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Pressing performance demands require next-generation biosensors to detect target 

chemical and biological molecules with higher sensitivity, shorter response times, and lower 

detection limit. Micro- and nanoscale devices are attractive for a wide range of biosensor 

applications since at small scale, in addition to being more compact, the device may exhibit 

improved performance. The benefits include minimization of tissue damage for implantable 

devices, improved spatial resolution and sensitivity, as well as increased surface charge to mass 

ratio, which is important for the performance of our novel technology for nucleic acid detection 

described below. Borrowing from the processing technologies used in the semiconductor 

industry, we implemented micromachining techniques to fabricate devices at both the micro- and 

nanoscale. In this dissertation, we present our work on the fabrication and characterization of two 

next-generation biosensors.  
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The first device we fabricated is a sequence-specific nucleic acid sensor based on the 

blockage of a nanopore. Current methods for nucleic acid detection generally rely on polymerase 

chain reaction (PCR) and fluorescent labeling, however, these methods render the devices slow, 

expensive, complex, and bulky. In order to address these limitations, a new sensor was fabricated 

from a single glass wafer, consisting of a glass nanopore in a thin glass membrane. For nanopore 

sensing, low frequency noise is critical since it limits the discrimination of signal change based 

on target analyte movement from the fluctuation of noise. To further our understanding of 

nanopores, we observed how different pore geometries affect noise characteristics, and then 

compared this newly developed glass nanopore to conventional Si-based nanopores. Based on 

the analysis, low-noise glass nanopores, suitable for sequence-specific nucleic acid detection, 

were fabricated. By scaling down the pore diameter to the nano-regime, 1 aM detection of 16S 

rRNA from Escherichia coli was demonstrated even in the presence of a million-fold 

background of RNA from Pseudomona putida. This new platform for the PCR-free, optics-free, 

label-free sequence-specific nucleic acid detection shows the potential to detect pathogens in 

body fluids, food, or water.  

In addition, we developed a new method to transfer enzyme to a microelectrode array on 

an implantable microprobe, which enables fabrication of better performing microprobes for the 

sensing of multiple neurochemicals in vivo. Monitoring the release of neurotransmitters in real-

time offers valuable information necessary to understand neurological disorders and abnormal 

behaviors. We employed polydimethylsiloxane (PDMS) stamping to transfer enzyme onto 

microelectrode array microprobes. A model enzyme, glucose oxidase (GOx), was stamped onto 

the surface of disk electrodes to test the feasibility of PDMS stamping for biosensor fabrication. 

The model sensor showed a good combination of performance (29 µA/mM cm2 sensitivity and 4 
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µM detection limit) proving that PDMS stamping offers a simple and cost-effective enzyme 

deposition method for construction of electroenzymatic sensors. The next step was to add an 

alignment function to PDMS stamping to create microprobes with dual sensing (glucose and 

choline) capabilities for in vivo applications. Two different enzymes, GOx and choline oxidase 

(ChOx), were selectively transferred onto specific sites in a 4 microelectrode array by PDMS 

stamping with alignment using a microscope and a custom-built stage. The dual sensor showed 

improved consistency and performance including sensitivity to choline and to glucose (286 and 

117 µA/mM cm2, respectively) as well as low detection limits (3 and 1 µM, respectively). This 

work demonstrated the ability to immobilize specific enzymes on selected microelectrodes in an 

array to give a high performance microprobe for simultaneous sensing of two analytes for 

neuroscience application. 
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Chapter 1: Introduction  

1.1 Development of low-noise nanopores 

1.1.1 Motivation 

Nanopores have been utilized for study of a wide range of analytes ranging from 

deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins, ions, to charged nanoparticle 

sensing.1-7 Blockage or translocation of the pore by a charged species can be detected by 

monitoring the change in electrical resistance through an electrolyte-filled nanopore under 

potential bias. Since the current change caused by the movement of target species is small (pA 

and µs regimes for nanopore-based DNA sequencing), there is a strong motivation for the 

development of low-noise nanopores to increase signal-to-noise ratio (SNR).3,4,8-10 Low-

frequency noise is the limitation for distinguishing four different nucleotides based on nanopore 

sensing. Thus, the influence of pore geometry and material to noise in low frequency regime 

needs to be investigated, which should be considered when developing nanopore sensing 

devices. 

1.1.2 Biological nanopores vs. synthetic nanopores 

The two general types of nanopores that have been studied are biological nanopores and 

synthetic nanopores. Biological nanopores are based on protein pores, such as α-hemolysin 

(αHL) or Mycobacterium smegmatis porin A (MspA). αHL is isolated from the bacterium, 

Staphylococcus aureus. Altered αHL is self-assembled to form septamer whose diameter is 2 nm 

at the sensing site.1,11 Also, MspA is an octamer with a diameter of 1.2 nm with improved 

sensitivity in stochastic sensing compared to αHL.12 These protein nanopores provide advantages 

is terms of consistency in pore geometry and low noise.3,13 Synthetic nanopores have drawbacks 
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in consistency of the pore geometry and the ability to mill a nanopore of the precise dimensions 

given by biological nanopores. However, they show several benefits over biological nanopores 

such as higher resistance to environmental change, easily modifiable pore geometry and surface 

chemistry, and the potential to integrate into microelectronic and microfluidic circuitry.14-16 

1.1.3 Current methods to fabricate synthetic nanopores 

The fabrication of synthetic nanopore devices is aligned with the development of micro 

and nanofabrication techniques. Current nanopores are classified into two groups: one has a 

freestanding membrane on a planar substrate and the other has a long capillary feature, such as a 

pulled glass capillary or polymer nanopore fabricated using track-etching technique. Nanopores 

on a planar substrate generally have been composed of two different materials. A thin membrane 

usually consists of a single material or a combination of materials, e.g., silicon dioxide, silicon 

nitride, aluminum oxide or graphene, and the substrate is generally silicon. The thin layer is 

deposited on top of a substrate using thermal oxidation, chemical vapor deposition (CVD), or 

atomic layer deposition (ALD). Also, it can be transferred using the fishing method.17 The 

backside of the substrate is then etched to leave a freestanding thin membrane for subsequent 

pore-milling.7,14,17-21 The length of a pore corresponds to the thickness of the membrane, from 

several tens of nanometers to sub-micrometers. A nanopore is milled in the thin membrane using 

focused ion beam (FIB)15,22,23, electron beam7,14,17,24, or both.25 The diameter of a nanopore is 

tunable by adjusting the parameters of the ion beam or electron beam. On the other hand, 

capillary feature nanopores have only one material; glass, or polymer, such as polyethylene 

terephthalate (PET) and polyimide (Kapton®).26-30 The glass capillary is pulled by heating to the 

melting point of glass (> 400 °C) or with the assistance of a high-power laser.26,27 Polymer 

nanopores are generally produced by shooting heavy ions followed by chemical etching.28,29 
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However, the drawbacks of these nanopores are that they are incompatible with planar devices 

and also produce low open current, which is unavoidable due to long pore geometry in the mm 

range.  

1.1.4 Different types of noise corresponding nanopore system 

There are several kinds of noise that arise from different sources. Each type of noise can 

be expressed as the equivalent circuit with a device resistance (𝑅) and effective capacitance of 

the nanopore (𝐶!) filled with liquid. Nanopore sensing system consists of three parts and each 

component is associated with different noise sources; amplifier, substrate of the nanopore, and 

nanopores. Voltage noise is caused by the interaction between the voltage noise of an amplifier 

and the input capacitance. Its dominant behavior above 10 kHz can be described using Equation 

(1).13,24,31 

𝑆! = 16𝜋!𝑘!𝑇𝐶!!𝑅𝑒(1 𝑌)𝑓!                                          (1) 

where 𝑌 = 𝑗2𝜋𝑓𝐶! (1+ 𝑗2𝜋𝑓𝑅𝐶!), 𝑘!𝑇 is the thermal energy, and 𝑓 is frequency. The loss 

from the dielectric substrate of the nanopore device generates dielectric noise in the form of 

thermal energy. Equation (2) shows this noise component where frequency is less than 10 

kHz.17,32 

𝑆! = 8𝜋𝑘!𝑇𝐶!𝐷𝑓                                                     (2) 

Here, D is the dielectric loss constant. Johnson noise, Nyquist noise, is from the resistor 

component of nanopores. It is called thermal noise since it is generated by thermal fluctuation of 

charge carriers of the nanopore. Equation (3) demonstrates the relation of Johnson noise and 

thermal energy.17,32,33 

𝑆! = 4𝑘!𝑇 𝑅                                                        (3) 
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Flicker noise is dominant at low frequency, less than 1 kHz. Generally, Flicker noise shows 1/𝑓 

dependence with b near unity. Equation (4) represents this dependence. The source of Flicker 

noise is not understood yet.20,33,34  

𝑆! = 𝑎/𝑓!                                                           (4) 

Based on Equation (1) – (4), the noise from the nanopore system can be fitted to the polynomial 

form, the combination of Flicker, Johnson, dielectric and voltage noises as shown in Equation 

(5).17,34 

𝑆 = 𝐴𝑓!! + 𝐵 + 𝐶𝑓 + 𝐷𝑓!                                             (5) 

where 𝐴, 𝐵, 𝐶, and 𝐷 are fitting parametters. 

1.1.5 Current methods to reduce low frequency noise 

One of the methods that has been attempted to decrease low frequency noise is to deposit 

extra insulating material on the surface of synthetic nanopore devices on silicon substrates. 

Various insulating materials including thermal oxide, plasma enhanced chemical vapor 

deposition (PECVD) oxide or nitride, ALD alumina, or polydimethylsiloxane (PDMS) have been 

deposited on either the cis side (smooth side of freestanding membrane) or the trans side 

(backside with etched substrate). Researchers have reported that Flicker noise was drastically 

reduced by extra deposition of dielectric materials.13,20,23 However, it results in an increase in the 

overall pore length and this is not preferred for nanopore based stochastic sensing, especially for 

DNA sequencing application.13,20,23 Another approach is replacing silicon substrate to silicon 

dioxide substrate, such as Pyrex or quartz. Since silicon dioxide offers better insulating 

properties, it is able to achieve low noise characteristics of nanopores compared to silicon 

substrates.17 Pulled glass capillary shows improved signal to noise ratio, however, it also reduces 

the open current as mentioned in the 1.1.3.27,30,35,36  
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1.2 Sequence-specific nucleic acid detection based on nanopore sensing 

1.2.1 Motivation 

Nucleic acids (NA) are essential components of all known living organisms. The 

structure of NA, which includes deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), can 

be described as a series of nucleotides linked as a long chain. These nucleotides carry genetic 

information responsible for growth, development, reproduction, and functioning of all forms of 

life as well as viruses. For these reasons, sequence-specific NA detection can be utilized for 

diverse applications: (i) identifying cancerous cells and pathogens in food, water or body 

fluid37,38, (ii) detecting biowarfare agents in homeland security39, and (iii)screening for genetic 

diseases.40 Insufficient diagnosis of infectious diseases currently account for 95% of deaths in 

developing countries.41 In fact, even in the United States, at least 2 million people are infected 

with antibiotic-resistant bacteria, such as Clostridium difficile, and Neisseria gonorrheae, leading 

to 23,000 deaths per year.42 Any level of common pathogens, such as Neisseria gonorrhoeae, 

Chlamydia trachomatis (chlamydia), Bordetella pertussis, and influenza, in the body fluid 

indicates infection. Thus, proper diagnosis for pathogenic bacteria needs to be addressed in order 

to improve overall human health. Currently, clinical diagnosis of infectious bacteria involves 

culturing methods, which typically take several days. This long duration of culturing is one of 

the main drawbacks of this technique and this complication becomes more profound when 

immediate treatment is required for a patient who needs to be treated with antibiotics. In order to 

diagnose pathogens in food, water, and body fluids, there is strong motivation for developing a 

device that provides rapid, sensitive, and cost-effective detection of sequence-specific NA with 

binary response. 
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1.2.2 Current methods of nucleic acid detection 

The most commonly employed methods for detecting sequence-specific NA involve 

polymerase chain reaction (PCR), fluorescent labeling, and other expensive instruments. 43,44 

PCR increases the number of target NA and fluorescent labeling aids optical read-out of target 

NA hybridization to complementary probe. Although these techniques enable low limit of 

detection (LOD), they also require multiple reagents and extended time for amplification. These 

are not desirable for point-of-care (POC) application since they render the device more complex, 

bulky, and expensive. Thus, biomolecular diagnostic devices without the need for NA 

amplification, fluorescent labeling, and optics are desired. 

Many PCR-free detection methods have been reported based on transduction of target 

NA hybridization to electrical or electrochemical signal. For example, RNA sequences of 

pathogens in saliva were successfully detected with 0.4 fM LOD utilizing an oligonucleotide 

hairpin capture probe as well as a horseradish peroxidase-labeled antibody to amplify 

electrochemical current.45 Also, the detection of human DNA was demonstrated at 1.25 fM based 

on horseradish peroxidase and gold (Au) nanoparticles to visualize the binding of target NA.46 

Other approaches measured conductivity change based on hybridization of oligonucleotides 

functionalized with Au nanoparticles and subsequent silver deposition to achieve 500 fM 

detection limit.47 

However, many methods that do not require NA amplification, complex reagents, or 

instruments other than target probes have not been claimed. For example, the NA sequence of 

Eschericia coli (E. coli) O157:H7 was detected by monitoring resonance frequency change upon 

the hybridization to probes immobilized on the cantilever. 48,49 In addition, remarkable 0.1 fM 
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LOD was achieved for breast cancer gene sequence based on conductometric measurement of 

polypyrrole (Ppy) nanowires.50  

1.2.3 Nanopore based sequence-specific nucleic acid detection 

Recently, a new platform for the PCR-free, label-free, optics-free sequence-specific NA 

detection was introduced.51-53 This device was based on amperometric measurement through a 

drawn glass pipette tip. The pipette tip connected two chambers filled with buffer and 

polystyrene beads conjugated with oligonucleotide capture probes composed of peptide nucleic 

acid (PNA), which were placed inside of the pipette tip. Since PNA is an uncharged analog to 

DNA and RNA54, PNA-bead conjugates have neutral charge. The bead size was slightly bigger 

(3 µm) than the pipette tip diameter (2 µm). The ionic current through the micropipette was 

measured when electric field was applied through the micropipette using Pt electrodes. There 

was no permanent current change without target NA, since PNA-bead conjugates did not 

specifically bind to target NA. Only transient drop caused by unspecifically bound NA was 

observed. On the other hand, in the presence of target NA with complementary sequence of PNA 

probes, the conjugates acquired a net negative charge by hybridizing to target NA and moved in 

response to an electric field. The beads moved towards the pore and eventually blocked the 

pipette tip causing permanent current drop. This platform demonstrated the detection of 1613 

base ssDNA and 16S rRNA of E. coli at 10 fM detection limit. Also, this sensor discriminated 

complementary sequence of target NA to noncomplementary control NA. This technology is 

promising since PCR, labeling, and optics are not required, and the response is binary (step 

decrease in current). 
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1.3 Neurotransmitter sensing based on enzymes deposited by PDMS stamping  

1.3.1 Motivation 

Real-time monitoring of the release of neurotransmitters offers valuable information for 

understanding neurological disorder and behavior. Chronoamperometric measurements using a 

microprobe with electrochemical detection enables us to achieve fast temporal resolution with 

high spatial resolution while minimizing tissue damage during the implantation process.55,56 

Since methods based on direct electrooxidation of neurotransmitters provide best temporal 

resolution and fast sampling rate down to 1 ms57, it is suitable for monitoring neurotransmeter 

releases in real-time. Electroenzymatic biosensors utilize enzymes to recognize the presence of 

target molecules. Target biomolecules are oxidized by the enzyme immobilized on the electrode 

and this reaction produces a measurable signal.55,58-60 Since immobilized enzymes directly 

influence sensor performance, enzyme deposition on the electrode surface is critical for 

biosensor fabrication. Our group has reported high-performance biosensors based on manually 

loaded enzymes. The manually loaded enzyme is not consistent as well as spatially less 

controllable. For these reasons, more than one enzyme has not been loaded on the array of 4 

microelectrodes of a microprobe. Next-generation implantable microprobes aim to detect 

multiple neurotransmitters with a single microprobe. Also it should have low detection limit and 

reasonable response time to monitor neurotransmitters at low concentration in real-time for in 

vivo studies. Thus, a new enzyme transferring method needs to be developed as an alternative to 

manual deposition method in order to precisely transfer multiple and high-quality enzymes onto 

a selected microelectrode array.  

1.3.2 Microelectrodes for detection of neurotransmitters in vivo  

When creating an implantable microneuroprobe for neuroscience applications in vivo, 
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several points should be considered. First, the microprobe to detect neurotransmitters should 

have good temporal and spatial resolution since chemical signal generated by the release of 

neurotransmitters lasts subseconds to seconds and the signal is local.61,62 Also, the detection limit 

of the sensor needs to be lower than physiological concentrations of neurotransmitters not to 

miss release events in vivo. In addition, the microprobe should be biocompatible to be implanted 

in the brain. Lastly, the microneuroprobe must selectively respond to target neurotransmitters 

among a variety of chemicals in the central nervous system (CNS). Since many of these 

interferents are electroactive, the surface of the microelectrodes needs to be modified to 

discriminate interferents that can obstruct the detection of target neurotransmitters.63,64 The 

polymers, such as polypyrrole (PPy), polyphenylenediamine (PPD), polyaniline (PANI), and 

polyphenol (PPh), are permeable to hydrogen peroxide (H2O2) allowing for the sensing of target 

molecules but impermeable to larger molecules, such as interferents. By depositing these 

polymer layers onto microelectrodes, the microprobe can selectively block interferents based on 

the repulsion of interferents.64,65 For example, a thick layer of PPy with a net positive charge can 

block the diffusion of positively charged dopamine (DA) and negatively charged ascorbic acid 

(AA) can be rejected by negatively charged Nafion.  

1.3.3 Multi-sensing of neurotransmitters 

The need for multi-sensing of neurotransmitter has been identified. Since multiple 

neurotransmitters interact with each other66-68, detection of more than one neurotransmitters in 

real-time is in demand to understand the fundamentals of interaction pertaining to 

neurotransmitter release. Previously, our group developed an implantable microprobe for dual 

sensing of glutamate (Glut) and DA using chronoamperometric measurements. Detection of two 

target molecules was achieved using a single microneuroprobe, however, there was only one 
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enzyme on a microelectrode. The mixture of glutamate oxidase (GlutOx), bovine serum albumin 

(BSA), and glutaraldehyde (GAH) was manually loaded onto one glutamate sensing site of the 

array (consists of 4 microelectrodes) for Glut sensing. DA detection was attained by 

overoxidized polypyrrole (OPPy) not requiring additional enzyme deposition.55 Since the 

separation of two microelectrodes is only 40 µm, it is hard to load enzymes only onto selected 

microelectrodes. Another group reported a microprobe for successfully detecting choline (Ch) 

and acetylcholine (ACh), however, their sensor was only selective to one neurotransmitter.69 

This was because they manually employed the mixture of choline oxidase (ChOx), 

acetylcholinesterase (AChE), and ascorbic acid oxidase (AAO) onto the microprobe. No 

microneuroprobe has been reported with more than one enzyme immobilized onto the separate 

microelectrodes for multi-sensing of neurotransmitters using single microprobe. 

