstat. After setting up the LFA system, we firstly deposited 10 μL of 

extracted RNA sample near the previously deposited PNA beads and allowed the hybridization to 

occur. After 3 minutes of hybridization, 100 μL of extracted RNA sample was injected at the origin 

of upstream Fusion 5 membrane. As the RNA sample flowed over the PNA-beads by capillary 

action, the hybridized PNA beads were swept slowly into the gap below the glass chip and 
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therefore entered the nanopore proximity. A voltage of 1.5 V was applied across the nanopore, and 

the current over time was recorded. Immediately after the first detection signal (indicated by ≥10 

seconds of sustained ionic current drop) was observed, the polarity of the electronic field was 

reversed to -1.5 V to attempt to unblock the pore. After ~20 seconds of reversed polarity, the field 

was flipped back to 1.5 V to confirm baseline current recovery and detection signal reproducibility. 

 

Figure 6.1. a) A microfabricated 1 cm × 1 cm glass chip. b)  SEM image of ~0.25 mm2, 1 µm-

thick membrane in the center of glass chip by wet etch. c) SEM image of ~500 nm nanopore bored 

in the center of etched membrane using FIB.[11] 
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Figure 6.2. Schematic diagram for the lateral flow assay with integrated nanopore detector. Not to 

scale. 

 

6.3 Result and Discussion  

The experimental results obtained with our LFA format nanopore detector are summarized 

in Tables 6.1-6.2 and Figure 6.3. By hybridizing E. coli PNA-beads with target E. coli 16S rRNA, 

we successfully demonstrated rapid detection with rRNA samples ranging from 10 fM to 10 aM. 

Negative controls were performed by hybridizing E. coli PNA-beads with P. putida RNA, and no 

false positives were observed for over 1000 seconds. This indicated that the limit of detection 

(LOD) of the LFA detector is about 10 aM. In a more realistic simulation of pathogen rRNA 

detection, we conducted tests with samples generated by mixing E. coli RNA with a 1000-fold 

greater amount of P. putida RNA. The results also showed rapid detection at 10 aM with no false 

negatives, which indicated that our LFA format nanopore detector can selectively detect target 

RNA against a higher concentration of off-target RNA. 

Our LFA format nanopore detector also achieved great success in total assay time. By 

preloading the PNA-beads on the lateral flow chip and forming a compact-bed structure, better 

interfacial contact between PNA beads and flowing target rRNA was established and therefore 
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better hybridization efficiency was achieved. This also avoided the time-consuming external 

sampling and centrifuging steps. In this process, since buffer dried out with preloaded PNA beads 

on the Fusion 5 membrane prior to use, maximum concentration of electrolyte was found near the 

gap as the RNA sample flowed through. As diffusion occurred, the electrolyte concentration near 

the pore proximity decreased over time and thereby caused a current drift at the beginning. In 

addition to the hybridization efficiency, the detection time was shortened by reducing the travel 

distance from PNA-beads bound with target RNA to the nanopore. The first detection event, 

indicated by first sustain ionic current drop, for most cases occurred in around 100 seconds. One 

additional reversibility check was done by temporarily reversing the voltage polarity, which drove 

the PNA-beads with hybridized target RNA away from the pore. The detection signal was 

subsequently confirmed by resumption of the baseline operating voltage. Note that the reversibility 

check in some cases took a few hundred seconds to complete, and we hypothesize that PNA-beads 

with hybridized target RNA were embedded in the Fusion 5 membrane after reversing the voltage 

polarity, which inhibited movement of the hybridized PNA-beads conjugates back to proximity 

with the nanopore. This issue could be addressed by increasing the voltage. Including the three 

minutes of hybridization time, the total assay time for our LFA format detector is anywhere from 

5 to 15 minutes, which is remarkable for this easily assembled POC prototype that does not rely 

on NA amplification. 

Similar to previous work, transient drops in ionic current were observed in some tests, and 

we hypothesized this is due to the approach of PNA-beads with nonspecifically bound, negatively 

charged species to the nanopore where the weakly bound species were removed in the strong 

electric field and the PNA-beads subsequently were swept away by the opposing electroosmotic 

flow. [10, 11, 13, 14] At around neutral pH, silanol groups on the glass surfaces deprotonate giving 
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rise to a layer of fixed negative charges. Cationic counterions form a second layer of mobile 

positive charges. The movement of these hydrated cations toward the cathode results in an 

electroosmotic flow that exerts a drag force on beads carrying negative charge moving in the 

opposite direction. This active mechanism to avert false positives is a unique aspect of our 

nanopore detection system. 

