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ABSTRACT OF THE DISSERTATION 

 

Advances in Surface Patterning and Next-Generation Electronic Biosensors 

 

by 

 

Kevin Cheung 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2019 

Professor Paul S. Weiss, Co-Chair 

Professor Anne M. Andrews, Co-Chair 

 

 
Chemical lift-off lithography (CLL) is a subtractive soft-lithographic technique used to 

pattern self-assembled monolayers (SAMs) containing functional alkanethiolates on Au 

surfaces. Alkanthiolate molecules, along with a single monolayer of Au, are removed in this 

process by oxygen-plasma activated polydimethysiloxane (PDMS) stamps. Monolayers 

patterned via CLL are robust, in contrast to conventional soft lithography, enabling high-

fidelity patterning over a dynamic range of feature sizes (millimeter to nanometer). Recently, 

I have advanced CLL to pattern additional surfaces, including other coinage metals (e.g., Pt, 

Pd, Ag, Cu), reactive and transition metals (e.g., Ni, Ti, Al), and semiconductors (e.g., Ge). This 

process has a wide range of applications, including patterning of bioactive molecules and 

supported metal monolayers, as well as the simple, convenient fabrication of field-effect 

transistors (FETs).  



 

 
 
iii 

I have designed and developed FET biosensors coupled to rationally designed and 

chemically synthesized oligonucleotide sequences with molecular recognition capabilities, 

termed aptamers, for the detection of a diverse range of biologically important small-

molecule targets (e.g., neurotransmitters, amino acids, sugars, lipids). Upon target capture, 

aptamers undergo conformational changes that redistribute charge densities on FET 

surfaces resulting in measurable changes in transconductance. These aptamer-FET sensors 

detected targets in full ionic strength biological fluids, with high specificity and selectivity, 

over large concentration ranges with low detection limits.  

Using this platform, I have developed sensors for the direct detection of the amino 

acid phenylalanine for potential point-of-care use for patients with phenylketonuria (PKU), 

a common genetic disorder that results in elevated and potentially harmful levels of 

phenylalanine in the blood and brain. Phenylalanine aptamer-FETs showed high sensitivity 

and selectivity towards phenylalanine versus similarly structured molecules, and were able 

to differentiate physiological phenylalanine concentrations in serum from mice treated with 

a phenylalanine hydroxylase inhibitor (i.e., a PKU mouse model). In parallel, I have extended 

this FET biosensor platform for the detection and discrimination of single base-pair 

mismatches in oligonucleotides towards electronic single-nucleotide polymorphism 

genotyping. I demonstrated the ability of DNA-functionalized FETs to distinguish 

hybridization between fully complementary DNA sequences, and analogous sequences with 

different types and locations of mismatches. Performing FET measurements under 

physiologically relevant conditions and elucidating sensing mechanisms is necessary for 

ultimate use in disease diagnostics and clinical point-of-care applications. 
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CHAPTER I 

Advances in Surface Patterning  

and Next-Generation Electronic Biosensors 
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 Chemical Patterning of Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) of alkanethiolate molecules on Au surfaces are a widely 

studied and versatile system for probing and controlling surface, interfacial, and 

environmental properties and interactions.1-3 The ability to pattern SAMs spatially on 

surfaces imparts additional control over the placement of SAM molecules, which has led to a 

multitude of applications in surface science.4-9 Self-assembled monolayers are commonly 

patterned using high-throughput, economical, and large-area soft-lithographic techniques 

(e.g., microcontact printing, µCP),5,6,8-11 in which patterned polydimethylsiloxane (PDMS) 

stamps “inked” with alkanethiols are brought into contact with metal surfaces (Figure I.1). 

However, patterns created by µCP are limited in resolution and fidelity due to lateral 

diffusion of molecules during and after the printing process, broadening feature sizes 

(Figure I.1B,C).6,9,11-13 

 

Figure I.1. (A) Schematic of microcontact printing, where a polydimethylsiloxane (PDMS) 
stamp inked with alkanethiols is brought into contact with an Au substrate, additively 
patterning the surface. (B) Field-emission scanning electron microscope (FESEM) image of 
a patterned self-assembled monolayer (SAM) of mercaptoundecanoic acid (MUDA) on Au 
after 10 s of stamp contact. (C) Field-emission scanning electron microscope image of a 
patterned SAM of MUDA after 10 min of stamp contact. Darker regions surrounding the 
patterned features are indicative of broadening via lateral diffusion. Reprinted (adapted) 
with permission from ACS Nano. Copyright 2007, American Chemical Society. 
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There have been various advances to improve pattern fidelity and features sizes 

attainable via soft lithography. For example, by using more complex stamp geometries or 

patterning processes (e.g., dip-pen nanolithography,14 polymer-pen lithography,15 beam-pen 

lithography),16 nanoscale features are attainable. Additionally, methods to preserve feature 

resolution via printing into preexisting monolayers have previously been developed and 

studied. Monolayers composed of labile molecules can be displaced via patterned stamps 

(i.e., microdisplacement printing, µDP).17,18 Printing into SAMs of not easily displaced 

molecules results in insertion of molecules isotropically into intrinsic defect sites of the 

existing monolayer (i.e., microcontact insertion printing, µCIP), resulting in dilute patterns 

of inserted molecules (ideal for biorecognition applications).19-21 However, requiring 

preformed monolayers of displaceable molecules or only patterning into native defects 

limits the types and densities of molecules that can be patterned via µDP and µCIP 

respectively.  
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 Chemical Lift-Off Lithography  

 

Figure I.2. Chemical lift-off lithography (CLL). (A,B) An oxygen-plasma activated 
polydimethylsiloxane (PDMS) stamp is brought into contact with a self-assembled 
monolayer (SAM) of functional alkanethiols. (C) “Lift-off” of the PDMS stamp from the 
surface removes contacted SAM molecules and a monolayer of Au atoms. (D,E) Schematic 
demonstrating the subtractive patterning of a SAM of alkanethiols on a Au surface via CLL. 
(F) Fluorescence microscope and (G,H) atomic-force microscope images of SAMs patterned 
on Au via CLL over a dynamic range of feature sizes (micrometer to nanometer). Reprinted 
(adapted) with permission from Science. Copyright 2012, American Association for the 
Advancement of Science. 
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The first half of my dissertation builds upon work started by Liao et al. on an alternative 

surface patterning technique termed chemical-lift-off lithography (CLL).22 Chemical lift-off 

lithography is a subtractive soft-lithographic method used to pattern SAMs of functional 

alkanethiolates on Au surfaces via contact and subsequent removal of O2-plasma activated 

PDMS stamps (Figure I.2A-E).22,23 In the CLL process, covalent linkages are formed between 

the stamp and certain types of functional tail groups of the contacted molecules (Figure I.2A-

E).22,23 Removal of stamps removes SAM molecules, along with a monolayer of Au, in the 

contacted regions (Figure I.2C).22-24 In contrast to conventional soft-lithographic 

techniques, features created via CLL are robust (i.e., no observable lateral diffusion), enabling 

patterning over a dynamic range of feature sizes (millimeter to nanometer, Figure I.2F-

H).22,23,25 The yield of a single CLL step on Au is ca. 70%,22 and the molecules remaining in 

lifted-off regions have been demonstrated as an advantageous matrix for small-molecule 

patterning towards biorecognition applications.26-33 

 In addition to small-molecule patterning, CLL has inspired a variety of applications, 

including the patterning of biomolecules,26,31,32 supported Au monolayers,24 and the facile 

fabrication of field-effect transistor (FET) arrays.34,35 Using polymer-pen arrays25 or 

advanced patterning strategies (i.e., roof collapse),36 in conjunction with CLL, large-area and 

high-fidelity nanoscale features can be straightforwardly produced. Insertion of thiolated 

DNA into artificial defect-rich regions created via CLL was shown as a straightforward 

method of DNA patterning with controllable DNA density.26 Notably, DNA patterning using 

CLL had superior hybridization efficiency compared to conventional alkanethiol backfilling 

methods.26 Patterning of DNA via CLL has been used to investigate spin-selective DNA-
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mediated charge transfer,27 and also for wafer-scale bioactive patterning towards a variety 

of analytical applications.31-33,37  

 Motivated by insights gained from previous studies on CLL, Slaughter et al. devised 

fabrication, characterization, and simulation strategies to interrogate the nanoscale 

structure and chemical functionality of the Au removed during the CLL process.24 Lifting off 

from patterned Au surfaces onto featureless PDMS stamps enabled the patterning of 

supported Au monolayers on flexible and transparent polymer supports (i.e., PDMS).23,24 

These supported Au monolayers had sub-nanometer apparent heights, consistent with 

removal of a single monolayer of Au.24 The optical properties of these Au monolayers were 

dissimilar from those of bulk Au (i.e., they were optically transparent), however, they 

retained the chemical functionality of Au (e.g., Au-thiol chemistry).24 The ability to encode 

chemical functionality of supported Au monolayers spatially has potential applications for 

the development of flexible and transparent sensor technologies.  

 I have advanced and extended CLL to pattern a variety of surfaces, including other 

coinage metal, transition and reactive metal, and semiconductor surfaces.38 For all surfaces 

tested, high-fidelity patterns of alkanethiolates were achieved and (mono)layers of substrate 

atoms were removed onto PDMS stamps, analogous to CLL with Au. Performing multiple CLL 

steps with the same PDMS stamp enabled the fabrication of atomically blended supported 

bimetallic monolayers. Additionally, I demonstrated that lifting-off molecules that form 

more pristine and defect-free monolayers compared to those of alkanethiols (i.e., isomers of 

carboxylic-acid-functionalized carboranethiolates)39,40 may increase the yield of CLL and the 

fidelity of the resulting supported Au monolayers. Patterning isomers of carboranethiolates 



7 
 

that are chemically and physically identical but have different dipole moments, enabled local 

tuning of substrate work functions for band alignment purposes.41,42   

 Patterned SAMs formed via CLL can be used as molecular resists during chemical wet 

etching processes for the generation of Au micro/nanostructures.22,24,34-36 In particular, 

work led by Kim et al. demonstrated this strategy to pattern Au electrodes on top of metal 

oxide semiconductors (e.g., indium oxide) for the straightforward fabrication of FET arrays 

with tunable channel sizes (i.e., by varying the spacing between the Au electrodes, Figure 

I.3A,B).34 Zhao et al. also demonstrated by performing sequential wet etching steps using Au 

structures generated via CLL as masks, that underlying layers of indium oxide could be 

patterned.35 Transistors fabricated via CLL were functionalized with an artificial nucleic acid 

 

Figure I.3. (A) Schematic of the patterning of self-assembled monolayers of alkanethiols via 
CLL as chemical resists for the generation of arrays of Au electrodes for field-effect 
transistors (FETs). (B) Optical microscope image of etched Au electrodes on an indium oxide 
semiconducting layer patterned via CLL. (C) Transfer (I-V) curves of dopamine-specific 
aptamer-functionalized FETs measured after exposure to different dopamine 
concentrations demonstrating dopamine detection down to picomolar concentrations. 
Reprinted (adapted) with permission from ACS Nano. Copyright 2015, American Chemical 
Society. 
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receptor (i.e., aptamer) that recognizes the neurotransmitter dopamine.34,43 These aptamer-

FETs were used to detect dopamine down to picomolar concentrations (Figure I.3C).34 

While sufficient for proof-of-concept biosensing, these particular FET sensors were only 

operated in dilute buffers and were not highly selective due to the inherent cross-reactivity 

of the dopamine aptamer towards norepinephrine,34,43 a similarly structured small-molecule 

neurotransmitter. 

 Field-Effect Transistor Biosensors  

Inspired by this work, the second half of my dissertation focuses on the design and 

development of next-generation electronic biosensors based on field-effect transistors 

functionalized with nucleic acid receptors for applications in point-of-care and disease 

diagnostics. Field-effect transistors with biological receptors have been widely studied and 

developed for the rapid, electronic, and label-free detection of biological targets.34,44-52 

Recognition of charged targets, or target-mediated changes in receptor conformation can 

gate underlying semiconductor layers, resulting in measurable changes in transconductance. 

Conventional FET biosensors based on protein or antibody receptors are unable to sense in 

biological fluids (i.e., high ionic-strength solutions) due to the large sizes of these receptors 

(ca. 10 nm) relative to the charge screening distance near transistor surfaces (i.e., the Debye 

length, <1 nm in physiological conditions).45,53 
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Figure I.4. (A-D) Aptamer sequences specific for dopamine, serotonin, glucose, and 
sphingosine-1-phosphate (S1P). Aptamer-field-effect transistor (FET) sensing of dopamine 
in (E) 1× phosphate-buffered saline (PBS) and (F) 1x artificial cerebral spinal fluid (aCSF), 
and (G) sensing of serotonin in 1× aCSF. (H) Dopamine and (I) serotonin aptamer-FET 
responses to similarly structured molecules showing minimal cross-reactivity. (J) Aptamer-
FET sensing of serotonin in brain tissue homogenates from Tph2 null mice. Detection of 
neutral targets (K) glucose and (L) S1P using aptamer-FETs. Reprinted (adapted) with 
permission from Science. Copyright 2018, American Association for the Advancement of 
Science. 
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 Recently, Nakatsuka et al. integrated newly isolated high-affinity aptamers with 

ultrathin-film In2O3 FETs for the detection of a diverse range of biologically relevant small 

molecules (e.g., neurotransmitters, sugars, lipids, Figure I.4).45 Aptamers were isolated via 

solution phase in vitro systematic evolution of ligands by exponential enrichment 

(SELEX);54,55 nucleic acid libraries were designed to lead to conformational changes upon 

target binding.56,57 Rearrangement of a portion of the negatively charged oligonucleotide 

backbones (and solution counterions) of aptamers upon target capture occurs close enough 

to semiconductor surfaces to circumvent Debye-length limitations in physiological 

conditions.45,58 Aptamer-FETs demonstrated selective detection of small-molecule targets, 

including neutral targets, over a dynamic concentration range in full ionic strength buffers 

and complex biological matrices (e.g., brain tissue homogenates, whole blood, serum, 

Figure I.4).45,58 

 Investigation into the mechanism of detection revealed that aptamer backbones can 

rearrange closer to or further away from transistor surfaces upon target capture.45 

Additionally, FETs were able to detect target binding to aptamers that underwent large 

rearrangements in secondary structure, as well as subtler conformational changes (i.e., 

adaptive binding with preformed structural motifs).45 The ability to transduce modest 

conformational changes into measurable signals generalizes this approach when compared 

to other aptamer-based sensing strategies (e.g., electrochemical aptamer-based sensors)59-

62 where measured signals are contingent upon large target-induced structural 

rearrangements. 

Using an aptamer-FET biosensor platform, I developed sensors for the direct 

detection of the amino acid phenylalanine for potential point-of-care use for patients with 
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phenylketonuria (PKU), a common genetic disorder that results in elevated and potentially 

harmful levels of phenylalanine in the blood and brain.58,63 There are currently no point-of-

care or at-home options for measuring blood phenylalanine to assist with the management 

of PKU.63 By integrating phenyalanine-specific aptamers onto thin-film In2O3 FET platforms, 

I showed highly sensitive phenylalanine detection under high ionic-strength, physiological 

conditions with negligible cross-reactivity to similarly structured interferents.58 Using these 

sensors, I measured modest yet physiologically relevant differences in phenylalanine 

concentrations in serum from mice treated with a phenylalanine hydroxylase inhibitor (i.e., 

a PKU mouse model), demonstrating potential use for rapid, serum phenylalanine 

determination.58  

In parallel, I advanced FET biosensors to detect specific oligonucleotide sequences 

towards differentiating single nucleotide polymorphisms (SNPs), which are associated with 

genetic diseases (e.g., sickle cell disease), as well as susceptibility to different types of 

cancer.64 In this case, FETs were chemically functionalized with single-stranded DNA probes 

to test selectivity towards complementary target sequences versus target sequences that 

differed by single bases. By taking advantage of differences in stabilities of sequences with 

different base-pair mismatches, I demonstrated the ability of DNA-functionalized FETs to 

distinguish hybridization between fully complementary DNA and RNA sequences, and 

analogous sequences with different types and locations of mismatches. The development 

and implementation of biosensors that can sense and differentiate oligonucleotide 

sequences without amplification presents new opportunities in the fields of disease 

diagnostics and precision medicine. 
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In the following four chapters, I discuss advances and contributions that I have made 

using CLL, such as improving feature resolution, investigating supported Au monolayers, 

extending this technique to different substrates and molecules, and ultimately for the 

fabrication of FETs. In the subsequent two chapters, I explore the use of nucleic-acid-

functionalized FETs as biosensors for the detection of the amino acid phenylalanine and 

specific nucleic acid sequences for potential point-of-care and personalized healthcare 

applications. I conclude by discussing prospects of the supported Au monolayer material 

fabricated via CLL as a platform for further characterization and structural growth, as well 

as structure-function relationships in aptamer-FETs towards the ultimate goal of measuring 

chemical signaling in vivo.  
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Polymer-Pen Chemical Lift-Off Lithography 
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 Introduction 

Substantial progress has been made in chemical patterning methods to push resolution from 

micron to nanometer scales for applications in electronics,1-7 optics,8,9 energy,10,11 and 

biology,12,13 e.g., integrated circuits,14-16 displays,17-19 ultrasensitive biosensors,20-25 

nanomotors,26 biomolecule micro-/nano-arrays,27-31 wearable sensors,32-35 and other 

advanced metamaterials.36 Nano- and microfabrication are dominated by patterning 

methods based on energetic beams, such as light, electrons, ions, and X-rays. Conventional 

photolithography can be used to fabricate structures over large areas, however, resolution 

is limited and costs of the masks are high. Advanced lithography techniques, such as liquid 

immersion/multiple patterning photolithography,37,38 X-ray lithography,39,40 or extreme 

ultraviolet photolithography41-43 can push resolution to nanometer scales but availability is 

limited due to high set-up and maintenance costs. Direct-write techniques, such as electron-

beam lithography (EBL)44-50 and focused ion-beam lithography (FIB)51,52 are used to 

generate nanoscale patterns, but time-consuming serial writing processes limit their 

throughput.53  

Without using energetic beams, microcontact printing (µCP) is a high-throughput, 

straightforward molecular printing technique for chemical patterning at the micro- and 

nanometer scales.54,55 Microcontact printing involves elastomeric stamps with molecular 

“inks” such as organic molecules, proteins, or DNA that enables ink transfer to planar or 

curved substrates composed of metals, glass, or polymers to produce patterns. Organic ink 

molecules, such as alkanethiols, serve as molecular resists in successive wet etching steps to 

transfer patterns to underlying substrates, e.g., metals.56,57 Nonetheless, ink molecules are 
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known to diffuse laterally beyond the contact areas during printing, resulting in resolution 

limited to ~100 nm for µCP.58-60 

We have developed strategies to minimize or to eliminate lateral diffusion of ink 

molecules via modified µCP methods.61-66 For example, microdisplacement printing67,68 and 

microcontact insertion printing59,69 are used to print molecules on alkanethiol self-

assembled monolayer (SAM) -modified substrates through displacement or insertion 

processes, respectively. The SAMs in the unpatterned regions prevent ink molecules from 

diffusing beyond the contact areas.59,70 We also developed a “subtractive” stamping process 

called chemical lift-off lithography (CLL),60,71 in which oxygen plasma-activated 

polydimethylsiloxane (PDMS) stamps selectively remove hydroxyl- (-OH) (or other 

sufficiently reactive groups such as amine-) terminated alkanethiols only in the contact areas 

with high pattern fidelity and without observable lateral diffusion. The remaining molecules 

of the SAM in the non-lifted-off regions act as resists for selective etching of exposed gold in 

the patterned regions. High-fidelity chemical patterns with linewidths as narrow as 

40 ± 2 nm were achieved using CLL, with features reaching 20 nm via double patterning60 

and even 5 nm (corresponding to patterns ca. ten molecules across).71 However, for CLL, like 

µCP, the fabrication of masters with nanometer-scale resolution relies on low-throughput, 

high-cost EBL/FIB limiting applicability. 

Dip-pen lithography can write chemical patterns directly on substrates at sub-50 nm 

resolution by using atomic force microscopy with tip-coated molecular “inks”, e.g., 

alkanethiols, but again, throughput is low due to time-consuming serial writing.72 Polymer-

pen lithography (PPL)73-77 combines high-resolution dip-pen lithography72,78 and µCP by 

using a scanning stage equipped with massively parallel polymer-pen arrays (with sub-
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80 nm tip diameters) to write patterns with ink molecules directly at ~100 nm resolution 

with high throughput.73 Reusable masters for producing polymer pens are fabricated by 

conventional photolithography at micron-scale resolution via anisotropic etching of 

Si{100}.73 The use of a scanning stage enables nanometer-scale control of polymer pens in 

the x, y, and z planes. Another advantage of PPL is that feature sizes can be tuned from 80 nm 

to >10 µm by varying dwell times and vertical pen compression in a single stamp.76 However, 

lateral diffusion of ink molecules persists, limiting the resolution of PPL similar to issues with 

µCP.  

To advance feature resolution in chemical patterning in highly multiplexed and facile 

directions, we developed a hybrid method termed polymer-pen chemical lift-off lithography 

(PPCLL) that combines the advantages of PPL (massively parallel polymer pens with 

nanometer-scale tips for high-throughput patterning and feature size tunability by 

controlling vertical compression distances) and CLL (high-fidelity patterning without lateral 

diffusion) to enable large-area, low-cost, and sub-20-nm resolution patterning capabilities 

simultaneously. 

 Experimental Methods 

 Materials 

Prime quality 4″ Si{100} wafers (P/B, 1-10 ohm-cm) were purchased from University Wafer 

Inc. (Boston, MA, USA). 11-Mercapto-1-undecanol was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Sylgard 184® silicone elastomer kit was purchased from Ellsworth 

Adhesives (Germantown, WI, USA). The 32-mer DNA molecules thiolated at the 5′ end 

(5′-/5ThioMC6-D/GAC TGA CCT CGG ACG CGA CTG ACC TCG GAC GA-3′ with molecular 
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weight 10148.8 g/mol and melting temperature 70.1 °C) and Alexa 488 fluorophore-labeled 

complementary DNA (5′-/5Alex488N/TCG TCC GAG GTC AGT CGC GTC CGA GGT CAG TC-3′ 

with molecular weight 10529.0 g/mol and melting temperature 70.1 °C) were purchased 

from Integrated DNA Technologies (Coralville, IA, USA). The DNA stock solutions were 

diluted to 1 μM with TE buffer (10 mM Tris and 0.1 mM EDTA). The ZEP 520A e-beam resist, 

SPR700-1.2 photoresist, MF-26A developer, and 30 wt% potassium hydroxide (KOH) 

solutions were obtained from the Integrated Systems Nanofabrication Cleanroom (ISNC) at 

UCLA. 

 Characterization 

Scanning electron microscopy (SEM) images were taken using a Zeiss Supra 40VP scanning 

electron microscope (SEM). The PDMS stamps were made conductive by sputtering 5-nm Au 

for SEM imaging. ImageJ (https://imagej.nih.gov/ij/) was used to quantify the dimensions of 

the micro/nanostructures and chemical patterns in the SEM images. Surface roughness was 

characterized using a Bruker Dimension Icon Scanning Probe Microscope.  

Fabrication of Si Masters and PDMS Stamps 

Fabrication of Si masters and PDMS stamps are shown in Scheme II.S1. A 500-nm-thick SiO2 

film was thermally grown on piranha-cleaned Si{100} wafers. The pattern in the photomask 

was designed using AutoCAD software (Autodesk, Inc.). Photomasks for fabricating Si 

masters composed of a 2D array of squares or lines whose linewidths were >1 μm were 

fabricated by conventional photolithography. The designed linewidths were equal to the 

base linewidths of the polymer pens. Positive photoresist SPR700-1.2 was spin-coated on 

SiO2/Si wafer surfaces, followed by a 90 s soft bake at 90 °C on a hotplate. A Karl Suss contact 

aligner was used to expose the photoresist on the wafers selectively with the pattern from 
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photomask with an optimal exposure time of 16.5 sec (UV wavelength = 365 nm, intensity = 

8.5 mW/cm2). The exposed wafers were baked post-exposure at 110 °C for 90 s, immersed 

in MF-26A developer for 1 min (development), rinsed with deionized water, and blown dry 

with N2 gas.  

For a proof of concept of PPCLL, we designed a line array pattern with a series of 

linewidths in sequence from 3500 nm to 4000 nm, as listed in Table II.1, with neighbor 

center-to-center distances of 14 μm. Between each two neighboring lines, we inserted a line 

with a 6 μm linewidth, which served as the pattern for the support elements. All of the lines 

had the same 200 μm length. Positive electron-beam resist ZEP 520A was spin-coated 

(3000 RPM, 30 sec) on a (2 cm × 2 cm) Si{100} wafer with a 500-nm-thick SiO2 coating. The 

edge of the Si{100} wafer was pre-cut to be parallel to the Si<110> direction. A pre-bake was 

performed at 180 °C for 2 min. An electron-beam writer (Vistec EBPG 5000+ ES) was used 

to write the designed patterns on the substrate with repeated line arrays with an overall area 

of 1 cm × 1 cm. One min of development in ZED-N50 was used to expose the SiO2 pattern.  

After patterning by photolithography or EBL, the exposed SiO2 was selectively etched 

by RIE (Oxford 80 Plus) using a gas mixture of CHF3 (25-sccm) and Ar (25 sccm) at 35 mTorr. 

Anisotropic etching of Si{100} took place in a mixture of 4:1 KOH (30%) and isopropanol at 

75 °C with variable times depending on the feature sizes. The fabrication of the Si master 

was completed by removing the remaining SiO2 and resist in a 25% HF solution for 5 min. A 

10:1 mass ratio of Sylgard® 184 elastomer silicone elastomer base and curing agent were 

thoroughly mixed and then degassed in a vacuum desiccator. This mixture was poured onto 

the Si master and cured overnight at 65 °C. After curing, PDMS stamps were carefully 

removed from the Si master. 
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 Surface Functionalization of Au/Cr/Si Substrates for PPCLL 

The 5-nm Cr and 100-nm Au films were deposited on clean silicon wafers in a CHA Solution 

E-Beam Evaporator at high vacuum (10-8 Torr) with evaporation rates of 0.1 nm/s. The 

Cr/Au/Si wafers were annealed in a hydrogen flame for 5-10 sec to create Au{111} surfaces 

and then immersed into a 0.5 mM 11-mercapto-1-undecanol ethanolic solution overnight for 

SAM formation on the Au surface.  

 Activation of PDMS Stamps 

Clean PDMS stamps were treated in oxygen plasma (Harrick Plasma, Ithaca, NY) for 40 s at a 

power of 18 W and a pressure of 10 to generate hydrophilic surfaces.  

 DNA Insertion and Fluorescence Microscopy  

Substrates after PPCLL were incubated in a 1 μm solution of thiolated DNA in 0.01 M PBS 

(pH = 7.4) for ~17 h to insert the DNA into the lifted-off areas. The substrates were then 

rinsed with deionized water and blown dry with N2 gas. The inserted DNA was hybridized 

by incubating the substrates with a 1 μm solution of Alexa 488-labeled complementary DNA 

in 0.01 M PBS (pH = 7.4) for 30 min. Samples were imaged using an inverted fluorescence 

microscope (Axio Observer.D1, Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) with 

excitation and emission wavelengths of 470 ± 20 nm and 525 ± 25 nm, respectively. 

 Results and Discussion 

Fabrication of polymer pens with nanometer-sized tip diameters is described (Scheme 

II.S1). Films of 500-nm-thick SiO2 were grown on 4" Si{100} wafers via thermal oxidation, 

followed by spin coating with photoresist (SPR700-1.2). Conventional photolithography was 

then used to create micron-scale square or line array patterns on photoresist-coated 
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SiO2/Si{100} wafers. The linewidths of the masters govern the base linewidths of the 

polymer pens. Overall areas are 1.5 cm × 1.5 cm for each square or line array pattern. It is 

critical to align edge axes of the square/line features on each photomask such that they are 

parallel with the primary flat edge of each Si{100} wafer, which is parallel to the <110> 

direction of Si{100}. Imperfect alignment resulted in blunt pen tips.  

Next, reactive ion-etching (RIE) was used to etch exposed SiO2 selectively to reveal 

the underlying Si{100}. Subsequently, a solution with a 4:1 ratio of 30% KOH and 

isopropanol was used to etch Si{100} wafers anisotropically to generate recessed pyramidal 

or v-shaped structure arrays having base dimensions matched to the designed patterns in 

the photomasks.77 The Si master fabrication was completed by removing remaining SiO2 in 

25% HF solution for 5 min. Finally, PDMS stamps containing arrays of polymer pens were 

produced from the masters. Both the masters and stamps can be reused many times.  
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Figure II.1. Scanning electron microscopy (SEM) images of: (a) Si master with recessed 
pyramidal structures having base linewidths of 3 μm and a periodicity of 4 μm; (b) 
polydimethylsiloxane (PDMS) stamp with pyramidal polymer-pen arrays replicated from 
the master in (a); (c) polymer-pen chemical lift-off lithography (PPCLL) pattern produced 
using the stamp in (b) without external compression; (d) Si master with recessed v-shaped 
structures with base linewidths of 3.8 μm and a periodicity of 7 μm; (e) PDMS stamp with v-
shaped polymer pen arrays replicated from the master in (d); (f) typical PPCLL pattern 
produced using the stamp in (b) without external compression. (Insets: high magnification 
SEM images) (The images (c) and (f) are processed to visualize the patterns better; the 
unprocessed images are shown in Figure II.S3). 

As shown in the scanning electron microscopy (SEM) images in Figure II.1, high-

quality Si masters containing large arrays of recessed pyramidal or v-shaped structures and 

stamps containing large arrays of protruding pyramidal/v-shaped polymer pens were 

fabricated using this method. The recessed pyramids or v-shaped structures of the masters 

had typical tip diameters dtip of 8 nm, whereas protruding pyramids and v-shaped polymer 

pens had average measured tip diameters dtip of 19 ± 2 nm and 15 ± 2 nm, respectively. 