1.3.4 Current methods of enzyme deposition  

A variety of approaches have been investigated to immobilize enzymes on the electrodes 

without losing its activity. Electrodeposition is most often done in electrolytes or buffer solutions 

with an applied electric field for polymer formation. For example, GOx was deposited by 

applying current in phosphate-buffered saline (PBS) buffer solution containing GOx for sensing 

glucose (Glu).60,70 For dip coating, the electrode is immersed into a solution mixed with the 

enzyme for a period of time and then dried.71 Layer-by-layer assembly utilizes sequential 

deposition of multilayers, which can be accommodated by alternately immersing the electrode 

into more than two solutions containing enzymes.72 Adsorption enables selective enzyme 

immobilization. For this method, adsorption substrate, such as chitosan, was electrodeposited on 

selected microelectrodes and then the entire microprobe was subsequently dipped into a buffer 

solution containing GlutOx. Based on the electrostatic attraction, negatively charged enzyme, 
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GlutOx, was absorbed on the surface of positively charged chitosan layer. However, enough 

enzyme for high sensitivity cannot be immobilized by adsorption.58 Also, drop coating is 

depositing drops of solution containing enzymes on the surface with subsequent evaporation to 

leave an enzyme layer.73  
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Chapter 2: Noise analysis comparison of glass and SiNx nanopores and the 

influence of pore geometry on noise characteristics 

 

ABSTRACT 

A new type of low-noise nanopore in a glass membrane was fabricated successfully from 

a single wafer. This glass nanopore was not pulled from a glass capillary and have planar 

structure like other conventional Si-based nanopores. Ionic current noise characteristics of these 

glass nanopores and more conventional solid-state SiN nanopores fabricated on Si substrates 

were investigated and compared over a wide frequency range (< 10 kHz) at 1 V. An analysis of 

power spectral density (PSD) data revealed that pore aspect ratio governs the noise level for 

glass nanopores, whereas membrane area and pore length had greater impact for SiN nanopores 

in the low frequency regime. Glass nanopores exhibited less Flicker noise than SiNx nanopores if 

pore length was within in a micrometer under given membrane size. In the high frequency 

regime, glass nanopores generally showed benefits in terms of noise. Glass nanopores showed 

improved CLF noise compared to SiNx nanopores for pore lengths less than a micron. RMS noise 

of glass nanopores showed a strong decay with an increase in pore aspect ratio (i.e., length to 

diameter) and it was significantly low, sub 10 pA, in comparison to Si-based nanopores. Since 

low frequency noise limits nanopore detection schemes, these results should prove helpful in the 

design of nanopores with better low-noise performance. 

2.1 Introduction 

Single biomolecule detection based on nanometer-scale pores has garnered attention due 

to the broad variety of applications, including DNA, RNA, proteins, ions, or charged 

nanoparticle sensing. 1-7 Nanopore sensing entails the monitoring of a conductance change of 
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electrolyte-filled nanopores caused by pore blockage or translocation of charged species driven 

by a voltage through the pore. 8 First generation nanopore sensing devices were based on the 

insertion in lipid bilayers of protein pores, such as α-hemolysin or MspA, with the advantages of 

low noise and of consistency in pore diameter (i.e., 1.5 nm for α-hemolysin and 1.2 nm for 

MspA). 1,9-12 With the development of micromachining technology, solid-state nanopores have 

been investigated with several advantages over biological nanopores. Solid-state nanopores offer 

improved stability and design flexibility in both pore geometry and surface chemistry, as well as 

the potential for more straightforward integration into microelectronic and microfluidic circuitry. 

13-15  

The use of nanopore-based sensors for DNA sequencing has led to especially intense 

interest in the technology due to potential advantages over conventional DNA sequencing 

technology including higher throughput. 3,10,12,16 Although nanopore-based DNA sequencing is 

promising, it faces challenges. It requires a complex decoding algorithm to discriminate base 

pairs since the current change signals are not solely dependent on a single nucleotide (nt) in the 

pore, but the possible presence of multiple nucleotides as well. Noise reduction is a significant 

issue so as to maximize signal-to-noise (SNR) ratio since the current signals generated by the 

translocation of nucleotides are in the challenging pA and µs regimes (>10 nt⁄µs in solid state 

pores and >1 nt⁄µs in biological pores). 3,4,9,10,16 

The power spectral density (PSD) approach is useful for the analysis of noise in the 

frequency domain. A PSD analysis of nanopores commonly illustrates noise characteristics in 

two distinct frequency regimes: Flicker noise at low frequency (f < ~1 kHz) and Johnson noise at 

high frequency (f > ~1 kHz). High frequency noise is understood to be due to thermal 

fluctuations of charged particles and to membrane capacitance. The origin of low frequency 
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noise is still unclear. PSD due to Flicker noise, S, is described by 𝑆 = 𝐴𝑓!!, where A and β are 

fitting parameters and 𝑓 is frequency. It shows 1/f dependence (β ≈ 1, Hooge’s relation). 11,17-21 

Low-frequency noise spectra is described as 

𝑆!
𝐼! =

𝐶!"
𝑓  

(1) 

where 𝐶!" represents dimensionless low frequency noise coefficient. Since there is simultaneous 

increase in noise at higher currents, 𝐶!" is effective normalized magnitude of the pore-specific 

1/f noise. 17,22 

The reduction of low frequency noise is important since it limits the ability to 

discriminate nucleotides by a nanopore-based sequencing device. The deposition of insulating 

materials has been reported as a potential way to reduce the Flicker noise of solid-state 

nanopores. Nanopores with an additional dielectric layer, such as PECVD oxide or nitride, 

thermal oxide, ALD alumina, or PDMS (polydimethylsiloxane), show drastically less noise in 

low frequency regime. Despite this benefit, the deposition of additional material is not preferred, 

especially for the DNA sequencing application, because it leads to an increase in the overall 

length of the pore. 11,19,23 In order to achieve low noise characteristics, there have been many 

attempts to use a glass capillary as the nanopore. After pulled quartz nanocapillaries were 

introduced24, they were widely accepted for biomolecular sensing with improved signal to noise 

characteristics due to the superior insulating properties of glass. 25-28 However, glass capillary 

nanopores are not amenable to integration with planar devices and have a low open current due 

to long pores (mm range). One group succeeded in transferring a separately fabricated SiNx 

membrane with a nanopore onto a quartz substrate with a larger opening aligned with the 

nanopore and this significantly reduced low frequency noise by up to two orders of magnitude.29 
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However, it would be preferred to avoid a cumbersome membrane transfer step and to machine a 

nanopore device entirely from a glass substrate. 

In this study, a new glass nanopore device is introduced, which is machined from a single 

glass wafer. Unlike a pulled glass capillary nanopore, its planar surface makes it compatible with 

microfluidic integration and also makes high throughput manufacturing possible by commercial 

fabrication techniques. To date, noise analyses have focused mainly on Si-based nanopore 

devices, and there is a general lack of information on the relation between noise and pore 

geometry.  We report the influence of pore geometry (diameter, length, or ratio) and membrane 

size on the low frequency noise of two nanopore types; our glass nanopores and conventional 

SiNx nanopores on Si substrates. In addition, noise from these nanopore devices are compared in 

the frequency domain (PSD) as well as time domain (RMS). Our goal is to use these glass 

nanopores in our recently reported scheme for PCR-free, label-free, sequence-specific nucleic 

acid detection at 10 fM and lower. 30,31  

2.2 Method 

2.2.1 Materials. 

A borosilicate wafer was purchased from SHOTT (Louisville, KY) and Photoresist (AZ®-

5214 E) was purchased from AZ Electronic Materials (Luxembourg). Gold etchant was 

purchased from Sigma-Aldrich (St. Louis, MO). Buffered oxide etchant (BOE), hydrofluoric 

acid (HF), hydrochloric acid (HCl), and chromium etchant (CR – 7S) were purchased from KMG 

Electronic Chemicals (Houston, TX). Potassium hydroxide (KOH) was purchased from Avantor 

Performance Materials (Center Valley, PA). A blue tape was purchased from Semiconductor 

Equipment Corporation (Moonpark, CA). Axopatch 200B, pClamp, and clampfit were purchased 

from Molecular Device (Sunnyvale, CA). 
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2.2.2 Fabrication of a glass nanopore device. 

 

Figure 2.1. The process flow of glass nanopore fabrication. 

The fabrication process flow of the glass nanopores is shown in Figure 2.1. A glass 

nanopore fabrication process begins with the deposition of titanium (Ti, 20 nm) and gold (Au, 

200 nm) onto a borosilicate glass wafer by evaporation. Photoresist, AZ® 5214-E, was spin-

coated on the top of gold layer and then photolithographically patterned. Then, the metal layers, 

Au and Ti, were respectively etched by gold etchant and BOE. The combination of the 

photoresist, Au, and Ti are necessary to serves as a mask for following wet etching, since gold is 

resistant to hydrofluoric acid and photoresist on the top of gold reduces pinholes. 40-42 The wafer 

was immersed in diluted mixture of HF and HCl to etch glass to thin down the membrane. HF 

and HCl were mixed in 10:1 volume ratio to minimize roughness without reducing etch rate. 
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Then diluted with deionized water (DI water) in 1:1 volume ratio to be compatible with the 

photoresist on the top of metal layers. As described in Supplementary Information (Fig. 2.10), 

non-diluted HF and HCl mixture is much more aggressive to the photoresist compared to diluted 

mixture even though dilution decreases etch rate. Lower etch rate is beneficial for getting desired 

thickness of the membrane. While the wafer was being etched, the backside of the wafer was 

protected with a blue tape. The thickness of the membrane was monitored by measuring the 

depth of the etched membrane opening and the calculated etch rate was ~6 µm/min. After 

achieving desired membrane thickness, the mask was sequentially removed by ALEG, gold 

etchant, and chromium etchant. Then, 20 nm of chromium was deposited by evaporation for 

following focused ion beam (FIB) process. A nanopore was milled at the center of the membrane 

for each membrane by using FIB. After chromium was etched by chromium etchant, the wafer 

was diced into 64 devices of 1 cm square.  

2.2.3 Experimental set-up 

A chip was sandwiched by two of 1 mm thick polydimethylsiloxane (PDMS) o-ring and 

Teflon chambers. Pellet Ag/AgCl electrodes were placed on each side of the chambers. The 

chambers were filled with buffer, a mixture of 5.5 mM potassium chloride (KCl), 5.5 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 0.01 % of Triton X. 1 V was 

applied across the chamber using Axopatch 200B. The Axopatch 200B has low-pass Bessel 

filters at 10kHz. Current was measured and analyzed using pClamp and clampfit. 

2.3 Result and Discussion 

Novel glass nanopores were milled in membranes etched in glass substrates using a 

focused ion beam (FIB). Silicon nitride (SiNx) nanopores also were created using a FIB on 

silicon nitride membranes on silicon substrates as commonly done by other groups (see 
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Supplementary Information). 7,11,23,32-35 The diameters and lengths of the pores were determined 

by SEM images immediately upon milling. 

 

Figure 2.2. Power spectral density (PSD) spectra of glass nanopores. Nanopores with average 
nanopore aspect ratios of (a) ~1.5 and (b) ~6.3. 

Noise characteristics of nanopores. Fig. 2.2 shows that at a ~4× higher  aspect ratio (i.e., 

pore length/pore diameter), the low frequency, Flicker noise is reduced by ~10× in glass 

nanopores. Although both plots of Fig. 2.2 include data for nanopores of widely varied diameter 

and length, the plots show that nanopores of similar aspect ratio display very similar noise 

characteristics. According to the result published by L. J. Steinbock et al.25, glass nanocapillaries 

have benefits of lower noise compared to nanopores in silicon nitride membrane. They did not 

compare noise characteristics of their glass capillary and conventional silicon nitride nanopore 

on silicon substrate at the same pore aspect ratio. Their nanocapillaries have much higher aspect 

ratio up to 105 since they were pulled from glass pipette to achieve small diameter (21 - 62 nm), 

and long pore length (2.1 mm). The low noise from the glass nanocapillary could be also due to 

its high aspect ratio. Additional noise data gathered for glass nanopores of comparable diameter 

but varied length and for comparable length but varied diameter (Fig. 2.10) showed that low 

frequency noise decreases with increasing pore length at similar diameter and that it increases 

a) b) 
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with diameter at similar pore length. Thus, these data strongly suggest that the pore aspect ratio 

determines the level of low frequency, Flicker noise in glass nanopores. 

 

Figure 2.3. PSD of silicon nitride (SiNx) nanopores. (a) Nanopores at the average length of ~950 
nm and different pore diameters. (b) Nanopores at the average diameter of ~710 nm and different 
pore diameters. 

In contrast, pore length appears to govern low frequency noise rather than pore aspect 

ratio for silicon nitride nanopores on silicon substrates. In Fig. 2.3(a), the data for three glass 

nanopores of widely varied diameter (i.e., 150 nm, 322 nm, 712 nm), yet of similar length 

(corresponding to aspect ratios ranging from 1.29 to 6.47), exhibited comparable levels of low 

frequency noise. However, at similar diameter of ~710 nm, the low frequency noise of glass 

nanopores increases (as well as that at higher frequency) as pore length decreases as shown in 

Fig. 2.3(b). These data agree with results published by other groups showing that insulating 

material deposition on the solid-state nanopore device, which generally results in longer pores, 

lowers the level of noise. 11,19,23 However, X. J. A. Janssen et al. claimed that noise over the 

entire frequency range was reduced significantly with deposition of additional dielectric material 

on the surface of Si substrates even though the deposition excluded the membrane area thereby 

maintaining the pore length at a constant value.35 For our SiNx pores, the SiNx membrane on Si 

a) b) 
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substrate consists of two nitride layers; 300 nm of LPCVD nitride and varied thickness of 

PECVD nitride on the backside (-trans) of the device to manipulate the overall thickness of the 

membrane and length of the pore (see Method). Additional deposition of PECVD nitride 

contributes not only to a longer pore but also to insulation of the entire backside surface of the 

device. This additional insulating layer is assumed to suppress electrochemical reactions 

occurring at exposed, doped Si surfaces through nitride layers with pinholes,23 as relatively thin 

PECVD nitride films (i.e., <~500 nm) are known commonly to have pinholes. 36,37 This could 

eventually reduce the source of the noise generated from the device. This implies that the high 

level of low frequency noise of SiNx pores on Si substrate is from the substrate and longer pores 

are preferred to achieve low noise. 

Figure 2.4. The PSD spectra of nanopores with similar pore geometry in membranes of different 
size. a) Glass nanopores and b) SiNx nanopores.  

The influence of membrane surface area on nanopore noise characteristics. The noise 

characteristics of glass-based nanopores and Si-based nanopores are compared in Fig. 2.4. The 

power spectra of two glass nanopores having similar pore geometry and pore aspect ratio, ~1.3, 

yet with different membrane size (i.e., square membranes, 378 µm and 670 µm on a side) are 

presented in Fig. 2.4 (a). It is clear that the PSD spectra from two different pores with nearly the 

a) b) 
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same aspect ratio are essentially identical regardless of membrane size, which implys that 

membrane size plays a negligible role in noise level for glass nanopores. In contrast, the behavior 

of SiNx pores on Si substrates is different as shown in Fig. 2.4(b). The SiNx nanopore in the large 

(752 µm × 437 µm) membrane exhibited higher low frequency noise. An 83% decrease in 

membrane area to 360 µm × 157 µm resulted in ~6× reduction in the magnitude of the low 

frequency noise. This result corresponds to the work published by X. J. A. Janssen et al. in 2012. 

35 A device with large membrane surface area has large area of Si well created from KOH 

etching.  This Si well was passivated with PECVD nitride, more non-stoichiometric and has 

more pinholes compared to LPCVD nitride.36-38 As Si substrate is doped, Si well covered with 

PECVD SiNx only could be a major source of 1/f noise. According to M. -H. Lee et al., this 

could be expected due to electrochemical reaction of doped Si substrate through non-

stoichiometric SiNx or pinholes in the SiNx layer.23 Thus unlike the inert glass nanopores, the 

electrochemistry of the Si substrate used for SiN nanopores impacts noise, which is reflected in 

the membrane area dependency of the noise magnitude. 

 

Figure 2.5. The PSD comparison of glass nanopores and SiNx nanopores with a) 155 nm of 
average diameter and 985 nm of average length and b) 748 nm and 1950 nm of average diameter 
and length respectively. 

a) b) 
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Comparison of glass nanopores and SiNx nanopores. In Fig. 2.5, the noise from glass and 

SiNx nanopores are compared in the frequency domain from 1 Hz to 10 kHz. Fig. 2.5 (a) shows 

that glass nanopores exhibited less noise than SiNx nanopores for a similar pore geometry 

(average pore aspect ratio: ~6.4, average pore length: ~990 nm). Based on results presented 

above, this difference would be expected to be more significant for similar membrane size since 

the membrane size of the Si-based device is significantly smaller (378 µm × 150 µm) than the 

glass-based device (378 µm × 378 µm). However, this comparison is pore geometry dependent. 

For longer pores and lower pore aspect ratios (e.g., ~1950 nm and ~2.6 respectively), a glass 

nanopore exhibited relatively higher noise than a SiNx pore on Si substrate in the low frequency 

regime as shown in Fig. 2.5(b). The additional deposition of dielectric material to create longer 

pores on Si substrates covers not only the exposed Si wall but also the trans- side of the device 

that was covered initially with LPCVD nitride.  The increased insulation of the underlying Si is 

the basis for the dependence of 1/f noise on pore length for Si-based devices. For glass-based 

devices, there is no need to deposit additional dielectric material to suppress noise as glass is a 

good insulating material. Since the noise level of glass pores depends on the pore aspect ratio, 

whereas noise from SiNx pores depends on both membrane thickness (i.e., pore length) and 

membrane size (Si wall area), a comparison of noise characteristics between glass and SiNx 

nanopores depends on both pore length and aspect ratio. However, longer nanopores are not 

common for contemporary devices, since for example, longer pores makes discrimination of 

nucleotides in DNA sequencing more problematic. 4,9,10,12,15 This implies that the need for shorter 

nanopores would favor glass-based devices that exhibit less low frequency noise for such pore 

geometries. 
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One additional feature noticeable in Figs. 2.2-2.5 is that glass-based nanopores exhibited 

less noise regardless of pore length and pore aspect ratio in the high frequency regime. This 

might be due to the fact that the thermal conductivity of the borosilicate wafer material used in 

these studies (i.e., 1.2 Wm-1K-1) is much lower than that for the Si wafer (148 Wm-1K-1), which 

results in more active thermal dissipation of heat through thermal vibration in the Si substrate. 