 To better illustrate the potential clinical applicability of our LFA format detector, tests with 

10 CFU/mL of E. coli against 106 CFU/mL of P. putida were also performed. The concentration 

of 10 CFU/mL was chosen to ensure that at least one viable cell existed for each milliliter of sample 

processed. The results were in agreement with the tests conducted with extracted RNA. It was 

notable that our current LOD of 10 attomole was 10 times lower (worse) than our previous record 

with the Teflon chambers setup.[11] Based on our observations, a portion of the beads dried on 

the Fusion 5 membrane were retained after flow through of sample. As the sample concentration 

decreased, less PNA-beads were bound to target RNA, and therefore the bead retention issue 

became a more significant factor affecting LOD. Since a viable bacterial cell typically contains 

≥10,000 copies of 16S rRNA, 10 attomoles of 16S rRNA corresponds to less than 10 CFU/mL. [9, 

15] Therefore, successful detection of 10 aM 16S RNA is still competitive in clinically relevant 

POC application. In future work, we anticipate resolving the beads retention issue by freeze-drying 

the PNA-beads in the gap between the two Fusion 5 membranes. 
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Table 6.1. Summary of results where E. coli PNA-beads were hybridized separately with E. coli 

RNA (target) and P. putida RNA (negative control) 

Target E. coli Control P. putida 

Concentration 
 

Drop/reversibility Concentration 
 

Drop/reversibility 

10 fM 1 Yes/R 10 fM 1 No 

2 Yes/R 2 No** 

3 Yes/R 3 No 

100 aM 1 Yes/R* 
 

2 Yes/R 

3 Yes/R 

10 aM 1 Yes/R* 

2 Yes/R 

3 Yes/R 

 

Yes/R* Reversibility check took approximately 100 - 300 seconds more than typical 

No** Transient drop was observed 

 

 

Table 6.2. Summary of results where E. coli PNA-beads were hybridized with mixed E. coli and 

P. putida RNA; and where E. coli PNA-beads were hybridized with RNA extracted from 

mixtures of cultures of E. coli and P. putida 

 

10 aM E. coli + 10 fM P. putida 10 CFU/mL E. coli + 106 CFU/mL P.putida 

 

Drop/reversibility 

 

Drop/reversibility 

1 Yes/R 1 Yes/R 

2 Yes/R 2 Yes/R* 

3  Yes/R* 3 Yes/R 

Yes/R* Reversibility check took approximately 100 - 200 second more than typical 
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Figure 6.3.  PNA-bead tests with LFA format nanopore detector: a) Repeated, consistent current 

drops for E. coli PNA-beads hybridized with 10 aM of target E. coli 16S rRNA, b) No current drop 

for E. coli PNA-beads hybridized with 10 fM control P. putida 16S rRNA, c) Repeated, consistent 

current drops for E. coli PNA-beads hybridized with 10 aM of E. coli 16S rRNA against 10 fM 

control P. putida 16S rRNA, and d) Repeated, consistent current drops for E. coli PNA-beads 

hybridized with RNA extracted from a mixture of 10 CFU/mL of E. coli and 106 CFU/mL of P. 

putida. 

6.4 Conclusion 

A novel nanopore detector was successfully integrated with the LFA format. This LFA 

format nanopore detector was successfully used to detect E. coli 16S rRNA at 10 aM and E. coli 

in culture at 10 CFU/mL. No false positives were observed with 100 fM of P. putida RNA or with 

P. putida cells. This integrated diagnostic testing process was accomplished within 15 mins. These 

results suggest that this rapid and potentially inexpensive technology may one day prove 

advantageous for POC use. Indeed, with further integration of cell lysis and RNA extraction, this 
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simple, amplification-free detection technology may lead to inexpensive, rapid POC pathogen 

detection devices with minimal reagent requirements. 
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Chapter 7: Recommendations for future work 

Recall that the ideal point-of-care application should be simple, fast, and robust. We still 

have some aspects to improve to meet these criteria. 