Typical polymer pen tips with dtip of 15 nm and 14 nm are shown in the insets of Figure II.1. 

The larger tip diameters of the features on the PDMS stamps compared to those of the 

masters were likely due to tip-rounding effects caused by the high surface tension of PDMS 

when it is applied to the masters (and before curing).79 The sub-20-nm tip-diameters dtip of 
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the polymer pens are comparable to the smallest features fabricated using EBL,48 however, 

polymer pens produced by the method described above avoid EBL and thus, the need to 

produce each set of pens serially. Average tip diameters of the polymer pens fabricated here 

are smaller than most reported polymer pens (usually >50 nm),73 because the square or 

narrow rectangular features on the photomasks have small widths (<6 µm) and their edges 

were perfectly aligned to Si<110> directions to allow Si{111} facets to converge into sharp 

points or sharp lines during the anisotropic etching of Si{100}. 

As-fabricated PDMS stamps with polymer pen arrays were used in PPCLL as 

illustrated in Scheme II.1. Step 1: a 40-sec O2 plasma-treatment-generated hydrophilic 

siloxy (Si-OH) groups on PDMS stamp surfaces containing pyramidal/v-shaped polymer 

pens. This step is called “activation”.80 Step 2: activated PDMS stamps were brought into 

conformal contact with Au/Cr/Si substrates (Au: 100 nm over Cr: 5 nm) functionalized with 

hydroxyl-terminated alkanethiol SAM molecules. 11-Mercapto-1-undecanol SAM molecules 

were used throughout this study, but alkanethiols with other backbones, chain lengths, and 

terminal functional groups can be used.31,60 A condensation reaction occurs between Si-OH 

groups on activated PDMS stamps and the terminal hydroxyl groups of the self-assembled 

alkanethiol molecules to form covalent bonds, i.e., Si-O-SAM thereby enabling lift-off.60 Step 

3: the PDMS stamps were removed to lift-off SAM molecules only in the contact areas 

producing complementary patterns of SAMs on the Au/Cr/Si substrates. Note that in this lift-

off process, a layer of Au adatoms is removed along with the lifted SAM molecules. We 

hypothesize that this occurs because weaker Au-Au bonds in the top layer of the substrate 

surfaces are preferentially broken during lift-off, rather than the Au-S bonds between the 

substrate and alkanethiols.60  
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Scheme II.1. Schematic illustrations of polymer-pen chemical lift-off lithography (PPCLL) 
using pyramidal (top) and v-shaped (bottom) polymer pen arrays. In both cases, in the first 
step, hydroxyl-terminated alkanethiol molecules form self-assembled monolayers (SAMs) 
on Au/Cr/Si substrates. The polydimethylsiloxane (PDMS) stamps carrying the polymer-pen 
arrays are then activated with oxygen plasma treatment. In the second step, an activated 
PDMS stamp is brought into conformal contact with the SAM on a Au/Cr/Si substrate using 
a known vertical compression distance. Condensation reactions occur between the hydroxyl-
terminated SAM molecules and the activated PDMS stamp to form strong covalent bonds. In 
the third step, the PDMS stamp is lifted off of the substrate, removing a portion of SAM 
molecules (~70%) together with Au adatoms from the contact areas to produce a 
complementary pattern on the substrate and an organogold monolayer on the stamp in the 
regions of contact. The contact/feature linewidth (L) is controlled by the vertical 
compression distance (z) of the stamp during contact via the relationship L = f(z).  

As previously reported,76,77 deformation of polymer pens and thus, the areas 

contacted by each pen can be controlled in PPL by compressing the polymer pens onto the 

substrates using a scanning stage with vertical compression-distance control. For example, 

square features can be obtained with linewidths ranging from 500-2000 nm by controlled 

vertical compression with sub-micron increments.76 However, time-dependent lateral 

diffusion results in larger feature sizes than actual contact areas in PPL. By contrast, in 

PPCLL, patterned features and contact areas are identical in size. If the vertical compression 
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distance is controlled at the nanometer-scale, then presumably contact areas can be 

correspondingly controlled. However, in practice, nanometer-scale differences in 

deformation and contact areas are challenging.  

Alternately, computational simulations can be used to predict deformation at the 

nanometer scale. Here, we simulated compression of v-shaped polymer pens, in addition to 

the more well-studied pyramidal polymer pens.76,81 Zheng et al. simulated deformation of 

pyramidal polymer pens and found that contact radii increased linearly with vertical 

compression distances from sub-100-nm to sub-micron with nanometer-scale resolution.81 

To simulate the vertical compression-distance dependent deformation of v-shaped polymer 

pens at the nanometer scale, we constructed a 2D Mooney-Rivlin model using a finite-element 

method via ANSYS software (Ansys Inc., Canonsburg, PA). We simulated vertical 

compression distances (z) from 0 nm to 560 nm with a minimum step size in z of 2 nm for 

v-shaped polymer pens having a base linewidth (w) = 4000 nm and a tip diameter of 22 nm. 

An element size of 8 nm was used to model polymer-pen tips (from the tip to 400 nm in 

height). For the remainder of the polymer-pen height, an element size of 40 nm was used.  

The initial contact was set to occur at a vertical compression distance of z = 10 nm. As 

shown in Figure II.2, as z increased, the v-shaped polymer pen tips flattened and the contact 

linewidths (L) increased. After fitting, we found a quadratic dependence between z and L at 

w = 4000 nm:  

L = f(z) = a + bz + cz2  Eq. (II.1) 

where a = 0 nm, b = 0.444, c = 5.72 × 10-4 nm-1, z > 10 nm, with L in nm. According to 

Eq. (II.1), we can precisely and robustly control the feature size by controlling z. Note, that 

the standard deviation of the difference between the simulation results and fitted curve is 
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only 1.4 nm, and can be further reduced by decreasing the element size and step size in the 

simulations. Therefore, Eq. (II.1) accurately represents the relationship between z and L. 

Figure II.2. (a) Simulation: cross-sectional view of a v-shaped polymer pen (base linewidth: 
4-μm) vertically compressed onto a rigid Au surface with a vertical compression distance of 
z and a resulting contact linewidth of L = f(z). (b) Simulation results: increasing the vertical 
compression distance z leads to increased contact linewidth (L). The relationship between 
vertical compression distance z and L is fitted using the quadratic equation L = f(z) = a + bz 
+ cz2, where a, b, and c are constants. 

The above simulations demonstrate that feature-size resolution can be tuned at the 

nanometer scale in PPCLL. However, in practical experiments, resolution is affected by the 

following additional factors: (a) precision of vertical compression distance, which relies 

solely on the resolution of the scanning stage – typically, a piezoelectric stage has a resolution 

<1 nm; and (b) surface smoothness of the polymer pens and substrates. As shown in 

Figure II.S1, atomic force microscopy characterization shows that the surfaces used here 

have an arithmetic average roughness (Ra) of 0.4 ± 0.1 nm for a recessed structure in the 

master and 1.1 ± 0.1 nm for a polymer pen. The value of Ra for the Au/Cr/Si substrate is 

~1 nm (data not shown).  
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The integration of a piezoelectric scanning stage75,77 and a high-quality leveling 

technique into PPCLL, such as an optical- or force-feedback leveling system, would enable an 

ultimate theoretical resolution of <2 nm to be reached.75 Without using these advanced 

equipment-intensive techniques, we nevertheless demonstrate nanometer-scale feature size 

control in PPCLL by designing and implementing a support-arm array system and polymer 

pen arrays with height gradients, as described in the following experiments and simulations. 

In the first experiment, activated PDMS stamps containing large arrays (3750 × 3750 

and 1 × 2150) of pyramidal (w = 3 μm, period = 4 μm) or v-shaped polymer pens (w = 3.8 μm, 

period = 7 μm) were placed on substrates without external compression. Stamps 

conformally contacted substrates without the need for a leveling system. The contact time 

was set to 4-6 h to ensure high-quality pattern transfer. Our previous CLL work showed 

features could be transferred with contact times as short as 1 min; however, shorter contact 

times resulted in poorer features after wet etching.  

The PPCLL patterns were imaged by SEM. The different intensities observed in SEM 

images were due to different chemical components on the surfaces.59 As shown in 

Figure II.1c,f, a square-dot array pattern (~600 nm linewidth) and a line-array pattern 

(~300 nm linewidth) were achieved. Moreover, the lateral diffusion of ink molecules was 

avoided in PPCLL, otherwise much enlarged features would have been observed after such 

long contact times.59,76 The periodicities of the dot/line arrays were consistent with the 

stamp patterns. The enlarged feature sizes, compared to the original 20 nm tip diameters, 

was the result of polymer pen deformation caused by the weight of the stamps, which 

increased the contact linewidth to >20 nm. However, features were still 1-2 orders of 

magnitude smaller than the base linewidths of the polymer pens in the photomask. Without 
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using sophisticated fabrication techniques, we achieved sub-micron feature scales over large 

areas simply by this “contact & lift” process. Our results demonstrate that PPCLL is an 

economical and high-throughput method for producing sub-micron features over large 

areas.  

We learned from the first set of experiments that the stamp weight deforms the tips 

such that no leveling is necessary. The height of each pyramidal/v-shaped polymer pen (h) 

is determined by its base linewidth (w) using the equation: ℎ =
𝑤

2
∙𝑡𝑎𝑛 𝑡𝑎𝑛 𝜃 =

𝑤

√2
, here θ is 

the angle between the Si{100} and Si{111} facets. Thus, polymer pens with a series of 

different base linewidths (wi) have different heights (hi) by design. As illustrated in 

Figure II.3a, the distances (Di = D0 - hi) from the tip of each polymer pen to the surface are 

different, where the subscript i (i > 0) is used to distinguish different polymer pens, and D0 

(D0 > hi) is the initial vertical distance from the base of the polymer pens to the surface of 

each substrate before contact. Under conformal contact, all of the polymer pens have the 

same initial vertical compression distance, z. However, upon initial contact with the 

substrate and due to their height differences, each polymer pen has a different effective 

vertical compression distance, zi' = z − Di. Contact only occurs when zi' > 0, i.e., z > Di. Each 

contacted polymer pen has a contact linewidth, L = f(zi'). We hypothesize that this process 

would be similar to vertical compression distances in PPCLL controlled using a piezoelectric 

scanning stage system.  

 

  



34 
 

 

Figure II.3. (a) Illustration of a polydimethylsiloxane (PDMS) stamp used in polymer-pen 
chemical lift-off lithography (PPCLL) having support elements (taller v-shaped polymer pens 
with flat tips) interleaved with v-shaped polymer pens (sharp tips with designed base 
linewidths wi): before contact, after placement on a substrate but with no vertical 
compression, and after vertical compression. Here, D0 (D0 > hi) is the initial vertical distance 
from the base of the polymer pens to the surface of each substrate before contact; hi is the 
height of a polymer pen; Di is distance from the polymer pen tip to the substrate, Di = D0 – hi; 
z is the vertical compression distance and L is resulting contact linewidth. (b) Simulation of 
results where v-shaped polymer pen base linewidths (w) and vertical compression distances 
(z) were varied to control contact-dependent linewidths (L), i.e., L = f(w, z). 

To test this hypothesis, we added the base linewidth w as another variable in our 

simulations, in addition to the vertical compression distance z, i.e., L = f(w, z). In this 

simulation, we designed a series of w values ranging from 3500 to 4000 nm in increments of 

25 nm. The initial vertical distance from the base of all of the v-shaped polymer pens to the 

surfaces of substrates was set at D0 = 3000 nm, which is a reasonable distance to keep all of 

the v-shaped polymer pens from contacting the substrates. Then, vertical compression 

distances z, ranging from 0 to 700 nm with a step size of 5 nm, were applied in the contact 

simulation between each v-shaped polymer pen and the substrate. After fitting the 

simulation results for all of the polymer pens with L = f(z), we derived a series of fitted curves. 
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We plotted and connected all the fitted curves in the same 3D space to form a curved surface. 

The curved surface was well fit by:  

L = f(z, w) = a + bz + cw + dzw + ez2 + fw2  Eq. (II.2) 

where a = 2783, b = -2.786, c = -1.602, d = 7.572 × 10-4, e = 5.729 × 10-4, f = 2.232 × 10-4 (the 

fitted curved surface is plotted in Figure II.3b. The Eq. (II.2) is a universal equation wherein 

we can design and control desired contact linewidths L either through w or z. Furthermore, 

when z is fixed, w becomes the only variable influencing L. Under these conditions, Eq. (II.2) 

is reduced to:  

L = f(w) = a" + b"w + c"w2  Eq. (II.3) 

Based on the above simulation results, in the second experiment, we added two 

components in PPCLL, i.e., a stamp support system and polymer pens with height gradients. 

The supporting elements are taller polymer pens with flat tips (obtained by incomplete 

anisotropic etching of Si{100}) distributed between the polymer pens used for pattering, as 

illustrated in Figure II.3a. Here, the support elements have fixed base linewidths of 6 μm 

(Figure II.4a). These support elements serve as weight-bearing pillars to support the 

stamp56 and the flat tips further serve as a low-cost leveling system. Properly designed 

support elements can either keep the patterning-purpose polymer-pen arrays away from the 

substrate by fully cancelling the weight of the stamp or they can control the degree of tip 

deformation of the patterning-purpose polymer pens by partially offsetting the stamp 

weights. The support elements can also be integrated into other PPL designs as an initial 

contact indicator to estimate how much extra vertical compression distance or force is 

needed to obtain desired contact areas.75,77  
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For the second component, a series of v-shaped polymer pen arrays was designed 

with base linewidths from 3500 to 4000 nm, as listed in Table II.1. The support elements 

were designed with linewidth increments of 25, 50, and 100 nm. For the 25-nm increment 

(shown in bold in Table II.1), the corresponding height increment of the polymer pens was 

25 𝑛𝑚

√2
= 18 𝑛𝑚. As shown in Figure II.4a, the v-shaped polymer pens were separated by the 

support elements. Electron-beam lithography was used to produce base linewidths with 

small increments (25 to 100 nm) for proof-of-concept purposes (details of EBL are in 

Materials and Methods). The differences between the designed base linewidths (wdesign) and 

the measured base linewidths (wmeasured) of the v-shaped polymer pens were 100 nm, as 

listed in Table II.1.  

Using this stamp design, a PPCLL experiment without an extra compression force 

beyond the weight of the stamp was performed. As seen in the SEM image in Figure II.4, 

v-shaped polymer pens with larger base linewidths generated larger PPCLL feature 

linewidths, which indicated larger contact areas, as expected. A full set of SEM images are 

shown in Figure II.S4. As listed in Table II.1, we obtained a series of linewidths of 31 ± 4 nm, 

48 ± 4 nm, 67 ± 4 nm, 81 ± 7 nm, 101 ± 7 nm, and 120 ± 5 nm, 134 ± 7 nm, 141 ± 5 nm, 156 

± 8 nm, 169 ± 8 nm, 202 ± 5 nm, 223 ± 9 nm, 248 ± 6 nm, and 309 ± 9 nm. Among these, the 

smallest linewidth was 31 ± 4 nm. For wdesign from 3550 to 3750 nm, the designed base 

linewidth increment Δwdesign was fixed at 25 nm resulting in an average measured base 

linewidth increment of Δwmeasured = 26 ± 6 nm, and an average calculated height increment of 

Δhcalculated = 18 ± 4 nm based on Δwmeasured increment (shown in bold in Table II.1). Such small 

increments resulted in average measured pattern linewidth increments ΔLmeasured at the sub-

20-nm scale, 15 ± 4 nm. Both the sub-40-nm linewidth and the sub-20-nm linewidth 
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increments are comparable to the critical dimensions and resolutions of many vacuum-

based nanolithography techniques.44-52 

 

Figure II.4. (a) A scanning electron microscope (SEM) image of a polymer-pen array having 
designed height gradients and a stamp support system; Inset: cross-sectional view to show 
height differences. (b) A SEM image of a polymer-pen chemical lift-off lithography (PPCLL) 
pattern produced by the stamp in (a). (c) A plot of experimental and simulation results of 
the relationship between the linewidths of the PPCLL patterns and the v-shaped polymer 
pen base linewidths. Below are four SEM images of typical PPCLL patterned lines 
corresponding to the four data points circled in different colors. Note, L1, L2, L3, and L4 are 
measured linewidths; w1, w2, w3, and w4 are the corresponding base linewidths in nm. (The 
images (b) and insets of (c) are processed to visualize the patterns better; the unprocessed 
images are shown in Figures II.S3 and II.S4.) 
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Table II.1. Measured and simulated patterning results of polymer-pen chemical lift-off 
lithography using stamp support elements and v-shaped polymer pens over a series of 
designed base linewidths. All values are in nm. 

wdesign wmeasured Lmeasured Lsimulated Δwdesign Δwmeasured Δhcalculated ΔLmeasured 

3500 3569 31 ± 4 34 - - - - 

3550 3643 48 ± 4 65 50 74 52 17 

3575 3673 67 ± 4 79 25 30 21 18 

3600 3706 81 ± 7 94 25 33 23 14 

3625 3735 101 ± 7 108 25 29 21 20 

3650 3768 120 ± 5 124 25 33 23 19 

3675 3792 134 ± 7 136 25 24 17 14 

3700 3807 141 ± 5 143 25 15 11 7 

3725 3826 156 ± 8 153 25 19 13 15 

3750 3851 169 ± 8 166 25 25 18 13 

3800 3915 202 ± 5 201 50 64 45 33 

3850 3960 223 ± 9 227 50 45 32 21 

3900 4006 248 ± 6 254 50 46 32 25 

4000 4095 309 ± 9 309 100 89 63 61 

Footnote: wdesign is the designed base linewidth of the v-shaped polymer pens; wmeasured is the 
measured linewidth of each PPCLL line pattern; Lsimulated is the simulated contact linewidth based on 
Eq. (II.3) L = f(w, z), for w = wmeasured and z = 547 nm;Δwdesign, Δwmeasured, and ΔLmeasured are the 
increments corresponding to wdesgin, wmeasured, and Lmeasured;Δhcalculated is the height increment of v-

shaped polymer pen calculated fromΔhcalculated = 
1

√2
Δwmeasured. 

Next, we compared the measured results with the universal equation Eq. (II.2) from 

the simulation results. The measured feature linewidths Lmeasured and the measured base 

linewidths wmeasured of the corresponding v-shaped polymer pens are plotted in Figure II.4c. 

To calculate the corresponding vertical compression distance z in Eq. (II.2), we first applied 

the largest measured wmeasured = 4095 nm and Lmeasured = 309 nm in Eq. (II.2) to get z = 
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547 nm. Then, by fixing z at 547 nm, we obtained Eq. (II.3), where a" = 1431 nm, b" = -1.188, 

and c" = 2.232 × 10-4 nm-1. We plotted Eq. (II.3) in Figure II.4c and found that the calculated 

data fit the experimental data well. Based on wmeasured, we calculated Lsimulated. The almost 

negligible differences (~5 nm average) between the Lmeasured and Lsimulated could be due to 

imperfect estimates of the PDMS properties used in the simulations.  

 

Figure II.5. (a) After polymer-pen chemical lift-off lithography (PPCLL) patterning, thiolated 
DNA molecules are inserted into the patterned regions and fluorescently labeled 
complementary target DNA is hybridized on the substrate. (b) A typical fluorescence 
microscopy image after hybridization. (False color (green) is used to enhance pattern 
image.) 

To visualize the fabricated patterns, to test the applicability of PPCLL, and to 

demonstrate the potential for biological patterning applications, DNA hybridization 

experiments were performed. We have demonstrated that CLL can be used to produce DNA 

patterns with high hybridization efficiencies.7 Using PPCLL to pattern DNA in a similar 

fashion represents an economical and high-throughput avenue for fabricating functional 

DNA micro/nano arrays.7,23,60,82 As shown in the scheme in Figure II.5a, SAM molecules 

were removed from the contacted regions by PPCLL and thiolated single-stranded DNA 

molecules were inserted into the patterned regions through Au-S bonding.  
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Single-stranded patterned DNA was hybridized with fluorescently labeled 

complementary DNA enabling visualization of the chemical lift-off patterns via fluorescence 

microscopy. In Figure II.5b, an image of a PPCLL pattern is shown illustrating regions (lines 

of varying widths) of patterned, hybridized DNA. The patterns are consistent with SEM data, 

which provides additional confirmation that PPCLL has indeed occurred. The DNA 

hybridization experiments show that PPCLL can be used to pattern biomolecules that retain 

functionality, i.e., hybridization in this case. Being able to adjust pattern sizes and to create 

large-area substrates with binding sites and bioactive species illustrates that PPCLL might 

be used to fabricate biological devices, such as, biosensors, nucleotide arrays, and selective 

capture substrates. 

 Conclusions and Prospects 

In summary, we demonstrated and tested PPCLL through simulation and experiments. 

Polymer-pen chemical lift-off lithography offers high pattern fidelity, low-cost, large-area, 

nanometer-scale resolution patterning capabilities by combining the advantages of polymer-

pen lithography and chemical lift-off lithography. Through the use of stamp support 

elements and polymer pens with designed size gradients, we demonstrated sub-40-nm 

feature patterning and sub-20-nm feature linewidth increments without a piezoelectric 

scanning stage or a leveling system used in many conventional nanolithography techniques. 

Nonetheless, we plan to couple PPCLL with a piezoelectric scanning stage system to realize 

higher resolution patterning. Polymer-pen chemical lift-off lithography is a promising 

nanofabrication technique for a broad range of applications in electronics, optics, energy, 

and biology. 
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 Supplementary Material 

 

Scheme II.S1. The fabrication scheme of silicon masters and polydimethylsiloxane (PDMS) 
stamps. 
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Figure II.S1. Atomic force microscope (AFM) height images of (a) inverted pyramid on a 
silicon master and (b) protruding pyramid on a polydimethylsiloxane (PDMS) stamp. The 
AFM data were collected using a Bruker Dimension Icon Scanning Probe Microscope. Surface 
roughness was measured inside the square dashed-line areas for each image using the 
instrument software, Nanoscope Analysis. The Ra is the arithmetic average of absolute values 
and Rq is the root mean square of the data points. 
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Figure II.S2. A scanning electron microscope image of a polydimethylsiloxane (PDMS) 
stamp with gradient arrays. Insets: photographs of (i) a silicon master and (ii) a PDMS 
stamp.  
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Figure II.S3. Unprocessed images of Figures II.1c, II.1f, and II.4b. 
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Figure II.S4. A full set of scanning electron microscope images of line patterns with a series 
of different linewidths (Lmeasured) patterned from a series of corresponding v-shaped polymer 
pens with linewidths (wmeasured) as listed in Table II.1. 
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 Introduction 

Chemical lift-off lithography (CLL) is a subtractive technique for patterning self-assembled 

alkanethiol molecules on Au surfaces via rupture of Au-Au bonds at the Au-monolayer 

interface.1,2 In CLL, hydroxyl-terminated molecules (or other species with reactive termini) 

in preformed self-assembled monolayers (SAMs) are lifted off Au surfaces through contact 

with O2-plasma activated polydimethylsiloxane (PDMS) stamps. Compared with 

microcontact or transfer printing methods,3-6 CLL produces crisp, stable patterns with sub-

20-nm resolution and areas patterned over square millimeters.1,7 We have used CLL on gold 

to control the placement and nanoscale environments around surface-immobilized 

biomolecules and to simplify patterning steps in device fabrication.1,2,7-13  

Two-dimensional (2D) materials have proven to be extremely rich in terms of new 

and potentially useful properties.14-18 Here, we investigated Au-alkanethiolate layers on 

PDMS produced during CLL for their 2D material properties. The existence of Au on PDMS 

following lift-off was initially discovered using X-ray photoelectron spectroscopy (XPS) to 

investigate post-CLL PDMS stamps.1 These Au layers had been predicted in a Gedanken 

experiment by George Whitesides, where he described the strength of the Au-S bond as 

stronger than the (weakened) bond between the top layer of alkanethiolate-bound Au atoms 

and the underlying Au substrate. The layers removed during CLL have not yet been well 

characterized.  

In CLL, height differences between the remaining SAMs and the contact regions, 

where molecules were removed, were the thicknesses of the SAMs plus ~4 Å.1 This height 

difference is consistent with one or at most two layers of Au being removed by CLL. Though 
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not fully elucidated, we refer to the lifted-off species as a (supported) Au-alkanethiolate 

monolayer (vide infra).  

Chemical lift-off lithography contrasts with other subtractive or deterministic 

transfer printing techniques6,19-23 in that stamp ‘inks’ during transfer have a different 

composition than the inks originally deposited onto substrates. While other types of Au thin-

films and Au nanoparticles are identified through their measurable geometry- or size-

dependent optical and electronic properties (e.g., localized surface plasmons),24-26 we show 

that CLL lifted-off monolayers lack significant optical signals distinguishable from the PDMS 

supporting matrix. By contrast, we determine that the chemistry of the supported Au-

monolayers remains consistent with that of bulk Au.  

We used experimental and computational strategies to characterize the hybrid Au-

alkanethiolate 2D material formed at PDMS surfaces via lift-off lithography. Chemical lift-off 

lithography to pattern featureless (flat) PDMS with Au-alkanethiolate monolayers enabled 

the direct characterization of the nanometer-scale heights of the supported Au monolayers 

through scanning probe microscopy, as well as the exploration of spatially encoded 

functionality using fluorescence microscopy. Otherwise, when topographically patterned 

PDMS stamps are used to pattern Au monolayers, the traits of the latter are overwhelmed by 

PDMS features that are hundreds of nanometers thick, or are indiscernible on flat PDMS 

without patterned reference regions, i.e., regions that contain only PDMS adjacent to areas 

containing monolayers of Au-alkanethiolate complexes.  

To gain insight into lift-off lithography removal mechanisms and outcomes of the lift-

off process at the atomic scale, we simulated lift-off using molecular dynamics and density 

functional theory. We determined the energetics of this complex system during lift-off. 
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Simulations were used to predict the stoichiometry and structure of the lifted-off Au-

alkanethiolate monolayers. The calculated stoichiometry provides limits for the structures 

of the Au-alkanethiolate monolayers, guiding our interpretation of the existence of Au 

monolayers.  

 Experimental Methods 

 Fabricating Patterned Polydimethylsiloxane Stamps 

Stamps with topographic features were prepared as previously described.27 The Sylgard 

184 silicone elastomer kits were purchased from Dow Corning (Midland, MI, USA). The 

elastomer base and curing agent were mixed in a 10:1 ratio by weight, stirred for 3-5 min, 

and degassed in a vacuum dessicator for at least 1 h to remove air bubbles. Degassed 

mixtures were poured over silicon molds (purchased from KTek Nanotechnology, LLC, 

Wilsonville, OR, USA or fabricated by photolithography) situated in Petri dishes. After 

degassing again, PDMS stamps were cured in an oven at 60 ºC for 12 h. The PDMS stamps 

were separated from silicon masters carefully and cut into desired sizes. 

 Patterning Au-on-Silicon Masters 

Silicon wafers with 100 nm of Au and 5-nm titanium adhesion layers (Platypus, Madison, WI, 

USA) were trimmed with a diamond scribe to ~1 cm × 1 cm sample sizes. Substrates were 

annealed with a hydrogen flame and incubated in 1.0 mM ethanolic solutions of 

mercaptoundecanol overnight at room temperature and ambient pressure to form SAMs. 

Patterned PDMS stamps were treated with oxygen plasma (Harrick, Ithaca, NY, USA) for 40 s 

and contacted with SAMs. The stamps were removed from Au substrates after 2 h. Substrates 
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were then treated with 20 mM iron (III) nitrate and 30 mM thiourea for 10-15 min to etch 

selectively the Au from the exposed regions. 

 Fabricating Flat Polydimethylsiloxane Stamps 

Stamps were templated using featureless silicon wafers. Silicon wafer pieces (Silicon Quest 

International, San Jose, CA, USA) were degreased by sonicating sequentially for 5 min in 

ethanol, 3 min in deionized water, and 5 min in ethanol. Silicon wafer pieces were 

immediately rinsed with ethanol and blown dry with compressed nitrogen gas. They were 

then exposed to hexamethyldisilazane vapor for 10 min in a closed chamber to facilitate later 

removal of PDMS. Glass slides (VWR, Radnor, PA, USA) were trimmed to ~2.5 cm × 2.5 cm 

squares and sonicated for 20 min in 1% (w/v) Alconox, rinsed with deionized water, and 

cleaned two additional times. Clean glass pieces were stored in deionized water until they 

were rinsed and blown dry immediately before use.  

Using a plastic spatula with a tapered tip, 1-2 drops of degassed PDMS (10:2 

elastomer:curing agent by weight) were placed on the silicon pieces and degassed for an 

additional 5-10 min. Flat PDMS films were physically attached to glass slide pieces to 

minimize damage to their surfaces during handling. Dry glass slide pieces were treated with 

an oxygen plasma for 40 s. Upon removing the silicon pieces with PDMS from the dessicator, 

a small drop of PDMS was placed on each glass slide, which was then placed gently on top of 

the PDMS. The ‘sandwiches’ were cured on a hot plate at 110 °C under a 10 lb. steel-brick 

weight. After 10 min, the heat was turned off while the ‘sandwiches’ remained under the 

weight overnight.  
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 Patterning Flat Polydimethylsiloxane Stamps 

Patterned Au-on-Si masters were annealed with a hydrogen flame and then immersed in 

1.0 mM mercaptoundecanol overnight to form new SAMs on the patterned Au regions. Prior 

to performing CLL, masters were sonicated three times for 1 s in fresh ethanol, rinsed, and 

blown dry. The PDMS on glass pieces were removed from the silicon templates immediately 

before use, rinsed with ethanol, blown dry with compressed nitrogen, and O2-plasma treated 

for 40 s to activate surfaces. The Au-on-Si masters were placed face down on PDMS samples. 