Lee et al. also reported more high frequency noise was generated from Si-based nanopores 

compared to glass-based nanopores. They claimed that the relatively low resistivity of the Si 

substrate (1-30 Ω –cm, Boron doped) might increase high frequency noise. 29 

 

Figure 2.6. a) CLF comparison of glass nanopores and SiNx nanopores versus pore length. b) CLF 
comparison of glass nanopores and SiNx nanopores versus pore diameter. 

Low frequency noise coefficient, CLF. Fig. 2.6 shows plots of 1/f noise magnitude as CLF 

for glass and SiNx nanopores with different pore geometries as a function of pore length and of 

diameter.  In Fig. 2.6(a), CLF is shown to decrease with an increase in pore length, L, for both 

types of nanopores as 𝐿!!!  with 𝑎! = 0.6 ± 0.2 and 2 ± 1 for glass and SiNx nanopores, 

respectively. Also, CLF was observed to decrease with an increase in pore diameter, d, for both 

types of nanopores as illustrated in Fig. 5(b). Both curves of Fig. 2.6(b) can be fit with 𝑑!!! with 

a) b) 
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𝑎! = 5 ± 1 and 1.1 ± 0.5 for glass and SiNx nanopores, respectively. From the fitting values, it 

can be concluded that the low frequency noise of the glass nanopore is strongly dependent on 

pore diameter in comparison to pore length. Also, it is noted that CLF is higher for Si-based 

nanopores than for glass-based nanopores in most cases. Since CLF is pore specific noise 

coefficient at low frequency regime, this means than glass nanopore generally has low 1/f noise 

characteristics. However, this trend changes when the pore length comes to thicker than ~1 µm. 

This is consistent with the result presented in Fig. 2.5(b) that long SiNx nanopores have benefit 

of low 1/f noise. According to Hooge’s relation, low frequency noise is inversely proportional to 

the number of charge carriers, N (𝐶!" = 𝛼
𝑁, where α is Hooge’s parameter). The number of 

charge carriers increases in proportion to the volume of the nanopore. Since the volume of the 

nanopore can be represented as 𝑉 ~ 𝑑!𝐿, where d is diameter and L is length of the nanopore, 

CLF should be fitted to both pore length and diameter with the power of 𝑎! = 1 and 𝑎! = 2 

respectively. However, it is slightly different from what we observed in our data. For SiNx 

nanopore, 𝑎! = 2 ± 1 and 𝑎! = 1.1 ± 0.5 show low frequency noise coefficient may rely on pore 

length rather than diameter corresponding to Fig. 2.3(b) and Fig. 2.5(b) that the low frequency 

noise from SiNx nanopores is significantly reduced by more deposition of insulating layer for 

longer pores. 
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Figure 2.7. a) RMS noise comparison of glass nanopores and SiNx nanopores on Si substrate 
with varied pore length. b) RMS noise of glass nanopores versus pore aspect ratio.  

RMS noise of nanopores. RMS noise from Si-based nanopores and glass-based 

nanopores are plotted versus pore length in Fig. 2.7 (a). It clearly shows that glass nanopores 

have significantly lower RMS noise compared to SiNx nanopores. In similar pore geometry 

(diameter and length), the reduction of RMS noise of glass nanopores compared to SiNx 

nanopores is from ~4- to ~12-fold under the given conditions and membrane size, and the fold 

noise reduction increased with decreasing pore length. In general, RMS noise from Si-based 

nanopores decreases with increasing pore length and the fitting line yields a dependence of RMS 

noise ~ 𝐿!!!, with 𝑎! = 0.7 ± 0.2. It implies that noise from SiNx nanopores is more dependent 

on pore length as discussed above. However, the RMS noise of glass nanopores showed low 

dependence on pore length with large standard deviation (𝑎! = 0.4 ± 0.7). Instead, RMS noise 

can be fit better for glass nanopores when it is plotted versus pore aspect ratio ~ 𝐿 𝑑
!!!, 𝑎! = 

0.33 ± 0.03 as shown in Fig. 2.7(b). This is consistent with the result from Fig. 2.2 that the noise 

from glass nanopores is more likely to be determined by pore aspect ratio. It is remarkable that 

the noise of glass nanopores with pore aspect ratio ~6.25 have RMS noise from 7.92 to 10.94 pA 

a) b) 
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at 1 V, and it is comparable with other reported low-noise nanopores. 11,29,39 Considering the fact 

that the baseline current was 4.2 ~ 16.4 nA for these cases and that RMS noise tends to increase 

with higher current, this sub-10 pA RMS noise is impressive. RMS noise is regardless of low and 

high frequency noise, however, also critical to detect the movement of target species through a 

nanopore since signal-to-noise ratio (SNR) can be defined as the absolute current change caused 

by conductance change of the nanopore divided by RMS noise. 20 These results show that glass 

nanopores exhibit advantages in distinguishing transduction current change of the nanopores and 

this trait becomes more valuable when it comes to the low current range. It is not clear why pore 

aspect ratio influences the level of RMS noise from glass nanopores. However, this still gives us 

valuable insight that 1) glass nanopores are superior in terms of RMS noise and this is more 

advantageous relative to SiNx when the pore length is short and 2) pore aspect ratio should be 

one of the parameters to be considered in the fabrication of low-noise glass nanopores. 

2.4 Conclusion 

A new type of glass nanopore on a planar substrate was successfully fabricated by 

thinning down the wafer using the diluted mixture of HF and HCl. As a result, the membrane and 

the substrate were from a single borosilicate glass wafer. The ionic current noises from our 

fabricated glass-based and conventional Si-based nanopores were investigated. In frequency 

domain, the noise power from glass nanopores was found to depends on pore aspect ratio; the 

higher the pore aspect ratio the glass nanopore had the lower low frequency noise it showed. In 

contrast, pore length and membrane size is critical for governing the level of 1/f noise for SiNx 

nanopores on Si substrate. Extra deposition of insulating layer that caused longer pore prevented 

electrochemical reaction through doped Si substrate including Si wall around membrane area and 

this eventually suppressed noise in low frequency regime. Also, low frequency noise increases 
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with big size of membrane since Si wall was passivated with dielectric layer with pinholes. In 

addition, noises from both types of nanopores were compared. For pore length shorter than a 

micrometer, glass nanopores were superior in terms of Flicker noise. Johnson noise was higher in 

SiNx nanopores regardless of pore geometry and membrane size and it is assumed to be high 

thermal conductivity of Si substrate. With similar trend, CLF of SiNx nanopore depended on both 

pore diameter and pore length following Hooge’s relation whereas particularly relied on pore 

diameter for glass nanopores. RMS noise of SiNx nanopore was regulated by pore length and it 

was consistent with power noise in frequency domain and CLF. On contrary, RMS noise from 

glass nanopore was dependent on pore aspect ratio and the value of RMS noise in high pore 

aspect ratio, ~ 10 pA, is similar to state-of-the-art low noise nanopores even though it was 

acquired at higher current applied. The results here demonstrate that glass nanopores have 

potential versus SiNx nanopores to improve signal-to-noise-ratio for nanopore based sensing 

especially for shorter pore and these noise characteristic analysis give valuable information to 

develop nanopores with low noise properties. 
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2.5 Supplementary Information 

2.5.1 Fabrication of a silicon nitride nanopore device. 

 

Figure 2.8. The fabrication process flow of conventional SiNx nanopores.  

A highly doped silicon wafer (resistivity less than 0.0015 cm) was passivated its surface 

with 300nm of low stress nitride by low stress chemical vapor deposition (LPCVD). Photoresist 

was photolithographically patterned and then the nitride layer was etched by advanced oxide 

etcher (AOE). After striping photoresist mask, the wafer was dipped in 30% KOH bath heated at 

80 ◦C. Once silicon nitride membrane was exposed, the wafer was rinsed in DI water. Extra 

silicon nitride layer was deposited by plasma enhanced chemical vapor deposition (PECVD) to 

obtain desired thickness of the membrane as well as passivate exposed silicon wall. 20 nm of 
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chromium was evaporated for following FIB process for milling a nanopore in the membrane. 

After fabricating a pore, chromium was removed in chromium etchant and wafer was diced.  

 

 

Figure 2.9. PSD of glass nanopores with comparable pore diameters of a) 712 nm and b) 149 nm. 
c) PSD of glass nanopores with comparable pore length of 943 nm. 

PSD of glass nanopores of varied pore lengths with comparable pore diameter is 

described in Fig. 2.9. Fig. 2.9(a) and Fig. 2.9(b) show clearly depict reduced 1/f noise for thicker 

glass nanopore when diameters are comparable. Also, Flicker noise decreases with the diameter 

of the pore under similar pore length as shown in Fig. 2.9(c). 

a) b) c) 
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Figure 2.10. a) Angled view of etched membrane of glass device in the mixture of HF and HCl 
(10:1), b) Magnified view of a). c) Angled view of etched membrane in the diluted mixture of 
HF and HCl (DI H2O:HF:HCl; 11:10:1). d) Magnified view of c). 

Fig. 2.10 shows SEM images of glass membrane after etching. The etched membrance 

after 4 min of etching in the mixture of HF and HCl (10:1) is described in Fig. 2.10(a). After 

106.5 µm was etched in total. The surface of the glass membrane etched in the diluted mixture 

(DI H2O:HF:HCl; 11:10:1) is shown in Fig. 2.10(d). Total 105.0 µm was etched in 18min. Fig. 

2.10(b) and Fig. 2.10(d) show the magnified view of the center of the membrane shown in Fig. 

2.10(a) and Fig. 2.10(c) respectively. Compared to glass membrane etched in HF and HCl 

mixture with no dilution (Fig. 2.10(a) and Fig. 2.10(b)), the membrane etched in the diluted 

100	μm 

5	μm 100	μm 

5	μm 

a) 

c) 

b) 

d) 
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mixture (Fig. 2.10(c) and Fig. 2.10(d)) shows much smoother surface. This means that it is more 

controllable to fabricate thin membrane to use diluted mixture of HF and HCl because it enables 

more consistent etching allowing smoother surface.  
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Chapter 3: Nanopore-Based Sequence-Specific 16S rRNA Detection at 1 aM 

 

Chapter 3 is based on the collaborative work with Allison M. Yorita.  

Bonhye Koo’s contribution to this work includes developing the nanopore fabrication process, 

devising the experiment set-up, fabricating Teflon chambers, adjusting hybridization conditions, 

culturing cells, extracting 16S rRNA from the cells, performing pore blockage experiments, and 

analyzing data.  

 

ABSTRACT 

A nucleic acid amplification-free, optics-free platform has been demonstrated for 

sequence-specific detection of E. coli 16S rRNA at 1 aM (10-18 M) against a 106-fold (1 pM) 

background of Pseudomonas putida RNA. This work was driven by the need for simple, rapid 

and low cost means for detecting 16S rRNA of specific sequence indicating the presence of a 

bacterial species in a sample. A new approach for fabrication of a glass nanopore in a <1-µm-

thick membrane served as the basis for this electromechanical sensing device. Upon binding 

target 16S rRNA, otherwise charge neutral PNA oligonucleotide probe-polystyrene bead 

conjugates become electrophoretically mobile, are driven to a glass nanopore of lesser size, 

block it, and generate a readily observable step decrease in ionic current. This device based on 

electromechanical signal transduction has proven capable of detecting E. coli 16S rRNA at 1 aM 

against a 1 pM background of P. putida RNA with no false positive signals observed. Also, 

when a universal PNA probe complementary to both E. coli and P. putida 16S rRNA was 

conjugated to beads a positive response to rRNA of both bacteria was observed. The device 

easily detected E. coli in a 1 mL sample with the target bacterium present at 10 CFU/mL, also 
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against a large background of viable P. putida. These results suggest that this new device may 

serve as the basis for small, portable, and low-cost systems for rapid detection of specific 

bacterial species in clinical samples, food and water. 

3.1 Introduction 

New methods for rapid, sensitive, and cost-effective detection of nucleic acids (NAs) of 

specific sequence are in high demand for a variety of applications including pathogenic disease 

diagnosis, detection of food contaminants, patient screening during epidemics, and oncological 

status assessment during surgery. Lack of effective means for infectious disease diagnosis 

currently contributes to 95% of deaths in developing countries1 and is an ongoing challenge in 

developed countries as well. Thus, there is strong impetus for development of inexpensive, 

robust, rapid and sensitive point-of-care (POC) molecular diagnostic devices for pathogens in 

clinical samples. 

Most existing NA detection methods rely on polymerase chain reaction (PCR) with 

fluorescence detection of the amplicon.2,3 However, all devices reliant on NA amplification 

require primers, polymerase and tightly controlled reaction conditions that contribute to 

complexity and cost. Also, fluorescence detection methods require the incorporation of 

additional reagents and optics, which adds yet more cost and bulk making a more affordable and 

portable device harder to achieve. An ideal molecular diagnostic device reliant on NA detection 

therefore would not entail NA amplification or optics. 

Work has been done recently in the area of amplification-free NA sensing that still 

enables detection of the nucleic acids of pathogens present a very low, but still clinically 

relevant, concentration. For example, one group focused on using horseradish peroxidase to 

generate an electrochemical current in the presence of rRNA sequences associated with the 
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pathogens that cause urinary tract infections.4 Another approach focused on using horseradish 

peroxidase and gold nanoparticles to create visible bands that would signal the presence of target 

nucleic acid sequences, obtaining a detection limit of 1.25 fM when searching for human 

genomic DNA.5 Yet another method uses exonuclease III, in conjunction with a duplex DNA 

probe conjugated to the surface of a gold electrode, to electrochemically detect DNA down to a 

10 fM detection limit.6 However, all of these methods entail use of additional reagents in order to 

generate an electrochemical response. This could make a device more complicated and 

expensive. Ideally, an amplification-free nucleic acid sensor would involve just the selective 

oligonucleotide probe and eliminate the need for more reagents or complicated sensing 

technologies. 

Nanopore technology has commonly been used to create solid-state-based sensors with 

applications to DNA sequencing. By monitoring resistive pulses through the pore as nucleotides 

pass through a nanopore, the base sequence may be inferred.7,8 First generation nanopore-sensing 

was based on protein pores, such as modified αHL or MspA, inserted in lipid bilayers. However, 

these biological nanopores are unstable, not flexible in design, and only work in limited 

environments. 8-11 Since micromachining has been developed with the growth of IC technology, 

solid-state nanopores have gained attention due to several advantages over biological nanopores. 

Solid-state nanopores offer improved stability and design freedom in both pore geometry and 

surface chemisty. 12,13 However, nanopore-based DNA sequencing is complicated; it requires 

sophisticated electronics to distinguish current pulses in the pA and µs regimes and complex 

decoding since the measured current pulses result from a combination of several nucleotides in 

the pore. 8-11 

Previously, we introduced our first-generation device based on a drawn pipette tip (2 µm 
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in diameter) as the “micropore” with a 10 fM limit of detection (LOD). In order to detect target 

nucleic acid (NA), polystyrene beads (3 µm in diameter) were conjugated with uncharged 

peptide nucleic acid (PNA) as sequence-specific probes.14-16 This sensor could distinguish 

between complementary and non-complementary NA sequences and no false positives were 

observed with 1613-base DNA oligomers and 16S rRNA as targets. 14-16 Reflection on these 

promising results suggested that scaling the pore and bead sizes into the nano-regime should 

enable improved performance and lower limits of detection. Equation 1 shows the relationship 

between the mobility, m, and the radius, rp, of a charged particle in an aqueous solution of low 

ionic strength under a uniform electric field, E, 

𝑚 =
𝑣!
𝐸 =

𝑞
6𝜋𝜇𝑟!

 

(1) 

where 𝑣! is the drift velocity, q is the charge on the particle, and 𝜇 is the viscosity of the fluid. 

Since mobility is inversely proportional to the particle size, smaller beads are expected to have 

greater mobility when just a few target NAs are hybridized to bead-PNA conjugates. This 

implies that lower limits of detection may be achieved by decreasing the size of beads and 

corresponding pores. 

Motivated by this analysis, we have developed the means to fabricate thin glass 

membranes in which a nanopore may be milled with a focused ion beam (FIB). Our aim was to 

replace the drawn glass pipette tip with a glass nanopore to decrease the pore and bead size used 

in our previous sensor setup. To test the ability of our device to detect NAs from actual 

organisms, we sought to detect specific 16S rRNA sequences. Sensing 16S rRNA is suitable 

because it is present in all bacteria, and can be accurate in identifying different species without 

relying on biochemical data.17 The target organism used in our sensing experiments is a non-
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pathogenic strain of E. coli, ATCC 25922. This strain was selected due to numerous studies that 

have utilized probes complementary to its 16S rRNA.18,19 

3.2 Experimental Materials and Methods 

3.2.1 Materials  

Polystyrene microbeads of 820 nm-diameter and carboxylic acid-functionalized were 

purchased from Bangs Laboratories, Inc. (Fishers, IN). Methoxypolyethylene glycol amine (MW 

750), Gold etchant and ethanolamine were purchased from Sigma-Aldrich (St. Louis, MO). 

Peptide nucleic acid (PNA) probe sequences were purchased from 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. 20 The positive control PNA probe sequence to detect the 16S rRNA of both E. coli and 

P. putida was NH2-(CH2CH2OCH2CH2OCH2CO)6-CTG CCT CCC GTA GGA.21 E. coli (ATCC 

25922), P. putida (ATCC 12633), soy broth and nutrient broth were purchased from ATCC, Inc. 

(Manassas VA).  The RNeasy Protect Bacteria Mini Kit was purchased from Qiagen Sciences 

Inc. (Germantown, MD). Four-inch borosilicate glass wafers were purchased from Plan Optik 

(Elsoff, Germany) and Photoresist (AZ®-5214 E) was purchased from AZ Electronic Materials 

(Luxembourg). Buffered oxide etchant (BOE), hydrofluoric acid (HF), hydrochloric acid (HCl), 

and chromium etchant (CR – 7S) were purchased from KMG Electronic Chemicals (Houston, 

TX). Potassium hydroxide (KOH) was purchased from Avantor Performance Materials (Center 

Valley, PA). Blue tape was purchased from Semiconductor Equipment Corporation (Moonpark, 

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 purchased from Genesee Scientific (San Diego, CA). Vivaspin® 2 
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mL ultrafiltration devices were purchased from Bangs Laboratories, Inc. (Fishers, IN). Teflon 

chambers measuring 6 mm × 6 mm × 8 mm cm were custom-machined from Teflon blocks by 

the UCLA HSSEAS R & D Shops. A 4 mm-diameter hole was bored into the side of each 

chamber to create an opening to the glass chip, which was sandwiched between two Teflon 

blocks with chambers. 