7.1 Cell lysis  

Rapid commercial RNA extraction kits are not ideal for POC application, because multiple 

stages of washing and elution are still involved. It is thereby important for us to investigate a more 

efficient path to process the RNA extraction and cleanup. It is still encouraged to optimize the 

lipase treatment since it has been tested successfully under certain condition. A study demonstrated 

that a high pH lipase could be produced by Staphylococcus sp. Stain, and this lipase have been shown 

with high activity at pH 12. [1] So, in the future we might be able to incorporate small amount of 

this lipase into our alkaline lysis mixture. Research has also pointed out that multiple ribonuclease 

(RNases) with optimal alkaline pH are present in human urine, and these RNases could potentially 

degrade the target RNA.[2] Nonionic surfactant (i.e., Triton X100 or TWEEN 80), reducing 

reagent (i.e., dithiothreitol or DTT), and carrier RNA could be applied with the alkaline solution 

to enhance the lysing efficiency and stabilize the extracted RNA.[3] The nonionic surfactant could 

disrupt the normal architecture of the lipid bilayer and reduce the surface tension of the cell 

membrane, DTT could covalently destroy the disulfide bonds of the RNases and therefore 

deactivate the RNases, and carrier RNA could also act as an inhibitor to RNases. In addition, 

nonionic surfactant could be a potential alternative solution to the lipid/phospholipids in urine 

issue, because these surfactants could potentially break a large lipid aggregation into smaller 

micelles that would pass through the nanopore.[4] 
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7.2 Develop a syringe type device for NA extraction 

To eliminate pipetting and centrifiguration steps, it is also encouraged to develop a simple 

all-in-one device for cell lysis and RNA extraction. Since our target LOD is about 10 CFU/mL, it 

is necessary to start with 1 mL of sample. However, given that there are ≥10,000 copies of rRNA 

per viable bacterial cell, we can process a much smaller amount of the lysed sample onto our LFM 

detector in practice. One proposed syringed device is illustrated in Figure 7.1. The syringe will be 

preloaded with dry lysis buffer and about 1 mL of sample is drawn up through a check valve and 

through one arm of the Y connector to the lysis buffer in the syringe barrel. After 1 min, ~100 µL 

of lysed sample is pushed through the other arm of the Y connector and through the filter onto our 

lateral flow membrane. With such device, anyone without specialized training will be able to 

operate it within minutes. Since we will work with moderately alkaline solution, neutralization 

buffer (e.g., Tris-HCl) will be dried on the membrane just downstream of the sample placement 

area. 

 

Figure 7.1 Proposed scheme for all-in-one cell lysis device 
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7.3 Improve the LOD and stability  

In our first prototype of the LFM format detector, bead immobilization in the Fusion 5 

membrane became an issue leading to difficulty in achieving an LOD of 1 aM 16S rRNA. To avoid 

bead retention, a 3-D printed plastic cartridge, illustrated in Figure 7.2, will be used to replace the 

original backing card to better enclose the system. The depth of both channels 1 will be designed 

to be the same as the membrane thickness so that lateral flow membrane strips can be fitted in 

these channels.  Channel 2 will be 1 mm in width (same as original gap) but slightly deeper than 

channel 1 so that polystyrene PNA-beads can be preloaded into channel 2 prior to the usage.  A 

new membrane with smaller pore size than the 1 μm dia. polystyrene beads will be proposed for 

future work to avoid any bead embedding issue during the reversibility check (e.g., Whatman 

Standard 14 from Cytiva). Plastic clips will be used to secure the glass chip onto the cartridge.  

With such a proposed design, hybridized PNA-beads will be restricted in channel 2 during the 

detection, and our target LOD of 100 zM 16S rRNA may be approachable. 

 

Figure 7.2 a) Proposed cartridge to replace the backing card, not to scale b) 3-D printed cartridge 

with plastic clips 
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Appendix A: PNA-beads preparation  

1. Wash 1 μL of stock bead solution three times in MES buffer. With each wash, spin down 

the beads in a microcentrifuge at 14,000 RPM for 15 minutes and remove the supernatant. 

2. Resuspend the beads in 600 μL MES buffer. Add 23 mg 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) to make 200 mM EDC in MES. Incubate the 

beads for 15 minutes at 50 °C. 

3. Add 11.4 μL aliquoted PNA (100 μM) and incubate for 2 hours at 50 °C. 

4. Add 22 mg methoxypolyethylene glycol amine (mPEG-amine). Incubate for one hour at 

50 °C. 

