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ABSTRACT OF THE DISSERTATION 

 

Development of Chemical Patterning:  

Toward the Realization of Functional Neurotransmitter Chips 

 

by 

 

Huan Hien Nam Cao 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2015 

Professor Paul S. Weiss, Chair 

 

G-Protein-coupled receptors (GPCRs) embedded in native neuronal membranes transduce 

interneuronal signals via molecular recognition of small-molecule neurotransmitters. Alterations 

in chemical communication pathways involving these molecules have been associated with the 

causes and treatments of neurological and neuropsychiatric disorders. As a result, GPCR-ligand 

interactions have been extensively investigated. However, conventional radioligand binding 

methods for interrogating these interactions suffer from laborious protocols needed to label each 

ligand, as well as cost and safety concerns associated with working with radioactivity. Moreover, 

traditional methods are not amenable to multiplexing. To address these challenges, we 

investigated self-assembled monolayers (SAMs) as a means to tether small-molecule 

neurotransmitters to solid substrates for capturing biomolecules, including GPCRs, from 

solution. Bovine serum albumin was used to reduce nonspecific biomolecule-substrate binding; 
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thus improving biomolecule-probe recognition. We developed and advanced new patterning 

strategies to interrogate relative binding of biomolecules to ligand-functionalized vs. 

unfunctionalized regions and to enable multiplexing on bioactive substrates. Microfluidics was 

utilized to generate multiplexed substrates by spatially addressing different small-molecule 

probes to individual channels. The resulting arrays were used to capture and to sort antibodies 

and GPCRs from complex mixtures according to ligand affinities. We invented chemical lift-off 

lithography to achieve highly precise biomolecule patterning with sub-30 nm feature sizes. The 

key step here relies on covalent interactions at stamp/substrate interfaces to enable molecule 

removal upon stamp release. We discovered that chemical lift-off generated a new class of 

surface defects for molecular insertion. By varying the pre-lift-off SAM compositions, we 

controlled surface densities and hybridization of inserted thiolated DNAs and improved target 

hybridization compared to the conventional backfilling method. We improved surface 

functionalization strategies by investigating ligand conjugation to surface tethers under two 

conditions – pre-assembly vs. post-assembly. We found the former showed consistent and 

improved recognition of antibodies compared to the latter. Our next proximal goals will be to use 

the bioactive substrates developed here to identify high-affinity synthetic neurotransmitter 

receptors by screening nucleic acid combinatorial libraries. Once selected, these receptors will be 

used as molecular recognition elements in bioelectronic nanosensors to enable in vivo 

neurotransmitter sensing. 
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1.1 Introduction to Receptor-Neurotransmitter Recognition Complexes 

Despite the advances that have been made in medicine to date, combating brain disorders 

is an increasingly important health issue to address because of the rising numbers of people 

diagnosed with depression, anxiety disorders, schizophrenia, and Alzheimer’s and Parkinson’s 

diseases. For example, the National Institute of Mental Health reported that in 2013, depression 

disorders affected nearly 16 million adults aged 18 or older in the United States alone.1 In 

addition, the Parkinson’s Disease Foundation reported that approximately one million Americans 

are currently living with Parkinson’s disease as of 2015.2 These rising statistics reveal an urgent 

need to develop preventive measures and more effective therapeutic treatments for 

neuropsychiatric and neurological disorders. However, tackling these diseases is a daunting 

challenge because we still do not comprehend the structural and functional complexity of the 

human brain. Although an adult human brain only takes up on average about 1-3% of the total 

body weight, it contain billions of neurons and trillions of interconnected neural networks that 

regulate all normal brain functions.3,4 When we understand the mechanisms underlying these 

intricate interneuronal connectomes, then biomedical scientists will be able to devise preventive 

measures and new treatments for brain diseases. Thus, over the years, interdisciplinary efforts 

spanning numerous scientific fields have joined together in attempts to shed light on the 

mechanisms of brain functions with a specific focus on gaining understanding of how 

information is encoded in the signaling between neurons.5-10 

Neural communication is both electrical and chemical in nature. Signals transmitted 

between neurons are mediated by chemical interactions between signaling molecules called 

neurotransmitters and G-protein-coupled receptors (GPCRs) that are embedded in the cell 

membranes of neurons. Electrical signals are generated upon receiving incoming stimuli. They 
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are transported via dendrites, across the cell body and to the axon by carefully regulated ion 

channels. As electrical signals reach the ends of neural axons, they trigger the release of 

neurotransmitters into nanoscale gaps (~20 nm) between neurons called synapses (Fig. 1-1A). 