After initial contact and gently pressing by hand, no additional vertical pressure was applied. 

Contacted regions were lightly marked on the glass underside with a permanent marker. 

After contact for 2-24 h, depending on the experiment, Au-on-Si masters were carefully 

removed from the PDMS. The marked regions were scratched lightly into the PDMS before 

each sample was rinsed on both sides with ethanol and blown dry. 

 Peak-Force Atomic Force Microscopy  

A Bruker Dimension Icon Scanning Probe Microscope (Bruker Nano, Santa Barbara, CA, USA) 

was used to map topographies and mechanical properties of flat PDMS stamps patterned 

with Au-alkanethiolate monolayers. The AFM images of PDMS stamps (flat and patterned) 

were measured using PeakForce Quantitative Nanomechanical Property Mapping mode. 

ScanAsyst-Air cantilevers (Bruker, spring constant = 0.4 ± 0.1 N/m) were calibrated with a 

clean piece of silicon before each measurement. A peak-force set-point between 200 and 

400 pN was maintained, except where otherwise indicated. These conditions enabled 

sufficient contact between tips and samples for imaging, while minimizing the load from the 

cantilever applied to the PDMS.  
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 Scanning Electron Microscopy of Au-on-Si Masters 

Scanning electron microscopy was performed using a JEOL JSM-6700F scanning electron 

microscope (JEOL, Inc., Tokyo, Japan) with a 750 V DC detector bias and 5 kV accelerating 

voltage. 

 Field-Emission Gun Variable Pressure Electron Microscopy of Au on PDMS 

Scanning electron micrographs of Au-alkanethiolate monolayers on flat PDMS were imaged 

with a low vacuum detector in a Nova NanoSEM 230 microscope (FEI, Czech Republic) 

operating at an accelerating voltage of 5 kV. Samples were affixed to the SEM stub and 

grounded by conductive carbon and copper tape. Variable pressure SEM (VP-SEM) was 

performed under 50 Pa of water vapor in the sample chamber to avoid charging insulating 

PDMS surfaces by the electron beam. 

 Functional DNA Patterns on Supported Au Monolayers 

As-received DNA (Integrated DNA Technologies, Coralville, IA, USA) was diluted in nuclease-

free water (QIAGEN, Valencia, CA, USA) to make 100 µM stock solutions. Immediately prior 

to experiments, DNA stock solutions were diluted 1:100 with 0.01 M phosphate buffered 

saline (PBS) ([NaCl] = 138 mM, [KCl] = 2.7 mM, and [MgCl2] = 5 mM) pH 7.4 (Sigma-Aldrich, 

St. Louis, MO, USA) to make 1 µM solutions. Patterns of Au-alkanethiolate monolayers on flat 

PDMS substrates were functionalized with thiolated single-stranded DNA solutions by 

pipetting 50-100 µL of 1 µM DNA solutions onto the substrates to cover the patterned 

regions and incubating for ~20 h at room temperature. The substrates were then rinsed 

thoroughly with deionized water and blown dry with nitrogen gas. For DNA hybridization 

on Au-alkanethiolate monolayers on flat PDMS, 50-100 µL of 1 µM AlexaFluor® 488-labeled 

complementary DNA was pipetted onto the substrates, which were then incubated for 1 h at 
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room temperature. During incubation, substrates were kept in the dark to minimize 

photobleaching of fluorescent dyes by ambient light. Substrates were rinsed again with 

deionized water and blown dry with nitrogen gas.  

The DNA duplexes on Au-alkanethiolate monolayers were imaged at an emission 

wavelength of 517 nm (AlexaFluor® 488; excitation at 492 nm) with an inverted 

fluorescence microscope (Model: Axio Observer.D1) equipped with an AxioCam MRm 

charged-coupled device camera (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) and a 

fluorescence filter with excitation and emission wavelengths at 470 ± 20 nm and 

525 ± 25 nm, respectively (38 HE/high efficiency, Carl Zeiss MicroImaging, Inc.).  

In Figure III.2A,B, patterns were formed on an unsupported slab of PDMS. These 

patterns were functionalized with thiolated single-stranded DNA (5’-TCT CAA GAA TCG GCA 

TTA GCT CAA CTG TCA ACT CCT CTT T/3ThioMC3-D/-3’) using the procedure described 

above. Thiolated DNA strands were hybridized with dye-labeled complementary strands 

(5’-AAA GAG GAG TTG ACA GTT GAG CTA ATG CCG ATT CTT GAG A/3AlexF488N/-3’). 

Samples were then imaged with the patterned side facing down in a drop of deionized water 

on a clean cover slip. Magnification and exposure times were adjusted appropriately for each 

patterned region. The same preparation and imaging strategy was employed for samples in 

Figure III.S5.  

For patterns in Figure III.2C,D, samples were prepared on thin PDMS substrates 

supported on glass, similar to the sample shown in the photograph in Figure III.S4. 

Thiolated DNA and dye-labeled complementary sequences were 5'-/5-thioMC6-D/ GCA CGA 

AAC CCA AAC CTG ACC TAA CCA ACG TGC T-3' and 5'-/5-Alex488N/ AGC ACG TTG GTT AGG 

TCA GGT TTG GGT TTC GTG C-3'. For control experiments, substrates functionalized with 
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thiolated DNA were incubated with 1 µM AlexaFluor® 488 labeled fully scrambled DNA 

sequences (5'-/5-Alex488N/ CAT GAA CCA ACC CAA GTC AAC GCA AAC GCA TCA A-3') to test 

the specificity of DNA hybridization on patterns of Au-alkanethiolate monolayers. In other 

experiments, substrates were incubated with 0.01 M PBS pH 7.4 without thiolated DNA 

followed by incubation of 1 µM AlexaFluor® 488 labeled complementary DNA. Each 

substrate was positioned on the microscope sample holder such that the PDMS side was 

facing away from the light source and the backside (glass side) of the substrate was facing 

toward the light source. Images were collected under dry or aqueous conditions. Deionized 

water drops were pipetted onto the PDMS side of glass substrates to cover the ultrathin Au 

patterns for imaging under aqueous conditions.  

 X-Ray Photoelectron Spectroscopy 

The XPS spectra were acquired on an AXIS Ultra DLD instrument (Kratos Analytical Inc., 

Chestnut Ridge, NY, USA) under ultrahigh vacuum (10-9 torr) using a monochromatic Al Kα 

X-ray source (20 mA, 14 kV) with a 200 μm diameter circular spot size. Pass energies were 

80 mV for survey spectra and 20 mV for high-resolution spectra of C 1s, S 2p, O 1s, and Au 4f 

regions. All data points were acquired with 200-ms dwell times. For adequate signal-to-

noise, the numbers of scans were adjusted for different regions of the spectrum to account 

for different relative sensitivity factors and low amounts of Au, ranging from 20 scans for 

C 1s to 100 scans for Au 4f. Because PDMS is an insulator, a charge neutralizer (flood gun) 

was used to offset charging of samples that otherwise impedes spectral acquisition. Doing 

so, however, causes peaks to shift to lower energies compared to their expected energies 

obtained without using a flood gun.  
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 Chan-Vese Segmentation 

In our implementation, AFM topography maps were segmented into foreground regions, 

which contained lifted-off complexes, and background regions, which contained only PDMS. 

The algorithm also output a matrix indicating the location of artifacts, which were then 

excluded from subsequent analysis of both the foreground and background regions 

(Figure III.8B). During post-segmentation analysis, histograms of the two regions were 

plotted and then fit to Gaussian distributions. Because the data were normally distributed, 

the apparent heights of the lifted-off layers were calculated through the differences of the 

means of the foreground and background pixel intensities. 

Calculating apparent heights line-by-line along the fast-scan direction, a conventional 

way of calculating average intensity differences in each line, gave similar values for the 

apparent heights as those calculated using all image pixels (Figure III.S9). The imaging force 

set-point chosen for use in these studies provided sufficient force for imaging, while 

minimizing the deformation of Au-alkanethiolate monolayers. Apparent heights were shown 

to be equally and minimally influenced by the imaging force (Figure III.S10).  

 Molecular Dynamics Simulations 

Molecular dynamics simulations were carried out using density functional theory with the 

Perdew-Burke-Ernzerhof functional28 using a grid-based projector augmented wave 

code.29,30 In total, twelve pulling simulations were performed using a grid basis (with a 0.2 Å 

grid spacing) and a linear combination of atomic orbitals basis with double-zeta polarized 

functions. The thermal movement of atoms was simulated using the Langevin thermostat 

targeting room temperature, implemented in the Atomic Simulation Environment.31 The 

thermostat adds both a small, random contribution to the force on the atoms and a small 
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friction factor that slows them down, aiming for an average total kinetic energy of the atoms 

that corresponds to the target temperature. The time step for molecular dynamics was 2 fs. 

To maintain the stabilities of hydrogen atoms on this time scale, their masses were increased 

to the mass of deuterium. 

The unit cell was orthogonal with a size of 8.87 Å in the x-direction and 10.24 Å in the 

y-direction, in which the unit cell was also set to be periodic. In the z direction, a 10 Å vacuum 

was set both above and below the structure. In the unit cell, the Au slab consisted of (3, 4, 3) 

atoms in the (x, y, z) directions, respectively, fulfilling a {111} surface structure with the 

surface vector pointing in the z-direction. The lattice constant was 4.18 Å corresponding to 

the theoretical lattice constant of Au in the Perdew-Burke-Ernzerhof approximation. 

Gamma-points were used in each direction. In addition, four 1-butanethiolates were set on 

the Au surface forming a (3 × 2√3)-rectangular-symmetric structure. Individual thiolates 

were set to the fcc positions of the Au{111} surface. In the case of the RS-Au-SR units, the Au 

adatoms were set to bridge positions and the sulfur atoms to positions above the surface and 

next to adatoms. Butyl was chosen for the alkyl tail as long enough to form the (3 Å ~ 2√3) 

rectangular symmetry naturally but short enough to maintain computational costs as low as 

possible.32 

Before removal, the system was heated up to room temperature using the Langevin 

thermostat with a friction parameter of 0.002 s-1; the heating procedure was run for 2 ps in 

simulated time. The lowest layer of Au was fixed in its initial position to enable the removal 

of the thiolates. The pulling moved the terminal carbon atoms with constant velocity 

outward from the Au surface. Typically, a velocity of 0.5 Å/ps was used. The calculation was 
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continued until thiolate/Au complexes had been completely separated from the surface. The 

Langevin thermostat was used throughout the calculation to maintain the total energy of the 

system damping to the energy added due to pulling. 

Core level shifts were calculated for the Au atoms in the modeled structures that were 

removed from surfaces in the simulations. The density functional theory with the PBE 

functional was used again via GPAW to calculate the energies of the structures. The 

procedure followed the one used by Grönbeck.33 After relaxing the removed structure to a 

local energy minimum with residual forces below 0.05 eV/Å on any atom, an electron was 

removed from the 4f core of a Au atom and the change in the total energy of the system was 

calculated. To make the results comparable, the energy shift of a bulk Au atom was then 

subtracted from this energy change. 

 Results and Discussion 

Master substrates of Au-on-Si were patterned by a first round of CLL. Here, topographically 

patterned PDMS stamps were used to lift-off hydroxyl-terminated self-assembled 

alkanethiols (Figure III.S1).1,9 Following this CLL step, Au in the lifted-off (exposed) regions 

was removed by wet-etching to form Au-features in the noncontact regions. Next, hydroxyl-

terminated alkanethiols were self-assembled on the patterned Au masters (Figure III.1, 

left). Topographically flat, activated PDMS was brought into contact with the patterned Au 

masters to carry out a second round of CLL that resulted in otherwise featureless PDMS 

patterned only with monolayers of Au-alkanethiolates. 
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We visualized patterns of Au-alkanethiolate monolayers on PDMS using nanoscale 

characterization tools. Topographies were measured using peak-force atomic force 

microscopy (PF-AFM), an intermittent contact mode suitable for interrogating soft 

samples.34 The AFM topography map in Figure III.1E shows a pattern of recessed circular 

holes that are each approximately 1 µm in diameter with 4-µm center-to-center separations. 

These features directly reproduced the lateral dimensions and periodicities of the Au 

features on the corresponding Au-on-Si master imaged by SEM in Figure III.1A. The 

remaining images in Figure III.1F-H demonstrate the same characteristics; protruding 

Figure III.1: (Left) Scheme for patterning flat polydimethylsiloxane (PDMS) with 
Au-mercaptoundecanol monolayers. The Au features (100-nm height) on Au-on-Si masters 
were functionalized with mercaptoundecanol and contacted with topographically flat PDMS 
stamps. (A-D) Scanning electron micrographs of Au-on-Si masters with (A) 1-μm diameter 
holes, (B) 1-μm lines, (C) 5-μm diameter holes, and (D) 3-μm diameter raised circles. The 
Au regions appear bright in these images. (E-H) Height maps of Au-mercaptoundecanol 
monolayers on PDMS produced from the Au masters in (A-D), respectively. Images were 
acquired by peak-force atomic force microscopy. (I-L) Variable-pressure scanning electron 
micrographs of the same Au-alkanethiolate patterns on PDMS visualized in (E-H). Images in 
(I-L) are contrast enhanced to visualize features more clearly. The original images are shown 
in Figure III.S2. 
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regions in each AFM height map of post-lift-off PDMS corresponded directly to the raised Au 

features on the related Au-on-Si masters. Thus, PDMS was patterned by addition of Au-

mercaptoundecanol monolayers from patterned Au regions on Au-on-Si masters, and not by 

imprinting, as nanoimprinting would result in inverse height topographies from those 

measured in Figure III.1E-H. Notably, after reannealing and self-assembly of new 

alkanethiol monolayers, Au-on-Si masters were able to be reused a number of times to 

pattern multiple PDMS samples (Figure III.S3). 

Patterned lifted-off monolayers were also imaged using variable-pressure scanning 

electron microscopy (VP-SEM), as shown in Figure III.1I-L. Compared with AFM, SEM can 

be used to image patterns more efficiently as it provides chemical sensitivity and faster 

image acquisition over larger areas, up to square millimeters.5,35-37 The VP-SEM modality 

accommodates non-conducting samples by injecting water vapor into the sample chamber 

to offset destructive charging of samples. In all cases, the dimensions and feature 

arrangements on patterned PDMS samples were consistent with those observed by AFM. In 

the VP-SEM images, functionalized regions consistently appeared less intense than the 

surrounding regions. We previously observed similar contrast inversion while imaging self-

assembled alkanethiols on Au surfaces.5 In earlier studies, changing the operating voltage 

(i.e., the primary electron beam voltage) during SEM image acquisition was shown to reverse 

the contrast for images taken from the same sample. For PDMS, which is not conducting, the 

accelerating voltage, sample height, and vapor pressure were adjusted so that patterns could 

be discerned. Contrast in VP-SEM, also depends on the nature of the alkanethiol molecules 

and SAM disorder (e.g., the orientations and conformations of the molecules in the SAM).5 

The Au-mercaptoundecanol monolayers on PDMS are disordered, as only 60-70% of 
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alkanethiol molecules are removed during CLL.1,10,38 The resulting incomplete coverage may 

also influence the observed contrast. These Au-alkanethiolate monolayers on PDMS are 

composed of Au atoms bound to the PDMS by organic alkanethiol molecules. Thus, the 

observed contrast of Au, seen in the SEM images of the Au-on-Si masters (Figure III.1A-D), 

is not necessarily comparable to that of the SEM images of Au-alkanethiolate monolayers 

(Figure III.1I-L).  

We were unable to visualize patterned lifted-off monolayers on PDMS using optical 

extinction spectroscopy (Figure III.S4). We attempted to quantify optical extinctions of 

lifted-off Au monolayers on PDMS using a strategy previously employed to measure 

extinction from assemblies of Au nanoparticles or nanothin Au films.39 As shown in Figure 

III.S4C, optical extinction was indistinguishable from instrument noise for visible 

wavelengths. Furthermore, there were no discernable differences in transmission between 

regions containing the Au monolayers and unmodified PDMS. Thus, the Au-alkanethiolate 

hybrid material is transparent at visible wavelengths to within our measurement 

capabilities.  

Although the Au monolayers were not optically detectable, we labeled them with 

thiolated DNA, using a strategy to detect even minor amounts of species via their chemical 

properties.40-42 In doing so, we demonstrated the chemical functionality of the Au-

alkanethiolate monolayers (Figure III.2). Complementary DNA was hybridized to thiolated 

single-stranded DNA self-assembled on lifted-off Au-containing regions on PDMS. 

Complementary sequences were fluorescently labeled, enabling indirect visualization of 
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patterned Au monolayers. Only regions containing Au-alkanethiolates appeared bright in 

fluorescence microscopy images (Figure III.2).   

Figure III.2: Fluorescence visualization of patterned lifted-off Au-alkanethiolate 
monolayers via DNA self-assembly and hybridization. (A) (Top) Scheme for complementary 
DNA hybridization experiments. (Bottom) Fluorescence microscopy image of a Au-
alkanethiolate monolayer pattern on flat polydimethylsiloxane (PDMS) after incubation with 
thiolated single-stranded DNA. Bright (lifted-off) regions between squares are indicative of 
hybridization of AlexaFluor® 488-labeled complementary DNA. Square regions are dark due 
to the absence of Au, and therefore, the self-assembled DNA necessary for hybridization. 
(B) (Top) Scheme for non-complementary control experiments. (Bottom) Similar substrate 
and DNA self-assembly as (A) except scrambled, non-complementary fluorescently labeled 
DNA was used for hybridization. (C) Flat PDMS was patterned with Au-alkanethiolate 
monolayers in the “CNSI” lettered and “UCLA” relief regions. Patterns were then visualized 
using the same DNA self-assembly and hybridization procedure as panel A. (D) A different 
region of the same PDMS sample shown in (C) but patterned with 300-nm dots having 
2.1-µm nearest neighbor center-to-center separations. 
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Using this straightforward functionalization and visualization method, we 

investigated patterns of lifted-off Au-monolayers on PDMS as substrates for DNA 

recognition. Upon hybridization of dye-labeled complementary strands, fluorescent patterns 

were readily observed (Figure III.2A,C,D). No measurable fluorescence was detected when 

DNA-functionalized substrates were exposed to dye-labeled non-complementary DNA 

(Figure III.2B). Thus, the fluorescence patterns observed in Figure III.2 derive from specific 

hybridization between thiolated DNA strands and their complementary sequences. Also, no 

patterns were observed in control experiments investigating nonspecific adsorption of 

complementary strands to patterned substrates in the absence of self-assembled thiolated 

DNA, hybridization with non-complementary self-assembled DNA, or self-assembly and 

hybridization of DNA on unpatterned PDMS (Figure III.S5).  

Using CLL and fluorescence visualization, we produced images over square-mm areas 

with lateral feature sizes spanning several orders of magnitude on the same substrates 

(Figure III.2C,D). We have yet to determine the limits of the feature sizes and areas that can 

be patterned by CLL, with features as small as 5 nm removed from the original monolayer.2 

In addition to a wide range of feature sizes, supported Au monolayer on PDMS patterns were 

stable for at least six months (Figure III.S6). These results suggest that while the optical 

properties of the lifted-off monolayers are different from those of bulk Au (i.e., the former 

are optically transparent), lifted-off Au monolayers are chemically similar to bulk Au since 

they are amenable to self-assembly of thiols, and thus, to forming Au-S bonds. The ability to 

modify the supported Au monolayers resulting from CLL chemically suggests opportunities 

for large-scale, transparent, sensor technologies, which could be straightforwardly 

fabricated under ambient conditions. 
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Having established characterization modalities to evaluate Au-alkanethiolate 

monolayers on PDMS, we developed an additional strategy for patterning PDMS with Au-

alkanethiolate monolayers that takes advantage of the chemical selectivity associated with 

CLL. We previously determined that methyl-terminated SAMs do not react with activated 

PDMS and are therefore inert to lift-off. Terminal functional groups that are ‘CLL compatible’ 

include hydroxyl, amino, carboxylate, and phosphonate moieties, such that these groups 

react with oxidized PDMS and are lifted off.1,10,11 Performing CLL with flat PDMS stamps and 

patterned SAMs having regions of reactive vs. unreactive molecules on Au was anticipated to 

yield patterns on PDMS.  

The scheme in Figure III.3A illustrates this concept. First, CLL was performed using 

stamps with 7.5-µm diameter wells and mercaptoundecanol SAMs on the Au surfaces, 

leaving behind SAMs in circular regions. Octadecanethiol (C18) molecules were then 

inserted into the contact regions resulting in patterned monolayers on Au substrates. 

Octadecanethiol was selected for study because we hypothesized its chain length would give 

sufficient contrast in post-CLL AFM imaging, and that it would not displace the remaining 

mercaptoundecanol monolayer in the circular regions, or prevent it from undergoing CLL 

with a flat stamp.43,44 Two-component SAMs on Au having patterned regions distinguished 

by different terminal groups were then used for a second CLL step involving flat PDMS.  
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X-ray photoelectron spectroscopy (XPS) spectra of patterned PDMS illustrated the 

presence of Au in the regions predominantly containing mercaptoundecanol (noncontact 

regions associated with the first CLL step), but also in the contact regions dominated by 

inserted octadecanethiol. Residual mercaptoundecanol in the contact regions is due to the 

incomplete removal of molecules during the first CLL step. This partial removal has been 

used to advantage in fabricating tethered DNA for high-efficiency hybridization10 and for 

Figure III.3: Chemically selective lift-off onto flat polydimethylsiloxane (PDMS). (A) First, 
chemical lift-off lithography (CLL) was performed with a stamp having recessed circular 
features and a preformed self-assembled monolayer of mercaptoundecanol. Methyl-
terminated alkanethiol molecules were then inserted into the contact regions, resulting in a 
self-assembled monolayer with patterned terminal functionalities. Performing a second 
round of CLL using this substrate and flat PDMS resulted in lift-off of Au-alkanethiolate 
monolayers from regions containing hydroxyl-terminated molecules. (B) Height and (C) 
adhesion maps of the Au-alkanethiolate features on PDMS. These maps were simultaneously 
acquired using peak-force atomic force microscopy. (D) Height and (E) adhesion maps of 
the remaining alkanethiols on Au after CLL. The topography and adhesion maps in (B,C) 
show inverted contrast from those in (D,E), respectively.  
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investigating spin selectivity in electron-transport through DNA.12 Comparing the XPS peak 

areas suggested that the amount of Au in the lift-off regions is approximately double the 

surface concentration of Au in the noncontact regions. We note that the contrast in the 

topographic AFM map of the Au-alkanethiolate monolayers produced via two-component 

SAMs (Figure III.3B) appears lower than that of the monolayers produced via Au-on-Si 

masters (Figure III.1E-H). We attribute the low topographic contrast in the height maps in 

Figure III.3 to the presence of Au-alkanethiolates in all regions of the patterned PDMS.  

In addition to topographic heights, we used PF-AFM to determine adhesion force – 

the force needed to pull an AFM tip off a surface – to investigate chemical contrast on 

patterned PDMS.45 The patterns of circles seen in the AFM adhesion maps in Figure III.3C,E 

are consistent with differential molecular compositions in the lifted-off vs. non-lifted-off 

regions and the chemically selective removal of molecules terminating in hydroxyl vs. methyl 

groups during the second lift-off step whereby patterned PDMS was produced. Collectively, 

the data in Figure III.3 demonstrate a CLL-centered strategy for regional control of chemical 

composition on flat PDMS supporting materials. 

To evaluate the Au-alkanethiol-PDMS hybrid material further, we quantified the 

apparent heights of the regions containing the lifted-off Au monolayers using AFM 

topography maps of patterned PDMS (Figure III.1E,F,H). To recognize and to differentiate 

systematically regions containing Au-mercaptoundecanol monolayers and PDMS-only 

background regions, we employed a recently developed image analysis algorithm based on 

Chan-Vese segmentation.46-48 This algorithm is an enhanced version of a region-based 

segmentation method that can be used to detect artifacts and differentiates pattern features 

from topographically uneven backgrounds, which thresholding strategies cannot 
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straightforwardly accomplish.47 Further, this algorithm minimizes user bias inherent in 

delineating regions of interest and maximizes the number of image data points considered. 

Details and demonstrations of our implementation are provided in the Experimental section 

and in Figures III.S8-III.S10. 

  

Figure III.4: (A-C) Height maps of three different patterns of Au-mercaptoundecanol 
monolayers on polydimethylsiloxane (PDMS) acquired using peak-force atomic force 
microscopy. (D-F) Regions classified as ‘foreground’ are determined using the image 
segmentation algorithm and contain Au-mercaptoundecanol monolayers corresponding to 
the images shown in (A-C). (G-I) Histograms of the heights represented by the intensities of 
foreground and background classifications of pixels. Each histogram was fit to a Gaussian 
distribution and was consistent with a normal distribution. The calculated apparent height, 
Ha, determined from each image was the difference in the means of the foreground and 
background pixel intensities. The values for Ha and 95% confidence intervals (95% CI) are 
shown below each graph. 
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Monolayers of Au-mercaptoundecanol (Figure III.4A-C) were associated with 

heights ranging from 0.63 ± 0.01 nm to 0.93 ± 0.01 nm determined from the Chan-Vese 

analyses (Figure III.4D-I). These apparent heights are smaller than the height of a SAM of 

mercaptoundecanol on a Au surface, which is 1.3-1.4 nm with a 30° tilt angle relative to the 

surface normal.49-51 Considering an interlayer spacing of Au{111} of 2.35 Å,52 complete lift-

off of alkanethiol SAMs from Au surfaces would yield Au-alkanthiol layers approximately 

1.6 nm in height, assuming that the molecules retain their original orientation and each thiol 

removes one Au atom.  

Nonetheless, we know the Au-alkanethiolate monolayers on PDMS from typical CLL 

experiments are reflective of incomplete lift-off.1,10,38 Moreover, the dimensions of the Au-

alkanethiol complexes that compose the lifted-off monolayer on PDMS are less than the 

resolution of ambient AFM.53 As such, an average can be calculated for the apparent heights 

by multiplying the typical 60-70% yield of CLL with the heights of the full Au-alkanethiolate 

monolayers calculated above. Doing so yields an apparent height range of 0.96-1.12 nm, 

which is still greater than the measured heights (Figure III.4). The Au-alkanethiolate 

complexes on PDMS are expected to adopt a variety of orientations relative to the surface, 

similar to the variety of orientations of self-assembled alkanethiols at incomplete coverage 

on Au surfaces,54,55 further reducing our estimate of apparent height. In all, our measured 

estimates of topographic heights of Au-alkanethiol monolayers on PDMS are consistent with 

all previous CLL characterizations and with the predicted 1-2 Au atoms lifted-off per 

alkanethiolate molecule (vide infra). 

Assumptions made above regarding the structure of Au-alkanethiolate monolayers 

on PDMS are in agreement with estimates of the stoichiometry of the Au-alkanethiolate 
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monolayer calculated through molecular dynamics simulations. Atomic rearrangements 

during the CLL process were modeled using density functional theory and the grid-based 

projector-augmented wave (GPAW) method.29 During simulations, a densely packed SAM of 

chemisorbed butanethiolates was pulled from a Au{111} surface. Details of the initial Au-

thiolate surface structure and the pulling speed were varied (see Experimental section). 

Figure III.5 shows the initial structures and later snapshots from two representative 

simulations. Panel A shows the initial structure having RS-Au-SR units (R refers to the butyl 

chain) on top of a Au{111} surface with defects, while panel B indicates a close-packed layer 

of butanethiolates on an ideal fcc Au{111} surface. 

 

 

Figure III.5: Configurations calculated from two molecular dynamics simulations of lift-off 
of a butanethiolate SAM on Au{111}. (A) Initially, densely packed RS-Au-SR units occur on 
Au{111} having surface vacancies. The number of vacancies equals the number of RS-Au-SR 
units. (B) Initially, dense packing of individual butane thiolates occurs at the face-centered 
cubic sites of a defect-free Au{111} surface. The dashed vertical lines define the borders of 
each computational unit cell, i.e., in the figure there are two unit cells side by side in each 
configuration. Atom colors: white, hydrogen; gray, carbon; yellow, sulfur; orange, Au. 
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We further computationally analyzed the XPS core level shifts (CLS) for each Au atom 

in the lifted-off complexes (Figure III.S11). These calculated spectra are signatures of the 

predicted structures resulting from CLL of SAMs packed on Au with and without defects. 

When comparing the spectra and the structures, we found that the shifts are spread ~1.5 eV 

around the bulk reference value, and similar chemical environments of the Au atoms 

resulted in similar core level shift energies. These simulations indicate that the CLS of a Au 

atom in a Au-alkanethiolate monolayer are sensitive to its local environment in the system, 

and that spectral features would reflect the arrangement of self-assembled molecules on the 

gold surface at initial and/or intermediate stages of CLL. Our current observations are 

consistent with the predicted stoichiometries, and these simulations form the basis of work 

to interrogate the structure and stoichiometry of the lifted-off Au monolayer further. 

The potential to lift-off Au via PDMS contact is consistent with the discovery that Au-

thiolate complexes are the mobile species in SAM diffusion.2,56 The electronegative sulfur 

atoms (thiol head groups) withdraw charge from Au atoms, causing measurable changes in 

the physical properties of Au, including increased binding energies of Au 4f electrons 

measured by XPS,57 decreased Au-Au rupture forces in molecular break-junction 

experiments,58-60 and shorter Au-S bonds compared with Au-Au bonds measured by electron 

diffraction.61,62 At molecular resolution, scanning probe measurements have revealed 

rearrangements of Au-surface atoms,63-65 diffusion and alignment of adatom-adsorbate 

complexes,56,66 and phase separation of SAMs composed of molecules with different 

backbones or terminal functionalities.67-69 Phase separation is driven by stronger 

intermolecular interactions between one type of SAM molecule vs. another in mixed SAMs. 
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Rearrangements and displacement of molecules in mixed monolayers can also be 

manipulated by choosing other head groups, such as selenols, in place of thiols.70,71  

Theorists have investigated the influence of collective interactions among alkanethiol 

backbones on the removal of clusters of SAM molecules from Au surfaces.72,73 For example, 

less force is required to pull a monolayer of heptanethiolates and Au atoms from a Au 

substrate nanomechanically than a monolayer of propanethiolates. In addition to previously 

demonstrated lift-off ‘compatible’ and ‘incompatible’ terminal groups,10,11 the head groups 

and backbones of the SAM molecules themselves are potential parameters for customizing 

the compositions and chemical states of the lifted-off Au monolayers.  