3.2.2 Fabrication of nanopores in glass membranes 

Four-inch diameter glass borosilicate wafers were first patterned with a mask consisting 

of titanium, gold, and photoresist. Titanium (20 nm thick) and gold (200 nm thick) were 

deposited by evaporation, and the photoresist was spin-coated on top and patterned. The gold and 

titanium were etched by gold etchant and buffered oxide etchant (BOE) in sequence. This pattern 

exposed areas of the glass wafer that outline the area of each glass chip via perforations in the 

glass, as well as the areas that are etched to create the glass membrane. The wafer was then 

immersed in a mixture of hydrofluoric acid (HF) to hydrochloric acid (HCl) (DI water : HF : HCl 

= 11: 10 : 1) for deep glass etching. The backside of the wafer was protected by blue tape, to 

prevent any etching of the glass on the back of the wafer. The etch depth was monitored using a 

profilometer to track membrane thickness. Once the desired membrane thickness was achieved, 

the mask was subsequently removed by ALEG photoresist stripper, gold etchant, and BOE. 

Twenty nm of chromium was then deposited via evaporation so that SEM could be used with the 

focused ion beam (FIB) for the pore milling process. A nanopore was milled at the center of the 

etched membrane using the FIB. Finally, the chromium layer was removed with chromium 

etchant, and the wafer was diced into 64 separate devices, each 1 mm × 1 mm in dimension. Fig. 

3.1 shows images of fabricated device with a nanopore at the center of the membrane. 
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Figure 3.1 a) A micromachined glass device. b) A SEM image of an etched membrane in the 
diluted mixture of HF and HCl. (angled view) c) A SEM image of a glass nanopore milled using 
FIB. 

3.2.3 Coupling PNA probes to microspheres 

One µL of 820 nm-diameter, carboxylic group-functionalized polystyrene microspheres 

at a concentration of 3.252 × 1011/mL were washed three times with MES buffer (100 mM 2-(N-

morpholino)ethanesulfonic acid, pH 4.5). Upon re-suspension of the beads in each wash, the 

microspheres were centrifuged at 14,000 rpm for 15 minutes. After the third wash, the beads 

were re-suspended in 0.6 mL MES buffer, to which 1-[3-(dimethylamine) propyl]-3-

ethylcarbodiimide (EDC) was added at a final concentration of 200 mM. This was incubated at 

50 °C for 15 minutes. Next, 1.14 nmoles of the PNA target probe or universal probe were added 

to the buffer. This amount of PNA was optimized and estimated to correspond to about a 1014 

PNA/cm2 surface coverage of the beads. Because of the amine group attached at the end of each 

PNA strand, EDC coupling reactions occur with the carboxylic groups on the beads to covalently 

bond the PNA to the bead. The reaction mixture was allowed to incubate for two hours at 50 °C. 

Next, methoxypolyethylene glycol amine (mPEG-amine) was added to a final concentration of 

100 mM in the coupling solution and incubated for one hour at 50 °C. Addition of the mPEG-

amine was included to prevent bead aggregation and reduce bead to surface interactions.22 

Finally, 138 mM ethanolamine was added to the solution to fully cap any remaining carboxylic 
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groups on the beads, thus ensuring the bead was essentially neutrally charged. This reaction 

mixture was incubated for an additional hour at 50 °C. The beads were then washed three times 

in 0.4× SSC buffer, consisting of 60 mM NaCl, 6 mM trisodium citrate, and 0.1% Triton X-100, 

pH 8. Beads were then stored in the testing buffer, consisting of 10 mM KCl, 5.5 mM HEPES, 

and 0.01% Tween-80, pH 7. A portion of the beads was removed to measure the zeta potential of 

the beads to ensure its near-neutral charge, thus confirming successful capping of all carboxylic 

groups on the beads. The zeta potential was measured with the beads suspended in the testing 

buffer, using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Worchestershire, 

England).  

3.2.4 Bacterial cell culturing and counting 

Tryptic soy broth (15 g in 500 mL water) was made for culturing E. coli, ATCC 25922. 

Nutrient broth (4 g in 500 mL water) was made for culturing Pseudomonas putida, ATCC 

12633. Both broths were sterilized in an autoclave at 121 °C for 20 minutes. Since both bacteria 

strains arrived as freeze-dried powder, culturing started by taking a portion of the E. coli or P. 

putida powder and mixing it into 3 mL of tryptic soy broth or nutrient broth, respectively. The E. 

coli was incubated at 37 °C at 250 rpm overnight. The P. putida was incubated at 26 °C at 250 

rpm overnight. These cultures were mixed with 13% glycerin and frozen at -80 °C as a starter for 

future incubations. To prepare cultures for RNA extraction, 3 mL of tryptic soy broth was mixed 

with a small amount of the frozen E. coli culture prepared as mentioned above. This was 

incubated at 37 °C at 250 rpm overnight. Similarly, 3 mL of nutrient broth was mixed with 

frozen P. putida culture and incubated at 26 °C at 250 rpm overnight. After reaching log phase, 

cells from the both bacterial cultures were serially diluted, plated and incubated overnight prior 

to performing colony counts. 
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3.2.5 RNA extraction 

The process of RNA sample preparation and hybridization is described in Figure 2. For 

part Ι, RNA of both E. coli and P. putida were separately extracted.  A Qiagen RNeasy Protect 

Bacteria Mini Prep Kit was used for total RNA extraction and purification. Each extraction 

volume starts with 1.7 mL of bacterial culture, which was then lysed. Total RNA extracted was 

eluted in 100 µL RNase-free purified water. Then the concentration of total RNA per µL of 

eluted water was measured using a Thermo Scientific Nanodrop 2000. Based on previous work 

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

16S rRNA in the samples of extracted RNA from E. coli and P. putida were estimated to be 75.7 

nM and 100.7 nM, respectively. Then, the eluted RNA solution was serially diluted to achieve 

target concentrations for hybridization and subsequent detection studies. For part ΙΙ, 10 CFU/mL 

of E. coli and 106 CFU/mL of P. putida were mixed and then extracted together. The CFU/mL 

was determined by counting the number of colony for each serial dilution as previously 

mentioned. 
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Figure 3.2 The process of RNA sample preparation and hybridization to PNA-beads conjugates. 
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3.2.6 Hybridization of nucleic acids to PNA-beads 

Capped beads were washed three times with 0.4× SSC buffer after the conjugation steps 

and once with hybridization buffer (10 mM NaCl, 25 mM Tris-HCl, pH 7). As shown in Fig. 3.2, 

RNA samples were mixed with approximately 1.26 × 106 beads for each case to a final desired 

concentration in 600 µL hybridization buffer. For case Ι-A, three different RNA samples were 

hybridized with PNA-bead conjugates only for E. coli; Ι-A-a: E. coli in decreasing 

concentrations to determine the detection limit of the system, Ι-A-b: E. coli mixed with 1 pM P. 

putida background to determine if 16S rRNA of E. coli would still hybridize to PNA probes in a 

background of control bacteria RNA, and Ι-A-c: 1 pM P. putida as negative control to ensure 

that no current signal was detected. For case Ι-B, diluted RNA from E. coli and P. putida were 

respectively mixed with beads conjugated with universal PNA, complementary to both E. coli 

and P. putida, as positive control. For case ΙΙ-A, extracted RNA sample from mixed bacteria (10 

CFU/mL of E. coli and 106 CFU/mL of P. putida) was hybridized to beads conjugates with PNA 

only for E. coli. This was allowed to hybridize overnight at room temperature on a rotator.  

3.2.7 Detection process and system setup  

After overnight hybridization, each bead solution was cleaned using Vivaspin® 2 mL 

ultrafiltration devices using a centrifuge. The hybridization solution was separated from the 

beads using these centrifuge filters by spinning at 700 rpm for 5 minutes. Next, the beads were 

cleaned once in 0.4× SSC buffer and once more in the testing buffer (10 mM KCl, 5.5 mM 

HEPES, 0.01% Tween-80, pH 7). Finally, the beads were suspended in 200 µL testing buffer and 

sonicated at 50 °C for 5 min to aid in removal of nonspecifically bound RNA. 

A glass chip containing a single nanopore was sandwiched between two, Teflon 

chambers using polydimethylsiloxane (PDMS) o-rings as seals. Testing buffer (200 µL) was 
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pipetted into each chamber, ensuring that the pore connecting the two chambers was filled with 

buffer. Two Ag/AgCl pellet electrodes were placed in each of the chambers on either side of the 

pore. These electrodes were connected to a VMP3 multichannel potentiostat, connected to a 

computer running EC-Lab software for data collection. Beads (approximately 5 × 105) were 

injected in the chamber at the pore tip side (due to the natural taper that occurs from milling) and 

current was measured to see if an ionic current drop would occur at 1.5 V. 

3.3 Results and discussion 

The beads hybridized with the various RNA preparations were added to a chamber of the 

detection device and the potential was held at 1.5 V. After a current drop was seen due to pore 

block, the potential was held for at least minute to ensure that the block was not simply a 

transient caused by weakly bound non-target RNA. If the current drop lasted only a minute or 

less we referred to it as a transient block not indicative of a target rRNA detection event. If no 

current change was observed for an hour or more, it was considered as a negative detector 

response. After each confirmed block (positive detector response), the polarity of the field was 

reversed to -1.5 V to unblock the pore. Representative results of pore blocking experiments are 

shown in Table 1 and Fig. 3.3. 

For case Ι-A-a, E. coli RNA was added by itself in decreasing concentrations to 

determine the detection limit of the system. From 1 pM to 1 aM, beads hybridized with 16S 

rRNA of target E. coli were successfully detected using our glass nanopores with no false 

negatives thereby leading to the conclusion that the limit of detection (LOD) of this device is ≤1 

aM. Compared to our previous device based on a drawn glass pipette with 10 fM LOD, this 

constitutes an improvement of 4 orders of magnitude. 16 This result is an agreement with our 

hypothesis that the LOD would be decreased with decreased size of the beads due to increased 
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mobility. In addition, a 1 aM LOD is competitive with state-of-the-art nucleic acid detection 

schemes, including those based on NA amplification, having published LODs of sub femtomolar 

to hundreds of zeptomolar. 23-29 Even though 1 aM LOD is not the lowest on record, most of the 

detection methods with hundreds of zeptomolar detection limit require NA amplification and 

fluorescence signal readout. In contrast, our detection scheme offers much simpler and less 

expensive sample preparation and measurement steps with comparably lower detection limit. 

Case Ι-A-b is for the more realistic situation than Ι-A-a in which E. coli and a 106-fold higher 

concentration of P. putida 16S rRNA were mixed together and incubated with the beads to 

determine if the E. coli 16S rRNA would still hybridize to the PNA probes in a background of 

control bacteria RNA. Consistent with the result of Ι-A-a, successful detection of 1 aM target 

16S rRNA was accomplished without false negatives. This indicates the ability of our sensor to 

pick out target 16S rRNA in the presence of a million-fold greater concentration of other RNA, 

showing the promise that this sensor could be used in an application in which other species may 

be present, such as a patient’s sample of body fluids or food and water. With negative control 

(case Ι-A-c) at 1 pM concentration, no false positives were observed. One transient block was 

observed in one out of three experiments in this case. This is due to weak, non-specific binding 

of RNA to the beads which could be stripped easily due to the strong electric field at the pore tip. 

Subsequently, the bead becomes near neutral in charge and is removed by the opposing 

electroosmotic flow from the glass nanopore. 14-16 We also tested negative control beads without 

sonication at 50 °C before injection. In this situation, permanent blocks were observed twice, 

implying that sonication in warm solution helps to remove non-specifically bound 16S rRNA 

since melting temperatures of PNA-DNA duplexes dropped significantly even with a single 

mismatch. 30 Similar tests were also done using the universal PNA probe (case Ι-B-a and Ι-B-b), 
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to which it was expected that both strains of bacteria would hybridize and cause a current drop in 

our sensor. As seen in Table 3.1, permanent blocks were observed from 100 aM to 1 aM of RNA 

of either organism as expected, thus confirming the efficacy of the pores in detecting 

complementary 16S rRNA sequences. One interesting point is that the reversibility of pore-

blocking experiments was guaranteed at RNA concentration higher than 100 aM as shown in 

Table 3.1. However, 47.3 % of experiments were reversible at lower concentration than 100 aM 

regardless of the sequences of PNA and target RNA. Also, most of non-reversibility is due to 

not-recovered open current after the first block as indicated as “N” in Table 1. The capture of a 

particle is based on the balance of electrophoretic and electroosmotic movements. 31,32 Since the 

surface of the glass nanopore is negatively charged in contact with buffer solution, 

electroosmotic force acts on the opposite direction of electrophoretic force in concentration and 

pH of our buffer. After the first current drop, the bead partially blocks the pore due to the balance 

of electrostatic and entropic forces.31 This decrease in actual pore diameter may result in 

rectification in ionic current, change in the conductance of a nanopore depending on the polarity 

of the voltage applied.33-35 This means that electroosmotic flow could be higher when the voltage 

is reversed to remove the bead blocking the nanopore. Beads might not have enough negative 

charges by hybridizing the target RNA at low concentration (as shown in Supporting 

Information), so that the electrophoretic force could not be high enough to overcome increased 

electroosmotic force. 

The Case Ι test was conducted using 16S rRNA of both bacteria with estimated 

concentration diluted from known concentration. In real sample preparations, however, RNA 

could be lost, especially at the RNA extraction step, which could lead to false negative despite of 

the existence of target bacteria in body fluid or food samples. To address this issue, samples 
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hybridized to RNA extracted from mixed bacteria with 0.001 % of target bacteria (10 CFU/mL 

of E. coli and 106 CFU/mL of P. putida) were tested (case ΙΙ-A). For experiments three times, 

16S rRNA of target E. coli was successfully detected. Since a 1 aM LOD corresponds to ~ 0.01-

0.1 CFU/mL based on the growth rate and the number of copies of rRNA of the bacterium, this 

result was expected. 15,16 This result shows the potential of our device to be used for the detection 

of pathogens of contaminants from real samples such as body fluids or food. 

 

Table 3.1 Summary of experiment results for different cases based on the concentration of E. coli 
and P. putida. 

 Target E. coli 
(ATC 25922) 

Control P. putida 
(ATC 12633) 

E. coli with 
P. putida 

16S rRNA Detection? 
/Reversible? 
(Case Ι-A-a)  

Positive 
control 

(Case Ι-B-a) 

Detection 
/Reversible 
(Case Ι-A-c) 

Positive 
control 

(Case Ι-B-b) 

Detection 
/Reversible 

 
1 pM 

Expt. 1 
Yes/R  No*   

1 pM 
Expt. 2 

Yes/R  No   

1 pM 
Expt. 3 

Yes/R  No   

100 fM Yes/R     
10 fM 
Expt. 1 

Yes/R     

10 fM 
Expt. 2 

Yes/R     

10 fM 
Expt. 3 

Yes/R     

1 fM 
Expt. 1 

Yes/R     

1 fM 
Expt. 2 

Yes/R     

100 aM 
Expt. 1 

Yes/R Yes/N  Yes/N  

100 aM 
Expt. 2 

Yes/N     

10 aM Yes/R Yes*/R  Yes/N  
1 aM 

Expt. 1 
Yes/N* Yes/N  Yes/R  
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1 aM 
Expt. 2 

Yes/R Yes/R  Yes/R  

1 aM 
Expt. 3 

Yes/R Yes/N  Yes*/N  

Case Ι-A-b 
Expt. 1 

    Yes/N 

Case Ι-A-b 
Expt. 2 

    Yes/R 

Case Ι-A-b 
Expt. 3 

    Yes/N 

Case ΙΙ-A 
Expt. 1 

    Yes/R 

Case ΙΙ-A 
Expt. 2 

    Yes/R 

Case ΙΙ-A 
Expt. 3 

    Yes/R 

Yes*: transient block was observed and then permanent block was followed, No*: transient 

block was observed, N*: open current returned to the original level but no 2nd drop was observed. 

N: open current did not return to the original level. 
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Figure 3.3 Current trace over time. a) case Ι-A-a: beads conjugated with E. coli PNA hybridized 
with 1 aM 16S rRNA of E. coli. b) case Ι-A-b: beads conjugated with E. coli PNA hybridized 
with 1 aM 16S rRNA of E. coli with 1 pM P. putida RNA background. c) case Ι-A-c: beads 
conjugated with E. coli PNA hybridized with 1 pM 16S rRNA of P. putida (negative control). d) 
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case Ι-B-a: beads conjugated with universal PNA hybridized with 1 aM 16S rRNA of E. coli 
(positive control). e) case Ι-B-b: beads conjugated with universal PNA hybridized with 1 aM 16S 
rRNA of P. putida (positive control). e) case Ι-B-a: beads conjugated with universal PNA 
hybridized with 1 aM 16S rRNA of E. coli (positive control). f) case ΙΙ-A: beads conjugated with 
E. coli PNA hybridized with 16S rRNA extracted from 10 CFU/mL of E. coli mixed with 106 
CFU/mL of P. putida. 

 

3.4 Conclusion 

Using our thin, glass-based nanopore sensor, we have demonstrated the ability of the 

sensor to detect as low as 1 aM of E. coli 16S rRNA. This indicates that scaling the bead and 

pores to the nano-regime leads to a decrease in detection limit. Using a novel fabrication method 

involving a wet-etch of a glass wafer to create thin glass membranes, we were able to fabricate 

glass chips that contained a single nanopore. Furthermore, reducing the number of beads in the 

hybridization solution allows for a higher percentage of beads with enough target nucleic acid 

attached to respond to the electric field and cause a pore blockage. For proof of concept, our 

sensor was investigated for detection of a specific target sequence peculiar to E. coli 16S rRNA, 

which it was able to do so without false positive detection. Mixing the beads with P. putida RNA 

did not cause a false positive response. In addition, target 16S rRNA was not missed in the 

mixture with a P. putida RNA background 6 orders of magnitude higher during the sample 

preparation step. Because this detection method uses simple electronics and has a minimal need 

for additional reagents, there is great potential to create a device that can quickly and sensitively 

detect the presence of bacteria in a host of samples. 
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3.5 Supplementary Information 

3.5.1 Estimation of nucleic acids hybridized per bead 

Based on numerous sources studying the association or dissociation constant between 

PNA and DNA, the dissociation constant (KD) was estimated to be around 1×10-9 M. 