Neurotransmitter molecules (typically ~200-300 MW) diffuse across synapses and are 

recognized by large GPCR binding partners (typically ~100,000 MW) expressed by neighboring 

neurons. Once captured, neurotransmitters activate G-proteins and subsequent second messenger 

systems to regulate cellular and physiological functions in the brain. Thus, the formation of 

GPCR-neurotransmitter complexes is essential to communication between neurons.11-13 

Because of the ability to recognize small-molecule neurotransmitters, GPCRs have 

become popular targets for drug molecules.14,15 In fact, drug molecules have been used to 

investigate their effects on regulating neural activities at synapses.14-16 Behavioral and 

biochemical studies have provided knowledge on drug effects involving specific GPCRs and 

have helped to identify new drugs for novel therapeutic treatments in neurology and 

Figure 1-1. Schematic diagram (not to scale) illustrating neurotransmission at neural synapses 

and neurotransmitter measurements enabled by nano-neurosensors. (A) As presynaptic neurons 

release neurotransmitters into the synapse, they diffuse across and are captured by membrane-

associated receptors on the surface of postsynaptic neurons. (B) Neurotransmitters can also be 

captured by artificial receptors tethered to sensing electrodes and the resulting recognition can 

be transduced into electrical readout signals. 
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psychiatry.17-19 Today, with the advent of imaging technology, powerful brain imaging 

techniques such as magnetic resonance imaging (MRI), positron emission tomography (PET), 

and functional MRI (fMRI) are used to study brain function.20-22 Although brain imaging 

techniques have provided a large database for both functional and structural information about 

the human brain, only limited information about GPCR functions, mainly through the use of PET 

imaging, can be gleaned via these methodologies. For example, fMRI measures changes in local 

blood flow in specific brain regions and correlates that activity with neural responses.23 

Alternately, PET enables imaging of radiotracer binding to receptors and transporters, and also 

brain glucose utilization.24,25 The key point missing in these methodologies is the direct 

investigation of molecular interactions between GPCRs and their neurotransmitters.26,27 In 

addition, current brain imaging techniques are limited in terms of multiplexed measurements and 

poor spatial resolution, which are highly disadvantageous for investigating neural activity at the 

level of nanoscale synapses.28,29 Thus, developing novel tools capable of high chemical and 

spatial resolution to enable such investigations are urgently needed to elucidate molecular 

interactions between GPCRs and small molecules underlying neural information processing.8,9,30 

To address this challenge, we aim to generate multiplexed nanoscale sensors to enable 

neurotransmitter detection and measurement in vivo. Our group has developed advanced 

lithographic techniques to enable the precise placement of field-effect-transistor (FET)-based 

biosensors on the surfaces of electrodes in a highly parallel fashion.31 Molecular recognition 

elements (i.e., artificial receptors) are tethered to the FET surfaces to detect changes in 

neurotransmitter concentrations in the extracellular space at high spatial resolution (Fig. 1-1B). 

Receptor-neurotransmitter recognition is then transduced into electrical readouts. Aptamer-based 

artificial receptors screened from combinatorial libraries will be used to recognize different 
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neurotransmitters selectively and to enable multiplexed in situ measurements of 

neurotransmitters at high spatial and temporal resolution. Because this type of FET-biosensor 

can be produced at the nanoscale, large numbers of FETs can be packed into small areas on 

sensing electrodes to reduce the diffusion time from the points of neurotransmitter release to the 

points of detection (ns-s compared to ms-s as currently required for in vivo sensing).32,33 This 

will enable high temporal resolution of real-time electrical measurements to capture the 

dynamics of neurotransmitter release and reuptake. Moreover, these nanosensors will enable 

highly sensitive neurotransmitter detection due to their intrinsic electrical amplification upon 

molecular recognition.33 Thus, our ultimate goal is to use nano-neurosensors to capture chemical 

dynamics of neurotransmitter activities between neurons in brain circuits to understand how 

information is encoded in neurotransmitter signaling. Shedding light on this process will provide 

a neurochemical basis not only to comprehend complex human behaviors but also to distinguish 

disease states from healthy states, thereby providing insights needed to develop preventive and 

therapeutic strategies against neurological and neuropsychiatric disorders. 
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1.2 Design Motifs Dictating Small-Molecule Neurotransmitter-Functionalized Substrates 

To enable neurotransmitter measurements for biosensing applications, receptors with 

high affinity and selectivity for small-molecule ligands are desired. We combine advanced self-

assembly surface chemistries, microfluidics, and innovative chemical patterning methods to 

generate multiplexed platforms decorated with surface-tethered small-molecule ligands capable 

of high-throughput screening to identify potential artificial receptors for neurosensing purposes 

(Fig. 1-2). Because native receptors recognize small-molecules in solution, specific surface 

chemistries need to be discovered and optimized to enable effective and efficient biological 

recognition at solid/liquid interfaces that mimic solution-phase binding. My thesis focuses on 

discovering these design rules to enable biological recognition between surface-tethered small-

molecule ligands and large biomolecular binding partners at the solid/liquid interface. 

Application of these design rules enables the development of functional neurotransmitter-

functionalized self-assembled monolayer-modified substrates (“neurochips”) capable of 

multiplexed screening to identify artificial neurosensing receptors. 