 Conclusions and Prospects 

We have devised a suite of fabrication, imaging, and computation strategies to address the 

structure, functionality, and stoichiometry of Au monolayers lifted-off during chemical lift-

off lithography and demonstrate a new 2D Au-hybrid material with unique properties. Using 

CLL, we produced a functional hybrid material of Au-alkanethiolate monolayers on 

topographically flat PDMS that spatially encodes chemical functionality at the surface of 

PDMS, while preserving the transparency and flexibility of the PDMS. The lateral dimensions 

and periodicity of the lifted-off monolayers were preserved from the Au-on-Si masters when 

patterning the lifted-off monolayers on PDMS, as imaged by AFM and SEM. These patterns of 

Au monolayers were recognizable in fluorescence microscopy when functionalized with 

thiolated DNA hybridized with dye-labeled complementary DNA.  

Analysis of the relative heights in AFM images revealed less than a complete 

monolayer of Au-alkanethiolates on PDMS, consistent with previous findings indicating that 
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CLL removes ~70% of molecules from contact regions. In agreement with indirect evidence 

that a monolayer of Au is removed during CLL, molecular dynamics simulations converged 

on a stoichiometry of 1.5 Au atoms per thiol. These simulations also demonstrate that the 

lifted-off Au atoms are in environments distinct from those at the surface of the bulk Au, and 

are predicted to be distinguishable in photoelectron spectra.  

This body of evidence demonstrates that CLL, an already straightforward method for 

patterning square centimeter areas of alkanethiol monolayers of Au-on-Si substrates, can 

also be used to pattern PDMS with Au and to impart encoded chemical functionality without 

affecting the flexibility or transparency of PDMS. Incorporating chemical functionality onto 

PDMS will be useful for integrating sensing functions into microfluidic devices.74-86 

Compared with many techniques used to impart submicron features onto PDMS,80-82 CLL is 

parallel, high-throughput, and performed under ambient conditions. 

Further studies will test the impact of the composition of the supporting molecules 

on the properties of the lifted-off Au monolayer. The structural and electronic properties of 

the Au monolayer can be tailored by varying the properties of the supporting molecules.2 For 

example, limiting the degrees of freedom of the supporting monolayer by replacing 

mercaptoundecanol with unsaturated alkanethiols or rigid cage molecules may result in a 

monolayer that better maintains a planar two-dimensional geometry.2 Additionally, 

carboranethiols, which are known to form pristine and nearly defect-free SAMs,67,87,88 or 

molecules with additional interactions among the backbones, such as 3-mercapto-

N-nonylpropionamide, which forms hydrogen-bonding networks,89,90 are hypothesized to 

increase the yield of lifted-off molecules during CLL and to produce more complete 

supported monolayers.2 Replacing thiol moieties with groups that bind more strongly to 
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Au,4,70,71 such as selenolates, will also be investigated. Thus, a rich variety of tunable 

variables, including stamp geometries, chemical backbones, and anchor groups remain to be 

explored for CLL.  

Ultimately, the resolution of CLL will be defined as the ability to control the separation 

between individual lifted-off Au-alkanethiolate regions on PDMS (or other supports). It may 

ultimately be possible by diluting the 'liftable' alkanethiols on gold8 to reach the ultimate 

limit of lifting off single molecules. However, the fidelity of the features achieved, i.e., the 

ability to replicate features defined by the alkanethiol monolayers on Au onto the PDMS, will 

increase with increasing CLL yield. In addition, increasing the CLL yield will improve the 

fidelity of the patterns of Au-alkanethiols lifted-off on PDMS, and thus presumably more 

complete and closely packed supported Au monolayers on PDMS.  

The computation, fabrication, and visualization strategies established herein form a 

basic toolbox for interrogating the influence of these variables on CLL and the structure and 

functionality of the resulting hybrid materials. Further development of CLL has significant 

potential for fabricating sensors, biocompatible platforms, and other applications that will 

benefit from flexible, transparent, bio-inert materials combined with the extensive 

functionalization chemistries of Au. 
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 Supplementary Material 

 

Figure III.S1: Chemical lift-off lithography (CLL) to produce patterned Au-on-Si 
masters. Topographically patterned polydimethylsiloxane (PDMS) stamps were used to 
pattern alkanethiol self-assembled monolayers (SAMs) on Au substrates.1 Alkanethiols were 
removed from stamp-substrate contact regions as a result of the lift-off process. Solutions of 
Fe(NO3)3 and thiourea were then used to remove the exposed Au from the contact regions. 
The closely packed SAMs remaining in the non-contact regions acted as molecular resists 
protecting the underlying Au from etching. The resulting Au-on-Si masters were used to 
pattern flat PDMS, as shown in Figure III.1. 
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Figure III.S2: (A-D) Unmodified variable-pressure scanning electron micrographs of 
Au-alkanethiol patterns corresponding to Figure III.1I-L, respectively. 
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Figure III.S3: Reuse of Au-on-Si masters to pattern multiple polydimethylsiloxane 
(PDMS) substrates. (A) A patterned Au-on-Si master was functionalized with 
mercaptoundecanol and used to pattern PDMS by chemical lift-off lithography. After 
patterning the first PDMS sample, the Au-on-Si master was reannealed, functionalized with 
a new self-assembled mercaptoundecanol monolayer, and used for lift-off lithography to 
pattern a second PDMS sample. (B) Atomic force microscopy height maps of patterned 
Au-mercaptoundecanol monolayers on PDMS after five consecutive patterning cycles using 
the same Au-on-Si master. 
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Figure III.S4: Optical extinction spectroscopy of lifted-off monolayers. (A) Photograph 
of PDMS indicating a region containing a lifted-off monolayer. (B) Schematic showing the 
configuration for measuring optical extinction with sub-micron resolution. The locations to 
collect spectra were selected after acquiring initial images on an avalanche photodiode 
(APD). The transmitted light was then redirected to a charge-coupled device (CCD) 
spectrometer. Signals were collected from regions with (Igold + substrate) and without (I substrate) 
lifted-off monolayers and extinctions were calculated using the following equation: 

𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛𝑔𝑜𝑙𝑑 =  −𝑙𝑜𝑔 (
𝐼𝑔𝑜𝑙𝑑+𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
) 

(C) Representative spectra from three individual ~1-um areas containing lifted-off Au 
monolayers. The dark lines are averages of three spectra, while the light lines indicate 
standard deviation envelopes. (D) Extinction spectra of nanothin Au films. Note the range of 
the y-axis in (D) compared with ranges in (C). The thicknesses of the Au films measured in 
D were confirmed by atomic force microscopy. 
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Figure III.S5: Experiments to test the specificity of DNA hybridization on 
Au-mercaptoundecanol monolayers. (A) Typical substrates with Au-mercaptoundecanol 
monolayers patterned in circles (left) or CNSI letters/UCLA relief (right) with self-assembled 
thiolated single-stranded DNA hybridized with fluorescent-dye-labeled complementary 
sequences. (B) Thiolated DNA was omitted. (C) Noncomplementary thiolated single-
stranded DNA was self-assembled prior to hybridization. (D) Unpatterned substrate having 
no Au-mercaptoundecanol monolayers. The same thiolated DNA and fluorescently-labeled 
complementary sequences in Figure III.2 were used here. 
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Figure III.S6: Atomic force micrographs of a Au-alkanethiol monolayer pattern on flat 
polydimethylsiloxane at 15, 28, and 180 days after sample preparation. The sample was 
rinsed with ethanol and dried with compressed nitrogen prior to recording each image. 
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Figure III.S7: Representative X-ray photoelectron spectroscopy (XPS) spectra from different 
regions of flat polydimethylsiloxane (PDMS) contacted with self-assembled monolayer 
(SAM) molecules on a Au surface patterned by the procedure illustrated in Figure SIII.1. 
Here, chemical lift-off was performed by contacting an activated flat PDMS stamp with half 
of each Au substrate having a preformed SAM comprised of mercaptoundecanol (C11-OH). 
Each substrate was then immersed in a 1 mM ethanolic solution of octadecanethiol (C18) to 
insert C18 molecules into the contact regions. Then, entire substrates were contacted with 
new, activated flat PDMS stamps. Each region of the patterned PDMS was analyzed by XPS. 
Peak areas from the C18 contact regions (green trace) were 46 ± 12% of the peak areas from 
the C11-OH contact regions (red trace) (averaged across N=4 substrates). These 
measurements indicate that C11-OH molecules are not completely removed or displaced 
during lift-off and C18 insertion. 
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Figure III.S8: Demonstration of the Chan-Vese segmentation algorithm applied to a 
height map acquired by atomic force microscopy. (A) The recorded height map displayed 
with false color scale. (B) The foreground segment (light regions) identified by the algorithm, 
excluding the artifacts. (C) The artifacts identified by the algorithm. (D) The background 
segment (light regions), excluding artifacts. (E) Height profile along the line section drawn 
across the image in (A). Red and green lines and brackets indicate examples of foreground 
regions and background regions, respectively, which are averaged to calculate the intensity 
difference in the ‘line-by-line’ approach. (F) Histograms of the heights determined from the 
pixel intensities in the foreground and background segments and Gaussian fits from the ‘all-
pixels’ approach. 
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Figure III.S9: Analyses of apparent heights from atomic force micrographs. (A-C) The 
same height maps shown in Figure III.1 of three different patterns of Au-alkanethiol 
monolayers on polydimethylsiloxane (PDMS) with representative line segments shown. (D-
F) The ‘foreground’ segments (light regions) containing Au-alkanethiol complexes 
corresponding to the images in (A-C). (G-I) Histograms of the average heights calculated 
from the differences of the ‘foreground’ and ‘background’ heights of each line. Using this 
approach, the calculated apparent height, Ha, for the foreground segment in each image is 
the average of the calculated heights from each line. The values for Ha, 95% confidence 
intervals (95% CI), and standard deviations are indicated below each graph. Values are 
reported for the line-by-line approach vs. the all-pixel approach. 
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Figure III.S10: Influence of imaging force on apparent height. (A-C) Height maps of the 
same 15 µm × 0.93 µm area acquired by atomic force microscopy using the forces indicated 
on the graphs below. Each graph displays histograms of the heights of the Au-alkanethiol 
monolayer-containing regions (blue) and the polydimethylsiloxane (PDMS)-only regions 
(green), as detected by the segmentation algorithm. (D) Apparent heights, confidence 
intervals, and half-widths at half-maxima calculated for each image under different force 
setpoints. (E) Plot of apparent height vs. imaging force. Each data point is the apparent height 
(calculated by Chan-Vese segmentation) ± the confidence interval. 
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Figure III.S11: Core-level shift spectra of RS-Au-SR units on Au{111} and three 
computationally lifted-off Au-alkanethiol complexes and their structures. (A) The 
calculated core-level shift spectra with 0.05 eV Gaussian widening of the peaks. The x-axis 
represents the energy difference between the shift of an atom in the Au-alkanethiol complex 
and a bulk atom; a bulk atom is at 0 eV (marked with dashed vertical line). The peaks in the 
spectra are labeled with numbers corresponding to the Au atoms labeled in the structures of 
panels (B) and (C). (B) Skeletal formulae and indices for Au atoms. The label R refers to butyl 
chains. The three dots in structures 0, 1, and 2 refer to the periodic complexes. Structure 0 
has close-packed RS-Au-SR units on top of an ideal fcc Au{111} surface. Structures 1 and 2 
correspond to the removed complexes in the simulations of Figure III.5A,B, respectively. 
Structure 3 originates from another lift-off simulation with similar initial conditions as 
Figure III.5B, however the wave functions were calculated using the double zeta-polarized 
linear combination of atomic orbitals basis in the grid-based projector augmented wave 
platform. (C) Space-filling structures corresponding to the same structures in B. Structure 0 
is shown from above the SAM, while the other structures are shown from below the lifted-
off complexes. The dashed rectangles represent the computational unit cell. The circled Au 
atoms in Structure 0 are adatoms bound between the sulfur atoms. 
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 Introduction 

Molecular self-assembled monolayers (SAMs) on surfaces are versatile systems for 

investigating and tailoring surface, interfacial, and environmental interactions.1-5 There are 

a variety of SAM molecules with differing head and tail group functionalities that can be 

tuned to bind (covalently and noncovalently) and to interact with specific surfaces, with 

alkanethiol monolayers on Au surfaces representing a commonly used and well-studied 

system.6-9 The patterning of alkanethiolate SAMs on metal surfaces imparts an additional 

level of control and dimension into these systems, which has led to a multitude of 

applications in surface science and nanotechnology.1,2,4,6,10-12 

  Molecular monolayers can be patterned via conventional lithographic techniques 

(e.g., photolithography),13,14 but are more commonly patterned using low-cost and high-

throughput soft-lithographic methods.2,3,15,16 Conventional soft lithography (e.g., 

microcontact printing, μCP), involves the additive patterning of SAM molecules onto surfaces 

by transfer of molecular inks via contact of patterned polydimethylsiloxane (PDMS) stamps 

with the corresponding surfaces.17-22 While μCP has significantly advanced the field of SAM 

patterning, it is inherently limited in the resolution of features produced due to lateral 

diffusion of ink molecules during and after the patterning is performed.19,21-24 Advances in 

soft lithography have improved feature resolution12-14,25,26 (e.g., polymer pen lithography27 

and microdisplacement printing).11  

  In contrast to abundant additive patterning methods, chemical lift-off lithography 

(CLL) is a subtractive soft-lithographic strategy.28,29 Here, alkanethiol molecules, with 

exposed functional tail groups (e.g., -OH, -COOH, -NH2), in preformed SAMs are removed from 
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Au surfaces only in areas contacted by patterned PDMS stamps.28-30 Notably, as a result of 

the CLL process, Au atoms are transferred to the PDMS stamps.28,29,31 Chemical lift-off 

lithography enables high-fidelity patterning of SAMs over a wide range of feature sizes 

(nanometer to millimeter).28,29,32-34 This patterning process has inspired and enabled diverse 

applications including the patterning of bioactive molecules,30,32,35-39 supported gold 

monolayers,31 and the facile fabrication of field-effect transistor arrays.40,41  

  Nonetheless, CLL has been primarily used to pattern alkanethiol monolayers on Au 

surfaces, with the patterning of other coinage, transition, and reactive metal, semiconductor, 

and metal oxide surfaces representing potentially unexplored areas of interest.28,42,43 The 

formation and patterning of alkanethiolate SAMs on other coinage metal surfaces (e.g., Ag, 

Cu, Pd) have been previously demonstrated using μCP.6,8,44-52 Alkanthiolate SAMs on 

transition and reactive metal surfaces are less studied as the reactivity of these surfaces 

typically leads to the formation of passivating metal oxide layers that hinders additive SAM 

patterning.53-57 For subtractive patterning, such as CLL, the entire substrate surface is first 

functionalized with a SAM, and thus passivated preventing surface oxide formation prior to 

patterning.28 Straightforward and direct self-assembly and patterning of molecules on 

reactive surfaces may be beneficial for a variety of systems including the investigation of 

spin-selectivity in molecular assemblies on ferromagnetic surfaces,36,58 patterning of metal-

oxide semiconductors for transistor and biosensor applications,41,59,60 and growth of two-

dimensional materials (e.g., graphene nanoribbons).61,62 

  Herein, we extend CLL as a technique to pattern alkanethiolate SAMs on different 

coinage metals (Pt, Pd, Ag, Cu), transition and reactive metals (Ni, Ti, Al), and a 
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semiconductor (Ge). Using the patterned monolayers as molecular resists, we demonstrate 

pattern transfer to underlying metal substrates via wet etching. In all cases, we show that 

corresponding supported (mono)layers of substrate atoms are removed during the CLL 

process. Moreover, we can form atomic blends of mixed metal monolayers on PDMS stamp 

surfaces. These findings illustrate that CLL is a versatile technique for economical and high-

throughput patterning of a multitude of different material surfaces using straightforward 

alkanethiol self-assembly. 

 Experimental Methods 

 Materials 

Prime quality 4″ Si{100} wafers (P/B, 0.001-0.005 Ω-cm, thickness 500 μm) were purchased 

from Silicon Valley Microelectronics, Inc. (Santa Clara, CA, USA). Sylgard 184® silicone 

elastomer kits (lot #0008823745) were purchased from Ellsworth Adhesives (Germantown, 

WI, USA). 11-Mercapto-1-undecanol (MUO) was purchased from Sigma Aldrich. 

 Chemical Lift-Off Lithography 

Metal and semiconductor surfaces were prepared via electron-beam evaporation (Kurt J. 

Lesker Company, Jefferson Hills, PA or CHA Industries, SOLUTION, Fremont, CA) onto Si 

substrates. Self-assembled monolayers of MUO were formed on metal surfaces via 

immersion in 5 mM ethanolic solutions for 24 h. For reactive metal surfaces (e.g., Cu, Ni, Ti, 

Al), substrates were immersed in degassed MUO solutions immediately after metal 

evaporation to minimize metal oxide formation. For Ge, SAMs were formed via immersion 

into a 1:1 (v/v) ethanol:water solution of MUO. Chemical lift-off lithography was performed 

as previously reported,28,31 where surfaces were contacted with patterned or featureless 
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oxygen-plasma-activated PDMS stamps for 24 h, after which the stamps were removed. To 

form supported bimetallic monolayers, featureless PDMS stamps were brought into contact 

with functionalized Au surfaces for 1 h and then functionalized Ag surfaces for an additional 

1 h immediately after lift-off from Au surfaces.  

 Scanning Electron Microscopy 

Scanning electron microscopy images were obtained using a Zeiss Supra 40VP scanning 

electron microscope with an Inlens secondary electron detector. Surfaces were imaged 

immediately after CLL. Accelerating voltages were adjusted for each metal surface to 

produce optimal contrast: 1 kV for Ni, Ti, and Al; 1.5 kV for Pt; 2 kV for Pd, Ag, and Cu; and 

3 kV for Ge. Working distances were optimized for each image. Modulating accelerating 

voltages and working distances affects the contrast observed for patterned SAMs.23 Images 

were processed via polynomial background subtraction using Gwyddion63 and contrast 

limited adaptive histogram equalization in MATLAB.64  

 Metal Etching 

Patterned metal surfaces were etched with corresponding chemical wet etchants: Pt with 

concentrated aqua regia (3:1 v/v 12.1 M HCl:15.6 M HNO3) for 20 min,65 Pd with a solution 

of 0.2 M K2Cr2O7 and 0.5 M HCl in 40% aqueous H3PO4 for 6 min,66 Ag with an aqueous 25 mM 

FeNO3 solution for 15 min,51 and Cu with an aqueous 12 mM FeCl3 solution for 30 s.52 

 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy of PDMS surfaces post-CLL was carried out using an AXIS 

Ultra DLD photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge, NY) and a 

monochromatic Al K X-ray source with a 200 μm circular spot size in ultrahigh vacuum 

(10-9 Torr). High-resolution spectra of Au 4f, Pt 4f, Pd 3d, Ag 3d, Cu 2p, Ni 2p, Ti 2p, Al 2p, 
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and Ge 3d regions were acquired at a pass energy of 20 eV using a 300 ms dwell time. For all 

scans, 15 kV was applied with an emission of 15 mA. An average of 30 scans were collected 

for each of the high-resolution spectra. Note, all spectra were collected under charge 

neutralization conditions (i.e., electron flood gun)58 to prevent charging of sample surfaces. 

Charge neutralization results in shifts of binding energy values.  

 Atomic Force Microscopy 

Patterned Ge surfaces after chemical lift-off lithography were imaged via atomic force 

microscopy using a Dimension Icon scanning probe microscope (Bruker, Billerica, MA). 

Surface topographies were measured using the PeakForce Quantitative Nanomechanical 

Property Mapping (PeakForce QNM) mode. ScanAsyst-Air cantilevers (Bruker, spring 

constant = 0.4 ± 0.1 N m-1) were calibrated with a clean piece of silicon wafer before every 

measurement. A peak-force set-point of 400 pN and a scan rate of 1 Hz was maintained for 

all measurements. 

 Results and Discussion 

  

 

Figure IV.1. General scheme for chemical lift-off lithography. An oxygen-plasma-activated 

polydimethylsiloxane (PDMS) stamp is brought into contact with a metal or semiconductor 

surface functionalized with a self-assembled monolayer (SAM), in this case, 11-mercapto-1-

undecanol. Lift-off of the PDMS stamp removes SAM molecules only in the contacted regions, 

patterning remaining SAMs on the substrate surfaces. 
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A schematic of the CLL process is shown in Figure IV.1. Patterned oxygen-plasma-activated 

PDMS stamps were brought into contact with SAMs of MUO on metal28 or semiconductor 

surfaces. Stamp contact enabled removal of SAM molecules in the contacted substrate areas. 

We first investigated coinage metals besides Au used in our previous studies (i.e., Pt, Pd, Ag, 

Cu). Self-assembled monolayers of alkanethiolates have been shown to form on other 

coinage metals;44-46,49,67,68 thus, we predicted that CLL could be used to pattern these 

additional metal surfaces.  

  

 

Figure IV.2. Chemical lift-off lithography (CLL) of coinage metal (Pt, Pd, Ag, Cu) surfaces. 

Metals are ordered in terms of increasing reactivity from left to right. (A-D) Representative 

scanning electron microscopy images of patterned self-assembled monolayers (SAMs) of 

11-mercapto-1-undecanol (MUO) on metal surfaces after CLL. Monolayers were patterned 

such that MUO molecules remained in the “CNSI” letter regions and in the regions 

surrounding the “UCLA” letters. (E-H) Representative optical microscopy images of metal 

surfaces after chemical wet etching using the patterned SAMs as molecular resists.  

 



106 
 

  Monolayers on metal surfaces were imaged using scanning electron microscopy 

(SEM) after patterning by CLL. Scanning electron micrographs of Pt, Pd, Ag, and Cu surfaces 

contacted by “CNSI/UCLA” patterned PDMS stamps showed evidence of negative features in 

MUO monolayers corresponding to the features of the stamp (Figures IV.2A-D, IV.S1). 

Features did not show evidence of broadening associated with lateral diffusion of MUO after 

patterning,23 similar to the case of CLL on Au.33  

  Patterned monolayers on metal surfaces after CLL act as molecular resists to facilitate 

fabrication of metal nano/microstructures via chemical wet etching.28,31,34,40,41 To 

demonstrate the functionality and resolution of the patterned SAMs, and to confirm that 

molecules were removed via CLL, we exposed patterned metal surfaces to chemical etchants 

selective for Pt, Pd, Ag, and Cu, respectively (see Experimental Methods).47,48,51,52,65,69 In all 

cases, metal regions were selectively etched in regions corresponding to areas of SAM 

removal by CLL, transferring the pattern of the monolayer to the metal substrate (Figure 

IV.2E-H). We expect that not all SAM molecules are removed via CLL (ca. 70% for Au),28 

however sufficient numbers of molecules were removed from all coinage metal surfaces to 

facilitate selective etching of underlying metals in the lifted-off areas.  
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 Following the observations of coinage metal patterning, we explored extending CLL 

to transition and reactive metal surfaces (i.e., Ni, Ti, Al), upon which alkanethiolate 

monolayers can be formed.53-55 To prevent formation of surface oxides, substrates were 

immersed into degassed ethanolic MUO solutions to form SAMs immediately after metal 

evaporation. Since CLL removes regions of preformed SAMs, transition metal surfaces can 

be patterned straightforwardly without additional surface treatments (i.e., metal oxide 

etching).70 Oxide etching roughens metal surfaces,71 whereas other methods for patterning 

transition metals, such as SAM displacement, limit the types of molecules that can be 

patterned (i.e., molecules that are easily displaceable).11 Transition metal surfaces 

 

Figure IV.3. Chemical lift-off lithography (CLL) of transition or reactive metal and 

semiconductor surfaces. (A-D) Representative scanning electron microscopy images of 

patterned self-assembled monolayers of 11-mercapto-1-undecanol on the metal surfaces 

(Ni, Ti, Al) and a semiconductor surface (Ge) after CLL. Stamps with the same features as 

Figure IV.2 were used. 
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characterized using SEM indicated that SAMs on these surfaces were patterned using CLL 

(Figures IV.3A-C, IV.S1).  

  We performed CLL on Ge surfaces, a semiconductor that can be functionalized with 

alkanethiols via covalent Ge-S bonds,71-74 to extend the lithographic capabilities of CLL 

beyond metals (Figure IV.3D, IV.S1). Direct patterning of molecules on semiconductor 

surfaces would foreseeably enable a myriad of applications for semiconductor device 

processing. For example, local work functions in patterned regions of semiconducting 

substrates might be tuned for band bending and alignment purposes.75,76  

  We noticed that the contrast observed via SEM for the patterned SAMs appears to 

differ for the different surfaces in Figures IV.2 and IV.3. The levels of contrast in SEM for 

patterned SAMs is related to a variety of factors, including SAM densities and order, as well 

as the accelerating voltage and working distance of the electron beam during image 

acquisition.23,27,31 Given the rapidity of metal oxide formation, we expect that SAMs formed 

on reactive metal surfaces are not as highly ordered as on coinage metals; trace metal oxides 

on the former would affect SAM formation.46,53-57 Differences in SAM formation (i.e., order 

and density), and thus differences in CLL yield, could contribute to observed differences in 

contrast. Additionally, formation of oxides in regions of removed SAM molecules after CLL 

could alter SEM contrast due to differential charging effects.77-79 Atomic force microscopy 

images of patterned SAMs on Ge surfaces showed the expected topographies of monolayers 

of MUO (Figure IV.S2),28,31 suggesting that the contrast observed for Ge via SEM is mainly 

an effect of surface compositional differences arising from the patterned SAMs and 

potentially differential charging effects on the semiconducting surfaces.  
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  To analyze whether substrate molecules were removed during CLL for the metal and 

semiconductor surfaces investigated herein, similar to previously studied Au substrates,28,31 

X-ray photoelectron spectroscopy (XPS) was performed on PDMS stamps post-CLL. In all 

cases, characteristic peaks corresponding to the metal or semiconductor substrate atoms 

were observed (Figure IV.4), demonstrating that layers of substrate atoms were removed 

by CLL from all surface types. In some cases, it appeared that layers greater than monolayer 

were removed (based on the differences in contrast observed in Figure IV.3, large signal-to-

noise differences observed in the XPS spectra in Figure IV.4, and the relative elemental 

 

Figure IV.4. X-ray photoelectron spectroscopy (XPS) analysis of polydimethylsiloxane 

(PDMS) stamps after chemical lift-off lithography on Pt, Pd, Ag, Cu, Ni, Ti, Al, and Ge surfaces. 

Featureless PDMS stamps and XPS were used to investigate the presence of corresponding 

substrate atoms on the PDMS stamps, demonstrating that layers of substrate atoms are 

removed in the lift-off process, either nominal monolayers, or in some cases, potentially 

thicker layers. 
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sensitivities given in Table S1), similar to transfer printing techniques demonstrated by 

Rogers and others.80-83  

  We previously hypothesized that removal of Au atoms during CLL was partly due to 

the formation of covalent linkages between the PDMS stamp and SAM molecules, as well as 

formation of Au-alkanthiolate complexes that weaken the bond strengths between the 

outermost Au substrate atoms and the underlying Au substrate atoms.28,31,84 For all 

elemental substrates tested in this report, the metal-sulfur bonds are stronger than the 

metal-metal bonds.85 The energetics of these systems suggest that contributions from 

differences in bond enthalpies play roles in the removal of the outermost layer(s) of 

substrate atoms, in addition to adatom formation observed in some monolayer systems.86 In 

sum, CLL can be used as a facile top-down method of fabricating and patterning supported 

metal62 and semiconductor monolayer materials (e.g., germanane)87 on flexible and 

transparent polymer supports such as PDMS.  
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 An advantage of soft lithography is the ability to perform multiple patterning steps to 

create straightforwardly complex multicomponent patterns.12,28,39,88 To demonstrate 

patterning of multiple metals on the same PDMS support with CLL, we investigated the 

formation of bimetallic layers on PDMS stamps. Previous reports indicated that the PDMS is 

still activated after a single CLL step (and up to ~5 successive CLL steps using the same stamp 

on different surfaces.28,31,42,89 We performed two successive CLL steps on two different metal 

surfaces (Au and Ag, respectively) using the same activated PDMS stamp (Figure IV.5A). X-

ray photoelectron spectroscopy of the PDMS stamp after the sequential CLL process showed 

 

Figure IV.5. Sequential chemical lift-off lithography (CLL) of two different metals (Au, Ag) 

onto the same polydimethylsiloxane (PDMS) stamp. (A) Schematic illustration of the 

sequential CLL process. (B,C) X-ray photoelectron spectra of the PDMS stamp after the 

sequential CLL process showed characteristic peaks of both metals on the same stamp, 

demonstrating that both metals are “lifted-off” onto the PDMS stamp forming a supported 

mixed metal monolayer. 
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peaks corresponding to both Au and Ag, demonstrating the formation of mixed-metal 

monolayers supported on PDMS (Figure IV.5B-C). Atomically blended bimetallic 

monolayers represent a new class of materials with unexplored properties and potential 

applications (e.g., catalysis),62,90 which can be fabricated straightforwardly using CLL.  