 

[NA] = concentration of free nucleic acid; [Probe] = concentration of unbound probe; 

[NA�Probe] = concentration of nucleic acid bound to probe; x = equilibrium shift  

NA Concentration Average NA per a bead 

10 fM 2.52 

100 aM 0.0252 

1 aM 0.000252 

Table 3.2. Calculated average number of nucleic acid hybridized per a bead at varied 
concentration upon equilibrium.  

Table 3.2 shows that below 10 fM, the average number of nucleic acid strands per bead 

drops below one at 1.26 × 106 beads in hybridizing volume 600 µl. This indicates that below this 

concentration, there will exist a larger amount of beads that do not have any bound nucleic acid. 

 

3.5.2 Estimation of distribution of NA per bead using Poisson statistics calculations 

Poisson statistics estimate the probability of finding a certain number of nucleic acids per 

bead. The overall defining equation is described as 
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𝑃! 𝑣 =  𝑒!!
𝜇!

𝑣!  

(Equation 3.2) 

, where µ is average number of nucleic acid per a bead, v is molecules on a bead, and Pµ(v) = 

probability of finding. Using the dissociation constant calculations in the previous section, at a 1 

aM solution of nucleic acid, 2.52 × 10-4 NA is bound per bead on average (µ). Thus, probability 

of finding one NA on a bead is 0.000252 and probability of finding two NA on a bead is 

3.17×10-8. Since approximately 1.26 × 106 beads are used in hybridization in 600 µl and 80 µl of 

the bead solution was injected, there will be 42.35 beads with one NA and 0.0053 beads with two 

NA inside of the chamber for the experiments at 1 aM. To conclude, one NA is sufficient to 

cause pore blockage with a bead. This is because it is clear that at 1 aM, essentially zero beads 

have more than 1 nucleic acid bound to the bead. Because we do see blockage of the pore at 1 

aM, it can be assumed this is enough negative charge to cause the bead to block the pore in 

response to an applied potential of 1.5 V.   
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Chapter 4: Enzyme Deposition by Polydimethylsiloxane Stamping for 

Biosensor Fabrication 

 

Chapter 4 is based on the collaborative work with Bo Wang.  

Bonhye Koo’s contribution to this work includes fabrication of PDMS stamps, SEM imaging of 

the polymer and enzyme layers, as well as discussion. 

 

ABSTRACT 

High-performance biosensors were fabricated by efficiently transferring enzyme onto 

electrode surfaces using a polydimethylsiloxane (PDMS) stamp. The stamping method was 

pursued as an effective means to transfer enzyme to a modified Pt electrode surface in high 

concentration layers so as to achieve both rapid response time and high sensitivity. Polypyrrole 

and Nafion were coated first on the electrode surface to act as permselective films for exclusion 

of both anionic and cationic electrooxidizable interferents (e.g., ascorbic acid and dopamine) 

found in brain extracellular fluid. A chitosan film then was electrochemically deposited to serve 

as an adhesive layer for enzyme immobilization. Glucose oxidase (GOx) was selected as a model 

enzyme for construction of a glucose biosensor, and a mixture of GOx and bovine serum 

albumin (BSA) was stamped onto the chitosan-coated surface and subsequently crosslinked 

using glutaraldehyde vapor. The biosensor fabrication process was monitored by electrochemical 

impedance spectroscopy, and the electrode surface before and after GOx/BSA stamping was 

examined by scanning electron microscopy. For the optimized fabrication process, the biosensor 

exhibited excellent performance characteristics including a linear range up to 2 mM with 

sensitivity of 29.4 ± 1.3 µA mM-1 cm-2 and detection limit of 4.3 ± 1.7 µM (S/N = 3) as well as a 
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rapid response time of ~2 s. In comparison to those previously described, this glucose biosensor 

exhibits an excellent combination of high sensitivity, low detection limit, rapid response time, 

and good selectivity. Thus, these results support the use of PDMS stamping as an effective 

enzyme deposition method for electroenzymatic biosensor fabrication, which may prove 

especially useful for the high throughput deposition of enzyme at selected sites on 

microelectrode array microprobes of the kind used for neuroscience research in vivo. 

4.1 Introduction 

Electroenzymatic biosensors utilize an enzyme as the biological recognition element, 

which is coupled to an electrode that serves as a transducer to convert the recognition event into 

a measurable signal. Typically, the means by which the enzyme is deposited and immobilized on 

the electrode surface constitute the critical steps in biosensor fabrication, as the immobilized 

enzyme concentration and activity directly impact sensor performance. Many approaches have 

been taken in an effort to deposit enzyme in an active state on the electrode surface including 

drop coating, layer-by-layer assembly, adsorption, and electrodeposition 1-6. Commercially 

available glucose sensors for home blood glucose monitoring commonly are fabricated by 

screen-printing 7, which typically has a resolution of 50-150 µm 8. However, we ultimately are 

searching for a simple technique enabling the simultaneous transfer of enzyme at high 

concentration to multiple preselected sites on our microelectrode array microprobes with micron-

scale resolution for neurochemical sensing applications in vivo 9. 

Tseng et al. recently demonstrated the use of electrodeposited chitosan to direct the 

adsorption of glutamate oxidase (GlutOx) on selected microelectrodes so as to fabricate 

glutamate microbiosensors 10-11. Chitosan may be deposited selectively on microelectrodes at 

negative potential, as the high local pH in the vicinity of the electrodes results in the 
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deprotonation of amine groups on chitosan resulting in its precipitation 12-13. These amine groups 

on the electrodeposited chitosan attract typically negatively charged proteins for adsorption and 

are available for subsequent crosslinking. However, simple adsorption of GlutOx on the chitosan 

film resulted in a less active, presumably lower concentration deposit than that obtained by 

manual deposition, which was reflected in a lower performance glutamate sensor. 

In recent years, polydimethylsiloxane (PDMS) stamps have been employed to transfer 

protein in a micron to submicron-resolution pattern to various substrates in a process referred to 

as microcontact printing 14-20. The mechanical properties of the PDMS stamps provide sufficient 

mechanical stability for printing features as small as 500 nm 15. Importantly, many proteins retain 

their biological activity after printing, and the transfer of proteins can occur in a few seconds 16. 

In addition, the stamp often does not pick up protein already printed. Thus, the PDMS stamping 

process has been regarded as a unidirectional process for protein transfer. After protein 

deposition, the PDMS stamps can be washed and reused. Therefore, we hypothesized that the 

PDMS stamping process may be an excellent, high-resolution method for transferring 

concentrated enzyme onto arrays of Pt microelectrodes on micromachined silicon microprobes. 

Such microprobes were used by our collaborators to monitor neurotransmitter release in the 

brains of freely moving laboratory rats 9, 21. 

In this study, the transfer of glucose oxidase (GOx) to modified Pt electrode surfaces was 

employed as a model system to demonstrate, for the first time, the utility of the PDMS stamping 

method for creation of high-performance (e.g., high sensitivity, low detection limit, excellent 

selectivity and fast response time), electroenzymatic biosensors. In these biosensors, the 

immobilized GOx catalyzes the oxidation of glucose to D-glucono-1,5-lactone with concomitant 

production of hydrogen peroxide. The underlying electrode, held at positive potential, 
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electrooxidizes the hydrogen peroxide giving rise to a measurable Faradaic current. Sensor 

selectivity against common interferents is achieved by modifying the electrode surface with 

permselective polymers such as Nafion and polypyrrole. Thicker polypyrrole films exclude both 

cations and anions and Nafion rejects anionic interferents 2, 22. Glucose biosensors obviously are 

useful for a variety of applications both in vitro and in vivo. Based on recent comprehensive 

reviews, home use blood glucose biosensors have been the most successful biosensor products to 

date by a wide margin, and amperometric glucose biosensors based on immobilized GOx or 

glucose dehydrogenase are the most common. The typical test range of these commercial glucose 

biosensors is ~0.6 mM-33.3 mM and the reported assay time varies from 5 to 20 s 7, 23. However, 

our interest is in sensors useful for neuroscience research in vivo, thus the emphasis on response 

time, sensitivity (so that sensors may be miniaturized) and rejection of dopamine and ascorbic 

acid, which are electrooxidizable interferents common to brain extracellular fluid. 

4.2 Material and methods 

4.2.1 Reagents 

Glucose oxidase (from Aspergillus niger, CAS NO. 9001-37-0), pyrrole (Py), Nafion® 

(5%), glutaraldehyde solution (25%), bovine serum albumin (BSA) lyophilized powder, 

hydrogen peroxide solution (30%), chitosan (From crab shells, minimum 85% deacetylated), D-

(+)-glucose, L-ascorbic acid, dopamine hydrochloride, potassium hexacyanoferrate (II) 

trihydrate, and potassium hexacyanoferrate (III) were purchased from Sigma-Aldrich (St. Louis, 

MO). Isopropyl alcohol and 1M sulfuric acid solutions were obtained from Fisher Scientific 

(Pittsburgh, PA). Ag/AgCl glass-bodied reference electrodes with 3 M NaCl electrolyte, 0.5-

mm-diameter Pt wire auxiliary electrodes and disk Pt electrodes (1.6 mm dia.) were purchased 

from BASi (West Lafayette, IN). Sodium phosphate buffer (PBS, pH 7.4) was composed of 50 
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mM sodium phosphate (dibasic) and 100 mM sodium chloride. Microcloth (PSA, 2-7/8’’) for 

electrode polishing was purchased from Buehler, An ITW Company (Lake Bluff, Illinois). 

Ultrapure water was generated using a Millipore Milli-Q Water System and was used for 

preparation of all solutions. 

4.2.2 Instrumentation 

Electrochemical experiments for sensor development, evaluation and calibration were 

performed 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) in a three electrode configuration consisting of the sensing electrode, a Pt wire auxiliary 

electrode, and a Ag/AgCl glass-bodied reference electrode. A Nova Nano 230 was used for 

environmental SEM images. An Infinit® M1000 PRO was used for fluorescence assays. 

4.2.3 Fabrication of polydimethylsiloxane stamps 

Polydimethylsiloxane (PDMS) stamps were fabricated using the Sylgard® 184 silicone 

elastomer kit from Dow Corning. The curing agent and monomer were mixed at a 1:10 ratio in a 

Petri Dish to give a ~2-mm-thick polymer film. Subsequently, the mixture was carefully 

degassed under vacuum and cured at 60 ℃ for 4 hrs. A cylindrical feature of ~1.6 mm diameter 

and ~2 mm height was punched from the film and a rectangular PDMS support (~5 mm square) 

was cut as well. Next, the cylindrical PDMS piece was glued at the center of the rectangular 

piece using an uncured mixture of curing agent and base monomer. The assembled PDMS stamp 

was ready after curing at 60 ℃ for 4 hours. The PDMS stamps were washed with ethanol/water 

(v/v = 1:2) and reused 20. 
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Figure. 4.1. Schematic diagram of the glucose sensor configuration (not to scale). Ascorbic acid 
and dopamine are rejected primarily by Nafion and PPy, respectively. 

4.2.4 Sensor preparation 

The sensor was prepared layer-by-layer to achieve the final configuration illustrated in 

Fig. 4.1. The Pt disk electrode (1.6 mm dia.) was polished using a microcloth with a 0.05 µm 

particle suspension. After rinsing with ultrapure water, it was sonicated in isopropyl alcohol 

followed by electrochemical cleaning with 0.5 M sulfuric acid and ultrapure water, respectively. 

Next, a polypyrrole (PPy) film was electrodeposited (200 mM Py in stirred PBS, 0.85 V vs. 

Ag/AgCl, ~5 min) onto the Pt surface, followed by Nafion dip-coating twice with a 5% Nafion® 

solution and baking in an oven at 180 ℃ for 3 min 2, 22, 24. 

The pH of the chitosan solution (0.04% m/v) was adjusted to pH 3 using hydrochloric 

acid (HCl) to dissolve the chitosan flakes. After filtering with a 0.2 µm syringe filter, the pH was 

adjusted to 5 using sodium hydroxide (NaOH) solution (0.5 M). A constant potential of -0.7 V 

vs. Ag/AgCl was applied at the PPy/Nafion-coated Pt electrode surface for 2 min while 

immersed in the chitosan solution to electrodeposit a chitosan film 10, 13. This chitosan-coating 

process was repeated two more times. 
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A droplet of GOx/BSA solution, mixed in a 1:1 mass ratio (BSA: 10 mg/mL; GOx 10 

mg/mL) in PBS, was placed on the cleaned PDMS stamp surface and left at room temperature 

for ~10 min (inking time). The excess protein solution was carefully wicked from the stamp with 

a Kimwipe, and the stamp was dried under a stream of argon for ~30 s. The stamp then was 

placed horizontally in contact with the chitosan-coated electrode surface for 10-15 s. 

Subsequently, the disk electrode surface was exposed to the vapor from a 12.5% GAH solution 

at room temperature for 10 s to 10 min. If the sensor was treated with multiple layers of stamped 

protein, each layer was treated with GAH vapor prior to stamping of the next layer. Chitosan was 

deposited only before the first enzyme layer transfer. Finally, the sensors were washed with 

ultrapure water and kept at 4 ℃ under dry conditions when not in use. 

4.2.5 Electrochemical measurements 

Constant potential amperometric measurements were conducted in PBS buffer at 0.7 V 

vs. Ag/AgCl and at ambient laboratory temperature. More than 30 min of equilibrium time in 

PBS buffer was required to achieve a stable current before adding analytes. Faradaic impedance 

measurements were performed in the presence of K3Fe(CN)6/K4Fe(CN)6 (1:1)-mixture as a 

redox probe in PBS, using an AC voltage amplitude of 5 mV. Impedance measurements were 

performed at a bias potential of 0.2 V vs. Ag/AgCl over a frequency range from 0.1 to 1 x 105 Hz 

1, 25. 

4.2.6 Quantification of immobilized glucose oxidase 

To estimate the thickness of the enzyme layer and enzyme concentration on the electrode 

surface, a fluorescence assay was implemented using an Infinit® M1000 PRO microplate reader. 

The two fluorescent FAD moieties per GOx protein enable measurement of GOx concentration 

as FAD fluorescence using a method developed by Gooding et al. 5, 26. A calibration curve was 
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created from recordings of the fluorescence intensity of various concentrations of FAD in an 

aqueous solution of 8 M urea and 0.05 M KCl. The FAD solutions were stored in the dark until 

use. The emission intensity at 525 nm scaled linearly with the FAD concentration between 19.2 

nM and 1229.7 nM at an excitation wavelength of 375 nm. Enzyme-coated electrodes were 

soaked in 0.7 mL of 8 M urea solution overnight to ensure that FAD was leached completely 

from the electrode surface. The emission intensity at 525 nm was then measured and correlated 

to enzyme concentration using the calibration curve described above. 

4.3 Results and discussion 

4.3.1 Biosensor surface morphology 

The surface morphology of each layer of the glucose biosensor was examined using 

environmental SEM (Fig. 4.2). The dip-coated, Nafion film was smooth without noticeable 

structure at the magnification used (Fig. 4.2(a)). The lines shown in Fig. 2a reflected scratches on 

the underlying platinum disk electrode. Previously reported SEM images of electrodeposited 

chitosan 1 showed a sponge-like structure, however, the chitosan surface shown in Fig. 2b 

appears to consist of a somewhat non-uniform assembly of small particles. This difference likely 

is due to the fact that in this work, the chitosan solution was filtered through a 0.2-µm-pore 

membrane immediately before use. In contrast, SEM images of a chitosan film, 

electrochemically deposited two days after filtration, is presented in the Supplementary 

Information for comparison. After two days, the chitosan likely aggregated causing relatively 

large particles to be deposited. 
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Figure. 4.2. Scanning electron microscopic (SEM) images of (a) Pt/PPy/Nafion, (b) 
Pt/PPy/Nafion/Chitosan, (c) Pt/PPy/Nafion/Chitosan/GOx-BSA (Inset: 50X light microscope 
image of stamped GOx-BSA on a Pt surface showing the edge of the stamped area) and (d) 
Pt/PPy/Nafion/Chitosan/GOx-BSA/GOx-BSA. 

The first GOx-BSA film stamped on the chitosan layer was quite uniform (Fig. 4.2(c)) 

despite some inconsistency in the underlying chitosan layer, however the second stamped layer 

of GOx-BSA appeared to be incomplete (Fig. 4.2(d)). This difference in stamping efficiency 

between the two layers may be indicative of the importance of the chitosan film in providing an 

adhesive layer for the GOx-BSA deposit 10-12. 

4.3.2 Electrochemical impedance spectroscopy (EIS) 

The fabrication process for the glucose biosensor was monitored by EIS and 

demonstrated that each layering step resulted in an expected change in impedance 1, 25, 27. Fig. 4.3 
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shows the impedance features as Nyquist plots (-Im(Z) vs. Re(Z)) during the electrode 

modification process. The Nyquist plot consists of two regimes; a semicircular part at high 

frequency reflecting electron transfer resistance (Rct) and a linear part at low frequency 

corresponding to a diffusion-limited process. The spectrum for the PPy modified electrode 

consisted of an almost straight line (Fig. 4.3(a)) without a noticeable semicircular regime due to 

the fact that the thin PPy layer on an electrode acts primarily as a diffusional resistance. However 

as more insulating layers are added, the diameter of the semicircular regime increases as 

expected. Fig. 4.3(b) is the spectrum after Nafion and chitosan films were added to the Pt/PPy 

electrode, and Figs. 4.3(c)-(e) show significant differences in resistance after the addition of each 

of three protein layers by PDMS stamping. 
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Figure. 4.3. Electrochemical impedance spectra for the modified Pt electrode at sequential steps 
in preparation of the glucose biosensor in 5 mM K3Fe(CN)6/K4Fe(CN)6 (1:1 molar ratio) in PBS 
solution. (a) Pt/PPy; (b) Pt/PPy/Nafion/chitosan; (c)-(e) with successive layers of GOx/BSA 
protein ((c) one layer; (d) two layers; (e) three layers.) 

4.3.3 Effect of interferents 

The glucose biosensor selectivity was tested with ascorbic acid and dopamine, common 

electrooxidizable interferents in brain extracellular fluid. Physiologically relevant concentrations 

of 5 and 10 µM dopamine and 250 and 500 µM ascorbic acid were used, and a negligible 

biosensor response was observed at the constant operating potential of 0.7 V (vs. Ag/AgCl) (Fig. 

4.4), although the representative biosensor shown exhibited the expected response to glucose and 

hydrogen peroxide. This result shows that polypyrrole and Nafion block access of these key 

electroactive interferents, which suggests that the biosensor may be useful for neuroscience 



 82 

research in vivo. In order to achieve the selectivity shown, the applied potential for chitosan 

deposition atop the permselective polymer coatings was set at -0.7 V, which is sufficient to 

create a high local pH for chitosan precipitation on the electrode surface without disrupting the 

underlying PPy and Nafion films 10, 13. 