Figure 1-2. Schematic diagram (not to scale) illustrating multiplexed screening platforms 

decorated with surface-tethered ligands, which recognize biomolecules from solution 

according to ligand affinities. 
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Because receptor-ligand binding takes place on surfaces, we also utilized and developed a 

repertoire of lithographic methods, i.e., microcontact insertion printing (CIP), microfluidics, 

and chemical lift-off lithography, to pattern ligand-functionalized substrates.34-38 Because the 

unfunctionalized regions serve as the internal reference to interrogate relative binding between 

the background areas absent of ligands and the ligand-functionalized regions, differences in 

biomolecular recognition between these two regions are classified as “pattern-specific binding.” 

On the other hand, if patterned substrates are challenged with target and nontarget biomolecular 

receptors, differences in binding to the patterned substrates between these two biomolecules are 

classified as “target-specific binding” or binding selectivity. 

 

1.2.1 Diluting Surface Coverage of Neurotransmitter-Functionalized Alkanethiols to 

Reduce Nonspecific Substrate-Interactions of Biomolecules 

Our group employed alkanethiol molecules as the surface linkers to tether 

neurotransmitters to Au substrates. Alkanethiol self-assembled monolayers (SAMs) are 

advantageous for studying biomolecule-ligand binding on solid substrates.39-41 These molecules 

can be anchored to Au surfaces via thiol head groups, which form thiol-Au bonds (Fig. 1-3).41 

The aliphatic backbones of alkanethiols form van der Waals interactions between neighboring 

molecules to promote monolayer formation. Previous studies have shown that alkanethiol SAM 

formation is composed of an initial fast step (several seconds) where alkanethiols spontaneously 

assemble on Au surfaces followed by a slower step (hours to days) where these molecules 

undergo surface rearrangement to form well-packed monolayers.41 However, even for well-

ordered alkanethiol SAMs, surface defects can still be detected with scanning probe microscopy 

and other methods.42-44 Because these defect sites are susceptible to molecular insertion by other 
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alkanethiols, we are able to use them to advantage (vide infra) to address challenging issues in 

biomolecular recognition.   

Figure 1-3. Schematic diagram illustrating alkanethiol self-assembled monolayers on Au 

substrates. Alkanethiols consists of thiol head groups forming thiol-Au bonds, molecular 

backbones forming van der Waals interactions with neighboring molecules, and terminal 

groups amenable to chemical functionalization. 
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The terminal groups of alkanethiols are amenable to chemical functionalization. For 

example, some terminal groups, such as carboxyls, primary amines, aldehydes, alkynes, azides, 

and hydrazines can be used for functionalization to small molecules, peptides, or proteins 

through standard coupling chemistries.41,45,46 Moreover, alkanethiols terminated with 

oligo(ethylene glycol) moieties are known to resist nonspecific binding of biomolecules on 

substrates.47-49 Thus, mixed monolayers of alkanethiol tethers and oligo(ethylene glycol)-

modified matrix molecules are often used to enhance specific binding of biomolecules to ligand-

modified tethers while reducing nonspecific binding of biomolecules to the protein-resistant 

backgrounds.50 Low surface coverages (<10%) of tethers were found to improve specific binding 

(specific binding for patterned substrates) of biomolecules compared to higher tether surface 

coverages (>80%).51 Because scanning probe microscopy studies showed that alkanethiols can 

separate into domains according to chemical similarities, diluting ligand-tethered alkanethiols in 

a protein-resistant background reduces phase separation and steric interactions between surface-

bound ligands, enabling improved specific binding.52-54 Other studies also showed that high 

densities of surface-bound ligands increase the probability of nonspecific binding of 

biomolecules through multivalent interactions.55-57 

Alternately, our group achieved specific biomolecule capture on ligand-modified 

substrates by diluting tethering molecules via molecular insertion into defects in protein-resistant 

SAMs (Fig. 1-4A).58,59 In this approach, we inserted amine- or carboxyl-terminated alkanethiol 

tethers into preformed oligo(ethylene glycol)-modified SAMs on Au substrates.58,60,61 The 

inserted molecules were then functionalized with small-molecule neurotransmitters through 

standard coupling chemistries (Fig. 1-4B).62,63 Insertion-directed functionalization of 
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neurotransmitters overcomes not only steric hindrance and nonspecific interactions due to phase 

separation, but also the size-mismatch problem of protein-ligand pairs. 