 Conclusions and Prospects 

In this study, SAMs of the same type of alkanthiolate molecule (MUO) were straightforwardly 

formed on different metal and semiconductor surfaces. Chemical lift-off lithography is not 

limited to the surfaces or SAM molecules studied herein;29,31 presumably, any surface that 

can be functionalized with molecular monolayers (e.g., metals,70,91-93 semiconductors,94 

transition metal dichalcogenides)95 could be patterned with CLL. Performing CLL with 

molecules containing additional functionalities within the alkyl backbone (e.g., hydrogen-

bonding interactions)96 or functionalized cage molecules (e.g., carboranethiolates),97-99 

which form relatively defect-free monolayers and can have a range of bond densities 

between the monolayer and substrate, may have significant effects on the overall efficiencies 

of CLL. 

  Monolayers formed on reactive metal surfaces are likely not well ordered due to trace 

metal oxide formation, yet they can be patterned with CLL. Changing the head group 

functionality of the SAM molecules to something that binds favorably to surface oxides (e.g., 

phosphonic acids)100 can enable the direct patterning of metal oxide surfaces.42 However, 

CLL with these types of SAMs, in which the head group is not bound directly to the metal, 

would be hypothesized not to remove surface metal atoms in the lift-off process but instead, 

break the weakest bonds in the molecules constituting the SAM.42  
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  We previously investigated the nanoscale structure and function of supported Au 

monolayers on PDMS fabricated with CLL and showed that these Au monolayers are 

ultrathin and optically transparent, yet they retain the chemical functionality of Au.31 

Accordingly, ultrathin monolayers fabricated from other metal and semiconductor surfaces 

may have chemical and physical properties that can be differentially exploited compared to 

bulk materials (e.g., magnetism, Ni,101 semiconductor, Ge).87 Furthermore, functional metal 

monolayers could be used as supports for additional structural growth, enabling patterning 

of a diverse range of materials (e.g., nanoparticles,102,103 surface-tethered metal-organic 

frameworks and multilayers,104-106 and metal-organic chalcogenolate assemblies)107 on 

flexible and transparent substrates. Capabilities to create bimetallic and multi-metallic 

layers and monolayers with CLL adds an additional level of control to the generation and 

tailoring of supported metal monolayers with designed properties.  

  Collectively, we demonstrate CLL as a patterning technique that can be used to 

pattern SAMs on a variety of metal and semiconductor surfaces. Here, high-fidelity patterns 

of SAMs were generated on coinage, transition, and reactive metal, and semiconductor 

surfaces beyond Au. Patterned substrates were used as molecular resists for chemical wet 

etching to produce three-dimensional features. For all surfaces tested, XPS revealed the 

removal of corresponding substrate atoms during the CLL process. Moreover, reactive and 

reusable PDMS stamps enable the formation of bimetallic monolayers supported on PDMS 

by performing two sequential CLL steps on different substrates. Thus, we extend CLL to 

pattern a variety of surfaces straightforwardly with applications towards the fabrication and 

study of new materials and systems.  
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 Supplementary Materials 

 

 

Figure IV.S1. Representative high magnification scanning electron microscope images of 
patterned self-assembled monolayers of 11-mercapto-1-undecanol (MUO) on metal and 
semiconductor surfaces after chemical lift-off lithography corresponding to main text 
Figures IV.2, IV.3. Regions where MUO was removed appear darker in contrast for Pt, Pd, 
Ag, Ni, Ti, and Al and brighter in contrast for Cu and Ge in these images. Scale bars are 4 µm 
for all images.  



115 
 

 

Figure IV.S2. Representative atomic force microscopy image of a patterned (7.5 µm circles) 
self-assembled monolayer of 11-mercapto-1-undecanol on Ge after chemical lift-off 
lithography.  
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XPS Peak Relative Sensitivity 
Factor 

Pt 4f 5.58 

Pd 3d 5.36 

Ag 3d 5.99 

Cu 2p 5.32 

Ni 2p 4.04 

Ti 2p 2.00 

Al 2p 0.193 

Ge 3d 0.536 

 
Table IV.S1. Relative sensitivity factors for metal and semiconductor peaks measured via 
X-ray photoelectron spectroscopy (XPS). Values are referenced from the CasaXPS software. 
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 Introduction 

One-dimensional (1D) nanomaterials, such as nanowires, nanotubes, and nanoribbons, 

possess large surface-to-volume ratios and tunable physical properties. These 

characteristics can be leveraged to achieve superior performance over bulk materials in a 

variety of applications, including electronics,1-5 optics and photonics,6-10 energy-storage and 

conversion devices,11,12 biological and chemical sensors,13-19 intracellular delivery of 

bioactive molecules,20 and medical devices.21,22 For example, Si nanowires (SiNWs) and 

carbon nanotubes (CNTs) have been employed as channel components in field-effect 

transistors (FETs) for highly effective sensing of proteins,23,24 DNA,25,26 viruses,27 and 

neurotransmitters.28 However, significant problems remain to be solved before 1D 

nanomaterials find widespread use. 

Bottom-up techniques, such as chemical vapor deposition (CVD) and solution 

processes,29-33 dominate 1D-nanomaterial fabrication. However, these strategies have poor 

control over the orientations of as-grown nanostructures, often on substrates other than the 

final devices. Bottom-up methods require additional steps to transfer nanostructures and 

then to control their positions and orientations in devices.34,35 For example, SiNWs and CNTs, 

typically synthesized by CVD, require precise control over specific growth parameters to 

produce high-quality 1D nanomaterials suitable for electronic devices.29,36 Moreover, 

nanowires synthesized by CVD are randomly orientated greatly increasing the complexity of 

device fabrication.37 Performance is limited by poor control over the numbers of functional 

nanowires present in devices.38,39  

Top-down approaches, including photolithography and electron-beam lithography 

(EBL), are widely used in the semiconductor industry to fabricate 1D nanomaterials. Top-
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down methods enable precise control over final shapes, sizes, positions, and orientations of 

the as-fabricated structures,40,41 providing ready integration with devices and high 

reproducibility.42,43 Nonetheless, top-down techniques suffer from substantial equipment 

and usage costs. Patterns produced via photolithography are limited by the costs of masks 

and photon sources. By contrast, EBL achieves nanometer-resolution patterning but at the 

expense of time-consuming serial writing processes. These drawbacks represent significant 

barriers for many users, hence the need for alternative high-throughput, economical 

nanoscale patterning strategies. 

Recently, we reported a straightforward, high-fidelity nanopatterning technique 

called chemical lift-off lithography (CLL),44-49 wherein oxygen plasma-activated 

polydimethylsiloxane (PDMS) stamps selectively remove portions of a self-assembled 

monolayer (SAM) in contacted areas without observable lateral diffusion at feature edges. 

The remaining SAM molecules in the non-contacted regions act as molecular resists during 

subsequent etching of the freshly exposed underlying substrate. We previously 

demonstrated that CLL can be used to simplify device fabrication, as well as to enable 

biomolecule patterning to investigate DNA hybridization and spin-selective electron 

transport.50-54 High-fidelity chemical patterns with line widths as narrow as 40 ± 2 nm were 

achieved using CLL, with the possibility of features as narrow as 5 nm (corresponding to 

~10 molecules).46 As with other top-down patterning approaches, however, CLL relies on 

expensive nanofabricated masters to create PDMS stamps to produce nanoscale structures. 

Masters for CLL have been produced using low-throughput EBL methods, limiting 

impact.47,48 
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Many top-down nanofabrication processes, including CLL, have focused on patterning 

metals and group IV and III-V semiconductors (e.g., Au and Si).55 Metal oxides represent an 

increasingly important material class in numerous applications due to their electronic, 

mechanical, and optical properties.45,56-58 To date, top-down approaches for fabricating 

metal-oxide nanomaterials are underdeveloped compared to patterning methods for other 

types of materials, yet patterned semiconductors are of interest for applications including 

electronics, displays and lighting, ultrasensitive biosensors, and wearable, flexible 

sensors.59-61 

We report on the fabrication of large-area In2O3 nanoribbon arrays using CLL, but 

without using masters generated via EBL. We utilize metal oxide nanoribbons as 

semiconducting channels in FET architectures. Through this demonstration, we extend the 

range and applicability of CLL patterning to nanoscale features on semiconducting metal 

oxides for functional electronic devices, achieving current on/off ratios of ~107 and a peak 

mobility of 13.7 cm2 V-1 s-1, economically and at high throughput. 

 Experimental Methods 

 Materials 

Prime quality 4″ Si{100} wafers (P/B, 0.001-0.005 Ω-cm, thickness 500 μm ) were purchased 

from Silicon Valley Microelectronics, Inc. (Santa Clara, CA, USA). Sylgard 184® silicone 

elastomer kits (lot #0008823745) were purchased from Ellsworth Adhesives (Germantown, 

WI, USA). (7–8% Vinylmethylsiloxane)–(dimethylsiloxane) copolymer, platinum 

divinyltetramethyl-disiloxane complex in xylene, and (25–30% methylhydrosiloxane)–

(dimethylsiloxane) copolymer were all purchased from Gelest Inc. (Morrisville, PA, USA) and 
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used as received. 2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, indium(III) 

nitrate hydrate (99.999%), iron nitrate, thiourea, ammonium hydroxide, hydrogen peroxide, 

ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and acetic acid were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Commercially 

available HD-DVD-R recordable 1× speed 15 GB blank discs and DVD-R recordable 16× speed 

4.7 GB blank discs (Memorex) were purchased and used as received. The SPR 700-1.2 

photoresist and MF-26A developer were obtained from the Integrated Systems 

Nanofabrication Cleanroom (ISNC) at UCLA. Water was deionized before use (18.2 MΩ cm) 

using a Milli-Q system (Millipore, Billerica, MA). 

 Substrate Fabrication 

A 100-nm-thick SiO2 film was thermally grown on Si{100} wafers. If needed, SiO2/Si wafers 

are also available for purchase at Silicon Valley Microelectronics, Inc. (Santa Clara, CA, USA). 

Next, 10-nm Ti and 30-nm Au films were deposited onto In2O3 films using a CHA solution 

electron-beam evaporator at high vacuum (10-8 Torr) with an evaporation rate of 0.1 nm/s. 

The Au/Ti/In2O3/Si substrates were then annealed in a hydrogen flame for ~10 s to remove 

adsorbed organic contaminants on the Au surfaces. Substrates were then immersed into an 

ethanolic 1 mM 11-mercapto-1-undecanol solution overnight for self-assembled monolayer 

formation on Au surfaces.  

 Preparation of HD-DVD and DVD Masters 

Commercially available HD-DVD-R recordable 1× speed 15 GB blank discs and DVD-R 

recordable 16× speed 4.7 GB blank discs were used to produce masters for patterning. Both 

HD-DVD and DVD discs have similar structures and therefore the preparation processes are 

the same. The HD-DVD discs were cut into wedge-shaped pieces. A razor blade was used to 
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separate the discs at the edges between Layer II and Layer III in Figure V.1a, and jagged 

edges were removed. The transparent part of the discs with the dye (Layer III in 

Figure V.1a) were then rinsed with ethanol to remove the dye from the surfaces. The slices 

were then put into a beaker of ethanol for 1-2 min. After that, they were blow dried under a 

N2 flow.  

 Hard PDMS (h-PDMS) Stamps 

For soft PDMS, which should be prepared before starting the h-PDMS preparation process, a 

mixture of Sylgard® 184 elastomer base and curing agent (10:1) was thoroughly mixed and 

degassed in a vacuum desiccator. For h-PDMS, 3.4 g (7–8% vinylmethylsiloxane)–

(dimethylsiloxane) copolymer, 18 L of platinum divinyltetramethyl-disiloxane complex in 

xylene, and 50 L of 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane were mixed 

and degassed for <5 min. Then 1 g of (25–30% methylhydrosiloxane)–(dimethylsiloxane) 

copolymer was added and mixed gently. The mixture was poured onto HD-DVD masters and 

spin-coated at 1000 rpm for 40 s. Stamps were annealed at 65 °C for 15 min. Soft PDMS was 

then poured onto the backsides of the h-PDMS stamps and annealed at 65 °C overnight.  

After the final curing step, stamps were slowly peeled away from masters and stored in clean 

petri dishes. Stamps were rinsed with ethanol and dried under N2 flow before use. Clean 

PDMS stamps were treated in oxygen plasma (Harrick Plasma, Ithaca, NY, USA) for 40 s at a 

power of 18 W and a pressure of 10 psi to generate activated surfaces. A pair of tweezers 

was used to place PDMS stamps onto substrates without applying a vertical compression 

force. In the stamp removal process, one pair of tweezers was used to hold the substrates 

and another pair was used to lift off the stamps. 
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 Wet Etching 

After PDMS stamp removal from SAM-functionalized substrates, each substrate was 

immersed into an aqueous solution of 20 mM iron nitrate and 30 mM thiourea to etch the Au 

films selectively. The etching rate was ~1 nm/min and the samples were put into the etching 

solution for 30 min. Substrates were then rinsed with deionized (DI) water and dried under 

N2. Substrates were immersed into a solution containing 0.42 g EDTA, 1 mL hydrogen 

peroxide, and 0.42 mL ammonia hydrate in 10 mL deionized water for ~3 min to etch 

through the 10 nm Ti layer. The In2O3 was then removed from the exposed areas by 

immersion in acetic acid for 10 min. Samples were annealed at 100 °C for 1 h after the wet 

etching process. 

 Field-Effect Transistor Device Fabrication 

Interdigitated Au source and drain electrodes (45 m length, 1300 m width) were 

patterned on top of the In2O3 nanoribbons to obtain uniform current distributions. 

Electrodes were patterned by standard photolithography. The 10 nm Ti and 30 nm Au films 

were deposited via a CHA solution e-beam evaporator at high vacuum (10-8 Torr) at an 

evaporation rate of 0.1 nm/s. 

 Substrate characterization 

Scanning electron microscope (SEM) images were obtained using a Zeiss Supra 40VP 

scanning electron microscope with an Inlens SE Detector (Inlens secondary electron 

detector). Atomic force microscope (AFM) imaging was performed on a Bruker FastScan 

system (Bruker, Billerica, MA) under PeakForce tapping mode with a ScanAsyst-Air 

cantilevers (Bruker, spring constant = 0.4 ± 0.1 N/m). Electronic performance 

measurements were carried out on a manual analytical probe station (Signatone, Gilroy, CA) 
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equipped with a Keithley 4200A (Tektronix, Beaverton, OR) semiconductor parameter 

analyzer. Optical images were taken with a digital camera attached to a Zeiss Axiotech optical 

microscope. 

 Results and Discussion 

 

Figure V.1. (a) Schematic architecture of a high-definition digital-versatile disc (HD-DVD): 
layer I, polycarbonate protective layer; layer II, mirror-like metal film; layer III, data 
recording film; layer IV, polycarbonate layer containing concentric rings with typical widths 
of 250 nm and periodicities of 400 nm. (b-d) Photographs of an HD-DVD, an HD-DVD master 
(layer IV), and a patterned polydimethylsiloxane (PDMS) stamp, respectively. Atomic force 
micrographs of (e) a representative HD-DVD master and (f) a patterned PDMS stamp. Scale 
bars are 2 µm. (g) Topographic profiles across the corrugated features in (e) and (f). 
 

Most commonly used thin-film metal oxide deposition strategies rely on physical/chemical 

vapor deposition methods, such as pulsed-laser deposition,62 sputtering,63 and atomic-layer 

deposition,64 requiring complex processes, extreme conditions (e.g., high temperature, 

vacuum), and costly equipment. Recently, simple, scalable sol-gel-based processes have 

emerged as alternatives for preparing high quality semiconducting metal-oxide films.65-68 
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Here, thin films of In2O3 were prepared via a sol-gel process. Aqueous solutions (0.1 M) of 

In(NO3)3 were spin-coated onto SiO2/Si substrates (100 nm, thermally grown SiO2 dielectric 

on heavily doped, p-type Si substrates with resistivities of 1–5 mΩ·cm). Following 

deposition, substrates were heated to 100 °C for 5 min and annealed at 350 °C for 3 h. The 

thicknesses of the resulting In2O3 films were ~3 nm with typical average surface 

roughnesses of ~0.06 nm determined via atomic force microscopy (AFM) (Figure V.S1). 

Note that the In2O3 films fabricated via the sol-gel process are amorphous.45 

Commercially available optical storage media, such as compact discs (CDs) and DVDs 

are patterned with sub-micron periodic gratings that can be used directly as economical 

templates for soft lithography. We employed HD-DVDs as masters for CLL PDMS stamps. The 

HD-DVDs have quasi-1D feature widths of ~200 nm, spaced at a pitch of 400 nm. As shown 

in Figure V.1a, each HD-DVD is composed of a protection layer (I), a reflective layer (II), a 

recording layer (III), and a polycarbonate layer (IV) composed of embossed concentric rings 

that form the basis of the patterns used herein. Layer IV was exposed simply by removing 

layers I and II with a razor blade and dissolving layer III with ethanol (Figure V.1c). Atomic 

force microscopy confirmed the expected, grooved pattern on the surface of layer IV, as seen 

in Figure V.1e. To replicate layer IV features precisely, hard PDMS (h-PDMS) was used as 

the stamp material due to its stiffness compared to regular (soft) Sylgard 184 PDMS.69 

Unpolymerized h-PDMS was spin-coated onto masters (2 cm × 2 cm, 40 s at 1000 rpm) and 

cured at 65 °C for 10 min to form thin and robust films. A layer of soft PDMS (~5 mm) was 

then applied and cured at 65 °C overnight to form a support for the pattern-containing h-

PDMS film and to prevent cracking, prior to demolding stamps from masters. These stamps 

(Figure V.1d) are reusable and can be employed for repeated, wafer-scale CLL patterning. 
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Atomic-force micrographs of patterned PDMS surfaces (Figure V.1f) confirmed precise 

replication of HD-DVD features with depths of ~60 nm. 

 

Figure V.2. Fabrication scheme of In2O3 nanoribbons. Step 1: a thin film of 3-nm In2O3 is 
deposited on a SiO2/Si substrate via a sol-gel process followed by Au (30 nm)/Ti (10 nm) 
deposition and functionalization with a self-assembled monolayer (SAM). Step 2: a 
polydimethylsiloxane (PDMS) stamp, activated by an oxygen plasma, is brought into 
conformal contact with the substrate. Step 3: Upon lifting the stamp from the surface, SAM 
molecules in the contacted areas are removed, transferring the pattern (periodic lines and 
spaces) into the SAM. Step 4: Successive selective etch processes remove Au/Ti and In2O3 
layers from unprotected regions on the surface. Step 5: Remaining SAM, Au, and Ti are 
removed to produce In2O3 nanoribbon arrays. 

 

The scheme used to fabricate In2O3 nanoribbons is illustrated in Figure V.2. Step 1: 

layers of Ti (10 nm) and Au (30 nm) were deposited on previously prepared In2O3 films. The 

Au/Ti/In2O3/SiO2/Si stacks were then incubated in 1 mM ethanolic solutions of 

11-mercapto-1-undecanol (HSCH2(CH2)9CH2OH) to form SAMs terminated with hydroxyl 

moieties, enabling CLL patterning. Step 2: oxygen plasma was used to “activate” PDMS stamp 

surfaces, generating siloxyl groups (SiOH). Stamps were then brought into conformal contact 

with SAMs. Condensation reactions occur between the hydroxyl-terminated SAMs and the 

SiOH groups of the activated h-PDMS, forming covalent linkages (Si–O–SAM). Step 3: Upon 

removal of the stamps, molecules within the contracted regions of the SAMs were selectively 
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Step 3
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removed transferring the stamp pattern to the monolayer. Notably, in the lift-off process, 

monolayers of Au atoms are also removed as Au–S bonds (between SAM molecules and the 

underlying Au substrate atoms) are stronger than Au–Au bonds in the substrates. 

Scanning electron microscopy of CLL-patterned SAMs (Figure V.3a) confirmed the 

presence of 1D features (200 nm linewidths) over large areas, matching those on the stamps 

(Figure V.1f). Step 4: Intact monolayers in the non-contacted regions acted as resists for 

successive etching by solutions of Fe(NO3)3 and thiourea (removing exposed Au) and EDTA 

disodium salt, NH4OH, and H2O2 (removing Ti), thereby transferring the SAM patterns 

through the metal layers. The metal layers acted as etch masks, protecting the underlying 

In2O3 films from removal by glacial acetic acid. The resulting Au/Ti/In2O3 nanoribbons were 

investigated by AFM (Figure V.3b) and found to have heights of ~45 nm, corresponding to 

the sum of the expected heights of the constituent layers above the surrounding Si/SiO2 

surfaces exposed by previous etch processes. Step 5: metal layers were completely removed 

to expose arrays of In2O3 nanoribbons extending over centimeter length scales 

(Figure V.3c). The widths (~200 nm) and heights (~3 nm) of the metal oxide nanoribbons 

are the smallest, to our knowledge, fabricated via top-down approaches. 

To demonstrate the versatility of CLL patterning for additional feature sizes, In2O3 

nanoribbons of different linewidths (350 nm and 1500 nm) were fabricated using alternate 

master patterns (Figure V.3d and V.3e, respectively). The Au nanoribbons produced as an 

intermediate product of this process (Step 4) can also be used for a variety of applications, 

such as surface plasmon resonance biosensors. Note that In2O3 nanoribbon edges are 

rougher than those of similarly produced Au nanoribbons and the feature sizes are reduced; 
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this is a common phenomenon associated with isotropic etch processes, which can undercut 

regions below the protective masks. 

 

Figure V.3. (a) (top) Scanning electron microscope image and (bottom) schematic of a self-

assembled monolayer (SAM) patterned via chemical lift-off lithography. (b,c) (top) Topographic 

images measured using atomic force microscopy (AFM) and (bottom) schematic illustrations of 

SAM/Au/Ti/In2O3 and bare In2O3 nanoribbons, respectively, with line widths of ~200 nm. Atomic 

force topographs of In2O3 nanoribbons with line widths of (d) 350 nm and (e) 1.5 µm. Thicknesses 

of each set of In2O3 nanoribbons (c-e) were measured to be ~3 nm by AFM. (f) Height profiles of 

(top) 500-nm-wide In2O3 nanoribbons and (bottom) 1.5-µm-wide nanoribbons. Scale bars in all 

images are 3 µm. 

 

Field-effect transistors have key advantages over optical or electrochemical 

platforms for biosensing applications, including low detection limits, real-time and label-free 

measurements, and simple integration with standard semiconductor-device processing.45 

To evaluate the performance of In2O3 nanoribbons in devices, we constructed FETs in a 

bottom-gate, top-contact configuration as shown in Figure V.4. Gold electrodes were 

deposited atop arrays of as-prepared In2O3 nanoribbons via electron-beam evaporation 
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through conventional photolithography. The device measurement setup is shown in Figure 

V.S2. As shown in Figure V.S3, interdigitated electrodes with widths of 1300 µm and lengths 

of 45 µm were used.  

Figure V.4. (a) Schematic illustrations of an In2O3 field-effect transistor (FET) in a bottom-
gate-top-contact configuration. Gate: Si (p++); Source/Drain: Au; semiconducting channel: 
In2O3 nanoribbons. The widths and lengths of the inter-digital electrodes are 1300 and 
45 µm, respectively. The widths and pitches of the nanoribbons are 200 and 400 nm, 
respectively. (b) Transfer and (c) output characteristics of an ultrathin In2O3 nanoribbon 
FET, showing the measured current between the drain and source (IDS) in response to 
varying gate to source voltages (VGS) and source to drain (VDS) potentials, relative to the 
source. Devices displayed n-type pinch-off behavior with carrier motilities of 10.0 
± 2.6 cm2 V-1 s-1, averaged over 10 devices with a peak value of 13.7 cm2 V-1 s-1, and a current 
on/off ratio >107. 

 

The spatially ordered arrangement of In2O3 nanoribbons on surfaces facilitated 

straightforward fabrication of FETs with consistent numbers of channels per device, 

controlled by the widths of the contact electrodes. Here, ~3000 200-nm-wide In2O3 

nanoribbons were incorporated into each FET device. These FETs had high field-effect 

mobilities (μsat=10.0 ± 2.6 cm2 V-1 s-1), averaged over 10 devices with a peak value of 

13.7 cm2 V-1 s-1 and a current on/off ratio >107. We attribute the variations in mobilities to 

imperfections of the sol-gel-processed thin-film material itself (such as defects), as we have 

observed similar variations in analogous thin film FETs.45 These nanoribbon FETs have 
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similar electronic properties to In2O3 thin-film transistors,45 but have higher surface-to-

volume ratios. The performance of these devices, such as current on/off ratio, exceeded 

those previously reported for 1D nanowire-based devices fabricated via bottom-up 

approaches.15,16 High-performance In2O3 nanoribbon FETs can be used in a variety of 

applications, such as electronic devices and ultrasensitive FET-based pH, gas, chemical, and 

biological sensors, where the surface of In2O3 can be functionalized with a variety of 

molecules including antibodies and aptamers using linkers such as 

(3-aminopropyl)trimethoxysilane.45,57,59,65 

 Conclusions and Prospects 

In summary, we report a high-throughput, large-scale strategy enabling fabrication of 

ultrathin, metal oxide nanoribbons that are readily integrated into devices. We leverage and 

extend the capabilities of CLL, in combination with selective etching processes, to pattern, 

successively, SAMs, metal films, and ultrathin layers of In2O3 to create arrays of periodic, 1D 

nanostructures. Nanoribbons fabricated by this approach are uniform and continuous over 

centimeter scales. We demonstrate high-performance FETs fabricated using In2O3 

nanoribbons having carrier mobilities up to 13.7 cm2 V-1 s-1 and on/off current ratios >107. 

By employing widely available low-cost HD-DVDs as nanostructured master patterns, in 

conjunction with CLL, a scalable and high-fidelity chemical patterning technique that does 

not require sophisticated equipment and facilities, we lower barriers to nanostructure and 

device fabrication. The advances demonstrated here serve to extend large-area 

nanofabrication and to broaden application and user bases by providing alternative 

patterning strategies to photo- and electron-beam lithographies. This work provides a 
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general approach for the facile and large-scale patterning of semiconductor 1D 

nanostructure arrays with high-surface-to-volume ratios, which have a broad range of 

applications in electronic devices, optical devices, displays, and biochemical sensors. 
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 Supplementary Materials 

 

Figure V.S1. Atomic force microscope image of In2O3 films. The average roughness (Ra) is 
~0.06 nm. The scale bar is 1 μm. 
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Figure V.S2. Images of the fabricated devices and test configuration. (a,b) In2O3 
nanoribbons on a 1.5 cm × 1.5 cm Si wafer. The 1 cm × 1 cm square region in the center 
contains the nanoribbons. The rainbow colors in the central region of the bottom image (b) 
indicate light interference from the periodic nanoribbon pattern. (c) Device test 
configuration using a probe station with bottom gate and top source/drain electrodes.  
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Figure V.S3. Photograph of a representative device with the interdigitated electrode 
configuration. The widths and lengths of the inter-digital electrodes are 1300 and 45 µm, 
respectively. The scale bar is 1000 μm. 
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CHAPTER VI 

Phenylalanine Monitoring via 

Aptamer-Field-Effect Transistor Sensors 
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 Introduction 

Phenylketonuria (PKU) is an autosomal recessive genetic disorder involving mutations in 

the gene that encodes phenylalanine hydroxylase (PAH), a liver enzyme that converts the 

essential amino acid phenylalanine to tyrosine (Figure VI.1A).1-7 In the United States, PKU 

occurs in ~1/10,000-15,000 babies yearly. Diagnosis at birth is critical.1,3,4,7,8 This ‘inborn 

error of metabolism’ leads to hyperphenylalaninemia in the blood and brain.1-5,7,9 Elevated 

phenylalanine causes abnormalities in brain development associated with permanent 

intellectual impairment. Screening newborns for PKU involves laboratory testing by a 

bacterial inhibition assay, i.e., the Guthrie test,10 or more recently, tandem mass 

spectrometry.11 Although sufficient for diagnosis, these methods involve turnaround times 

of days to inform treatment providers and families.12 

Phenylketonuria is primarily managed through strict avoidance of phenylalanine-

containing foods.1,3,4,7,13,14 Early-life dietary management largely prevents the damaging 

effects of PKU on brain development.15-17 However, even modestly uncontrolled blood 

phenylalanine levels in children and adults have been correlated with cognitive and 

psychiatric sequelae.1,7,18-21 Nevertheless, studies on this topic are sparse, partly because 

technologies for straightforward monitoring of blood phenylalanine levels in clinical studies 

are not readily available.1,18  

Phenylalanine serum concentrations in healthy individuals are 60±30 µM.17 Current 

treatment guidelines for individuals with PKU are to maintain blood phenylalanine levels 

between 120 and 360 µM. Moderate hyperphenylalaninemia is associated with blood levels 

ranging from 360 to 600 µM, while untreated PKU is characterized by phenylalanine 

levels >1000 µM (with concentrations >3000 µM having been reported).1,3,7,22  
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Emerging treatments for PKU are based on enzyme replacement with PEGylated 

versions of bacterial phenylalanine ammonia lyase.23 Enzyme substitution decreases 

phenylalanine levels in patients with PKU and reduces the need for dietary restrictions, 

which can be exceedingly difficult to maintain over a lifetime.23 In 2017, the U.S. Food and 

Drug Administration approved the first enzyme substitution therapy, pegvaliase 

(Palynziq™).23 However, pegvaliase and related treatment strategies can result in 

hypophenylalaninemia, which negatively affects protein synthesis, and thus, growth in 

children, and neurotransmitter synthesis in children and adults.17,23 In light of the present 

clinical picture, improvements in phenylalanine monitoring are indicated to provide insights 

into the pharmacokinetics24 and efficacy of current and future PKU treatment strategies and 

their combinations.25 Enabling patients to determine their own blood phenylalanine levels 

will be empowering. Regardless, there are no at-home or point-of-care options for measuring 

phenylalanine.26-28 

Field-effect transistors (FETs) modified with protein receptors have been developed 

for rapid electronic, reagentless detection of biological targets.29-37 Receptor recognition of 

charged targets and/or target-induced receptor reorientation gate the semiconductor 

channels of FETs to modulate transconductance. However, bioFETs based on protein 

receptors or antibodies are not feasible for direct sensing in biological fluids because large 

receptors (~10 nm) are too far away from semiconductor channels relative to the Debye 

screening length. At physiological ion concentrations, the Debye length is on the order of 

1 nm.30,38  

Recently, we developed thin-film metal oxide FETs functionalized with 

oligonucleotide stem-loop receptors (aptamers).39-42 We discovered that target-mediated 
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reorganization of a portion of the highly negatively charged backbones of small 

oligonucleotides (and rearrangement of associated counter ions) occurs near enough to the 

semiconductor surfaces to circumvent Debye-length limitations under biological 

conditions.43-46 Aptamer-FETs have enabled sensitive and selective detection of small 

molecules, including neutral targets, in physiological buffers and fluids, and complex 

biological matrices.30  

Here, previously unreported aptamers for direct phenylalanine detection were 

coupled with nanometer-thin In2O3 FETs. Phenylalanine was detected over many orders of 

magnitude in physiological solutions. Selectivity for phenylalanine over closely structured 

endogenous and exogenous aromatic amino acid analogs (Figure VI.1B) and metabolites 

was excellent, particularly for one of the phenylalanine aptamers. Phenylalanine sensing was 

carried out in serum from mice with induced hyperphenylalaninemia, demonstrating the 

ability of aptamer-FETs to detect biologically important differences in phenylalanine 

concentrations. Aptamer sequences were rationally modified to shift device sensitivities 

towards physiologically relevant concentrations. These findings portend the use of aptamer-

functionalized FETs for phenylalanine monitoring in PKU patients and other relevant 

populations. 