 

Figure. 4.4. Current responses of the glucose biosensor to interferents, glucose, and H2O2. The 
biosensor response at a constant potential of 0.7 V (vs. Ag/AgCl) was monitored in stirred PBS 
solution upon sequential injections to give 5 and 10 µM of dopamine (DA), followed by 250 and 
500 µM of ascorbic acid (AA), 0.8 and 1.6 mM of glucose (Glu), and 20 µM and 40 µM of 
hydrogen peroxide (H2O2). 

4.3.4 GOx deposition by PDMS stamping 

After a droplet of GOx and BSA mixture (1:1 mass ratio) was placed onto the PDMS 

stamp surface for ~10 min, the excess solution was removed and the stamp surface was dried.  
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GOx and BSA on the PDMS stamp surface were transferred to the modified electrode surface by 

stamping for 10-15 seconds. A smooth electrode surface likely facilitated the enzyme transfer 

due to uniform surface contact, and filtration of the chitosan solution before electro-deposition 

likely helped to generate the smooth chitosan deposit (see Fig. 4.1 and Supplementary 

Information for surface morphology of the chitosan deposit). 

The stamped enzyme layers were stabilized by exposure to saturated glutaraldehyde 

vapor for cross-linking. A short exposure time (i.e., <30 s) resulted in an unstable protein layer 

that was washed away easily, while a long exposure time (i.e., >5 min) resulted in unacceptable 

loss in enzyme activity. In addition, one layer of stamped enzyme was found to give 

unsatisfactory sensor performance, while three layers of enzyme commonly resulted in a long 

biosensor response time (i.e., >3 s). Finally, the exposure time to glutaraldehyde was set at 45 s 

for each stamped enzyme layer and two layers of enzyme were stamped to obtain a rapid 

response time (~2 s) while still providing good sensitivity and a low detection limit (see below). 

3.5 Biosensor performance 

Fig. 4.5 shows current recordings of a typical biosensor in real time in response to 

successive step changes in glucose concentration at 0.7 V vs. Ag/AgCl. The biosensor reached 

95% of the steady-state current within 2 s in response to changes in glucose concentration, 

indicating excellent electrocatalytic behavior of the biosensor. 
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Figure. 4.5. Current response of the biosensor to glucose. The biosensor response in stirred 
solution was recorded for sequential injections of glucose to give concentrations of 0, 80, 160, 
240, 440, 640, 840, 1240, 1640, 2040, 2840, and 3640 µM, at a constant potential of 0.7 V (vs. 
Ag/AgCl) in PBS buffer (pH 7.4). 

 

The apparent Michaelis-Menten constant (Km
app), estimated from the non-linear plot of 

current vs. glucose concentration, was 1.85 ± 0.08 mM (Fig. 4.5 and Fig. 4.6). The low Km
app, 

which is much lower than the reported range for the free enzyme (i.e., Km = 33 mM-110 mM) 28-

29, likely was due to oxygen-limited enzyme kinetics at glucose concentrations in the millimolar 

range 30. Such oxygen limitations at high glucose concentrations, due to relatively low oxygen 

solubility and mass transfer resistances, causes a reduction in Vmax
app, which resulted in the lower 

Km
app reported here. Further insight into the kinetics was had through a determination of the 
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apparent kcat, which is interpreted as the maximum number of substrate molecules converted to 

product per enzyme active site per second. The constant, kcat, generally is calculated from the 

quotient of the maximum observed reaction rate and the enzyme concentration, Vmax/[E]0. In this 

case, the maximum reaction rate corresponds to the maximum biosensor current observed. For 

our glucose biosensor, Vmax
app was estimated at ~0.541 nmol s-1 cm-2 by noting that two electrons 

are generated for each molecule of H2O2 oxidized and one molecule of H2O2 is produced upon 

enzyme catalyzed oxidation of a molecule of glucose. The GOx concentration and thickness of 

GOx layer immobilized by PDMS stamping were estimated by FAD extraction followed by 

fluorescence assays. The surface concentration of the enzyme active sites was estimated at ~2.26 

nmol cm-2 after two GOx transfers by stamping, which gave the best biosensor performance. 

Here, the GOx surface concentration estimated from a FAD measurement is based on the 

assumption that all the FAD-containing, immobilized enzyme is active. With this assumption, 

kcat
app was estimated at ~0.24 s-1, which is relatively low 29. However, this kcat value is an 

apparent quantity that likely is influenced by mass transport in the electrode coatings and 

subsequent oxygen limitation at high glucose concentration (see above), and by the fact that most 

H2O2 diffuses into the bulk solution (Wang et al. 2005). Based on the amount of GOx obtained 

from FAD experiments and the diameter of the Pt disk electrode, the thickness of the enzyme 

and BSA layer was estimated to be 7.0 µm. The thickness of one enzyme layer is estimated to be 

~3.5 µm, which corresponds to ~435 enzyme molecule layers. 
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Figure. 4.6. A calibration curve for glucose biosensor. The inset plot shows the lower analyte 
concentration range. Error bars: standard error of the mean. 

A typical calibration curve for the glucose biosensor is presented as Fig. 4.6. Glucose 

biosensors fabricated on the same day exhibited a repeatable high sensitivity of 29.4 ± 1.3 µA 

mM-1 cm-2 (n = 3) and detection limit of 4.3 ± 1.7 µM (n = 3) at a signal-to-noise ratio of 3. The 

sensor displayed a linear detection range of up to 2 mM (R2 = 0.998) and a fast response time (~2 

s). A larger linear range could be achieved by adding a glucose mass transfer resistance in the 

form of an additional polymer layer, for example, but this would come at the expense of a longer 

response time 30. The performance of our electroenzymatic biosensor fabricated by PDMS 

stamping compares favorably with recently reported glucose biosensors based on immobilized 

GOx 31, the best of which tend to rely on more exotic materials including nanoparticles, 
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nanotubes and graphene. For example, Feng et al. reported the glucose sensor fabrication by 

immobilizing GOx into nanostructured graphene-conducting polyaniline nanocomposite 32. The 

biosensor showed some characteristics similar to those reported here (i.e., a sensitivity of 22.1 

µA mM-1 cm-2 and detection limit of 2.769 µM). In further comparison, a sensor utilizing Pt 

nanoparticles showed a good sensitivity of 17.40 µA mM-1 cm-2 but a significantly higher limit 

of detection of 18 µM and slower response time of 15-20 s 33. The use of maghemite 

nanoparticles in carbon paste gave rise to a sensor with higher sensitivity, 45.85 µA mM-1 cm-2, 

and a lower detection limit of 0.9 µM, but no response time was given 34. In another report where 

magnetic nanoparticles were used, a high sensitivity (62.45 µA mM-1 cm-2) and low detection 

limit (0.23 µM) also were reported but the response time was ~5 s 35. Shi and Ma described an 

amperometric glucose biosensor based on GluOx immobilized in a composite film of silver 

“nanoprisms” in chitosan. They also reported a relatively high sensitivity of 67.17 µA mM-1 cm-2 

and a more typical detection limit of 1 µM, but the sensor showed “serious” interference from 

ascorbic acid 3. Recently, a glucose biosensor constructed of GOx immobilized on chitosan 

nanoparticles on gold was described that exhibits a response time similar to our biosensor of ≤2 

s, yet provides a higher sensitivity of 156.27 µA mM-1 cm-2 and a lower detection limit of 1.1 

µM.36 However, no selectivity data was given, which is an important consideration for sensors to 

be used in vivo or with biological samples. Another recent review describes the impressive 

performance characteristics of a number of glucose biosensors based on nanostructured metal 

oxides including some amperometric electroenzymatic biosensors with several fold higher 

sensitivity than our biosensor, yet none exhibit a response time of 2 s or less (Rahman et al. 

2010). Thus, the impressive combination of performance characteristics exhibited by our 



 88 

relatively simple glucose biosensor created with a PDMS stamp appears to be unusual in the 

recent literature. 

4.4 Conclusions 

In summary, PDMS stamping has proved, for the first time, to be an excellent enzyme 

deposition method for the preparation of an amperometric glucose biosensor. GOx was 

successfully transferred onto the electrode surface with its activity retained. The constructed 

glucose biosensor exhibited high sensitivity (~29 µA mM-1 cm-2), low detection limit (~4 µM), 

fast response time (~2 s) and good selectivity. This PDMS stamping method for enzyme transfer 

may prove especially useful for the high throughput deposition of enzyme at selected sites on 

microelectrode array microprobes of the kind used for neuroscience research in vivo. 

4.5 Supplementary information 

 

Figure. 4.7. The SEM images of the chitosan layer deposited onto Nafion layer. 

The chitosan was filtered through a 0.2-µm-pore membrane two days before deposition. 

Compared to Fig. 4.2, the surface morphology of the chitosan layer shown in Fig. 4.7 is not 

uniform and contains chunk particles of chitosan. This corresponds to the chitosan layer reported 

by Y. Zhang et al. 1 The morphology of their chitosan layer shows sponge-like structure all over 
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the area in similar magnification. In both cases, big particles are over 5 µm. However, in our case 

described in Fig. 4.7, similar structure is only shown in limited area and the rest is relatively 

even, which could be because the chitosan solution was filtered. While the filtered solution was 

sitting in the refrigerator, the chitosan could be aggregated again forming big particles.  
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Chapter 5: Microbiosensor Fabrication by Polydimethylsiloxane Stamping for 

Combined Sensing of Glucose and Choline 

 

Chapter 5 is based on the collaborative work with Bo Wang. 

Bonhye Koo’s contribution to this work includes fabrication of SU-8 molds and microstamps, 

devising a custom-built stage for alignment, adjusting of PDMS microcontact printing 

conditions, stamping enzymes onto selected microelectrodes on a microprobe, imaging using an 

optical microscope, and characterizing the thickness of the deposited enzymes. 

 

ABSTRACT 

High performance microprobes for sensing of glucose and choline was fabricated using 

polydimethylsiloxane (PDMS) microcontact printing (µCP) with alignment for transferring 

multiple enzymes onto microelectrode arrays of a microprobe. The fabrication process began 

with polyphenylenediamine (PPD) deposition to block both anionic and cationic interferents 

(e.g., ascorbic acid and dopamine) found in brain extracellular fluid. A PDMS microstamp as 

small as the size of the microelectrodes was fabricated based on soft lithography. For a dual 

sensor fabrication, two model enzymes, choline oxidase (ChOx) and glucose oxidase (GOx), 

were stamped onto selected microelectrodes in 2 × 2 arrays on a microprobe to demonstrate the 

successful use of µCP with alignment. The device architecture was examined by optical 

microscopy and dual-sensing performance was assessed using constant potential amperometry 

upon sequential injection of choline, glucose, and the interferents. The dual sensor we fabricated 

showed high sensitivity of choline and glucose (286 and 117 µA/mM cm2, respectively) 

accompanied by a low detection limit (3 and 1 µM respectively). The work presented here shows 
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the prospects for fabricating a microelectrode array for multiple neurotransmitter sensing and 

high throughput enzyme deposition. 

5.1 Introduction 

The ability to monitor neurotransmitter release in freely behaving animals is key to 

understanding neuronal processes underlying complex behaviors. Such behaviors are controlled 

by neuronal networks employing multiple neurotransmitters. There is an extensive literature 

pointing to the importance of interactions among more than one neurotransmitter, such as 

dopamine (DA), glutamate (Glut) and acetylcholine (ACh), in controlling the behaviors. 1-4 

Therefore, our understanding of the connection between neurotransmitter releases and behaviors 

would be greatly facilitated by the capability to monitor in vivo multiple neuroactive molecules 

simultaneously and in near-real time. Existing methods either offer rapid measurements of a 

single analyte, such as fast-scan cyclic voltammetry, 5-6 or provide multiple analyte measurement 

with insufficient temporal resolution (microdialysis). 7 There is an extensive literature pointing to 

the importance of interactions among more than one neurotransmitters such as dopamine (DA), 

glutamate (Glut) and acetylcholine (ACh), in controlling the behaviors. 1-4 Thus, it will be very 

important to develop implantable microprobes with an array of microsensors capable of 

monitoring multiple neurochemicals simultaneously with rapid response time. 

We previously reported an implantable probe with arrayed microsensors for combined 

amperometric monitoring of Glut and DA. However, the glutamate oxidase enzyme used in 

constructing the glut sensing sites was manually applied to selected microelectrodes, which is 

very challenging to accomplish given the less than 100 µm spacing between sites and could not 

be achieved consistently. In contrast, DA is directly electrooxidizable and DA sensing sites were 

constructed straightforwardly through electrodeposition processes. 8 Clearly, if multiple enzymes 
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are to be deposited on selected microelectrodes on the same microprobe for combined sensing of 

for example, glutamate, choline, and glucose, higher resolution, non-manual methods for enzyme 

transfer and immobilization must be developed. 

Microcontact printing (µCP) based on polydimethylsiloxane (PDMS) stamping is an 

emerging method for transferring proteins to surfaces in high-resolution patterns with feature 

size down to 500nm. 9-10 After mold and stamp fabrication, the stamping process first begins by 

inking a protein solution onto a PDMS stamp. This protein pattern is then transferred onto a 

target substrate upon contact of the protein-covered PDMS stamp with the surface for a few 

seconds. The process can be designed to main activity of transferred proteins, and the PDMS 

stamp can simply be re-used after appropriate cleaning. 9-15. 

Previously, we utilized PDMS stamping to transfer glucose oxidase (GOx) onto 

macroscopic, 1.8-mm-dia. platinum disk electrodes to demonstrate the feasibility of PDMS 

stamping for fabrication of high performance electroenzymatic biosensors. The glucose 

biosensors made using PDMS stamping showed excellent properties with a sensitivity of ~29 

µA/mM cm2, a detection limit of ~4 µM, and a response time of ~2 s. 16 This work showed the 

potential of PDMS stamping for transferring concentrated and active enzymes onto electrode 

surfaces. In this report, we developed PDMS stamping with microscopic alignment to transfer 

two different enzymes, choline oxidase (ChOx) and GOx, independently onto selected individual 

sites in a microelecrode array to construct a potentially implantable microprobe for combined 

sensing of choline and glucose with high sensitivity, low detection limit and rapid response time. 
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5.2 Material and methods 

5.2.1 Reagents 

Glucose oxidase (from Aspergillus niger, CAS NO. 9001-37-0), pyrrole (Py), choline 

oxidase (Alcaligenes, 9028-67-5), m-phenylenediamine (PD), choline chloride, glutaraldehyde 

solution (25%), bovine serum albumin (BSA) lyophilized powder, hydrogen peroxide solution 

(30%), chitosan (from crab shells, minimum 85% deacetylated), D-(+)-glucose, L-ascorbic acid, 

dopamine hydrochloride, potassium hexacyanoferrate (II) trihydrate, and potassium 

hexacyanoferrate (III) were purchased from Sigma-Aldrich (St. Louis, MO). Isopropyl alcohol 

and 1M sulfuric acid solutions were obtained from Fisher Scientific (Pittsburgh, PA). Ag/AgCl 

glass-bodied reference electrodes with 3 M NaCl electrolyte and 0.5-mm-diameter Pt wire 

auxiliary electrodes were purchased from BASi (West Lafayette, IN). Sodium phosphate buffer 

(PBS, pH 7.4) was composed of 50 mM sodium phosphate (dibasic) and 100 mM sodium 

chloride. Ultrapure water was generated using a Millipore Milli-Q Water System and was used 

for preparation of all solutions. Four-inch Si wafers were purchased from Silicon Valley 

Microelectronics (Santa Clara, CA). SU-8 2075 and SU-8 developer were obtained from 

MicroChem (Westborough, MA). Sylgard® 184 silicone elastomer kit was purchased from Dow 

Corning (Auburn, MI). 

The microelectrodes used in this work were silicon-based multielectrode arrays 

manufactured at UCLA using microelectro-mechanical-system (MEMS) technologies. The 

fabrication and array details are described in our previous work.17-18 The MEA consists of four 

6000 µm2 (40 µm × 150 µm) Pt sites, situated in pairs at the tip of a 9-mm-long shank. The pair 

nearest the shank tip is 100 µm from the pair farthest from the shank tip, and the paired sites are 
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40 µm apart. Each site was modified accordingly, to act either as a working, reference, or counter 

electrode. 

5.2.2 Instrumentation 

Electrochemical experiments for sensor development, evaluation and calibration were 

performed 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) in a three electrode configuration consisting of the sensing electrode, a Pt wire auxiliary 

electrode, and a Ag/AgCl glass-bodied reference electrode. A Nova Nano 230 was used for 

environmental SEM images. 

5.2.3 Fabrication of mold and polydimethylsiloxane stamps 

 

Figure 5.1. a) Fabrication process for a SU-8 mold and a PDMS microstamp. b) Scanning 
electron microscope (SEM) image of a PDMS microstamp.  

The fabrication process for a mold and a PDMS microstamp is illustrated in Fig. 5.1(a). 

SU-8 2075 was spin-coated on top of a four-inch Si wafer at 2000 rpm for 30 s to give a ~100 

µm thick layer. The layer was soft-baked at 65 °C for 5 min and then at 95 °C for 40 min 
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followed by 27 sec of UV exposure (total 216 mJ/cm2). Post exposure baking was done at 65 °C 

for 5 min and at 95 °C for 10 min. After the layer was patterned in SU-8 developer for 20 min, 

the mold was cleaned using isopropanol and then left to dry in air at room temperature. 

Polydimethylsiloxane (PDMS) microstamps were fabricated using the Sylgard® 184 silicone 

elastomer kit. To cover a 4 inch mold, 6 g of monomer was mixed with 0.6 g of curing agent 

(1:10; monomer:curing agent) and then centrifuged at 15000 rpm for 5 min to remove air 

bubbles. After pouring onto the SU-8 mold, the mixture was subsequently degassed under 

vacuum and cured at 60 °C for 4 h. The PDMS microstamps were detached from the mold and 

cut into 1 cm × 1 cm pieces. A fabricated PDMS microstamp is shown in Fig. 5.1(b). To ensure 

that the enzyme mixture is transferred to the entire microelectrode surface (40 µm × 150 µm), the 

size of a microstamp surface was designed to be 50 µm × 160 µm. The PDMS stamps were 

cleaned in 7.5 % hydrogen peroxide with sonication and then re-used. 

5.2.4 Sensor preparation 

Microelectrodes on microprobes were rinsed with isopropyl alcohol followed by an 

electrochemical cleaning step with 0.5 M sulfuric acid and sonication in ultrapure water. Next, a 

polyphenylenediamine (PPD) film was electrodeposited (5 mM PD in stirred PBS, 0.85 V vs. 

Ag/AgCl, 10 min) onto the microelectrode surfaces. 