Considering the sizes of biomolecules (ranging from a few nanometers for proteins to 

tens of nanometers for membrane-associated proteins), it is difficult for these large molecules to 

approach substrates particularly when ligand-tethered molecules are clustered together. The 

binding of one biomolecule to a ligand-tethered molecule will exclude the binding of additional 

biomolecules due to the physical dimensions of the captured biomolecule on the substrate. Thus, 

by isolating tethering molecules through insertion-directed assembly, each ligand-tethered 

molecule is well separated (~1-3 nm for the size of protein receptors, e.g., streptavidin) to enable 

efficient biomolecule binding (Fig. 1-4C).64,65 Moreover, we also incorporated additional 

ethylene glycol moieties into the tethering molecules to render them longer than the protein-

Figure 1-4. Schematic diagram (not to scale) illustrating insertion-functionalization of Au 

substrates for biomolecule captures. (A) Molecular tethers are inserted into the defect sites of 

preformed oligo(ethylene glycol)-terminated alkanethiols, which are known to resist 

nonspecific protein adsorption. (B) Terminal groups of molecular tethers are functionalized 

with ligands of interest (i.e., small-molecule neurotransmitters). (C) The resulting surface-

tethered ligands are well isolated and protrude beyond the protein-resistant matrix to enable 

effective recognition of target biomolecules (the squiggled arrows), while the protein-resistant 

background repels biomolecules (the curved arrow). 
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resistant matrix molecules to access the binding pockets of biomolecules (Scheme 1-1A).58 The 

use of additional oligo(ethylene glycol) moieties also helps reduce nonspecific interactions of 

protein receptors.35,58 

 

1.2.2 Tailoring Ligand Specificity to Enable Selective Recognition of Biomolecules 

 During signal transmission at neural synapses, neurotransmitters released from pre-

synaptic neurons are recognized by GPCRs on the cell membranes of post-synaptic neurons. 

These GPCR-neurotransmitter interactions take place under the condition where the 

neurotransmitters are in their free form.60,66,67 In other words, they are not bound to a solid 

surface, and thus all of their essential functional epitopes are available for recognition by 

GPCRs. Small-molecule neurotransmitters used in our early experiments were tethered to 

substrates through amide bonds formed between the amino groups on neurotransmitters and the 

terminal carboxyl groups on the tethering alkanethiols (Scheme 1-1BI).58,59 However, we 

discovered that although this functionalization approach facilitated the capture of antibodies on 

neurotransmitter-modified substrates, it failed to do so with native membrane-associated 

receptors.60 The latter are evolved to recognize free solution neurotransmitters. 

To address this difficulty, we noted that these small molecules are biogenic amine 

neurotransmitters in which the amino moiety is a common motif among them.68 However, 

because we have used these amines to tether neurotransmitters to substrates, they are no longer 

available for receptor binding. Thus, we hypothesized that using an alternate strategy where the 

surface-tethered molecules following functionalization retained the essential epitopes for 

biorecognition, the neurotransmitter-modified substrates would be able to capture native GPCRs. 

We tested this hypothesis by replacing the neurotransmitters with their biological precursor 
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molecules, which introduced additional carboxyl groups for surface tethering instead of using the 

amine groups (Scheme 1-1BII). This new approach enabled the surface-bound precursor 

molecules to mimic neurotransmitters in solution with the amino moieties exposed for capturing 

GPCRs. For example, we showed that surface-tethered serotonin and dopamine 

neurotransmitters were able to capture their respective antibodies but failed to do so with their 

native membrane-associated receptors.58-60 In contrast, precursors of serotonin and dopamine, 

i.e., L-5-hydroxytryptophan (L-5-HTP) and L-3,4-dihydroxyphenylalanine (L-DOPA), 

respectively, tethered to the substrates were able to capture L-5-HTP and L-DOPA antibodies 

and serotonin and dopamine membrane-associated receptors, respectively.35,60 

 

1.2.3 Chemical Patterning of Neurotransmitter-Functionalized Alkanethiols to Enable 

Multiplexed Screening of Biomolecular Receptors 

One of the methods used to detect biomolecule binding on surfaces is fluorescence 

microscopy. A fluorescence assay is used in which secondary antibodies tagged with 

fluorophores are used to visualize primary antibodies captured on substrates.69,70 To visualize 

antibody binding on neurotransmitter-tethered alkanethiol SAM-modified substrates with 

fluorescence microscopy, we have developed several chemical-patterning strategies. Because 

patterning enables placement of tethering molecules on substrates in a spatially defined manner, 

specific binding of biomolecules can be visualized and quantified through the fluorescence 

contrast between ligand-functionalized and unfunctionalized regions. Moreover, patterning can 

generate arrays of small-molecule ligands enabling multiplexed measurement of biomolecule 

binding.71 
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Scheme 1-1. List of (A) matrix and tethering molecules, (BI,II) reaction diagrams of 

neurotransmitters/neurotransmitter mimics conjugated with tethering molecules, and (BIII) 

list of neurotransmitter-mimicked pre-functionalized molecules. Amide bond formation is the 

common chemical motif in the conjugation schemes BI, BII, and BIII. (BI,II) 

Amines/carboxyls of neurotransmitters/neurotransmitter mimics reacted with carboxyl/amine-

terminated tethering molecules, respectively. (BIII) Similarly, carboxyls of neurotransmitter 

mimics reacted with amine-terminated tethering molecules in the pre-functionalization 

scheme. 
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1.2.3.A Microcontact Insertion Printing 

The ability to self-assemble alkanethiols on Au substrates enables these molecules to be 

used as molecular inks in microcontact printing (CP) to create molecular patterns (Fig. 1-5A).72 

Rubber stamps made of polydimethylsiloxane (PDMS) with topographic features, which are 

replicated from the relief features on silicon master molds, are inked with alkanethiols, and then 

brought into conformal contact with Au substrates. Wherever the stamp contacts the substrate, 

alkanethiols diffuse from the stamp to the substrate to form a monolayer on the surface. 