 Experimental Methods 

 Materials 

All materials were purchased from Sigma-Aldrich Co. (St. Louis, MO), unless otherwise noted. 

The amino acids used throughout were the L-forms, i.e., L-phenylalanine (Sigma P5482 and 

P2126), L-tyrosine (Sigma T3754), and L-tryptophan (Sigma 93659 and T0254). 
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Oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA). The 

SYLGARD 184 used to make polydimethylsiloxane (PDMS) wells was from Dow Corning 

Corporation (Midland, MI). Water was deionized before use (18.2 MΩ) with a Milli-Q system 

(Millipore, Billerica, MA).  

para-Ethynylphenylalanine (PEPA) was synthesized by a previously reported route47 

with minor modifications. Trimethylsilyl acetylene was coupled under palladium catalysis to 

to N-acetyl-4-iodophenylalanine methyl ester,48 followed by deprotection and purification. 

The nuclear magnetic resonance spectroscopy (NMR) data matched spectra reported in the 

literature (Figure VI.S1).  

 Phenylalanine Aptamer Selection 

Phenylalanine aptamer selection was carried out as per a previously reported strategy.41 

Initial selection resulted in isolation of an aptamer for phenylalanine complexed with 

pentamethylcyclopentadienyl rhodium(III) (Cp*Rh). This previously reported aptamer, 

which we designate Phe-Cp*Rh 1, showed cross-reactivity with the analogous tryptophan-

Cp*Rh complex (Trp-Cp*Rh), limiting its use in practical applications. To reduce cross-

reactivity, additional selections for Phe-Cp*Rh were performed with Trp-Cp*Rh counter-

selection,41,42 which resulted in the isolation of two new Phe-Cp*Rh aptamers, which we 

designate Phe-Cp*Rh 2 and Phe-Cp*Rh 3 (Table VI.S1). These previously unreported Phe-

Cp*Rh aptamers were not cross-reactive with Trp-Cp*Rh (Figures VI.S2C, VI.S3). However, 

Phe-Cp*Rh 2 showed cross reactivity with Tyr-Cp*Rh (Figure VI.S2C). 

Unexpectedly, as byproducts of the selections for additional Phe-Cp*Rh aptamers, we 

identified three aptamers that directly recognize phenylalanine, rather than the Phe-Cp*Rh 

complex. These previously unreported, direct-binding aptamers are designated Phe 1, Phe 2, 
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and Phe 3 (Table VI.S1). An excess of phenylalanine (1 mM) was used in the selection 

procedures to produce the Phe-Cp*Rh complex such that Cp*Rh was the limiting reagent. 

Under these conditions, a large excess of free phenylalanine, which also interacted with the 

oligonucleotide sequences, was present along with the Phe-Cp*Rh complex in the target 

solutions. We compared the responses of Phe 1 to phenylalanine with and without Cp*Rh 

(Figure VI.S4). In the presence of Cp*Rh, phenylalanine prefers to complex with Cp*Rh, 

however the remaining free phenylalanine in solution was detected by Phe 1. 

Fluorescence assays were carried out in 20 mM HEPES, 1 M NaCl, 10 mM MgCl2, and 

5 mM KCl (pH 7.5) using a Victor II microplate reader (PerkinElmer). Each aptamer sequence 

was modified with fluorescein at the 5’ end. Complementary strands were 3’-modified with 

dabcyl for solution quenching determination of dissociation constants (Kd) (Table VI.S1) 

and for selectivity testing. Concentrations of aptamers and complementary strands were 

empirically determined and aptamer Kd values were calculated as per previously published 

methods.30,40,41 Putative aptamer secondary structures shown were predicted using Mfold 

(http://unafold.rna.albany.edu/?q=mfold). 

 Field-Effect Transistor Measurements 

Polydimethylsiloxane wells were sealed on individual FETs to hold sensing solutions. 

Substrates had inter-FET distances (~2 mm) that were large enough to enable isolation of 

single FET devices within the PDMS wells (Figure VI.S6). Ringer’s solution (147 mM NaCl, 

4 mM KCl, 2.25 mM CaCl2, pH 7.4) was used as the electrolyte solution. The Ag/AgCl 

reference electrodes (World Precision Instruments, Inc., Sarasota, FL) were placed in sensing 

solutions in a top-gate (solution-gate) device configuration. Measurements were performed 

http://unafold.rna.albany.edu/?q=mfold


156 
 

using a manual analytical probe station (Signatone, Gilroy, CA) equipped with a Keithley 

4200A-SCS (Tektronix, Beaverton, OR) semiconductor parameter analyzer.  

Source-drain current (IDS) transfer curves were obtained wherein gate voltages (VGS) 

were varied from 0 to 400 mV with a step voltage of 5 mV. The drain voltage (VD) was held 

at 10 mV throughout. Five sweeps were averaged for each transfer curve. Calibrated 

responses were calculated by dividing the absolute sensor response (ΔI), which takes into 

account baseline subtraction, by the change in source-drain current with voltage sweep 

(ΔIDS/ΔVG).49 Aptamer-FET responses at VG=375 mV were used to calculate mean calibrated 

responses. 

 Mouse Serum 

Mice were generated at the University of California, Los Angeles (UCLA) from a core colony 

of a serotonin transporter (SERT)-deficient lineage maintained on a mixed CD1 × 

129S6/SvEv background via heterozygous SERT-deficient (SERT+/-) pairings. For this 

study, three pairs of SERT wildtype (SERT+/+) mice from the core colony were bred to 

produce 18 wildtype pups. All mice were maintained on a 12-h light/dark cycle (lights on at 

0600 h (Zeitgeber time, ZT 0)) with ad libitum food and water. The Association for 

Assessment and Accreditation of Laboratory Animal Care International has fully accredited 

UCLA. All animal care and use met the requirements of the NIH Guide for the Care and Use of 

Laboratory Animals, revised 2011. The UCLA Chancellor’s Animal Research Committee 

(Institutional Animal Care and Use Committee) preapproved all procedures.  

For postnatal treatment, pups from each litter were randomly assigned to one of three 

groups: (1) Saline (vehicle control); (2) 100 mg/kg para-chlorophenylalanine (Sigma 

#C3635);50 or (3) 10 mg/kg para-ethynylphenylalanine.51 Doses were calculated based on 
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the free base form of each compound. The pH values of PEPA and PCPA saline were adjusted 

to pH 7.4 prior to injection. Dosing solutions were filtered via 0.22 m filters for sterilization.  

Each litter contained all treatment groups. Each pup received a subcutaneous 

injection of the assigned treatment daily during ZT 6-8 on postnatal days (P)4-21. The 

injection volume was 10 mL/kg during P4-11, and 5 mL/kg during P12-21. A total of three 

of the 18 pups were excluded from this study: 1/6 saline-treated and 1/6 PCPA-treated 

subjects died during the postnatal period. In addition, 1/6 PEPA-treated subjects stopped 

receiving injections at P17 due to body weight loss for two continuous days. The data from 

the remaining N=5 mice per treatment group are reported. 

Pups were weaned after the last injection on P21 and housed with their same-sex 

siblings. Two hours after the last injection, subjects were euthanized by decapitation under 

deep anesthesia with isoflurane. Whole blood samples were collected via cardiac puncture 

and placed in microcentrifuge tubes pre-chilled on ice for 30-60 min. Following coagulation, 

blood samples were centrifuged at 16,000 g for 15 min at 4 °C twice. After each 

centrifugation, supernatants were removed and transferred to clean microcentrifuge tubes 

on ice.  

Serum samples were aliquoted and stored at -80 °C until analysis. Aptamer-FET and 

high performance liquid chromatography (HPLC) measurements were carried out by 

investigators blind to the treatment group identification of each sample. All serum samples 

for aptamer-FET measurements were diluted to ~10 pM phenylalanine in 1 Ringer’s buffer, 

using the same serial dilution strategy, i.e., first 1:10, then 1:100, and finally 1:1.5, which was 

based on the average phenylalanine concentration determined in mouse serum by HPLC.  
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 Circular Dichroism Spectroscopy 

Intensities and positions of positive and negative peaks for oligonucleotides in circular 

dichroism (CD) spectra correspond to exciton interactions induced by stacking of 

hydrophobic bases in asymmetric helices.45,46,52 Aptamer and target concentrations were 

2 μM in 1 Ringer’s buffer. Thiolated aptamers were heated at 95 °C for 5 min and cooled to 

room temperature slowly to relax DNA molecules into extended conformations. Spectra 

were collected using a JASCO J-715 circular dichroism spectrophotometer (Oklahoma City, 

OK). Four scans with 0.5-nm resolution, 1.0-nm bandwidth, a 4-s response time, and a 

20 nm/min scan rate were acquired per sample. Scans of 1 Ringer’s solution were 

subtracted as background. 

 High-Performance Liquid Chromatography 

A modified o-phthalaldehyde-sulfite (OPA-S) method was used to analyze phenylalanine in 

serum samples.53 On the day of analysis, 0.1 M perchloric acid (Acros Organic #AC42403) 

was freshly prepared, protected from light, and stored on ice. A series of 11 phenylalanine 

standards (0-50 µM) were prepared in 0.1 M perchloric acid to establish standard curves. 

Solutions for phenylalanine analysis via the OPA-S method included neutralization solution 

(0.4 M boric acid (Sigma #31144), pH 10.4-10.5) and derivatization solution (14.9 mM 

phthaldialdehyde (OPA, Sigma #P0657), 47.6 mM sodium sulfite (Sigma #71989), and 5% 

methanol (EMD #MMX04751) in 0.36 M boric acid, pH 10.4-10.5), which were prepared the 

day of analysis ~1 h before use and protected from light.  

Serum samples were removed from a -80 °C freezer and thawed on wet ice. Then, 

168 µL of ice-cold 0.1 M perchloric acid solution was added to 7 µL of each serum sample. 

Samples were briefly vortexed and centrifuged at 16,000 g at 4 °C for 15 min two times. After 
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each centrifugation, supernatants were immediately removed and transferred to clean 

microcentrifuge tubes on ice.  

For derivatization, 50 µL each of the phenylalanine standard solutions and serum 

samples were neutralized with 50 µL of neutralization solution at room temperature in black 

microcentrifuge tubes, followed by addition of 50 µL of derivatization solution. The 

derivatization reaction was allowed to proceed for 10 min in the dark. Derivatization was 

stopped by adding 500 µL of the mobile phase (0.2 M phosphate buffer, pH 4.8, with 0.13 mM 

EDTA in 25% MeOH in deionized water) to each sample. Derivatized samples and standards 

were immediately analyzed by HPLC with electrochemical detection. The instrument was an 

Eicom integrated HPLC system (HTEC-500) that included an Insight Autosampler (Eicom 

Corporation, San Diego, CA). Electrochemical detection occurred at a pure graphite working 

electrode (WE-PG; Eicom Corporation, San Diego, CA) at an optimized applied potential of 

+650 mV vs. Ag/AgCl. The stationary phase was a Phenomenex Kinetex column (2.6 μm 

particle size, 3.0 mm ID  10 mm, Phenomenex # 00D-4462-Y0, Phenomenex, Torrance, CA). 

Separation occurred at a flow rate of 350 µL/min. The column temperature was maintained 

at 30 °C. The retention time of phenylalanine was ~22 min. 

 Statistics 

Data for fluorescence assays and FET calibrated responses are reported as means ± standard 

errors of the means and were analyzed using GraphPad Prism v7.04 (GraphPad Software 

Inc., San Diego, CA) via one-way analysis of variance followed by Tukey’s multiple 

comparisons post hoc tests. Cross-validation data for phenylalanine levels were analyzed by 

linear regression analysis. In all cases, P<0.05 was considered statistically significant. 



160 
 

 Results and Discussion 

Three previously unreported DNA aptamer sequences that directly recognize the amino acid 

phenylalanine were identified via solution-phase, in vitro systematic evolution of ligands by 

exponential enrichment (SELEX) (Figure VI.1C-E).39,41,42 Dissociation constants were 

 

 

Figure VI.1. Aptamers for phenylalanine. (A) In humans and mice, phenylalanine is para-

hydroxylated to form tyrosine by the liver enzyme phenylalanine hydroxylase (PAH). The 

genetic disorder phenylketonuria is caused by mutations in the PAH gene, which result in 

high blood and brain levels of phenylalanine. (B) Phenylalanine analogs para-

chlorophenylalanine (PCPA) and para-ethynylphenylalanine (PEPA). (C-E) Three 

phenylalanine-specific aptamer sequences (Phe 1, Phe 2, and Phe 3) were isolated for sensor 

development. All three aptamers showed concentration-dependent responses towards 

phenylalanine determined via competitive fluorescence assays. Responses were measured 

for other aromatic amino acids (tyrosine and tryptophan) and the phenylalanine analogs 

(PCPA and PEPA). Fluorescence concentration curves enabled determination of solution 

dissociation constants (Kd) for Phe 1 (10 µM), Phe 2 (7 µM), and Phe 3 (16 µM). Here, N=6 

for each phenylalanine concentration; N=3 for each nonspecific molecule concentration. 

Standard errors of the means for each datum were too small to be displayed in some cases; 

RFU is relative fluorescence units. 
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determined using competitive fluorescence assays.30,40,41 Quencher-labeled complementary 

sequences (Table VI.S1 and Figure VI.S7) were displaced from fluorescently labeled 

aptamer sequences upon phenylalanine binding resulting in increases in fluorescence 

intensities, as shown in Figure VI.1C-E.30,40,41 Solution dissociation constants (Kd) were 

10 µM, 7 µM, and 16 µM for Phe 1, Phe 2, and Phe 3, respectively. Dissociation constants 

measured for Phe 1 and 2 via dye displacement assays were consistent with those measured 

via competitive binding assays (Figure VI.S8). Dye displacement did not work for the Phe 3 

aptamer. This result is sometimes the case for dye displacement, which is why we do not use 

this method as a primary means of determining dissociation constants. 

Selections initially had been carried out using a strategy to try to increase aptamer 

selectivity towards low epitope targets by associating targets with metal complexes.41 In 

addition to a previously reported aptamer sequence recognizing phenylalanine complexed 

with pentamethylcyclopentadienyl rhodium(III) (Cp*Rh) (sequence herein referred to as 

Phe-Cp*Rh 1),41 two previously unreported sequences, Phe-Cp*Rh 2 and Phe-Cp*Rh 3 were 

characterized (Figures VI.S2,S3).  

Selectivity testing for the three direct-detection phenylalanine aptamers using 

competitive florescence assays showed reduced (Phe 1 and Phe 2) or negligible (Phe 3) 

responses towards the endogenous aromatic amino acids tyrosine and tryptophan 

(Figure VI.1C-E). We also investigated selectivity of the direct-detection phenylalanine 

aptamers for two phenylalanine analogs, para-chlorophenylalanine (PCPA) and para-

ethynylphenylalanine (PEPA) (Figure VI.1B), which potentially induce 

hyperphenylalaninemia in animal models (vide infra).54-58 The Phe 3 aptamer showed 

minimal responses to PCPA or PEPA via competitive fluorescence assays (Figure VI.1E), in 
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contrast to Phe 1 and Phe 2 (Figure VI.1C-D), and the Phe-Cp*Rh aptamers (Figure VI.S9), 

all of which had appreciable responses to PCPA.  

 

Figure VI.2. Detection of phenylalanine via aptamer-field-effect transistor sensors. (A) 
Schematic of the FET platform and surface chemistry. Here, FETs were composed of 4-nm 
thin-film In2O3 as the channel material, with a 10-nm Ti adhesion layer and a 30-nm top Au 
layer patterned as interdigitated electrodes over the semiconductor layer. Sensing was 
performed by applying a source-drain bias voltage, sweeping the gate voltage with respect 
to a Ag/AgCl reference electrode in a solution-gated configuration, and measuring changes 
in source-drain currents. Thiolated aptamers were tethered to semiconductor surfaces using 
m-maleimidobenzoyl-N-hydroxysuccinimide ester to crosslink thiol groups to amine-
terminated silanes, co-self-assembled with methyl-terminated silanes, which served as 
spacer molecules to optimize aptamer surface densities for target recognition. (B) Each of 
three phenylalanine aptamers attached to FETs (Phe 1, Phe 2, Phe 3) produced 
concentration-dependent responses in 1× Ringer’s solution. (C) Representative transfer (IDS-
VGS) curves for Phe 3 aptamer-FETs upon increasing phenylalanine concentrations. (D) 
Circular dichroism spectra of Phe 3 in 1× Ringer’s solution before and after introduction of 
phenylalanine (2 µM). Spectra shown are averages of N=3 spectra each. (E) The Phe 3 
aptamer, when incorporated into FETs, had negligible responses to nonspecific targets, 
including tryptophan (Trp), tyrosine (Tyr), phenylypyruvic acid (PPA), 2-phenylethylamine 
(2-PEA), para-chlorophenylalanine (PCPA), or para-ethynylphenylalanine (PEPA) 
compared to phenylalanine (all targets at 100 µM) [F (6, 10)=76; P<0.001]. Error bars, are 
standard errors of the means with N=3 for B, and N=3 for phenylalanine, PCPA, and PEPA 
and N=2 for Trp, Tyr, PPA, and 2-PEA in E. ***P<0.001 vs. all nonspecific targets. 
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Next, each of the phenylalanine-specific aptamers was attached to the 

semiconducting channels of FETs for electronic detection of phenylalanine 

(Figure VI.2A).29,30 As in our prior aptamer-FET studies, shortened,59,60 thiolated aptamers 

were attached to In2O3 surfaces via covalent modification to self-assembled silanes using 

m-maleimidobenzoyl-N-hydroxysuccinimide as a crosslinker.29,30 Field-effect transistors 

were operated in a top-gate setup. The source-drain current (IDS) was measured while 

sweeping the gate voltage (VGS) during target exposure (Figure VI.2A).29,30 Reorganization 

of surface-tethered negatively charged oligonucleotides occurred in close proximity to 

metal-oxide semiconducting surfaces upon target capture to gate FET transconductances 

resulting in target-concentration-dependent current changes under physiological ionic 

conditions (Figure VI.2B).30 

Phenylalanine-aptamer-FETs showed a wide range of concentration-dependent 

responses to phenylalanine (fM detection limit) in 1× Ringer’s solution, which mimics the 

ionic composition of the plasma fraction of human blood (Figure VI.2B). Sensing in 

physiological buffers that have similar ion concentrations to the target biological matrix is 

important for evaluating oligonucleotide receptors because interactions with different types 

and concentrations of solution ions may result in alternate aptamer secondary structures 

and thus, differences in sensor sensitivities and selectivities.61,62  

We also tested one of the aptamers recognizing phenylalanine complexed with Cp*Rh 

when attached to FETs, as an example of the use of this type of aptamer. The Phe-Cp*Rh 2 

aptamer showed similar concentration-dependent responses (Figure VI.S2D) to those of 

the direct detection sequences (Figure VI.2B), suggesting that metal complexation to 

increase sensitivity, which would complicate point-of-care or at-home monitoring 
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approaches, is unnecessary41 and direct phenylalanine detection is sufficient in the context 

of FET sensors.  

Target-concentration-dependent decreases in current were observed for FET 

transfer curves (IDS-VGS sweeps) for each of the three direct sensing aptamers 

(Figures VI.2C, VI.S10). We attribute decreases in FET transfer characteristics on n-type 

semiconductors to a dominant effect of negatively charged DNA aptamer backbones moving 

closer to semiconductor channel surfaces to increase electrostatic repulsion of charge 

carriers (band bending) and to gate transconductance upon target binding.30 We previously 

determined that aptamer-FET small-molecule sensing is due to gating associated with the 

reorganization of charged DNA aptamer backbones and not to target charge. Target-aptamer 

interaction can reorient aptamer charge toward or away from semiconductor channels, 

based on specific aptamers.30 

We performed circular dichroism (CD) spectroscopy to investigate target-induced 

changes in aptamer secondary structures for the three phenylalanine direct-sensing 

aptamers, as we have been able to associate CD spectral changes with individual aptamer-

FET responses.30 The spectra for Phe 3 showed a small but reproducible decrease in peak 

intensity at 280 nm after target capture, potentially corresponding to target-induced 

formation of hairpin motifs (Figure VI.2D).52 Spectra showed negligible changes in peak 

positions or intensities for Phe 1 or Phe 2 upon association with phenylalanine 

(Figure VI.S11). These findings suggest that the latter two aptamers do not form new 

secondary structural motifs upon target recognition and that all three aptamers primarily 

undergo adaptive target binding largely involving pre-formed secondary structures.30  
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Of the three direct-detection phenylalanine aptamers, Phe 3 showed the largest 

target-related responses and the smallest replication variability when integrated with FETs 

(Figure VI.2B). The Phe 3 aptamer also showed the highest selectivity towards nonspecific 

molecules compared to Phe 1 and Phe 2 in competitive fluorescence assays (Figure VI.1C-

E); thus, we focused on investigating this sequence further. To test selectivity on FETs, we 

measured the responses of Phe 3-aptamer-FETs to the aromatic amino acid tryptophan, the 

phenylalanine metabolites tyrosine, phenylpyruvic acid, and 2-phenylethylamine, and the 

two phenylalanine analogs (Figure VI.2E). Sensor responses upon exposure to 100 µM 

solutions of five of the nonspecific molecules were <10% of the average response to an 

equivalent concentration of phenylalanine; responses to PCPA were 15% of the average 

phenylalanine response. Concentrations of nonspecific molecules were selected based on 

their physiologically relevant concentrations.63-65 As a further indication of selectivity, 

responses of FETs functionalized with a scrambled version of the Phe 3 sequence having the 

same numbers and types of nucleotides as the correct Phe 3 aptamer sequence but with a 

different predicted secondary structure were negligible (Figure VI.S5). 
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To investigate Phe 3-aptamer-FET detection of clinically relevant phenylalanine 

levels, we measured phenylalanine in serum (diluted with 1 Ringer’s solution) from mice 

injected daily with PCPA, PEPA, or saline during postnatal days 4-21 (Figure VI.3A). This 

 

Figure VI.3. Aptamer-field-effect transistors (FETs) differentiate serum phenylalanine 
levels. (A) Schematic illustration of the in vivo experimental design. Mice were treated once 
per day with para-chlorophenylalanine (PCPA) or para-ethynylphenylalanine (PEPA) 
during postnatal days (P)4-21. These phenylalanine analogs inhibit tryptophan hydroxylase 
(TPH). Some studies suggest that PCPA may also inhibit phenylalanine hydroxylase (PAH). 
Serum samples were collected 2 h after the final injection of each analog on P21. 
Phenylalanine concentrations were measured by Phe 3-aptamer-FETs and cross-correlated 
with high-performance liquid chromatography (HPLC) as a reference method 
(Figure VI.S12). (B) Mice treated with PCPA had modestly elevated serum phenylalanine 
concentrations compared to mice treated with PEPA or saline [F(2,12)=17.3; P<0.01]. Data 
points depict levels from individual animals. Error bars are standard errors of the means 
with N=5 for each treatment group. **P<0.01 vs. PCPA; ***P<0.001 vs. PCPA. (C) Correlation 
of phenylalanine concentrations measured in individual mouse serum samples via aptamer-
FETs vs. HPLC with the corresponding linearity index (R2) and regression slope (m). P=0.762 
(Run’s test), deviation from linearity is not significant. 
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postnatal period in mice is the human developmental equivalent of the last trimester of 

pregnancy and the first postnatal year.66,67 We selected this treatment period because it is 

important for determining the impact of elevated phenylalanine levels on cortical axon 

development.68 Both para-substituted phenylalanine analogs inhibit tryptophan 

hydroxylase (TPH), which converts dietary tryptophan to 5-hydroxytryptophan. The latter 

is decarboxylated to produce the neurotransmitter serotonin (5-hydroxytryptamine).51,69-71 

However, whereas PCPA has been reported to inhibit PAH activity, in addition to TPH,54-58 

PEPA has been suggested to lack inhibitory effects on PAH.51  

Mice receiving PCPA showed a doubling of the concentration of serum phenylalanine 

levels (individual levels ranging from ~90 to 160 M) compared to mice exposed to PEPA or 

saline (Figure VI.3B). Phenylalanine concentrations in mouse serum samples were cross-

validated via HPLC with electrochemical detection (Figure VI.S12). Individual 

phenylalanine serum sample levels determined using aptamer-FETs were highly correlated 

when compared to those measured by HPLC (R2=0.95; Figure VI.3C). The slope of the 

regression line correlating phenylalanine levels determined by both methods was ~1 

indicating that Phe 3-aptamer-FETs accurately reported phenylalanine levels.  

Phenylalanine levels detected by aptamer-FETs in PCPA-treated mice (~120 M) 

were at the low end of the range of serum levels in humans with modestly elevated 

phenylalanine, i.e., PKU patients adhering to dietary restrictions, and possibly, phenylalanine 

levels in some PKU carriers, i.e., individuals with one mutant PAH allele (ca. one in 50 

Caucasians).72,73 Thus, aptamer-FETs can be used to differentiate modest yet physiologically 

relevant changes in phenylalanine levels. 
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The Phe 3 aptamer-FETs were sufficient to detect biologically relevant differences in 

phenylalanine levels in diluted serum (Figure VI.3). Removing base pairs from aptamer 

stem regions destabilizes aptamer secondary structures, particularly in stem-loop aptamers 

isolated by solution SELEX where stem closure plays an important role in identifying target-

specific sequences.59,74-76 We reasoned that stem truncation could be used to shift aptamer-

 

Figure VI.4. Tuning aptamer-field-effect transistor (FET) responses via aptamer stem 
truncation. (A-B) Aptamer-FET sensing of phenylalanine with truncated versions of Phe 1 
and Phe 3 aptamers, respectively (truncated sequences are shown in the corresponding 
insets). Normalized response data for phenylalanine sensing on FETs using unmodified Phe 
1 and Phe 3 sequences are presented for comparison and are reproduced from Figure VI.2B. 
Error bars are standard errors of the means with N=3 for all data. 
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FET sensitivity ranges closer to the therapeutic range of PKU patients, thereby reducing the 

need for serum dilution.  

Strategically deleting complementary C-G base pairs (C-G base pairs form three 

hydrogen bonds vs. A-T base pairs, which are weaker in forming only two hydrogen bonds) 

in the stem regions of Phe 1 and Phe 3 (Table VI.S2) shifted the corresponding aptamer-FET 

concentration curves to the right, i.e., towards higher phenylalanine concentrations 

(Figure VI.4). These modifications also increased the steepness of the concentration curves 

such that small differences in phenylalanine levels in the steepest regions of these curves 

would be more highly differentiable.  

Notably, the serum phenylalanine concentration range in PKU patients is ~10-

1000 µM.1 Thus, narrowing the sensitivity range of aptamer-FET sensors, in addition to 

reducing the binding affinity, i.e., shifting to higher Kd, advances this strategy toward an at-

home monitoring scenario wherein phenylalanine might be determined in whole blood from 

finger or heel sticks without the need for dilution. Stem destabilization, in addition to 

decreasing aptamer densities,30 and/or tuning FET characteristics77 and measurement 

parameters can eventually be combined to achieve phenylalanine detection in undiluted 

blood. 

There are numerous benefits and opportunities for at-home phenylalanine 

monitoring. In a National Institutes of Health (NIH) consensus panel on “PKU: screening and 

management”, the NIH recommended the development of reliable home testing methods for 

measuring phenylalanine to increase adherence to dietary treatments.78 There is consensus 

from PKU patients that at-home measurement of phenylalanine will make disease 

management, i.e., following a PKU diet and/or enzyme substitution dosing, easier to achieve 
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and to maintain throughout life.26 National Institutes of Health guidelines for monitoring 

frequency in PKU patients are once weekly during the first year of life, twice per month for 

individuals 1-12 years of age, and at least monthly thereafter. In women with PKU prior to 

and during pregnancy and lactation, frequency should increase to at least weekly.  