The pH of a chitosan solution (0.04% m/v) was adjusted to pH = 3 using hydrochloric 

acid (HCl) to dissolve the chitosan flakes. After filtering with a 0.2 µm syringe filter, the pH was 

adjusted to 5 using sodium hydroxide (NaOH) solution (0.5 M). A constant potential of -0.7 V 

vs. Ag/AgCl was applied at the PPD-coated Pt electrode surface for 2 min while immersed in the 

chitosan solution to electrodeposit a chitosan film 19-20. 
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5.2.5 PDMS µCP with alignment 

A droplet (3 µL) of enzyme mixture was placed on a PDMS microstamp for ~ 60 min. 

Enzyme mixtures consisted of ChOx (17.5 mg/mL) or GOx (10 mg/mL) mixed with bovine 

serum albumin (BSA) in a 1:1 mass ratio in phosphate-buffered saline (PBS). After this inking 

step, the excess enzyme solution was removed using a Kimwipe, and the microstamp was dried 

using a nitrogen gun for ~15 s. Since our previous work used a stamp size of 1.6 mm to match 

with a disk electrode, microscopic alignment was not required for stamping onto the electrode.16 

However, in this work, we aimed to deposit enzyme on selected microelectrodes in a 2 × 2 array 

on a microprobe where the separation between microelectrodes was 40 µm and 105 µm in the x 

and y-directions, respectively. As a result, microscopic alignment was necessary for contacting 

the inked stamp with selected microelectrodes. The alignment setup consisted of a microscope 

with an adjustable stage and a separate custom-built, fixed stage to secure the PDMS stamp, as 

shown in Fig. 5.2. The microprobe was attached to the microscope stage and was moved into 

focus with the surface of the stamp. Alignment of the PDMS microstamp and the target 

microelectrode was achieved by manipulation of the microscope stage. The microscope stage 

was then raised further to make contact with the PDMS microstamp. The ChOx mixture and the 

GOx mixture were stamped onto the upper right and bottom left sites of the microelectrode array. 

The remaining two microelectrodes, upper left ad bottom right, were left as control sites. The 

contact time was ~ 1 min to transfer the enzymes from the microstamp to the microelectrode. 

Subsequently, the microprobe was exposed to vapor from a 5% glutaraldehyde (GAH) solution 

at room temperature for 1 min to crosslink the chitosan, enzyme and BSA on the microelectrode 

surfaces. This enzyme stamping and crosslinking process was repeated twice to achieve 
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sufficient enzyme surface concentrations high performance sensing of choline and glucose. The 

fabricated sensors were preserved at 4 °C under dry conditions when not in use. 

 

Figure 5.2. Alignment setup for a PDMS microstamp and a microelectrode on a silicon-based 
microprobe. 

5.2.6 Electrochemical measurements 

Constant potential amperometric measurements were conducted in PBS buffer at 0.7 V 

vs. Ag/AgCl and at ambient laboratory temperature. More than 30 min of equilibrium time in 

PBS buffer was allowed to achieve a stable current before adding analytes.  
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5.3 Results and discussion 

5.3.1 Enzyme layers after PDMS stamping 

 

Figure 5.3. 100X Optical microscope images of microelectrode array of a microprobe. a) before 
and b) after PDMS stamping of ChOx and GOx with alignment. 

An optical image of the microelectrodes before and after stamping are shown in Figure 3. 

A clear deposit of the ChOx and GOx mixtures is evident on the boxed areas of the image (Fig. 

3b) that extends slightly beyond the edges of the microelectrode as planned (see Methods). There 

are no evident surface abnormalities, which implies that alignment and deposition was 

successful. By increasing the inking time (BSA and enzyme mixture on top of stamp) from 



 104 

previously reported 10 min 16 to 60 min, more consistent enzyme layers were formed resulting in 

consistent microsensor performance(see below). 8 

5.3.2 Glucose icrobiosensor performance 

 

Figure 5.4. a) Current response of the biosensor to glucose. The biosensor response in stirred 
solution was recorded for sequential injections of glucose to give concentrations of 0, 40, 80, 160, 
240, 440, 640, 840, 1040, 1240 and 1440 µM, at a constant potential of 0.7 V (vs. Ag/AgCl) in 
PBS buffer (pH 7.4). b) The calibration curve of a). 

A current response of the fabricated sensor to glucose and the typical calibration curve 

for the glucose biosensor is presented as Fig. 5.4. Glucose biosensors fabricated on the same day 

exhibited a repeatable high sensitivity of 117 ± 14 µA mM-1 cm-2 (n = 9) and detection limit of 3 

± 0.5 µM (n = 9) at a signal-to-noise ratio of 3. The sensor displayed a linear detection range of 

up to 1.44 mM (R2 = 0.9997). The biosensor reached 95% of the steady-state current within 2 s 

in response to changes in glucose concentration in a stirred beaker, indicating excellent 

electrocatalytic behavior of the biosensor. 

In addition, by decreasing glutaraldehyde concentration from 25%, 12.5% to 5% in the 

solution used for the vapor crosslinking, the best performance was given by 5% glutaraldehyde 

vapor treatment for 1 min which the sensitivity increased almost 4 times compared to previous 
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reported data (117 vs. 29 µA mM-1 cm-2). This suggests that excess glutaraldehyde vapor 

damages the enzyme even during short exposure times of ~1 min. 

 

Table 5.1. Comparison of the performance characteristics of the glucose biosensor of this work 
with other reported glucose biosensors. 

Enzyme electrodes 
Sensitivity 

(µA mM−1cm−2) 

LOD 

(µM) 

Response Time 

(s) 
References 

GOx/Chitosan/PPD/Pt 117 3 ~2 This work 

GOx/Chitosan/Nafion/PPy/Pt 29 4 ~2 

Our PDMS 

stamping 

paper 

GOx/Graphene-Polyaniline 22.1 2.77 ~5 24
 

Chitosan/GOx/Cysteamine/Au 8.91 49.96 ~9 25
 

GOx/Silver-Chitosan 67.17 (AA) 1 
 

22
 

C-decorated ZnO nanowire 237.8 0.2 ~5 23
 

 

Compared to recent published articles, the performance of our glucose biosensor lies in 

the best range (see Table 5.1). A recent review describes the impressive performance 

characteristics of glucose biosensors based on nanostructured metal oxides including some 

amperometric electroenzymatic biosensors. 21 But besides our fast response time, sensitivity 

above 100 µA mM-1 cm-2 was rarely reported for enzymatic glucose biosensors according to the 

review. Shi and Ma described an amperometric glucose biosensor based on GluOx immobilized 

in a composite film of silver “nanoprisms” in chitosan. 22 They also reported a relatively high 

sensitivity of 67.17 µA mM-1 cm-2 and a more typical detection limit of 1 µM, but the sensor 
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showed “serious” interference from ascorbic acid (Table 5.1). In another article where C-

decorated ZnO nanowire was used, a high sensitivity (237.8 µA mM-1 cm-2) and low detection 

limit (0.2 µM) also were reported but the response time was ~5 s (Table 5.1). 23 

5.3.3 Choline microbiosensor performance 

 

Figure 5.5. a) Current response of the biosensor to choline chloride. The biosensor response in 
stirred solution was recorded for sequential injections of choline chloride to give concentrations 
of 0, 10, 20, 40, 60, 80, 100, 120, 140 and 160 µM, at a constant potential of 0.7 V (vs. Ag/AgCl) 
in PBS buffer (pH 7.4). b) The calibration curve of a). 

A current response of the fabricated sensor to glucose and the typical calibration curve 

for the choline biosensor is presented in Fig. 5.5. Choline biosensors fabricated on the same day 

exhibited a repeatable high sensitivity of 286 ± 32 µA mM-1 cm-2 (n = 4) and detection limit of 1 

± 0.2 µM (n = 4) at a signal-to-noise ratio of 3. The biosensor also displayed a relatively fast 

response time (~2 s) in a stirred beaker. 

Keihan et al. reported a very high sensitivity (345.4 µA mM-1 cm-2) with a low detection 

limit (0.45 µM), but the biosensors were fabricated by a complex system using multi-walled 

carbon nanotubes (BCNTs)/ionic liquid (IL)/Prussian blue (PB) nanocomposite modified glassy 
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carbon (GC) electrode. 28 Another article by Ricci et al. 26 reported a choline biosensor with a 

low detection limit (0.5 µM), but with lower sensitivity and longer response time. (Table 5.2) 

 

Table 5.2. Comparison of electroanalytical parameters of the proposed biosensor with other 
reported choline biosensors. 

Enzyme electrodes 
Sensitivity 

(µA mM−1cm−2) 

LOD 

(µM) 

Response Time 

(s) 
References 

ChOx/Chitosan/PPD/Pt 286 1 ~2 This work 

ChOx/PB/SPE 110 0.5 30 26
 

ChOx/IL/MWCNT/GC 125.8 3.85 
 

27
 

ChOx/Ni-PB/BG/GC 345.4 0.45 2 28
 

PDDA/ChOx/ZnO/MWCNT/PG 178 0.3 
 

29
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5.3.4 Dual sensor and effect of interferents 

 

Figure 5.6. Combined sensing of glucose and choline at a constant potential of 0.7 V (vs. 
Ag/AgCl). The microprobe was tested in stirred PBS solution upon sequential injections to give 
20 µM, 40 µM and 60 µM of choline chloride, 0.6 mM of glucose, 250 µM and 500 µM of 
ascorbic acid (AA), 5 µM of dopamine (DA) and 1.2 mM of glucose. 

Fig. 5.6 shows the combined sensing of glucose and choline by our microprobe with 

separate biosensing sites for the two analytes that were created using PDMS stamping. The 

glucose and choline microbiosensor selectivity was tested with ascorbic acid and dopamine, 

common electrooxidizable interferents found in brain extracellular fluid. (Fig. 5.6) 

Physiologically relevant concentrations of 5 µM dopamine and 250 and 500 µM ascorbic acid 

were used, and a negligible biosensor response was observed at the constant operating potential 

of 0.7 V (vs. Ag/AgCl) (Fig. 5.6), although the appropriate biosensing sites exhibited the 
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expected responses to hydrogen peroxide and to glucose or choline. These results show that 

polyphenylenediamine blocks access of these key electroactive interferents, which suggests that 

this microprobe may be a useful implantable tool for neuroscience research. 

5.4 Conclusions 

PDMS stamping has been employed successfully for microbiosensor fabrication at 

selected sites in a microarray on an implantable microprobe. The microbiosensor sites showed 

high sensitivity for choline and glucose (286 and 117 µA/mM cm2, respectively), a fast response 

time (~2 s in both cases), and a low detection limit (3 and 1 µA, respectively). The PDMS 

microstamping technique is expected to contribute to neuroscience research by enabling the 

controlled deposition of different enzymes on selected microelectrode sites on a microprobe 

thereby enabling the combined sensing of multiple neurochemicals at the same location 

simultaneously. The high resolution and non-manual nature of this stamping approach for 

enzyme transfer also should enable a decrease in size of the microelectrode arrays in order to 

minimize tissue damage and increase spatial resolution, as well as a higher throughput process to 

generate microprobes for combined electroenzymatic sensing of multiple analytes.  
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Chapter 6: Recommendations for future work 

6.1 Fabrication of low-noise nanopores with consistent pore length  

Future work for developing low-noise nanopores will focus on attempting to dry etch 

quartz wafers, also commonly known as “fishing method”, to generate thin and flat silicon 

dioxide (SiO2) membranes. Current fabrication employs deep glass etching to thin down the 

membrane at the center of the chip. The issue that arises from this technique is that HF based wet 

etching is isotropic and induces the same etch rate in all directions, which inevitably leads to a 

concave shape of the membrane. Thus, the etched depth needs to be tracked at the center of the 

membrane where the thickness is supposed to be minimum, however, this is not always achieved 

by measuring the depth using profilometer. Also, the etch rate decreases as etching proceeds due 

to the consumption of hydrofluoric acid (HF); the initial etch rate is ~ 6.5 µm/min and becomes ~ 

4 µm/min when etching is almost done for a ~200 µm thick wafer. In addition, this process 

requires mixing with a stir bar because the etch rate varies with the position of the wafer without 

mixing. This makes the process difficult to control the membrane thickness. Thus, it is 

recommended to modify current approaches to create a thin glass membrane to increase the 

consistency in membrane thickness.  

6.1.1 Use anisotropic glass etching 

Dry etching enables anisotropic glass etching. Advanced oxide etching (AOE) and ultra 

vacuum oxide etcher (ULVAC) allows for the etching of glass with anisotropic etching profile. 

Their etch rates are slower than HF based technique, but are constant; ~ 220 nm/min and ~ 500 

nm/min for AOE and ULVAC respectively. This implies the thickness of the membrane might 

be controllable as well as consistent regardless of the position of the membrane by using AOE or 

ULVAC dry etching. We tried etching with AOE at the very last step to control thickness. 
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However, it resulted in cone-shaped structures all over the membrane as shown in Fig 6.1. This 

was assumed to be due to the impurities in the glass wafer and the characteristics of directional 

dry etching. According to SCHOTT, the company supplying the glass wafer, boroscilicate glass 

wafers consist of 81 % of SiO2 and 19 % of impurities including B2O3, Na2O, K2O, and Al2O3. 

For HF based wet etching, the impurities could be removed by undercutting caused by isotropic 

etching. On the other hand, impurities were difficult to remove by dry etching. Since dry etching 

is directional, the impurities function as a small mask for etching since the glass under the 

impurity particles could not be etched. 

 

Figure 6.1. The cross section of the membrane after using AOE for 5 min. Cone shape structures 
were formed all over the membrane. 
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Using quartz (pure SiO2) wafers instead of borosilicate is expected to solve this problem. 

We used boroscilicate wafers because the etch rate of boroscilicate is faster than quartz in HF 

based etchant.  We were able to verify that impurities do not significantly influence etching and 

they are cheaper. However, impurities play a critical role in dry etching and it would be better to 

use quartz wafers. 

6.1.2 Transfer a separate membrane 

 

Figure 6.2. The schematic diagram of the fabrication process of a silicon nitride membrane on a 
quartz substrate. The quartz substrate is etched through at the center where a thin nitride layer is 
transferred. 1 

Another approach we suggest is called the “fishing method”. This method was first 

reported by M. –H. Lee et al.1 They were able to create a thin silicon nitride membrane using a 

quartz substrate. As shown in Fig 6.2, they etched through a quartz substrate and deposited a thin 

nitride layer separately onto a silicon (Si) substrate. The nitride layer was then detached from the 

Si wafer and transferred onto the quartz wafer using the “fishing method”. Since the transferred 

layer became the membrane on the quartz substrate, the thickness of the membrane was well 
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controlled and this thickness corresponds to the length of the pore. Also, the nitride pore on the 

quartz substrate showed much lower noise compared to one on the Si substrate. Shorter pore 

lengths offer benefits of large current response for the case of the blockage by a bead due to its 

smaller resistance. We can focus on employing this fishing method of thin membranes by 

depositing SiO2 instead of nitride and by using this method, a thin SiO2 membrane on glass 

substrate is expected to be achieved. 

6.2 Nucleic acids detection based on nanopore blockage 

Ideal point-of-care (POC) molecular diagnostic devices should be fast, small, portable 

and cheap. To meet these criteria, several aspects need to be improved. 

6.2.1 Integrate with all-in-one microfluidic channel 

For a fast, small and portable POC device, a chip with a nanopore needs to be integrated 

with an all-in-one microfluidic channel. The microfluidic device can perform all sequential 

operations; sample injection, cell lysis, NA extraction, NA hybridization to PNA probes on 

beads. This will also reduce current response time. We typically see a drop within ~ 20 min in 

current in the presence of target NA. However, response time is rarely more than 40 min. By 

replacing Teflon chambers (6mm × 6mm × 8mm) with a microfluidic channel in µm scale, the 

distance for the beads hybridized to target NA to travel to cause a block will be remarkably 

reduced, resulting in shorter response time. When creating the microfluidic platform, pumping 

and wetting issues should be considered. A polydimethysiloxane (PDMS) channel is 

hydrophobic, which makes wetting the channel difficult. Thus, pumping is required to fill the 

microchannel with fluid. Since mechanical pumping adds bulk and complexity to the device, 

clever ways should be devised to solve this problem. 
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6.2.2 Reduce hybridization time 

 

Figure 6.4. (a) Schematic drawing of microfluidic channel with T-junction. The PNA-beads 
conjugates solution and NA solution are separately injected for mixing. (b) Two solutions are 
mixed in the microchannel based on the turbulence created from the grooves on the bottom of the 
channel. Compared to the microchannel without any grooves (A), the channel with zigzag 
patterns showed complete mixing (C).5  

Additional work needs to be done to decrease hybridization time. In this project, 

polystyrene beads conjugated with peptide nucleic acid (PNA) probes are hybridized to target 

nucleic acids (NA) overnight and this needs to be reduced down to less than 1 hour. We have not 

tried different hybridization time other than overnight, however, time to obtain enough 

hybridization needs to be figured out. Then engineering approaches should be made to decrease 

hybridization time. Microfluidic channels have been utilized for rapid DNA hybridization within 

minutes. 2-4 Mixing is required to reduce the diffusion length for the target NA to be hybridized 

to the PNA-bead conjugate, however, it is the most challenging part due to laminar flow. Some 

researchers patterned grooves on the bottom of the microfluidic channel to enhance mixing in the 

microchannel.5 Microfluidic channels with a T-junction is suggested to be used for efficient 

hybridization. Two fluids, respectively containing beads conjugated with PNA probes and NA, 

are separately injected from different inlets and each are encountered at the T-junction of a 
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PDMS microchannel. The mixing is enhanced by the grooves on the bottom of the channel. 

Irregular zigzag grooves can be patterned using soft lithography. This is the part of work 

mentioned in 6.2.1. describing the integration with a microfluidic channel. 

6.2.3 Develop sample preparation step 

In order to use real samples, sample preparation steps before injection should be 

investigated. We have tested only clean samples prepared using Ribonuclease (RNAse) in a 

laboratory setting. However, practical samples, such as blood, saliva, urine, contaminated water 

or food, include lots of particles, contaminants, and RNAse. RNAse is commonly found in 

nature, however, it could cause the degradation of extracted RNA. The nanopore blockage could 

be caused not by PNA-bead conjugates hybridized to target NA but by other particles in absence 

of target NA. These could influence sequence-specific NA detection. 