However, the longer the contact time, the more likely alkanethiols will diffuse beyond the 

contact region.73 In some cases, longer contact times are preferable because the printed 

monolayers can serve as molecular resists to protect the underlying Au substrates against 

chemical etching for device fabrication purposes.74-77 In addition, volatile alkanethiols residing in 

the recesses of the stamp topography can reach the noncontact areas through gas-phase 

deposition. These phenomena render the printed patterns blurred or indiscernible because 

alkanethiol diffusion causes the printed features to merge and gas-phase deposition causes 

noncontact areas to be populated with alkanethiols.78,79 Thus, modified versions of CP have 

been developed to overcome these difficulties. 

Our group developed CIP in which Au substrates pre-existing with alkanethiol SAMs, 

instead of bare Au substrates, are used as printing templates (Fig. 1-5B).38 During conformal 

contact, alkanethiols from the rubber stamp are stochastically inserted into intrinsic SAM defects 

in the preformed monolayers. This approach allows the preformed alkanethiol monolayer to act 

as a physical barrier against both lateral diffusion of alkanethiols on Au surfaces and gas-phase 

deposition in noncontact areas. Moreover, the stochastic nature of insertion enables spacing 
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between alkanethiol tethers on the preformed SAM matrix. Preparation and processing of the 

matrix defines the types of monolayer defects into which new molecules will be 

inserted.37,42,43,80-82 For example, our group demonstrated that CIP enabled insertion-directed 

assembly of tethering alkanethiols that can be later functionalized with small-molecule 

neurotransmitters.58-61 

Using microcontact insertion printing to generate patterned surfaces and fluorescence 

microscopy to visualize biomolecule binding, I discovered that passivating the background with 

oligo(ethylene glycol) moieties was not sufficient to reduce nonspecific binding of fluorescently 

labeled secondary antibodies to surfaces to acceptable levels (<10% of total binding). Because of 

the need to visualize and to quantify patterned-specific primary antibody binding to surface-

bound neurotransmitters, fluorescently labeled secondary antibodies were necessary to tag the 

bound primary antibodies. However, to ensure that the patterned-specific fluorescence resulted 

from the binding of primary antibodies, control experiments were carried out in which substrates 

were exposed only to fluorescently labeled secondary antibodies. These experiments showed that 

the amount of nonspecific binding from fluorescently labeled secondary antibodies was greater 

than 20% of the total (primary + secondary antibody) binding. However, when I first passivated 

the patterned surfaces with bovine serum albumin, I discovered that I could reduce nonspecific 

binding to <10%.35,59 This was a significant finding because it not only improved the pattern 

quality visually, but also enabled the quantification of antibody-specific binding. The details of 

this work are described in Chapter 2.  
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Figure 1-5. Schematic diagrams (not to scale) illustrating different chemical patterning 

methods including (A) microcontact printing, (B) microcontact insertion printing, 

(C) microfluidics, and (D) chemical lift-off lithography. A polydimethylsiloxane (PDMS) 

stamp with predefined relief features is used in (A) to print molecules onto bare Au substrates 

or in (B) to insert molecules into a preformed self-assembled monolayer (SAM). Patterned 

molecules can then be functionalized with ligands for biocapture. (C) Alternately, a PDMS 

mold with microscale conduits is used to pattern ligand functionalization on the top of 

oligo(ethylene glycol)-terminated alkanethiol (S-PEG-OH) SAMs diluted with tethering 

molecules during initial deposition. (D) A PDMS stamp can also be activated with oxygen 

plasma to undergo contact reaction with S-PEG-OH molecules during conformal contact on 

SAMs. Because of strong covalent stamp/SAM interactions, stamp removal causes SAM 

molecules and underlying Au atoms to be removed from substrates. (A), (B), (C), and (D) are 

reprinted with permission from references 31, 53, 29, and 28, respectively. 
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The success of CIP in patterning neurotransmitter-tethered alkanethiols for 

biorecognition led us to attempt multiplexed patterning with CIP. To achieve this, substrates 

need to be insertion-printed sequentially. Following each printing step, the inserted tethers need 

to be functionalized with a different type of small-molecule neurotransmitter. The downside of 

this approach is that the functionalization with one ligand can alter the functionalization of a 

previous ligand already tethered on the substrates.59 Thus, multiplexed patterning with CIP is 

limited by the need to devise compatible serial functionalization chemistries. 