5. Add 5 μL ethanolamine. Incubate for one hour at 50 °C. 

6. Wash beads three times in 0.4x SSC buffer. Resuspend in 400 μL 0.4x SSC. 

7. Remove 100 μL and wash once in potassium chloride buffer for use in Zetasizer 

8. Clean the remaining 300 μL bead solution once in hybridization buffer. Resuspend in 400 

μL hybridization buffer for storage. 
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Appendix B: Cell culturing and counting 
 

B.1 Culture E. coli and P. putida 

1. Suspend the lyophilized preparations in soy (E. coli) and nutrient (P. putida) media, 

respectively, followed by incubation of days. E. coli subsequently was cultured in shake 

flasks at 37 °C and 250 rpm, and P. putida at room temperature and 250 rpm. 

2. Store the initiated culture at -80 °C to serve later as inocula. 

3. Measure 3 mL of soy media for E. coli and 3 mL of nutrient media for P. putida. 

4. Stab a small portion of frozen culture with a pipette and pipette up and down in the 

culturing media 

5. Culture E. coli at 37 °C and 250 rpm, and P. putida at room temperature and 250 rpm 

overnight. 

B.2 Count viable E. coli and P. putida  

1. Put 1 mL concentrated cells into tube 1 

2. Add 900 μL sterile DI water to tube 2-9 

3. Take 100 μL concentrated cells, add to tube 2, then take 100 μL of that and add to tube 3 

etc. 

4. Remove 100 μL from each tube and transfer to Agar plate. 

5. Use glass bead to spread the liquid sample evenly on Agar plate.  

6. Culture overnight and count the colonies on Agar plate. 

7. Multiply the measured cfu by 10 to get the total number of bacteria in the tubes. 

8. Culture in tubes 2-9 serve as the stock for future dilution.  
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B.3 Culture and count N. gonorrhoeae 

1. Subculture a frozen stock of ATCC strain 43069 onto chocolate agar.  

2. Agar plates were incubated at 35C with 5% CO2 for 16-18 hours.  

3. Created a 0.5 McFarland of N. gonorrhoeae, which represents 1.5 x 108 CFUs/ml.  

4. Transfer 10μL of sample above into 9990 uL of 0.85% saline to create 150,000 CFU/mL 

stock.  
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Appendix C: Spike sterilized pool human urine with bacterial culture 
 

C.1 E. coli and P. putida 

1. Transfer 10 μl of the stock (described in Appendix B.2) in 9990 μl human urine to create a 

final concentration from 10 CFU/mL to 1000 CFU/mL. 

C.2 N. gonorrhoeae 

1. Transfer 10μl of the stock (described in appendix B.3) into 9990 μl of commercial urine to 

create 150 CFUs/ml.  

2. Transfer 666 ul of this into 9.333 mL of urine to create a final 10.0 CFU/ml 
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Appendix D: RNA extraction 
 

D.1 Qiagen RNeasy (Chapter 2) 

1. Pipette 1.7 mL of E. coli or P. putida culture into individual, sterile 2 mL microcentrifuge 

tubes. Spin down (max speed for 1 min) and remove supernatant. First pour out supernatant, 

then use a pipette to remove any remaining liquid. Make sure not to disturb cell pellet. 

2. Lyse the cells. For each pellet, add 200 μL TE lysozyme + 20 μL proteinase K. Resuspend 

by pipetting up and down a few times. Vortex for 10 sec. Let incubate at 37 °C for at least 

45 minutes. Does not have to be on a shaker. Lysed cells will appear clear/transparent. 

3. Prepare RLT buffer. Remove 6 mL RLT buffer, mix with 60 μL b-mercaptoethanol (or, if 

doing fewer than 8 tubes, however much you need at a ratio of 10 μL b-mercaptoethanol 

to 1 mL RLT buffer). Add 700 μL of this to each tube. Vortex, then spin down at max 

speed for 2 min. 

4. Remove all supernatant and place into new tubes. 

5. Into each tube, add 500 μL 200 proof ethanol. Precipitation may form, but do not centrifuge. 

Pipette up and down gently. 

6. Spin down 700 μL at a time supernatant into column (30 sec at max speed). Discard flow 

through. 

7. Add 700 μL RW1 buffer, let it flow through column (30 sec at max speed). Discard flow 

through. 