Phenylalanine has been determined using chromatographic,79,80 plasmonic,81 and 

fluorimetric techniques.79,82-84 These methods involve specialized laboratory 

instrumentation and sometimes, complex extractions. As such, these methods are largely 

incompatible with point-of-care or at-home monitoring. Colorimetric, paper-based detection 

platforms show promise for PKU diagnosis and monitoring in low-resource settings,85,86 but 

use enzyme-based recognition elements, which can lose activity over time due to 

denaturation.87 Electrochemical signal transduction has been used for phenylalanine 

sensing88,89 or a conductive electrode design involving graphene oxide, which is intrinsically 

defect prone and synthetically heterogeneous.90 Hasanzadeh and coworkers91,92 reported an 

electrochemical strategy involving phenylalanine capture via a previously reported RNA 

phenylalanine aptamer (Kd~120 M)93 followed by phenylalanine oxidation at gold 

electrodes. Compared to RNA, aptamers comprised of DNA are advantageous in terms of 

higher stability when exposed to biological matrices, such as serum.94 

 Conclusions and Prospects 

We have identified three new DNA-based receptors that recognize the biochemically and 

medically important target phenylalanine. We also report two new aptamers that recognize 

a phenylalanine-organometallic complex (Phe-Cp*Rh). The direct-binding phenylalanine 

aptamers (and one of the Phe-Cp*Rh aptamers) were integrated with thin-film metal-oxide 
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field-effect transistors (FETs). Phenylalanine-FET sensors detected phenylalanine under 

physiological ionic conditions over six orders of magnitude with fM detection limits. Sensors 

incorporating the Phe 3 direct-detection aptamer showed exceptional selectivity for 

phenylalanine vs. similarly structured aromatic amino acids and metabolites. The accuracy 

and precision of Phe 3 aptamer-FET sensors were excellent compared to a gold-standard 

laboratory method.62 

The ability to differentiate clinically relevant differences in serum phenylalanine 

levels with a minimal dilution step demonstrates the capability of aptamer-FETs for future 

use in electronic point-of-care devices for PKU diagnosis and management. In principle, 

aptamer-FET sensors can also be used for in vivo monitoring to investigate transiently 

induced or permanently maintained (through continuous administration of PCPA or via mice 

with constitutive reductions in PAH)95 elevations in phenylalanine. Rapid monitoring in PKU 

animal models will enable investigating how changes in PAH activity or diet impact 

temporally resolved phenylalanine levels. 

In sum, DNA aptamers are readily synthesized96 and the FET fabrication methods 

used here are straightforward and easily scaled up. We have miniaturized29 and 

nanostructured77 In2O3 thin-film FETs using low-cost soft-lithographic methods.97-99 We 

have also fabricated In2O3 FETs on flexible substrates100 demonstrating capabilities to tailor 

device performance and architectures for specific biomedical applications.  

Aptamer-FET sensors can be rapidly deployed, with minor adjustments, at the point-

of-care level, e.g., in clinical laboratories. While not the focus of this work, we have developed 

prototype instrumentation and analysis software that is low-cost, has a relatively small 

footprint, and can perform multiplexed FET sensing. Translation for at-home monitoring will 
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require additional development of FET-measurement technology to reduce size for 

portability, i.e., hand-held devices, and validation in clinical samples.101 We anticipate that 

phenylalanine sensing via aptamer-FETs will improve phenylketonuria disease management 

and monitoring in other at-risk populations. 
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 Supplementary Materials 

 

Figure VI.S1. 1H Nuclear magnetic resonance spectrum of para-ethynylphenylalanine.  
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Figure VI.S2. Characterization of a phenylalanine-pentamethylcyclopentadienyl rhodium 
complex (Phe-Cp*Rh 2)-specific aptamer. (A) Aptamer sequence (left) isolated for specificity 
for Phe-Cp*Rh (right). (B) Quenching curve for Phe-Cp*Rh 2. (C) Competitive fluorescence 
assay to investigate selectivity of Phe-Cp*Rh 2. A solution Kd of ~0.8 M was determined 
from the fluorescence concentration curve. (D) Field-effect transistor sensing using Phe-
Cp*Rh 2 demonstrated responses over a wide range of concentrations (fM-mM). For B, C, and 
D, N=3 with error bars representing standard errors of the means, which are smaller than 
the data points shown in B and C; RFU is relative fluorescence units. 
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Figure VI.S3. Competitive fluorescence assay of Phe-Cp*Rh 3 to investigate selectivity for 
rhodium complexes (Cp*Rh) with tryptophan (Trp) or tyrosine (Tyr) vs phenylalanine. A 
solution Kd of ~70 nM was determined from the phenylalanine fluorescence concentration 
curve. 
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Figure VI.S4. Competitive fluorescence assay of Phe 1 upon exposure to free phenylalanine 
vs. coincubation with an excess of phenylalanine in combination with the organometallic 
complex (Cp*Rh) to form Phe-Cp*Rh+free phenylalanine. N=3 with error bars representing 
standard errors of the means, which are smaller than the data points shown; RFU is relative 
fluorescence units.  
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Figure VI.S5. (A) Field-effect transistor sensing of phenylalalnine using a (B) scrambled 
sequence, i.e., the same numbers and types of nucleotides as Phe 3, but with a different 
predicted secondary structure. Negligible responses were observed over all concentrations 
tested for the scrambled sequence. Data for the correct Phe 3 sequence are presented for 
reference and are the same data depicted in main text Figure VI.2B. Error bars are standard 
errors of the means with N=3 for Phe 3 and N=2 for the scrambled sequence. 
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Figure VI.S6. Optical microscopy image of an individual field-effect transistor (FET) 
representative of FETs used throughout all experiments. 
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Figure VI.S7. (A-C) Fluorescence quenching curves for Phe 1, Phe 2, and Phe 3, respectively. 
For A-C, N=3 with error bars representing standard errors of the means, which are smaller 
than the data points shown; RFU is relative fluorescence units.  
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Figure VI.S8. Thioflavin T (Tht) dye displacement assays. (A-B) Thioflavin T binding and (C-
D) displacement curves for Phe 1 and 2, respectively. Solution dissociation constants (Kd) 
calculated for Phe 1 (10 µM) and Phe 2 (6 µM) were consistent with those measured via 
competitive binding assays (Figure VI.1). Note, Tht binding/displacement does not occur 
universally for all aptamers, e.g., Phe 3, and is contingent on DNA secondary structural 
motifs. For A-D, N=3 with error bars representing standard errors of the means, which are 
smaller than the data points shown in some cases; RFU is relative fluorescence units.102,103 
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Figure VI.S9. Selectivity data for (A) the previously reported41 (Phe-Cp*Rh 1) and (B-C) 
newly isolated (Phe-Cp*Rh 2, Phe-Cp*Rh 3) Phe-Cp*Rh aptamers via competitive 
fluorescence assays towards para-chlorophenylalanine (PCPA) or 
para-ethynylphenylalanine (PEPA). All three aptamers showed varying degrees of cross-
reactivity with PCPA and minimal responses to PEPA. For A-C, N=3 with error bars 
representing standard errors of the means, which are smaller than the data points shown; 
RFU is relative fluorescence units. 
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Figure VI.S10. (A-B) Transfer characteristics (I-V curves) of field-effect transistors 
functionalized with the phenylalanine-specific aptamers Phe 1 and Phe 2 upon exposure to 
increasing concentrations of phenylalanine in 1× Ringer’s solution.  
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Figure VI.S11. (A-B) Circular dichroism spectra of Phe 1 and Phe 2 in 1× Ringer’s solution 
before and after introduction of phenylalanine (2 µM). A peak at 280 nm for Phe 1 suggests 
the presence of B-DNA in the secondary structure, while a peak at 270 nm for Phe 2 suggests 
the presence of a parallel G-quadruplex.30,45,46 Spectra shown in (A-B) are averages of N=2 
spectra each. 

  



184 
 

 

Figure VI.S12. High-performance liquid chromatography determination of phenylalanine 
levels in serum from mice treated with para-chlorophenylalanine (PCPA) or para-
ethynylphenylalanine (PEPA) [F(2,12)=19.3; P<0.01]. Dots depict levels from individual 
animals. Error bars are standard errors of the means with N=5 per group. **P<0.01 vs. PCPA; 
***P<0.001 vs. PCPA; ns is not significant. 
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Aptamer Strand Sequence (5’→3’) 

Phe 1 
Sensor 

/56-FAM/CTC TCG GGA CGA CCG CGT TTC CCA AGA AAG 
CAA GTA TTG GTT GGT CGT CCC 

Capture GGT CGT CCC GAG AG/3Dab/ 

Phe 2 
Sensor 

/56-FAM/CTC TCG GGA CGA CCG GTG GGG GTT CTT TTT 
CAG GGG AGG TAC GGT CGT CCC 

Capture GTC GTC CCG AGA G/3Dab/ 

Phe 3 
Sensor 

/56-FAM/CTC TCG GGA CGA CGA GGC TGG ATG CAT TCG 
CCG GAT GTT CGA TGT CGT CCC 

Capture GTC GTC CCG AGA G/3Dab/ 

Phe-Cp*Rh 
2 

Sensor 
/56-FAM/CTC TCG GGA CGA CAC AGC GTG AGC CAA CTA 

ATT AGT GCG TAT TGT TCG TCC C 
Capture TGT CGT CCC GAG AG/3Dab/ 

Phe-Cp*Rh 
3 

Sensor 
/56-FAM/CTC TCG GGA CGA CCA CGG GAT ATC TTC AGG 

ATG GTG GTA ACT GGT CGT CCC 
Capture GGT CGT CCC GAG AG/3Dab/ 

 

Table VI.S1. Previously unreported sequences of aptamers and associated complementary 
(capture) strands used for competitive fluorescence assays. 
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Aptamer Strand Sequence (5’→3’) 

Phe 1 
Thiolated 

/5ThioMC6-D/GA CCG CGT TTC CCA AGA AAG CAA GTA 
TTG GTT GGT C 

Stem 
Truncated 

/5ThioMC6-D/AGC GTT TCC CAA GAA AGC AAG TAT TGG 
TTT  

Phe 2 Thiolated 
/5ThioMC6-D/GA CCG GTG GGG GTT CTT TTT CAG GGG 

AGG TAC GGT C 

Phe 3 

Thiolated 
/5ThioMC6-D/CGA CGA GGC TGG ATG CAT TCG CCG GAT 

GTT CGA TGT CG 
Stem 

Truncated 
/5ThioMC6-D/AGA GGC TGG ATG CAT TCG CCG GAT GTT 

CGA TT 

Scrambled 
/5ThioMC6-D/ATT GCT ATT CAC CGG CGC GGG GCT GGG 

GCA TCG GTA AT 
Phe-Cp*Rh 

2 
Thiolated 

/5ThioMC6-D/CGA CAC AGC GTG AGC CAA CTA ATT AGT 
GCG TAT TGT CG 

 

Table VI.S2. Sequences of shortened thiolated and further stem truncated aptamers used 
for field-effect transistor measurements. Stems were shortened based on previous studies of 
target induced stem closure.59,60 
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 Introduction 

Single nucleotide polymorphisms (SNPs), which are single base variations or substitutions 

in DNA, are the most common form of genetic variation in humans.1-5 These SNPs occur on 

average once every ca. 1000 nucleotides in the human genome and contribute to 

individuality within humans (and other organisms). ).1-7 Single nucleotide polymorphisms 

can be found in coding and noncoding regions of DNA, and thus, in RNA (e.g., mRNA, tRNA, 

miRNA).8-13 The majority of SNPs have no noticeable effects on health or development. 

Nonetheless, a significant number of SNPs are known to be associated with disease 

susceptibility, cancers, and drug treatment responses. For example, a variety of SNPs have 

been suggested to be correlated with genetic susceptibility for common diseases such as 

asthma,14 Alzheimer’s disease,15 β-thalassemia,16 sickle cell disease,17 different cancers,11,18-

21 and a variety of other diseases, as well as how certain populations respond to xenobiotics 

(both positively and negatively).3,22 Thus, significant interest and efforts are aimed at 

identifying SNPs and their relationships with complex diseases and biological traits, and 

rapidly detecting specific SNPs in human patient populations to improve disease diagnostics, 

personalized healthcare, and precision medicine.1-5  

Conventionally, SNPs are identified, detected, and profiled using techniques that 

require oligonucleotide amplification (e.g., polymerase chain reaction, PCR)5 and/or involve 

the use of fluorophore-labeled sequences (e.g., molecular beacons, SNP microarrays).5,23,24 

These methods have had success in laboratory-based settings, but they are limited in terms 

of throughput, sensitivity, and accuracy,5 impeding translation to clinical diagnostic 

applications. Alternately, techniques involving enzymatic reactions/digestions,5 

electrochemical detection,25 nanopore sequencing,26 mass spectrometry,16,27 and high-
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performance liquid chromatography28 all show promise for SNP detection. Nonetheless, 

many of these latter methods also suffer from throughput issues, and are complex and labor 

intensive, and/or require the need for additional reagents, labeling, and/or amplification.  

Applications in precision medicine and disease diagnostics, where analysis of large 

numbers of patient samples is needed, suggest that development of sensing platforms 

capable of direct, rapid, multiplexed, and label-free SNP detection without amplification 

would be useful. Field-effect transistor (FET) -based biosensors are platforms for electronic 

detection of biological analytes wherein target binding is transduced into electronic 

signals.29-37 Transistor surfaces are typically modified with a receptor (e.g., protein, antibody, 

nucleic acid) for molecular recognition of a variety of biologically relevant targets ranging 

from small molecules29,30,37 to nucleic acids38,39 and proteins,40,41 with high sensitivity.  

 Previous examples of using FETs to detect DNA with specific sequences have 

established FET biosensors as promising platforms for electronic DNA detection.42-47 

Typically, FETs are functionalized with DNA or sometimes, peptide nucleic acids (PNAs)48 to 

monitor DNA hybridization. Strategies to measure the kinetics of DNA hybridization have 

also been demonstrated using FETs, however these strategies focus on single (DNA) 

molecule detection,49 which is inherently challenging. Many FET platforms for DNA detection 

involve the use of 1D or 2D materials (e.g., graphene,38,43,50 graphene oxide,51 carbon 

nanotubes,32 and semiconductor nanowires)52 as their channel materials. However, these 

materials suffer from challenges associated with synthesis, material heterogeneity, device 

reproducibility, and robust functionalization.35,53,54  
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 Here, we present a strategy for the differentiation of oligonucleotides towards the 

detection of SNPs, using ultrathin-film quasi-2D metal-oxide FETs. Previously, we 

demonstrated the use of this type of FET as biosensors for the sensitive and selective 

detection of a range of small molecules (e.g., neurotransmitters, amino acids, sugars, and 

lipids) in complex biological fluids.29,30,37 By functionalizing the semiconductor channel 

material of FETs with single-stranded DNA (ssDNA), we demonstrate the detection of 

complementary DNA hybridization. We distinguish FET responses associated with single 

base-pair mismatches of different types and locations in DNA to illustrate the potential for 

SNP genotyping. Investigating the mechanism of detection of ssDNA-FETS, we hypothesize 

that detection is contingent upon mismatch stability, and thus the degree of DNA 

hybridization (i.e., density of dsDNA versus ssDNA) near the surface. Further, we show the 

potential of this platform for the detecting RNA with sequence variation at the single base 

level. The capability to differentiate nucleic acids that differ by a single base-pair using thin-

film metal oxide FETs could enable development of electronic arrays for SNP genotyping.  

 Experimental Methods 

 DNA-Functionalized Field-Effect Transistor Fabrication and Assembly 

Field-effect transistors were fabricated using ~4 nm In2O3 semiconductor films as channel 

materials to effect high surface-to-volume ratios.29 Aqueous solutions (0.1 M) of indium(III) 

nitrate hydrate (In(NO3)3•xH2O, 99.999%, Sigma 254215) were spin-coated at 3000 rpm for 

30 s onto heavily doped silicon wafers (University Wafer, Boston, MA or WaferPro, San Jose, 

CA) having 100-nm thermally grown oxide layers. After In2O3 coating, substrates were pre-

heated at 150 °C for 10 min followed by 3 h of annealing at 350 °C.55 Source and drain 
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electrodes (10 nm Ti/30 nm Au) were deposited by electron-beam evaporation and 

patterned via standard photolithography. 

  To functionalize thin-film FETs with thiolated ssDNA, we first self-assembled mixed 

monolayers of (3-aminopropyl)trimethoxysilane and trimethoxy(propyl)silane (1:9 v/v 

ratio) using vapor-phase deposition on In2O3 surfaces at 40 °C for 1 h.29,30,37 Substrates were 

then incubated with a 1 mM ethanolic solution of 1-dodecanethiol for 1 h to passivate Au 

electrodes via alkanethiol monolayer formation. After rinsing with ethanol, substrates were 

incubated with a 1 mM solution of 3-maleimidobenzoic acid N-hydroxysuccinimide ester 

(MBS) in a 1:9 (v/v) mixture of dimethyl sulfoxide and phosphate-buffered saline (1× PBS, 

pH 7.4, Fisher 10010023) for 30 min. Thiolated ssDNA (Integrated DNA Technologies, 

Coralville, IA) solutions were diluted to 1 μM in nuclease-free water and heated for 5 min at 

95 °C followed by rapid cooling in an ice bath. Substrates were then incubated with ssDNA 

solutions in a humidified environment for 24 h, rinsed with deionized water, and dried under 

N2 gas. 

 DNA-Functionalized Field-Effect Transistor Measurements 

Polydimethylsiloxane wells were sealed on individual FETs to hold target DNA solutions. 

Substrates had inter-FET distances that were ~2 mm and therefore, were large enough to 

enable isolation of single FET devices within the PDMS wells. Phosphate-buffered saline 

(0.1× PBS) was used as the electrolyte solution. The Ag/AgCl reference electrodes (World 

Precision Instruments, Inc., Sarasota, FL) were placed in sensing solutions in a top-gate 

(solution-gate) device configuration. Measurements were performed using a manual 

analytical probe station (Signatone, Gilroy, CA) equipped with a Keithley 4200A-SCS 

(Tektronix, Beaverton, OR) semiconductor parameter analyzer.  
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Solutions containing target DNA or RNA (1 µM; Integrated DNA Technologies, 

Coralville, IA) were incubated on top of single FETs. Sensing solutions were mixed with a 

pipet after addition of target oligonucleotides. Source-drain current (IDS) transfer curves 

were obtained, wherein gate voltages (VGS) were applied from 0 to 400 mV with a step 

voltage of 5 mV, every 5 min over a period of 30 min. The drain voltage (VD) was held at 

10 mV throughout. Five sweeps were averaged to determine each transfer curve. Calibrated 

responses were calculated by dividing the absolute sensor response (ΔI), which takes into 

account baseline subtraction, by the change in source-drain current with voltage sweep 

(ΔIDS/ΔVG).56 Transistor responses at VG=400 mV were used to calculate mean calibrated 

responses. 

 DNA Melt Curves  

To anneal oligonucleotides for melting temperature analysis, 2 µM solutions of probe DNA 

strands (the sequence that was functionalized to FET surfaces) and target sequences were 

prepared in a 1:1 ratio in 0.1x PBS buffer. Solutions were degassed with N2 and incubated at 

95 °C for 5 min before cooling slowly to room temperature using a programmable dry bath 

(ThermoFisher Scientific).  

  Measurements were conducted by first cooling solutions to 15 °C and subsequently 

ramping to 70 °C with a 6-s hold time at each 0.1 °C step. Absorption was recorded using a 

Hewlett-Packard HP8453 diode-array UV/Vis spectrophotometer (Palo Alto, CA, USA). 

Values were baseline corrected to absorption at 340 nm and normalized to relative 

absorption at 260 nm under fully denatured conditions. 
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 Results and Discussion 

 

Figure VII.1. Experimental scheme for DNA detection via field-effect transistor (FET) 

measurements. (A) Transistors were composed of 4-nm thin-film In2O3 as the channel 

material, with 10-nm Ti adhesion and 30-nm top Au layers patterned as interdigitated 

electrodes. The FETs were operated in a solution-gated setup with a Ag/AgCl reference 

electrode as the gate electrode. (B) Thiolated single-stranded DNA (ssDNA) was tethered to 

amine-terminated silanes, co-assembled with methyl-terminated silanes on metal oxide 

surfaces using m-maleimidobenzoyl-N-hydroxysuccinimide ester as a linker. (C) Field-effect 

transistors functionalized with ssDNA were exposed to either non-complementary, fully 

complementary, or mismatched sequences. 

The experimental scheme of the FET SNP detection platform is shown in Figure VII.1. Arrays 

of these transistors were fabricated using high-throughput cleanroom-free techniques with 

ultrathin In2O3 (ca. 4 nm), grown using a sol-gel method as the channel material.29,30,37,57,58 

Thiolated ssDNA was functionalized on FET surfaces via attachment to self-assembled 

silanes on the indium oxide channels of the FETs using an amine-thiol linker, 

3-maleimidobenzoic acid N-hydroxysuccinimide ester (Figure VII.1B).29,30 Individual 

ssDNA-functionalized FETs were then exposed to solutions containing target nucleic acids 

and FET responses were measured over a period of 30 min to allow time for hybridization 
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to occur (vide infra). Device responses were measured after exposure to ssDNA that was fully 

complementary, non-complementary, or had single base-pair changes in different locations 

with regard to the ssDNA sequences functionalized on FET surfaces.  

 

Figure VII.2. Detection of DNA hybridization via field-effect transistor (FET) 

measurements. (A) Representative FET responses over time after incubation with 

solutions of fully complementary vs non-complementary sequences (1 µM in 0.1× 

phosphate-buffered saline). Responses towards complementary sequences increased and 

remained stable over time while responses to non-complementary sequences showed an 

initial response; stabilized responses were negligible. (B) Normalized mean FET responses 

after 30 min of complementary vs non-complementary DNA incubation demonstrating 

detection of complementary DNA hybridization. Error bars are standard errors of the means 

with N=3 FETs per group. ***P<0.001 vs non-complementary DNA. 
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The measured FET responses differed for FETs exposed to complementary vs non-

complementary DNA. The FETs incubated with DNA complementary to the ssDNA probe 

sequences on the In2O3 channel surfaces showed increases and stabilization of responses 

over 30 min. By contrast, FETs incubated with non-complementary DNA showed reduced 

initial responses that returned to near baseline (Figure VII.2A). We attribute this divergent 

behavior to DNA hybridization in the case of the fully complementary sequence, leading to 

the observed increases in FET conductances, and a lack of hybridization for the non-

complementary sequences resulting in minimal responses after 30 min (Figure VII.2B).  

  



205 
 

  

Figure 3. Detection and discrimination of single base-pair mismatches. (A) Sequences 

of DNA used for field-effect transistor (FET) measurements with different mismatches at the 

5th position from the thiol modification. (B) Mean field-effect transistor (FET) responses 

after 30 min of target DNA incubation (1 µM in 0.1× phosphate-buffered saline, PBS) 

demonstrating detection and discrimination of sequences with single base-pair mismatches. 

Error bars are standard errors of the means with N=3 FETs per group. ***P<0.001, **P<0.01, 

ns is not significant. (C) Sequences of DNA FET measurements with different mismatches at 

the 10th and 15th position from the thiol modification. (D) Mean FET responses after 30 min 

of target DNA incubation (1 µM in 0.1× PBS) demonstrating detection of sequences with a CC 

mismatch at the 5th, 10th, or 15th base away from the thiolate attachment. Error bars are 

standard errors of the means with N=3 FETs per group. ***P<0.001 vs fully complementary 

DNA.  
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 Sensor responses were determined after exposure to DNA sequences with different 

single base-pair mismatches (e.g., CC, CT, CC mismatches at the 5th position distal to the 

thiolate attachment position, Figure VII.3A). These DNA sequences were designed to be 

short (i.e., 15-mer) as single base-pair mismatches are less destabilizing in duplex formation 

as sequence length increases.59 In all cases, FETs exposed to mismatched DNA sequences had 

significantly lower mean responses after 30 min compared to those of the fully 

complementary DNA sequence, showing the ability of these sensors to distinguish DNA 

sequences that differ from a single base compared to fully complementary DNA sequences 

(Figure VII.3B).  

Mean sensor responses for the different mismatches significantly differed from one 

another (Figure VII.3B), demonstrating the capability of these sensors to discriminate 

sequences with different types of single base-pair mismatches. Sensor responses exposed to 

sequences with mismatches had stabilized responses after 30 min of incubation, thus mean 

responses were compared at this time point (Figure VII.S1). 

The transfer characteristics (I-V curves) of the ssDNA-FETs after incubation with 

complementary, non-complementary, and (CC) mismatched DNA showed initial decreases 

in current (Figure VII.S2). There are two competing effects here – doubling negative charge 

due to hybridization (i.e., one base pair for each base prior to hybridization) and negative 

charge moving away from the surface due to the increased stiffness of double-stranded DNA 

vs single-stranded. Hybridization increases the radius of gyration of DNA (i.e., stiffens and 

extends DNA from ca. 1.5 nm to 5 nm for these sequences).60 We conclude that the former 

effect dominates and that there is increased negative charge close to the surface, gating the 
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semiconductor channel. This observation is consistent with our previous findings that 

decreases in FET transfer characteristics for n-type In2O3 semiconductor materials are due 

to gating (i.e., band bending)61 via negatively charged DNA backbones.30,37 We note that 

unlike our earlier experiments in which DNA was inserted into well-formed monolayers,62 

the functionalized ssDNA in the current configuration is less constrained and dsDNA may be 

able to lay across the surface, which would also increase the gating effect of the hybridized 

DNA.  

 In addition to DNA sequences with different types of single base-pair mismatches, the 

responses of ssDNA-functionalized FETs to DNA sequences with CC mismatches at different 

positions along the DNA backbone were determined. Sensors exposed to DNA sequences 

with CC mismatches at the 5th, 10th, or 15th positions from the thiolate attachment showed 

significantly lower responses than those of the analogous complementary sequences 

(Figure VII.3C,D). The ability to detect changes at different positions along an 

oligonucleotide sequence further indicates that sequences that differ by as little as a single 

nucleotide, regardless of position, can be differentiated from perfectly matched 

complimentary sequences. These ssDNA-FETs (Figure VII.3C) showed comparable time 

responses to those in Figures VII.2A and VII.S1 and had negligible responses to non-

complementary sequences (Figure VII.S3).  
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Figure VII.4. DNA melt analysis of mismatched duplexes. (A) DNA melt curves of 

sequences in Figure VII.3A showing relative stabilities of the different mismatches from 

least to most stable (i.e., CC<CT<CA). (B) Correlation of field-effect transistor (FET) 

responses to sequences with different SNPs (Figure VII.3B) vs melt temperatures of those 

sequences. The corresponding linearity index (R2) and regression slope (m) are indicated. 

Colors as defined in (A). 
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 To investigate the effects of mismatch stability on DNA detection via ssDNA-FETs, 

DNA melt curves were determined for all sequences with mismatched bases at the 5th 

position (Figure VII.3A) from the thiolate modification (Figure VII.4A). The melting 

temperature of duplexed DNA is the temperature at which sequences dehybridize and thus, 

is indicative of the stability of the hybridized oligonucleotides (i.e., less stable duplexes have 

lower melting temperatures).63,64 The melt curves of the different duplexes indicated that the 

duplex with a CC mismatch has the lowest melt temperature, followed by the duplex with the 

CT mismatch, and then the CA mismatch. These data indicate the relative stabilities of the 

mismatched DNA duplexes. Sequences with CC mismatches at different positions also 

showed different melt temperatures compared to the fully complementary duplex 

(Figure VII.S4). Sensor responses to the different mismatched sequences were highly 

correlated to their corresponding melt temperatures (R2>0.99; Figure VII.4B).  

The correlation analysis suggests that differences in FET responses for various 

complementary DNA sequences with single base-pair mismatches are related to the relative 

stabilities of the hybridized DNA sequences. These results are consistent with the hypothesis 

that DNA detection via ssDNA-FETs at this time scale is based on the detection of differing 

amounts of DNA hybridization (i.e., charge) on the surface. Mismatched DNA sequences that 

are thermodynamically less stable (i.e., have lower melting temperatures) are less likely to 

hybridize with the surface-tethered ssDNA compared to that of more stable mismatched or 

complementary DNA sequences. Differing levels of DNA hybridization with the surface 

functionalized ssDNA sequences correspond to differing amounts of effective negative 

charge near the surface and thus the different observed FET responses to different 

mismatched DNA sequences.  
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Figure VII.5. Single-nucleotide polymorphisms in RNA. (A) Sequences of RNA used for 

field-effect transistor measurements. (B) Representative field-effect transistor (FET) 

responses with respect to time after incubation with target RNA solutions (1 µM in 0.1× 

phosphate-buffered saline). Responses to complementary sequences increased and 

remained stable over time while responses to non-complementary and mismatched 

sequences were negligible. (C) Mean FET responses after 30 min of target RNA incubation 

demonstrating detection of complementary RNA vs CC mismatched and non-complementary 

RNA. Error bars are standard errors of the means with N=2 FETs per group. ***P<0.001 vs 

non-complementary and CC mismatch RNA. 
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 To generalize our detection approach to other types of physiologically relevant 

nucleic acids, we tested our platform against complementary, (CC) mismatched, and non-

complementary RNA sequences (Figure VII.5A). Single nucleotide polymorphisms also 

occur in RNA (vide supra), and similar to SNPs in DNA, have important implications in genetic 

diseases.8-11 Genotyping SNPs in RNA versus DNA could be advantageous for applications 

such as noninvasive prenatal diagnostics, where RNA can be measured from maternal 

plasma samples.9 DNA-RNA duplexes adopt a different conformation (i.e., A-form helix).65 

Nonetheless, complementary, CC mismatched, and non-complementary RNA sequences 

showed responses similar to those of their DNA homologues when incubated on ssDNA-FET 

surfaces (Figure VII.5). Only in the case of the fully complementary RNA sequences were 

significant responses observed; with the mismatched and non-complementary sequences 

producing minimal signals (Figure VII.5B). Using FETs for RNA detection, we broaden the 

scope and applicability of our platform for the detection of SNPs. 

 Conclusions and Prospects 

Overall, we demonstrate a platform for the electronic detection of nucleic acids that differ by 

only a single pair using highly sensitive and solution processable ultrathin film FET sensors. 