 

1.2.3.B Microfluidics 

 To circumvent limitations of CIP when used for multiplexing, I used microfluidics to 

generate patterns of multiple small-molecule neurotransmitters on individual substrates 

(Fig. 1-5C).35 This approach involves the use of PDMS microfluidic devices consisting of 

multiple micrometer-wide channels. Upon conformal contact with the substrates, each channel 

serves as a micro-incubator enabling neurotransmitter functionalization with surface tethers as 

different neurotransmitter solutions are injected into different channels. Thus, multiple 

neurotransmitters can be functionalized simultaneously on the same substrates without the need 

to devise compatible serial functionalization chemistries. 

Using microfluidics, I was able to generate multiplexed platforms that were used to sort 

complex mixtures of antibodies and GPCRs from solutions.35 This work is described in 

Chapter 3. Although surface chemistries were controlled by employing oligo(ethylene glycol) 

moieties to reduce nonspecific substrate-biomolecule interactions and microfluidics were used to 

circumvent sequential ligand functionalization, moderately large cross-reactivity (~30%) of 
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biomolecules to nontarget ligands continued to be observed. Further experiments showed that the 

cross-reactivity might stem from the antibodies themselves. Additionally, optimization of 

different conditions such as pH, solvent, temperature, and reaction time for individual ligands 

was still needed. Variations in these conditions might also facilitate cross-reactivity with 

nontarget molecules. Therefore, an approach that enables differential functionalization of 

substrates with small-molecule ligands would permit facile production of multiplexed systems, 

including ligands sensitive to various protection/deprotection chemistries. 

For this purpose, the Kasko laboratory of the UCLA Department of Bioengineering 

synthesized a library of oligo(ethylene glycol)alkyl pyridyl disulfide tethering molecules pre-

functionalized with neurotransmitter precursor molecules (Scheme 1-1BIII) through a novel 

organic synthesis procedure. Because these novel materials are conjugated with ligands prior to 

surface assembly, the need to devise compatible serial functionalization chemistries for each 

molecule is circumvented. These pre-assembly neurotransmitter-functionalized molecules were 

found to display more consistent antibody binding and equivalent or improved specific binding 

compared to the post-assembly functionalization approach. This work is detailed in Chapter 6. 

 

1.2.3.C Chemical Lift-Off Lithography 

In contrast to the previous patterning methods, which add molecules to substrates, we 

invented chemical lift-off lithography to pattern substrates via subtractive patterning 

(Fig. 1-5D).34 In this novel approach, PDMS stamps are treated with oxygen plasma to generate 

surface siloxyls reactive towards hydroxyl-terminated alkanethiol SAM-modified Au substrates 

during conformal contact. Because the covalent stamp/SAM interactions are stronger than Au-

Au bonds, removing the stamps lifts off SAM molecules along with underlying Au atoms. The 
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newly exposed Au regions in the subtracted areas can then be inserted with small-molecule 

ligand-tethered alkanethiols for biocapture. In addition, the exposed regions can be subjected to 

wet chemical etching to transfer the molecular patterns to the underlying substrates. Because 

molecules are removed from the surface, common problems associated with microcontact 

printing, i.e., lateral diffusion and gas-phase deposition of inks are circumvented with chemical 

lift-off. Chapter 4 is focused on this work. 

Using chemical lift-off, multiplexed patterns of surface-tethered small-molecule bioactive 

probes were fabricated to enable sorting of biomolecules from complex mixtures of protein 

solutions. This work is described in Chapter 5. In addition, I discovered that lift-off lithography 

did not remove all alkanethiol molecules in the contact regions. The remaining alkanethiols 

advantageously act as spacers to regulate the densities of the inserted oligonucleotides.83 I found 

that SAM conformations of the remaining alkanethiols regulate access of DNA to the Au 

substrate surfaces. Compare to other DNA assembly methods, chemical lift-off creates a new 

class of surface defects that are favorable for insertion of thiolated DNAs, controlling DNA 

surface densities, and improving DNA hybridization. This work is the focus of Chapter 7. Lastly, 

in combination with sol-gel chemistry, lift-off lithography was used to fabricate highly sensitive 

field-effect-transistor-based biosensors capable of detecting the small-molecule neurotransmitter 

dopamine down to physiological subnanomolar concentrations.31 This work is described in 

Chapter 8. 
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Photolithography 
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2.1 Abstract 

Chemical patterns prepared by self-assembly, combined with soft lithography or 

photolithography, are directly compared. Pattern fidelity can be controlled in both cases but 

patterning at the low densities necessary for small-molecule probe capture of large biomolecule 

targets is better accomplished using CIP. Surfaces patterned by CIP are used to capture 

biomolecule binding partners for the small molecules dopamine and biotin. 
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2.2 Introduction 

A broad range of techniques are currently employed to produce chemical patterns on 

surfaces to fabricate arrays for the selective capture of biological targets.1 For small-molecule 

capture, dilute probe coverage is necessary to facilitate selective molecular recognition by large 

binding partners.2,3 Small-molecule microarrays are important for investigating numerous 

biological processes mediated by interactions with large biomolecules.3,4 Serial techniques, such 

as electron-beam lithography,5 scanning probe lithography,6 and spotting,7 are difficult to scale 

up. By contrast, parallel techniques, such as photolithographic chemical patterning and soft 

lithography, produce surface features simultaneously, enabling rapid processing of large surface 

areas. 