8. For new RPE buffer, add 4 volumes ethanol to 1 volume RPE (44 mL to 11 mL to make 

55 mL total). Replace collection tube with a new one. Add 500 μL RPE to column, let spin 

through (30 sec at max speed). 

9. Add another 500 μL, let spin through (2 min at max speed). 
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10. Decant flow through, let spin for another 1 min at max speed. 

11. Transfer column to new 1.5 mL tube (with the cap), add 50 μL RNAse free water to elute 

RNA. Make sure to pipette right into the middle of the membrane. Spin for 1 min at max 

speed to elute. Add another 50 μL RNAse free water to elute again. 

12. Measure RNA concentration and purity with the Nanodrop. 

D.2.1 Alkaline Extraction (cell pellet, Chapter 2) 

1. Collect 1 mL culture sample, Spin down (max speed for 1 min) and remove supernatant. 

First pour out supernatant, then use a pipette to remove any remaining liquid. Make sure 

not to disturb cell pellet. 

2. Add 200 μL 0.1M NaOH, mix and let rest at room temperature for 1 minute to lyse the 

cells 

3. Add 400 μL of 0.2M Tris-HCl (to bring pH to ~8-8.5) and mix for 10 sec to stop the lysis. 

4. Transfer lysed sample into Vivaspin 2 (300,000 MWCO, polycarbonate housing, 

polyethersulfone membrane), spin down at 1000 rpm for 10 mins 

5. Collect filtrate (RNA preparation) and set aside 

6. Measure RNA concentration and purity with the Nanodrop. 

D.2.2 Alkaline Extraction (urine sample, Chapter 3) 

1. Collect 1 mL urine sample from Appendix C.1. 

2. Add 2 mL 0.2M NaOH, mix and let rest at room temperature for 1 min 

3. Remove 150 uL of mixture above and add 300 uL of 0.5M Tris-HCl (to bring pH to ~7) 

and mix for 10 sec. 
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D.3 Direct-zol RNA extraction Kit 

1. [For pelleted cells] Add 300 μL of TRI Reagent® into pelleted cells and incubate for 5 

minutes. 

2. [For urine sample] Add 3 mL of the TRI Reagent® into 1mL of urine sample and incubate 

for 5 minutes. 

3. Add an equal volume ethanol (95-100%) to a sample lysed in TRI Reagent® or similar1 

and mix thoroughly.  

4. Transfer the mixture into a Zymo-Spin™ IC Column2 in a Collection Tube and centrifuge 

at 14000 rpm for 1 minute  

5. Transfer the column into a new collection tube and discard the flow-through.  

6. Add 400 µl Direct-zol™ RNA PreWash5 to the column and centrifuge. Discard the flow-

through and repeat this step.  

7. Add 700 µl RNA Wash Buffer to the column and centrifuge for 1 minute to ensure 

complete removal of the wash buffer. Transfer the column carefully into an RNase-free 

tube (not included).  

8. To elute RNA, add 30 µl of DNase/RNase-Free Water directly to the column matrix and 

centrifuge.   
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Appendix E: Kinetically Enhanced Hybridization 
 

1. Transfer 600 μL of PNA-conjugated beads in hybridization buffer (10 mM NaCl, 25 mM 

Tris-HCL, pH 7) to Vivaspin 2 and spin at 1000 rpm for 5 mins, discard filtrate. This step 

deposits ~2 layers of beads on the filter surface. 

2. Transfer RNA prep described in Appendix D to same Vivaspin 2 with filtered beads, spin 

at 1000 rpm for 5 mins and discard filtrate. Hybridization occurs in this step. 

3. Add 600 μL of 0.4X SSC buffer (60 mM NaCl, 6 nM trisodium citrate, 0.01% Tween-80, 

pH 8) into same Vivaspin as in step #3, spin at 1000 rpm for 5 mins and discard filtrate. 

This step is used to wash the beads before transfer to testing buffer. 

4. Add 600 μL of testing buffer (10 mM KCl, 5.5 mM HEPES, 0.01% Tween-80, pH 7) into 

same Vivaspin as in step #4, spin at 1000 rpm for 5 mins and discard filtrate. This step is 

to wash with testing buffer. 