6.2.4 Increase stringency 

Nonspecifically bound NA leads to false positive response. We did not see any drops 

with negative control samples, however, this was achieved by sonicating samples at 50 °C before 

injection. Samples with target NA still had hybridized NA even after sonication, however, it is 

desired to minimize sample preparation steps. Thus, methods to increase stringency but not 

requiring an additional sonication step need to be investigated. Researchers have attempted to 

reduce mismatched hybridization by applying short negative pulses repeatedly.6 This can be 

done in the microfluidic platform. Also, washing with sodium dodecylsulfate (SDS) containing 

tris-buffered saline (TBS) aids in removing hybridization with non-complementary NA.7  
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6.3 PDMS microcontact printing (µCP) to fabricate microneuroprobes for multi-sensing 

of neurotransmitters 

The future work for this project should focus on employing this method to multiple 

enzymes. Currently, only two model enzymes, glucose oxidase (GOx) and choline oxidase 

(ChOx), have been mobilized onto the microneuroprobe to show the feasibility of PDMS µcP for 

dual-sensing microprobe fabrication. In the future, other enzymes, such as glutamate oxidase 

(GlutOx), and acetylcholinesterase (AChE), need to be attempted to detect glutamate (Glut) and 

acetylcholine respectively. Dopamine (DA) can be sensed by overoxidased polypyrrole (OPPy) 

without need of additional enzymes. Since Glut, Ach, and DA involve inter-neuronal signaling in 

the brain, immobilizing additional enzymes for sensing these molecules would be beneficial for 

neuroscience application. To do this, new microprobes with more than 4 microelectrodes should 

be fabricated. This can be done by modifying a mask for electrode pattern step. However, the 

optimization of immobilization condition for additional enzymes might take some time. Various 

concentrations of the enzyme, mixing ratio with BSA, and glutaraldehye (GAH) vapor 

crosslinking conditions (concentration of GAH, and time or exposure) need to be adjusted. Even 

if an optimum condition is found, it should be compatible to other enzymes. For example, current 

optimized GAH vapor crosslinking condition is 1 min exposure to vapor from 5% GAH. If other 

enzyme requires longer exposure time or higher concentration of GAH vapor, that would damage 

GOx and ChOx. Thus, this aspect should be carefully considered. In addition, the dual sensor 

was developed to meet the needs in neuroscience studies since simultaneous monitoring of the 

release of neurotransmitters is important to understand complex behaviors and neurological 

disorders. Thus, in vivo studies should be followed to prove the dual-sensing ability of the 

microprobe. 
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Appendix A: Comparison of SiNx pore on Si substrate and glass nanopores  

  

 

Figure A. 1. a) Current trace through a SiNx nanopore with repeated pore blocking experiment. b) 
Current trace through a glass nanopore with repeated pore blocking experiment. 

Fig. A. 1 shows current trace through both SiNx nanopore on Si substrate and a glass 

nanopore. These pores were tested with 820 nm diameter carboxyl polystyrene beads. This 

shows why glass nanopore were selected for all subsequent nanopore tests. Pores were 

repeatedly blocked by beads, however, noise was significantly increased for SiNx nanopores on 

Si substrate when current was dropped. Also, undesirable peaks were seen upon changing the 

polarity of the applied voltage. It is a capacitance-effect when there is a sudden change in the 

potential the orientation of the polar material changes, which has affect on the current. This 

shows that glass nanopores are more suitable for pore blockage application.  
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Appendix B: Glass nanopore fabrication 

Use ~ 200 µm thick borosilicate wafers. (BOROFLOAT® 33) Before starting the 

procedure, the wafes should be cleaned in piranha bath (sulfuric acid : hydrogen peroxide = 4 : 1) 

at 80 °C for 20 min.  

B.1 Procedure 

1) Using CHA evaporator or sloan evaporator, 20 nm of titanium (Ti) and 200 nm of gold 

(Au) is deposited on the borosilicate wafer. 

2) Photoresist (PR), AZ® 5214-E, is spin-coated on the top of gold layer at 2000 rpm (with 

300 rpm/sec ramp) for 30 sec.  

3) Soft bake at 100 °C for 3 min. 

4) UV is exposed for 15 sec. (total 120 mJ/cm2) 

5) PR is developed in AZ 400K developer. (AZ 400K : DI water = 1 : 6) 

6) The wafer is washed in DI water for 2 min. 

7) Dry the wafer by blowing with a nitrogen gun. 

8) Seal the backside with a blue tape. 

9) Dip the wafer in gold etchant for ~ 2 min to etch 200 nm layer. (The used gold etchant 

can be used again.) The color of the opening area should be dark without shinny gold 

layer. 

10) Prepare glass etching bath (DI water : HF : HCl = 11 : 10 : 1) with a stirrer bar at 250 

rpm. Make sure to use a Teflon beaker. 

11) Place the wafer into the bath parallel to the bottom of the beaker; facing the side with 

blue tape (backside) up. 

12) After ~ 20 min of etching, wafer is taken out from the bath. 
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13) Wash the wafer with DI wafer at least for 5 min. 

14) Dry the wafer by blowing with a nitrogen gun. Remove free-standing PR/Au/Ti mask by 

blowing with a nitrogen gun. 

15) Check the etched depth using a profilometer. Observe the wafer under a microscope. 

Calculate etch rate. 

16) Based on the calculated etch rate, proceed more etching in the bath. 

17) Repeat 16) à 13) à 14) à 15) until Newton ring is seen. 

18) Detach the blue tape on the backside. 

19) Remove PR in ALEG 380 bath at 80 °C for 20 min. 

20) Remove Au mask by dipping the wafer in gold etchant for ~ 2 min until the entire layer 

becomes grey. 

21) Dip the wafer in BOE bath. Take it out when the entire wafer becomes clear. Make sure 

to use a Teflon beaker. 

22) Wash the wafer in DI water at least for 5 min. 

23) Leave the wafer in the air at room temperature until dried. Do not blow a nitrogen gun. 

24) Dice the wafer into pieces. (1 cm square)  

25) The diced chips are loaded into the sloan evaporator. 

26) Deposit ~ 30 nm of chromium (Cr). 

27) Mill a pore at the center of the membrane using FIB. 

28) Etch Cr in Cr etchant. The chips becomes clear when etching is done. 

29) Clean the chips in piranha bath (sulfuric acid : hydrogen peroxide = 4 : 1) at 80 °C 

overnight before usage. 
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Appendix C: SiNx nanopores fabrication 

Use ~ 200 µm thick Si wafers. The wafers need to be cleaned in piranha bath (sulfuric 

acid : hydrogen peroxide = 4 : 1) at 80 °C for 20 min before the procedure. 

C.1 Procedure 

1) Deposit ~ 300 nm thick low stress nitride using low pressure chemical vapor deposition 

(LPCVD).  

2) Photoresist (PR), AZ® 5214-E, is spin-coated on the front side of wafer (smooth side) at 

2000 rpm (with 300 rpm/sec ramp) for 30 sec.  

3) Soft bake at 100 °C for 1 min. 

4) UV is exposed for 15 sec. (total 120 mJ/cm2) 

5) PR is developed in AZ 400K developer. (AZ 400K : DI water = 1 : 6) 

6) The wafer is washed in DI water for 2 min. 

7) Dry the wafer by blowing with a nitrogen gun. 

8) Hard bake for 3 min. 

9) Pattern the nitride layer using advanced oxide etcher (AOE). 

10) Remove PR using Matrix stripper with 3 min recipe. 

11) Clean the wafer sequentially with acetone, methanol, IPA, and DI water. 

12) Prepare 30 % KOH bath at 80 °C with a stirrer bar. 

13) Place the wafer facing down into the bath. 

14) Wait until Si etching is done. Once the etching is done, the membrane openings become 

clear. 

15) Wash the wafer in DI water for ~ 10 min. 

16) Leave the wafer in the air at room temperature until dried. Do not blow a nitrogen gun. 
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17) The wafer is loaded into the sloan evaporator. 

18) Deposit ~ 30 nm of chromium (Cr). 

19) Mill a pore at the center of the membrane using FIB for each chip. 

20) Etch Cr in Cr etchant. The wafer becomes clear when etching is done. 

21) Dice the wafer into pieces. (1 cm square)  

22) Clean the chips in piranha bath (sulfuric acid : hydrogen peroxide = 4 : 1) at 80 °C 

overnight before usage. 
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Appendix D: Culturing bacteria and extracting RNA from them 

D.1 Culturing bacteria 

1) Prepare 3 mL nutrient broth (for P. putida) or soy broth (for E. coli).  

2) Using a pipette tip, stab lyophilized powder or frozen culture of either organism and add 

to proper culturing broth.   

3) Incubate overnight (at 37 °C for E. coli or 26 °C for P. putida).  

D.2 Extracting RNA 

1) Aliquot 2 mL concentrated cells into tube 1. 

2) Add 1800 µL sterile DI water to tube 2-8. 

3) Take 200 µL concentrated cells, and add it to next tube. For example, take 200 µL of tube 

1 and add to tube 2. For tube 8, remove 200 µL from concentrated cells instead of adding 

it to next tube. 

D.3 Counting CFU/mL 

1) Take 100 µL from each tube, and spread onto algal plate using glass beads. 

2) Incubate overnight (at 37 °C for E. coli or 26 °C for P. putida).  

3) Count the number of the colonies. 

4) Multiply 10 to get the CFU/mL of bacteria in the tube. To get the number of bacteria in 

the tube, multiply 17 since there is only 1700 µL each tube of diluted bacteria. 

D.4 RNA extraction 

1) Aliquot 1.7 mL of E. coli or P. putida culture into sterile 2 mL microcentrifuge tubes.  

2) Centrifuge (max speed) for 1 min and then remove supernatant. Make sure not to disturb 

cell pellet. 



 128 

3) Lyse the cells. Add 200 µL TE lysozyme and 20 µL proteinase K and then vortex for 10 

sec. Incubate the tubes at 37 °C for at least 45 minutes. Lysed cells look clear. 

4) Aliquot 6 mL of RLT buffer, and then mix with 60 µL of b-mercaptoethanol. Add 700 µL 

of this mixture to each tube. Vortex for 10 sec, then centrifuge for 2 min. 

5) Take supernatant and place into new tubes. 

6) Add 500 µL of 200 proof ethanol to each tube. Make sure pipette up and down gently not 

to disturb RNA in the solution. Do not centrifuge.  

7) Centrifuge 700 µL at a time supernatant into column for 30 sec. Discard flow through. 

8) Add 700 µL RW1 buffer, let it flow through column for 30 sec. Discard flow through. 

9) Prepare RPE buffer. Mix ethanol and RPE with 4:1 ratio.  

10) Transfer to new collection tubes. Add 500 µL RPE, and centrifuge for 30 sec. 

11) Add 500 µL RPE, and centrifuge through for 2 min. 

12) Pour flow through, and centrifuge for 1 min. 

13) Transfer to new 1.5 mL tube with the cap. 

14) Add 50 µL RNAse free water. Pipette in the middle of the membrane.  

15) Centrifuge for 1 min to elute RNA. Repeat 14) - 15).  

16) Measure RNA concentration using Nanodrop.  
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Appendix E: SU-8 mold and PDMS microstamps fabrication process 

 

Figure E.1. SU-8 layer after post exposure bake. It was supposed to be clear but the edge of each 
pattern became opaque. Opaque pattern right after post exposure bake means that the adhesion of 
the SU-8 layer is poor. Pilling starts at this opaque edge during development. 

Before starting fabrication process, Si wafer should be dipped in buffered oxide etchant 

(BOE) for 5 min and then washed in DI water for 5 min to remove native oxide layer on Si 

surface. This is because thin oxide, naturally formed at the surface of Si wafer, results in poor 

adhesion of SU-8 layer to the substrate. Typically, the adhesion of SU-8 2000 series on oxide 

surface is poor compared to 3000 series. By removing native oxide layer, pilling of SU-8 layer 

can be prevented. If the Si wafer is opened right before the mold fabrication process, oxide 

etching is not required. Without this step, the edge of the pattern of the SU-8 layer starts to pill 
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after post exposure bake as shown in Fig. E.1. The SU-8 layer on Si substrate was supposed to be 

clear, however, the edge of the pattern became white (opaque) due to poor adhesion.  

E.1 Procedure 

1) SU-8 2075 is spin coated on the top of 4 inch Si wafer at 500 rpm (100 rpm/s ramp) for 5 

sec and then 2000 rpm (300 rpm/s ramp) for 30 sec for ~ 100 µm think layer.  

2) The layer is soft-backed at 65℃ for 5 min and then 95℃ for 40 min.  

3) The wafer is in rest at room temperature for 20 min. 

4) UV is exposed to spin-coated SU-8 layer for 27 sec using Karl Suss (with 8 mJ/cm2 sec 

setting). The total exposure would be 216 mJ/cm2.  

5) The wafer is in rest at room temperature for 15 min at room temperature. This process is 

important to reduce stress of the layer. After UV exposure, photo-reactive catalyst is 

accumulated at the interface of Si wafer and the SU-8 layer. It takes time to be diffused to 

the entire SU-8 layer. Without this step, SU-8 layer is pilled off at development step due 

to stress. 

6) Post exposure bake at 65℃ for 5 min and at 95℃ for 10 min.  

7) The wafer is in rest at room temperature for 10 − 15 min at room temperature. This step 

is needed to reduce stress from baking, however, do not leave it at rest more to long. 

Long resting could cause poor development. 

8) The SU-8 mold is developed in SU-8 developer for 20 min and then cleaned in 

isopropanol. Leave it in air until it was completely dried. 

9) Polydimethylsiloxane (PDMS) microstamps are fabricated using the Sylgard® 184 

silicone elastomer kit. 6 g of monomer is mixed with 0.6 g of curing agent (1:10 ratio). 

10) The mixture is centrifuged in 2 mL vials at 15000 rpm for 5 min to minimize air bubbles.  
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11) The mixture is poured onto SU-8 mold, and then subsequently degassed under vacuum. 

12) The mold with the PDMS mixture is cured at 60 ℃ for 4 hrs.  

13) The PDMS microstamps are detached from the mold and cut in 1 cm × 1 cm for 

stamping. 

14) The PDMS stamps are washed with 7.5 % hydrogen peroxide and reused. 
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Appendix F: SEM images of enzymes stamped on microelectrodes on a 

microprobe 

 

Figure F.1. SEM images of a) GOx and b) ChOx. 

The thickness of stamped enzyme layer was measured by taking cross section SEM 

images as shown in Fig. F.1. The total thickness of PPD, chitosan and an enzyme was ~ 440 nm. 

Considering that the thickness of PPD and chitosan (~ 70 nm), the total thickness of stamped 

enzyme was ~ 370 nm. 
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Appendix G: Trouble shooting 

G.1 Nanopore fabrication 

The most important part of glass nanopore fabrication is tracking the etched depth. At 

this step, the wafer should be cleaned carefully after taken out from the bath. Cleaning in DI 

water should be more than ~ 5 min in circulating water bath. If this step is not enough, etchant 

residue would be concentrated at the membrane surface after dried, which could cause a 

membrane with pinholes.  

In addition, freestanding mask layers (PR/Au/Ti for glass nanopores and nitride for SiNx 

nanopores) should be removed by blowing air. This could cause no deposition of Cr on the wall 

below the freestanding mask, which leads to unsuccessful pore milling step. 

G.2 Nucleic acid sensing 

One of the biggest breakthroughs was made by Ag/AgCl pettlet electrodes. We used to 

use lab-made Ag/AgCl wires as electrodes that was made by bleaching Ag wires, however, they 

generated unstable current and need to be bleached regularly. We switched from the hand-made 

Ag/AgCl electrodes to commercially available Ag/AgCl pellet electrodes and they stabilized the 

based current. 

In addition, filtering all solutions was important. Without filtering, the current dropped 

without injection of target beads. Since dusts from our environment can get into any solution, all 

of the solutions needed to be filtered and preserved in the fridge keeping the cap closed. Filters 

with 0.02 µm diameter pores were used.  

Monitoring the zeta potential of capped beads is critical. Capped beads are supposed to 

be neutral; they should have single digit zeta potential not to cause drops in current without 

hybridization to target NA. Based on our experience, beads more negative than – 12 mV would 
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cause the blockage of nanopores. To make capping step successful, fresh chemical should be 

used. Especially, ethanolamine and mPEG amine should be replaced every 3 months. Otherwise, 

beads show negative charges even after capping process.  

 Buffer concentration was determined based on failure. High concentration buffer shields 

the surface charge of pore surface as well as beads. In the beginning, we used the mixture of 5.5 

mM of KCl, 5.5 mM of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), and 0.01 

% of detergent as a buffer, however, we could not observe any current drops with beads 

hybridized to NA based on pore blockage. Interestingly, highly negative carboxyl-terminated 

beads caused blockage of the pore no matter. It turned out that the pore was made of glass that 

can be highly negatively charged at low concentration and this caused strong flow of 

electroosmosis frlow. Beads hybridized to NA could not overcome this flow with their 

electrophoretic movement since they have much less negative. After changing KCl concentration 

to 10 mM, we could get blocks. Switching surfactant from Triton X to Tween 80 helped to get 

drops. Tween 80 has much larger size than Triton X so it stabilized hybridized beads in the 

buffer. 

Lastly, using a tube filter at washing step after hybridization helped not to loose beads 

hybridized to NA. Initially, we washed the bead solution with 0.4 × SSC (saline sodium citrate) 

buffer and experiment buffer after hybridization following our collaborator’s recipe, however, 

we could not get any blockage. It was easy for our collaborator to wash the beads that have 

diameter of 3 µm using a centrifuge for washing beads. Our bead size is yet 820 nm. Due to 

smaller mass, it cannot be pelleted leading lost of most beads during washing step. The tube filter 

has filter at the bottom of the chamber for bead solution. While the tube is centrifuged, beads can 
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stay at the filter, the supernatant passes through the filter. The beads can be re-suspended into 

experiment buffer after washing step. With this filter, we could save our beads for NA detection. 

G.3 Stamping technique 

Inking time is critical to get thick and uniform enzyme layer. When stamping for a disk 

electrode, 20 min of inking time was enough, however, 20 min of inking did not leave thick layer 

of enzyme. It seems that disk electrode could absorb thick enzyme layer due to a large droplet of 

protein solution. For microstamps, however, not much protein is dissolved in 2 µl of droplet. 

Thus, it requires longer inking time (~ 60 min) to obtain enough protein to immobilize on the 

surface of the stamp. 

 

Figure G.1. An enzyme pattern after stamped with pressure.  
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Pressure was important in an enzyme pattern on selected electrode. If it was pressed hard, 

thick layer of enzyme was detached from the PDMS stamp wall and left around the desired areas 

shown in Fig. G.1. Compared to the stamped area, where the PDMS stamp made contact, the 

enzyme was thicker. The best way to stamp is making the enzyme layer viscous by inking a 

droplet of protein solution for 1 hour. After 1 hour, the solution becomes viscous and the protein 

layer on the PDMS stamp contains a little moisture. The stamp does not need to be pressed hard; 

soft touch is enough to transfer an enzyme layer. It can be observed under the microscope. 

 