Here, we evaluate two different methods of chemical patterning. The first involves a 

hybrid approach combining photolithography and self-assembly, which produces patterns with 

sharp features, high resolution, and pattern alignment.8,9 Photolithography can be used to pattern 

SAMs by utilizing a patterned physical barrier to protect pre-existing monolayers.8 As a result, 

domains of differing chemical compositions can be formed with no intercalation. 

Photolithography is compared to µCIP.9-11 The latter is a soft-lithography-based technique 

wherein molecules are inserted into defect sites in SAMs using patterned PDMS stamps. In both 

patterning methods, we leverage insertion-directed self-assembly10,12 to create mixed monolayers 

having dilute coverage of one chemically distinct terminal group within a matrix of hydroxyl-

terminated oligo(ethylene glycol)alkanethiol (OEG) to minimize nonspecific binding of 

proteins.13,14 Thiols pre-functionalized with a biological epitope, as well as in situ chemical 

functionalization, are used to create bioactive surfaces.11 
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2.3 Materials and Methods 

Chemicals. 23-(9-Mercaptononyl)-3,6,9,12,15,18,21-heptaoxatricosanoic acid (HEG) 

and 1-(9-ercaptononyl)-3,6,9-trioxaundecan-11-ol (TEG) were purchased from Toronto Research 

Chemicals (Toronto, ON, Canada). 1-(9-Mercaptononyl)-3,6,9,12,15,18-hexa-oxaundecan-

11-biotin (BEG) was purchased from ProChimia (Sopot, Poland). N-Hydroxysuccinimide 

(NHS), N-ethyl-N-(dimethylaminopropyl)-carbodiimide (EDC), 5-hydroxytryptamine 

hydrochloride (5-HT), 3,4-hydroxytyramine hydrochloride (3,4-dihydroxyphenylethylamine; 

dopamine; DA), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). Commercial grade ethanol (EtOH) was from Pharmaco-AAPER (Brookfield, CT, 

USA). Rabbit anti-serotonin polyclonal antibodies and rabbit anti-dopamine polyclonal 

antibodies were procured from Millipore (Temecula, CA, USA). AlexaFluor 488-labeled goat 

anti-rabbit antibodies (absorbance max at 495 nm, emission max at 519 nm), AlexaFluor 

546-labeled goat anti-rabbit antibodies (absorbance max at 556 nm, emission max at 573 nm), 

streptavidin, and AlexaFluor 488-tagged streptavidin (absorbance max at 494 nm, emission max 

at 521 nm) were purchased from Invitrogen (Carlsbad, CA, USA). Fluorescein isothiocyanate 

(FITC)-tagged anti-streptavidin polyclonal antibodies were purchased from Abcam (Cambridge, 

MA, USA). 

Substrate formation. Metalized surfaces were fabricated by thermal evaporation of either 

5 nm Cr and 15 nm Au on glass microscopy slides (photolithographic patterning) or 10 nm Cr 

and 100 nm Au on Si wafers (soft lithography patterning) (SiliconQuest, Santa Clara, CA, USA) 

using an electron beam evaporator (Kurt Lesker Inc., Clairton, PA, USA). Both metals were 

deposited at a rate of 1 Å/sec. Substrates were flame-annealed with a hydrogen flame 

immediately prior to monolayer formation. 
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Monolayer preparation. Self-assembled monolayers were prepared by exposing Au 

surfaces to a 1 mM solution of either TEG or HEG. After patterning by photolithography or 

μCIP, surfaces with HEG were exposed to a solution of 15 mM NHS and 25 mM EDC for 1 h to 

create an activated ester bond between NHS and the carboxyl group of the HEG molecules on 

the surfaces. The NHS acts as a leaving group in the presence of the primary amine of 5-HT or 

DA, resulting in amide bond formation between 5-HT or DA and HEG and tethering of 5-HT or 

DA to surfaces only in regions containing carboxyl-terminated oligo(ethylene glycol) thiols.S1
 

Both 5-HT and DA solutions were prepared at 25 mM in phosphate-buffered saline (PBS). For 5-

HT, PBS pH was 9.5, and samples were incubated at room temperature for 4 h. For DA, PBS pH 

was 6.75, and samples were incubated at 4 °C overnight. The lower temperature and pH for DA, 

which necessitates the longer incubation time, is required to reduce spontaneous oxidation in 

solution. In cases where BEG was used in place of HEG, the biotin epitope was attached to the 

thiol molecules by the manufacturer. 