5. Add 200 μL testing buffer, sonicate for 1 min, reverse spin at 1000 rpm for 5 min and 

collect hybridized beads in ~200 μL. Reverse spin removes beads from the filter membrane 

surface.   
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Appendix F  
 

F.1 Lateral flow strip assembly  

1. Cut A-4 size Fusion 5 membrane sheet from Cytiva into 1.5 cm × 3 cm strips.  

2. Use a paper cutter to cut the Cytiva backing card into 1.5 cm × 8 cm pieces. 

3. Cut the Pt-foil into 2 mm × 1 cm small strips and solder a wire on the end to make a Pt-foil 

electrode.  

4. Peel off the film on the backing card and attach a soldered Pt-foil electrode in the middle 

of the backing card. 

5. Attach two Fusion 5 membrane pieces on top of edges of the foil electrode and the backing. 

A less than 1 mm gap is left between these two Fusion 5 membrane pieces to expose the 

Pt-foil electrode underneath. We call this assembled card the lateral flow membrane strip, 

shown in Figure 1.  

 

Figure F.1. Lateral flow membrane strip, not to scale.  Point A is where PNA-modified 

beads are loaded and dried (see below). 

 

6. Mark one side of the chip to be the loading side. 
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7. Wash PNA/PEG/ethanolamine-modified polystyrene beads with hybridization buffer (10 

mM NaCl, 25 mM Tris-HCL, pH 7, 1% Tween 20).  

8. Concentrate the beads by centrifuge filtration and load the beads next to the gap, shown as 

point A in Figure 1  

9. Before the beads get dried, apply vibration force to the beads by holding the lateral flow 

membrane strip to the wall of a bath sonicator.  This step helps prevent bead aggregation. 

10. Let the beads dry 

F.2 Glass chip assembly  

11. As shown in Figure 2, we sandwich a glass chip with a ~1 μm - 800 nm diameter “nanopore” 

(must be smaller than bead diameter used) in the middle with two PDMS O-ring shaped 

films.  Cellophane tape (e.g., Scotch tape) was used to briefly remove the dust on PDMS, 

and this will ensure good attachment to the glass chip.  

 

Figure F.2. Glass chip with PDMS films attached, not to scale. 

12. The bottom PDMS B film is ~0.3 mm thick and with a circular opening to expose the 

nanopore. A channel is carved all the way from the edge to the center. This design enables 

air to escape when the underlying Fusion 5 membrane is wetted (see below) and prevents 

the formation of bubbles. The top PDMS A has ~1 mm thickness and it also has a circular 
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opening to expose the nanopore. This circular opening acts as a buffer reservoir for the top 

electrode that is used in detection (see below).  

F.3 Whole system assembly 

13. Attach the lateral flow membrane strip to the potentiostat by using one Ag/AgCl electrode 

as both counter and reference electrode, while using the Pt-foil electrode as the working 

electrode.  

14. Put the glass chip assembly on the top of the lateral flow membrane strip. Position the 

nanopore right on top of the gap in the lateral flow membrane strip. 

 

 

 

 

Figure F.3. Detection system, not to scale   

15. Put a droplet of hybridization buffer in the opening of the top PDMS A of the glass chip 

assembly.  

16. Gently lower the Ag/AgCl electrode mentioned above into the top buffer reservoir in 

PDMS A also mentioned above to establish an electrical connection through the pore in 

the glass chip.  
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F.4 Detection  

17. Deposit ~400 μL of our testing sample onto the loading side of the Fusion 5 membrane. 

Due to capillary flow, the liquid sample will flow over the beads so that the target RNA or 

DNA in the sample will hybridize with the PNA probe on our modified beads.  The beads 

move more slowly in the Fusion 5 membrane than the fluid but at least some get carried 

into the gap below the pore in the glass chip. Fluid will pass through the gap and to the 

absorbing side of the Fusion 5 membrane.  Fluid also will fill the opening in PDMS B 

below the glass chip, and air will escape through the channel in PDMS B so that bubbles 

will not form.   

18. During this process, the power to the potentiostat is turned on and data is collected using 

EC-lab software on a computer. 

19. A stable baseline current will appear. For a positive test, after ~200 s-800 s, a sustained 

drop in the current will occur due to the PNA-beads with hybridized target nucleic acid 

blocking the nanopore, and we take this as our detection signal. For a negative test, there 

is just a stable baseline current, no drops are observed.  Figure 4 shows typical successful 

detection data. 

 

 