The detection and discrimination of different types and locations of single base-pair 

mismatches in both DNA and RNA, shows the potential of this platform towards label-free 

and electronic SNP genotyping. Using DNA melt curve analyses, we posit that the detection 

mechanism of our ssDNA-FET platform is based on the detection of differences in nucleic 

acid hybridization near the surfaces of the transistors. Based on this detection scheme, the 

platform is not limited to the sequences explored herein; we expect that any nucleic acid 
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sequence with a SNP that results in differing hybridization stability compared to that of a 

fully complementary sequence could be discriminated. To detect specific SNPs, it will be 

necessary to have multiple sensor elements with different probe sequences in sensor 

arrays.42 The fabrication methods used here are well suited to producing such sensor 

arrays.29,37,57,66-68 

 In this study, ssDNA sequences were functionalized onto FET surfaces to test the 

concept of utilizing mismatch destabilization and thus maximizing differential FET 

responses to perfect complimentary sequences vs those that differ by a single base. Longer 

ssDNA sequences can be tethered onto FET surfaces to engineer leniency into the sensing 

platform for the detection multiple mismatches along the same sequence.69 Additionally, 

modulating the ionic strength of the sensing solution changes the charge screening distance 

near FET surfaces (i.e., the Debye length).30,37 This parameter enables a strategy for the 

detection and screening of SNPs that are either closer to the 3’ or 5’ end of the nucleic acid 

(i.e., closer to or further away from the surface). Experiments comparing the gating of shorter 

complementary sequences that do not reach the bases closest to the surface vs those that do 

not reach the outermost tethered DNA bases will help elucidate the effects of charge vs 

changes in radius of gyration on FET responses. Functionalizing an array of FETs with ssDNA 

sequences that are perfect matches to each SNP allele will enable SNP genotyping in a 

mixture of nucleic acids and also, the measurement of other types of nucleotide mutations 

(e.g., using wild-card bases).70 

 Compared with other FET-based detection platforms, our functionalized transistors 

can be straightforwardly and reproducibly fabricated at the wafer scale using soft-
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lithographic techniques in arrays,29,57,66-68 increasing the potential for translation towards 

clinical disease diagnostic and personalized healthcare type applications.71 Moreover, device 

architectures and performances can be tailored for specific applications,29,57,72 and ssDNA 

surface densities can be altered to tune FET responses.30 Ultimately, further testing of clinical 

samples (e.g., biobanked tissue samples) will be necessary for platform validation. The 

ssDNA-FETs investigated here demonstrate the potential for the versatile detection of SNPs 

in nucleic acids with broad implications in precision medicine.  
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 Supplementary Material 

 

Figure VII.S1. Representative field-effect transistor responses with respect to time after 

incubation with solutions containing fully complementary vs. mismatched and non-

complementary sequences (1 µM in 0.1× phosphate-buffered saline). Responses associated 

with complementary sequences increased and remained stable over time while responses of 

mismatched and non-complementary sequences showed varying degrees of initial increased 

responses followed by stabilized responses beginning at ~10 min. 
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Figure VII.S2. (A-C) Representative field-effect transistor (FET) transfer curves (I-V curves) 

for FETs exposed to complementary, non-complementary, and CC mismatched sequences, 

respectively. Transfer characteristics showed a decrease and stabilization in current for the 

complementary sequence and a return to baseline current for the non-complementary and 

CC mismatched sequences. 
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Figure VII.S3. (A,B) Representative field-effect transistor (FET) responses with respect to 

time after incubation with solutions of fully complementary vs non-complementary 

sequences and CC mismatched sequences at the 10th and 15th positions from the thiolate 

attachment, respectively (1 µM in 0.1× phosphate buffered saline). (Time-dependent 

responses for the 5th position CC mismatch are shown in Figure VII.S1) (C,D) Mean FET 

responses after 30 min of DNA incubation demonstrating discrimination of fully 

complementary DNA vs non-complementary sequences and CC mismatched sequences at the 

10th and 15th positions away from the thiolate attachment, respectively. Error bars are 

standard errors of the means with N=3 FETs per group. ***P<0.001 vs CC mismatch and 

non-complementary DNA. 
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Figure VII.S4. DNA melt curves of sequences in main-text Figure VII.3D showing 

differences in melting temperatures between a fully complementary sequence and a 

sequence with a CC mismatch at the (A) 10th and (B) 15th position away from the thiolate 

modification. 
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Conclusions and Prospects 
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 Conclusions and Prospects for Chemical Lift-Off Lithography 

In the first half of my dissertation I described my efforts to advance chemical lift-off 

lithography (CLL), a subtractive soft-lithographic technique used to pattern self-assembled 

monolayers (SAMs) of functionalized alkanethiolates on metal surfaces.1,2 I demonstrated 

that by using arrays of polymer pens or DVD-templated polydimethylsiloxane (PDMS) 

stamps,3,4 nanoscale patterns of SAMs on Au could be straightforwardly achieved. 

Additionally, I extended CLL to pattern a variety of different material surfaces including 

coinage and transition metals, as well as a semiconductor.5 The patterns of SAMs on Au 

achieved via CLL are relatively well studied and have enabled a wide variety of applications 

ranging from small-molecule and biomolecule patterning to transistor fabrication.1-4,6-15  

However, comparatively, the structure and function of the supported metal 

monolayer lifted-off onto PDMS stamps during CLL is much less studied.2,16 As described in 

Chapter III, these supported-Au monolayers have sub-nanometer apparent heights, are 

optically transparent, yet retain the chemical functionality of bulk Au.16 However, the 

properties and potential applications of this hybrid material have yet to be fully explored. In 

the following section, I describe prospects for supported Au monolayers including further 

characterization, patterning onto different substrates, and the use of these supported 

monolayers as templates for further structural growth.  

 Metal-Induced Fluorescence Enhancement via Supported Au Monolayers 

Attempts to image and to measure the optical properties of supported Au monolayers 

directly proved challenging due to the small amount of Au that was removed onto PDMS 

stamps during CLL.16 Alternatively, inspired by the technique of fluorescence-quenching 

microscopy (FQM),17 which has been used to image two-dimensional (2D) materials 
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optically via quenching of proximal fluorophores, I developed a method to embed fluorescent 

dyes into the underlying PDMS substrates to visualize and to measure the influence of 

supported-Au monolayers on proximal fluorophores.   

 Interestingly, for PDMS embedded with the dye 4-(dicyanomethylene)-2-methyl-6-

(4-dimethylaminostyryl)-4H-pyran (DCM), regions of PDMS corresponding to patterned Au 

monolayers (Figure VIII.1.A) appeared brighter in contrast when imaged via fluorescence 

 

Figure VIII.1. Influence on proximal fluorophores by patterned-Au monolayers. 
(A) Atomic-force microscope image of supported-Au monolayers (5-µm squares) patterned 
on dye-embedded featureless polydimethylsiloxane (PDMS). (B) Fluorescence microscope 
image of 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) dye-
embedded PDMS patterned with supported-Au monolayers. Regions of brighter contrast 
(i.e., fluorescence enhancement) correspond to areas of patterned Au. (C) Fluorescence 
microscope image of oxazine 170 dye-embedded PDMS patterned with supported Au 
monolayers. Regions of darker contrast (i.e., fluorescence quenching) correspond to areas of 
patterned Au. (D) Ensemble UV-visible spectra of DCM dye-embedded PDMS with and 
without patterned-Au monolayers showing enhancement of absorbance for surfaces with 
Au. Inset depicts molecular structure of DCM. 
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microscopy, suggesting enhancement of fluorescence rather than quenching by the Au 

monolayers (Figure VIII.1.B), possibly by metal-induced fluorescence enhancement 

(MIFE).18-20 For MIFE to occur, spectral overlap is needed between the optical properties of 

the metal and fluorophore.18-20 The excitation and emission wavelengths of DCM are 450 nm 

and 650 nm, respectively. To probe the optical properties of the Au monolayers, two 

additional dyes, oxazine 170 and coumarine 6, were tested. For coumarine 6, which has a 

similar excitation but different emission wavelength compared to DCM, enhancement was 

also observed (data not shown). However, for oxazine 170, which has a different excitation 

wavelength, but similar emission wavelength to DCM, quenching was observed 

(Figure VIII.1.C), which is expected for fluorophores near metal surfaces.18   

 These data suggest that enhancement is contingent upon the excitation wavelength 

of the fluorophore and that the supported-Au monolayer may have a spectral feature around 

450 nm, based on the absorption profiles of the dyes that exhibited MIFE. Additionally, 

absorbance spectra of DCM-dye-embedded PDMS with patterned-Au monolayers showed an 

increased absorption peak compared to that of PDMS without Au monolayers 

(Figure VIII.1.D), suggesting that excitation enhancement likely contributes to the observed 

MIFE.19  Absorbance spectra for oxazine 170-embedded PDMS did not show increases in 

absorbance (data not shown). Ultimately, emission spectra, as well as florescence-lifetime 

and quantum-yield measurements will need to be performed to elucidate the mechanism of 

fluorescence enhancement via the Au monolayers. Additionally, a study using a library of dye 

molecules or quantum dots spanning the visible spectrum could be performed to probe the 

spectral properties of the supported-Au monolayer more precisely. 
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 Patterning of Supported Au Monolayers onto Different Substrates 

VIII.A.2.a. Fabrication of Ultrathin and Releasable Polydimethylsiloxane 

In the fluorescence studies above, it was important to minimize the thickness of the PDMS 

substrate to reduce the amount of background fluorescence and to maximize the signal-to-

noise of the measurements. Ultrathin and flat PDMS substrates were fabricated via spin-

coating onto solid glass supports and templated with Si wafers. Substrates fabricated in this 

 

Figure VIII.2. Fabrication and characterization of ultrathin and releasable 

polydimethylsiloxane (PDMS). (A) Cross-sectional diagram of spin-coated ultrathin PDMS 

(ca. 30 µm thick) between dual sacrificial polymer layers of dextran and poly(methyl 

methacrylate) (PMMA). Here, Si was used as a flat template for the top surface of the PDMS, 

and glass was used as a solid, bottom support. (B) Experimental schematic of the sequential 

release process of ultrathin PDMS via dual sacrificial polymer layers. First, the dextran layer 

is dissolved in water. Then, the exposed PDMS surface can be patterned via chemical lift-off 

lithography (CLL). Finally, the PMMA layer is dissolved in acetone releasing the PDMS from 

the solid support. (C) Fluorescence microscope image of ultrathin 4-(dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran dye embedded PDMS patterned with Au 

monolayers. Bright regions correspond to regions with patterned Au. (D) Photograph of 

released PDMS after immersion in acetone. 
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manner had thicknesses of ca. 30 µm, measured via contact profilometry, and nanometer 

root-mean-squared roughnesses as measured via atomic force microscopy (AFM). Taking 

this method a step further, thin and releasable PDMS substrates were fabricated via the 

addition of sacrificial polymer layers to the spin-coating process (Figure VIII.2.A).21 Dextran 

and poly(methyl methacrylate) (PMMA) were chosen as they are soluble in different 

solvents, enabling sequential release steps.  

First, dextran was dissolved in water, releasing the glass-supported PDMS from the 

Si template (Figure VIII.2.B). Then, the PDMS was patterned with Au monolayers via CLL, 

and subsequently released from the glass support by immersion in acetone to dissolve the 

PMMA layer (Figure VIII.2.B-D). Patterning of supported-Au monolayers onto these 

substrates increases the versatility of this hybrid material, extending it to non-planar (e.g., 

conformal) and releasable substrates. By controlling spin-coating speeds and diluting the 

PDMS with an organic solvent (e.g., toluene) during the spin-coating process, even thinner 

PDMS substrates could be fabricated. Supported-Au monolayers patterned on ultrathin 

PDMS substrates might be more compatible with techniques like high-resolution 

transmission-electron microscopy,22 which could enable visualization and characterization 

of the nanoscale structure of the Au monolayers.  

VIII.A.2.b. Patterning Supported Au Monolayers on Si Substrates 

Thus far, all investigations of Au monolayers have been performed on monolayers supported 

on PDMS substrates. The underlying PDMS support presented several issues that hindered 

the characterization of the Au monolayers. The deformability of PDMS could affect the 

accuracy of measured topographies of the Au layer via AFM, and the insulating nature of the 

PDMS was not compatible with techniques that could be used to characterize the nanoscale 
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electronic properties of the Au monolayer (e.g., conductive AFM). Thus, patterning of Au 

monolayers on hard and conductive surfaces would enable further elucidation of the 

structure and electronic properties of the monolayer.  

 Using a reverse CLL strategy, where PDMS stamps with an evaporated 20-nm Au layer 

functionalized with SAMs of 11-mercapto-1-undecaol were brought into contact with 

oxygen-plasma-activated Si surfaces, Au monolayers were additively patterned on Si 

substrates (Figure VIII.3.A). These patterned-Au monolayers were visualized using 

scanning-electron microscopy (Figure VIII.3.B,C) and AFM (data not shown). X-ray 

photoelectron spectroscopy of Si surfaces after the CLL process confirmed the presence of 

 

Figure VIII.3. Patterning of supported Au monolayers on Si surfaces via chemical lift-
off lithography (CLL). (A) Experimental schematic showing the patterning of Au 
monolayers onto Si via CLL. Patterned polydimethylsiloxane stamps with evaporated Au 
overlayers functionalized with self-assembled monolayers of 11-mercapto-1-undecanol are 
brought into contact with oxygen-plasma-activated Si surfaces. Subsequent removal of 
PDMS stamps patterns the Si with Au monolayers in the contacted regions. (B,C) Scanning-
electron microscope images of patterned-Au monolayers on Si. Regions of brighter contrast 
correspond to regions with Au. (D) X-ray photoelectron spectra of a Si surface after CLL, 
demonstrating the addition of Au onto the Si surface.   
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Au on the surfaces (Figure VIII.3.D). The patterning of Au monolayers onto Si substrates, a 

hard and conductive surface, increases the compatibility of this material towards 

characterization techniques such as conductive AFM or scanning-tunneling microscopy, 

which may enable the measurement of the nanoscale electronic properties and the 

molecular structure of the Au monolayer, respectively.23,24  

 Supported Au Monolayers as a Platform for Structural Growth 

VIII.A.3.a. Supported Metal Bilayers 

Taking advantage of the chemical functionality of supported Au monolayers towards thiols, 

a supported Au bilayer was formed by contacting an unpatterned supported Au monolayer 

on PDMS with a patterned SAM of 1,8-octanedithiol on Au. Removal of the PDMS patterned 

an additional layer of Au onto the first Au layer via bonding between the thiol tail group of 

the dithiol SAM and the first supported Au monolayer (Figure VIII.4.A). Atomic force 

microscopy of the patterned Au bilayer surface revealed minimal contrast in topography 

(Figure VIII.4.B). We have previously determined that a full monolayer of Au is not removed 

during CLL, thus using this Au monolayer as the surface for an additional lift-off step 

presumably results in an even lower yield for the second step. The sparse amount of Au 

removed after lift-off likely result in a lack of discernable topography measured via AFM. 

However, patterns were observed in the measured adhesion channel of the AFM, suggesting 

differences in composition and successful patterning of the second Au layer (Figure 

VIII.4.C).  



233 
 

 Moreover, to test if the second layer of Au was actually removed onto the first Au layer 

and not removed onto the PDMS stamp itself via reaction of the thiol tail group with the 

active PDMS, activated PDMS stamps with and without Au monolayers were brought into 

 

Figure VIII.4. Formation and characterization of supported metal bilayers. 
(A) Experimental schematic illustrating the formation of a supported Au bilayer on PDMS 
via chemical lift-off lithography. A supported Au monolayer on polydimethylsiloxane 
(PDMS) is brought into contact with a patterned 1,8-octanedithiol (C8-dithiol) self-
assembled monolayer (SAM) on Au. Removal of the stamp additively patterns another layer 
of Au onto the contacted areas. Atomic force microscope (B) topography and (C) adhesion 
images of a patterned Au monolayer (7.5 µm circles) on top of an unpatterned Au monolayer. 
X-ray photoelectron spectroscopy (D) of a supported Au monolayer on PDMS and (E) of 
PDMS surfaces with and without a Au monolayer after contact and lift-off from a Ag surface 
with a C8-dithiol SAM. Peaks corresponding to Ag are present only in the case after contact 
with a PDMS stamp with a supported Au monolayer, demonstrating that the Ag is lifted-off 
onto the Au monolayer and not onto the PDMS surface itself. 
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contact with Ag surfaces functionalized with 1,8-octaneditiol SAMs. X-ray photoelectron 

spectroscopy of both surfaces revealed that only in the case of the PDMS stamp with the Au 

monolayer were peaks corresponding to Ag observed (Figure VIII.4.D,E). This result 

suggests that the dithiol SAM is reacting specifically with the Au monolayer and not the PDMS 

stamp itself, and that the second layer of metal is likely removed onto the first layer. The 

ability to pattern bilayers and potentially, multilayers of metals using this method may have 

applications in the fabrication of new metamaterials,25 however, the yield of CLL must be 

improved before this would be feasible. 

VIII.A.3.b. Growth of Metal-Organic Multilayers 

As proof-of-concept to demonstrate that three-dimensional structures could be grown using 

supported Au monolayers as templates, the layer-by-layer (LBL) growth of metal-organic 

multilayers was studied.26 These layers consist of alternating organic molecules and metal 

ions, in this case 11-mercapto-1-undecanoic acid and Cu2+, respectively. Atomic force 

microscopy of patterned Au monolayers after five and ten LBL deposition cycles showed 

qualitative increases in topography corresponding to the growth of these multilayers 

(Figure VIII.5.A-C). Additionally, changes in adhesion after the LBL deposition suggested 

differences in chemical composition from the original Au monolayer after multilayer growth 

(Figure VIII.5.D-F). The capability to grow three-dimensional nanostructures on surfaces 

could be translated to other systems that use similar metal coordination chemistry (e.g., 

metal organic frameworks,27 metal organic chalcogenolate assemblies),28 which would 

enable the patterning of such materials on flexible transparent supports (i.e., PDMS).  
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VIII.A.3.c. Growth of Au Nanoparticles 

In addition to Au-thiol chemistry, the functionality of the supported Au was also probed via 

the growth of Au nanoparticles using the Au monolayer as a seed layer. Patterned, supported 

Au monolayers on PDMS were incubated with solutions of chloroauric acid and cetyl 

trimethylammonium bromide to facilitate the growth of Au nanoparticles. Optical 

microscope images of PDMS surfaces after Au nanoparticle growth demonstrated the 

selective growth of nanoparticles in regions with patterned Au monolayers (Figure 

VIII.6.A). Atomic force microscopy of nanoparticle grown regions showed that ca. 50 nm 

 

Figure VIII.5. Layer-by-layer (LBL) growth of metal-organic multilayers on patterned 
supported Au monolayers on polydimethylsiloxane. Atomic force microscope (A-C) 
topography and (D-F) adhesion images of (A,D) patterned Au monolayers (7.5 µm circles) 
after (B,E) five layers and (C,F) ten layers of multilayer growth. Each layer corresponds to a 
LBL deposition cycle of first Cu2+ and then 11-mercapto-1-undecanoic acid (MUDA), after an 
initial deposition of MUDA onto the Au monolayer.  
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spherical nanoparticles were grown homogeneously over the patterned area (Figure 

VIII.6.B-E).  

 The types of nanoparticles that can be patterned are not limited to the ones described 

herein. By changing reagents and growth conditions, the size, shape, and density of particles 

could be tuned. Using different metals as the supported template, nanoparticles of different 

compositions could also be grown. This method to pattern the growth of nanoparticles 

selectively on PDMS has potential for the fabrication of conformal plasmonic sensors.29 

Additionally, the ability of the supported Au to seed further metallic growth will enable 

 

Figure VIII.6. Growth of Au nanoparticles on patterned supported Au monolayers on 

polydimethylsiloxane. (A) Optical microscope image of “UCLA/CNSI” patterned Au 

monolayers after nanoparticle growth. Regions of Au nanoparticles grown on Au monolayers 

appear brighter in contrast due to scattering of light by the nanoparticles. (B) Atomic force 

microscope (AFM) image of a “U”-shaped patterned region demonstrating selective Au 

nanoparticle growth in regions with supported Au monolayers. (C-E) Higher magnification 

AFM images demonstrating homogeneous growth of ca. 50 nm spherical nanoparticles.   
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techniques like electroless deposition, which could be used to create more complete 

monolayers.30  

 Altogether, these experiments show the unexplored potential of supported-Au 

monolayers, both in terms of further characterization of structure and function, and also as 

a platform for further structural growth. Ultimately, additional experiments will be needed 

to elucidate the structure and quantity of the lifted-off Au monolayer. 

 Conclusions and Prospects for Aptamer-Field-Effect Transistor Sensors 

In the latter half of my dissertation, I provided evidence for the use of field-effect transistors 

(FETs) as electronic sensors for the detection of a wide variety of biologically relevant 

targets.31,32 Aptamer-FETs were used to detect small-molecule targets selectively in complex 

biological matrices over a wide range of concentrations.31,32 Nonetheless, challenges remain 

for translating these sensors for clinical point-of-care applications and also towards 

measuring chemical signaling in vivo. For example, in the case of phenylalanine detection 

using aptamer-FET sensors, there were challenges in measuring in undiluted serum and 

whole blood; not because the sensors cannot function in these matrices, but rather because 

the concentration of phenylalanine in these samples was high compared to the dissociation 

constant of the aptamer-phenylalanine recognition (i.e., saturating concentrations).32 

Additionally, the miniaturization and implantation of these sensors into living tissue to 

measure chemical flux presents challenges in fabrication and operation. In the following 

section, I discuss prospects for studying aptamer structure-function relationships to tune 

device sensitivities, and also initial experiments to measure serotonin in vivo in the brains of 

mice. 
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 Structure-Function Relationships in Aptamer-Field-Effect Transistors 

VIII.B.1.a. Rational Truncation of Aptamer Stems 

Removing or truncating stem regions of rationally designed stem-loop aptamers is 

hypothesized to destabilize target-associated aptamer secondary structures, which 

increases the dissociation constant (Kd) of the aptamer.33,34 The destabilization associated 

with stem truncation can result in larger aptamer conformational changes upon target 

binding.33,35 Thus, this strategy is widely adopted for electrochemical aptamer-based (EAB) 

 

Figure VIII.7. Effects of stem truncation on aptamer-field-effect transistor (FET) 
responses. (A) Sequences of a phenylalanine specific aptamer (Phe 1) after indiscriminate 
stem truncation of two end base pairs (Phe 1 Trunc 2) and after rational deletion of CG base 
pairs (Phe 1 Trunc 3). Bases removed are highlighted in red. (B) Aptamer-FET responses of 
the three aptamer sequences in (A) to phenylalanine. (C) Circular dichroism spectra of Phe 
1 Trunc 3 with and without incubation with phenylalanine.  
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sensors, which require large target-induced conformational rearrangements for signal 

transduction.33,35,36 However, for EAB sensors, which are equilibrium-based sensors, 

truncating aptamers can decrease the overall sensitivity of the sensor.37 In the case of 

aptamer-FETs, which have been shown to detect analytes several orders of magnitude below 

the Kd of the aptamer,31,32 truncation of aptamer stems may enable the tuning of device 

sensitivities towards physiological concentration regimes.  

 To investigate the effects of stem truncation on aptamer-FET sensing, the stem of a 

phenylalanine-specific aptamer (Phe 1) was truncated indiscriminately by the two end-most 

base pairs (Phe 1 Trunc 2, Figure VIII.7.A). Aptamer-FET sensing using this particular 

truncated aptamer did not show differences in target sensitivity on FETs compared to that 

of the unmodified aptamer (Figure VIII.7.B). Circular dichroism spectroscopy of Phe 1 

Trunc 2 with and without phenylalanine did not show differences in peak position or 

intensity (Figure VIII.7.C), indicating that no new secondary structural motifs were formed 

upon target binding. Based on these results, it is likely that the truncation performed was not 

destabilizing enough on the aptamer secondary structure.   

 We tested an alternate hypothesis—that by rationally removing GC base pairs, which 

form three hydrogen bonds, versus AT base pairs, which form two hydrogen bonds, we could 

destabilize the aptamer (Figure VIII.7.A).32 Aptamer-FET sensing using a phenylalanine-

specific aptamer after removal of three GC base pairs from the stem (Phe 1 Trunc 3) showed 

a shift in device sensitivity towards higher phenylalanine concentrations (Figure VIII.7.B).32 

Thus, empirically modifying aptamer stems presents a potential strategy to tune device 

sensitivities toward target concentration ranges. However, this strategy is fundamentally 

limited by the number of base pairs in the stem region of the aptamer, and thus the amount 
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that the sensitivity can be shifted is also limited. Additional methods to tune device 

sensitivities (e.g., changing aptamer surface densities31 or device architectures)4 could be 

performed in conjunction with stem truncation.  

VIII.B.1.b. Field-Effect Transistor Sensing with Glucose Aptamer Variants 

We previously demonstrated the detection of glucose via a glucose-specific aptamer 

sequence and two other variant sequences with longer stems to demonstrate how the 

magnitude of sensor responses are contingent upon the distance of the aptamer from the 

 

Figure VIII.8. Field-effect transistor (FET) sensing using glucose aptamer variants. (A) 

Aptamer-FET sensing of glucose using an unmodified glucose apatamer and aptamers with 

2 (stem variant 1) and 4 (stem variant 2) additional base pairs in the stem. (B) Diagram 

showing additional base pairs added to the glucose aptamer sequence. (C-F) Aptamer-FET 

sensing using glucose aptamer variants where changes were made in the recognition loop 

regions of the aptamers. Insets show aptamer variants with changes to the sequence 

highlighted. (A,B) Reprinted (adapted) with permission from Science. Copyright 2018, 

American Association for the Advancement of Science. 
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transistor surface (Figure VIII.8.A,B).31 In this case, we hypothesized that the original 

glucose aptamer was already stem-stabilized, so increasing the stem-length had minimal 

effect on the sensitivity of the sensor, and thus effects of aptamer distances on sensor 

responses could be analyzed.31 In addition to the two variant sequences with stem 

modifications, four other glucose variant sequences with varying modifications to the 

recognition loop region of the aptamer sequence were tested. Aptamer-FET sensing using 

these sequences showed varied responses with differences in both sensitivities and shapes 

of the sensing curves (Figure VIII.8.C-F).  

Developing intuition regarding modifying recognition portions of aptamers by 

investigating how changes in structure relate to function could enable control over aptamer 

affinities beyond stem truncation. Changes to the recognition portion of the aptamer, 

however, may also change the selectivity of the aptamer. Thus, it will be important to 

reassess aptamer selectivity after such modifications are made.   

 Aptamer-Field Effect Transistors for in Vivo Serotonin Detection  

We have miniaturized aptamer-FETs onto 150 µm × 150 µm Si microprobes for the ultimate 

goal of detecting neurotransmitters (i.e., serotonin) in vivo in the brain (Figure VIII.9.A). 

Miniaturized aptamer-FETs responded to serotonin similarly to macroscale FETs when 

tested ex vivo in brain tissue homogenates from Tph2 null mice (Figure VIII.9.B).31 

Moreover, FET microprobes were operational in gelatin, a solid matrix that mimics brain 

tissue, responding to the addition of 100 nM of serotonin (Figure VIII.9.C). After in vitro 

characterization of microprobes, we tested the implantation of a microprobe in the brain of 

an awake, head-fixed mouse for in vivo serotonin detection.  
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Probes were implanted with a separate Ag/AgCl reference electrode as the gate 

electrode, and an electrical stimulator to stimulate serotonin release (Figure VIII.9.D). 

Aptamer-FET measurements were performed over a period of ca. 60 s after 5 s of electrical 

stimulation. Responses over time from 5 separate stimulations from the same mouse all 

showed similar behavior (i.e., an increase and then a decrease in response over the 

measurement period, Figure VIII.9.E). These increases and subsequent decreases in 

response are suggestive of stimulated serotonin release and reuptake.  

 

Figure VII.9. Serotonin sensing via aptamer-field-effect transistors (FETs) on 
implantable Si microprobes. (A) Representative scanning electron microscope image of 
two 50 µm × 50 µm FETs on a 150 µm × 150 µm Si microprobe with a parylene insulating 
layer. (B) Sensing of serotonin in brain tissue homogenates from Tph2 null mice using 
aptamer-FET microprobes. (C) Aptamer-FET sensing in a solid gelatin matrix over time after 
introduction of 100 nM of serotonin into the gelatin. Inset shows the experimental sensing 
setup. (D) Photograph of the in vivo sensing setup showing the implanted microprobe, 
Ag/AgCl reference electrode, and electrical stimulator. (E) Five aptamer-FET responses 
collected over ca. 60 s from the same mouse immediately after 5 s of electrical stimulation 
for each measurement. Note, data collected were not time-locked between measurements.  
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 While promising, the calibration of FET sensors is challenging in vivo, as aptamer-FET 

responses have been previously shown to shift depending on the sensing matrix. Thus, pre- 

or post-calibration strategies may not representative of device sensitivities when implanted 

in vivo. Without a reliable calibration method, changes in response cannot be correlated to 

actual changes in serotonin concentrations. While measuring absolute concertation 

differences may be difficult, relative differences may be possible. Responses were collected 

from a single FET, and thus effects such as sensor drift or responses to nonspecific targets 

cannot be ruled out. Having an inactive FET (i.e., functionalized with a scrambled sequence) 

that could be measured simultaneously will be opportune as an internal reference.  

 Overall, I have discussed opportunities for the translation of aptamer-FET sensors 

towards clinical point-of-care and in vivo applications. By empirically modifying aptamer 

sequences, either via stem truncation or modification of the recognition loops, device 

sensitivities can be shifted and possibly tuned towards specific target concentration ranges. 

Aptamer-FETs retain functionality when miniaturized and show promise towards in vivo 

neurotransmitter monitoring. Future work to characterize and to tune temporal responses 

(i.e., aptamer kinetics) and to multiplex the detection of a variety of targets will be 

advantageous for in vivo applications.   
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