Photolithographic patterning. Photolithography on monolayers was accomplished using 

a bilayer resist stack and a series of pattern transfer techniques, as described elsewhere.S2
 
Briefly, 

a resist stack consisting of a non-photosensitive lift-off resist (LOR 5A, MicroChem Corp., 

Newton, MA) on the bottom and a photoresist (Shipley 3012, Shipley Company, Marlborough, 

MA) on the top was spin-coated on SAMs. Samples were then exposed to 365 nm light at a 

power of 12 mW·cm-2
 
using a contact aligner (MA-6, Karl Suss America, Inc., Waterbury 

Center, VT, USA), and patterns were transferred to the LOR during photoresist development. 

The photoresist was removed with an acetone rinse because of its instability under standard 

self-assembly conditions. The LOR then acted as a mask during UV-ozone exposure, which 

removed the SAMs in regions not protected by the LOR. A different thiol species (TEG or HEG) 
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was then deposited on the newly exposed Au by immersing samples in a 1 mM thiol solution in 

EtOH, and the LOR was subsequently removed using a 2% tetramethyl ammonium hydroxide 

solution, leaving a patterned monolayer. A total of eight samples were prepared and analyzed 

using this technique, with five of the eight samples prepared with an initial TEG monolayer and 

three prepared with an initial HEG monolayer. 

Stamp preparation. PDMS stamps were prepared by mixing Dow Corning Sylgard 184 

oligomer with the catalyst at a 10:1 ratio by weight. The mixture was then degassed, poured onto 

a silanized Si master wafer, and degassed again. This preparation was then baked at 75 °C for 24 

h, after which the cured PDMS was removed from the wafer and cut into 1 cm  2 cm squares. 

Stamps were cleaned by soaking in hexane for 1.5 h three times, followed by baking at 75 °C for 

24 h to remove absorbed hexane. 

Soft lithography by microcontact insertion printing. Immediately prior to use, stamps 

were sonicated in a 50/50 mixture EtOH and 18.2 MΩ deionized water for 30 min, then pressed 

onto a clean Si wafer to remove surface contaminants. Subsequently, stamps were exposed to an 

oxygen plasma for 12 s using a Harrick plasma cleaner (Ithaca, NY, USA) operated under low 

radio frequency power (6.8 W) to create an intermediate hydrophilic surface to facilitate ink 

transfer from stamps to substrates.S3
 
A 3 mM solution of either HEG or BEG was pipetted onto 

the patterned side of the stamp and allowed to sit for 60 s. The stamp was then dried and placed 

into firm contact with a substrate on which a TEG monolayer had already been assembled. 

Stamps stayed in contact with SAMs for printing for 1 h. The HEG or BEG molecules insert into 

the monolayer only where the PDMS stamp makes direct contact with the surface, resulting in 

low densities of HEG or BEG molecules distributed in patterns reflecting the topography of the 

PDMS stamp. The stamp was subsequently removed, and samples were rinsed with EtOH and 
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dried under a stream of nitrogen, resulting in patterned monolayers. Experiments with HEG and 

BEG samples were repeated 3-5 times. 

Fluorescence microscopy. Patterned, chemically functionalized samples were exposed to 

solutions of primary antibodies that were specific for either 5-HT or DA epitopes or to 

streptavidin, which binds to biotin, followed by a rinse with deionized water. Surfaces were then 

exposed to solutions of fluorescently tagged antibodies with affinity for primary antibodies or 

streptavidin. In all cases, 1% (w/v) BSA was added to solutions to minimize nonspecific binding. 

Both fluorescently labeled and unlabeled streptavidin were used for biocapture experiments. In 

experiments shown in Fig. 2-3, AlexaFluor 488-labeled streptavidin was used to simplify the 

incubation process and to rule out antibody cross reactivity. 

Samples were examined using an inverted Nikon TE300 optical microscope (Melville, 

NY, USA) with a 40 objective and a xenon arc lamp light source. Filter cubes appropriate for 

the different fluorophores were used for fluorescence imaging. Photolithographically assisted 

chemical patterning samples, which were prepared on transparent thin Au on glass substrates, 

were also imaged using transmitted visible light. 

Nonspecific binding analysis. Nonspecific binding patterns were difficult to observe on 

control samples, i.e., samples where primary antibodies were omitted. We used the statistical 

toolbox of Matlab (MathWorks, Natick, MA, USA) to perform principal component analysis 

(PCA) on fluorescence intensity data to gain information about the magnitude of nonspecific 

binding compared to specific binding. Principal component analysis provides a method for 

deconstructing a data set into an orthogonal set of basis vectors (principal components, PCs) 

ordered by the contribution of each PC to the variance of the data. To accomplish this for 

analysis of an image, a matrix is created in which the position of the pixel intensity data in the 
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matrix is spatially correlated to the pixel location in the image. Using this matrix as a data set, 

the mean of each column of the matrix is subtracted from each entry in that column to adjust the 

column data mean to zero. The covariance matrix is then calculated and its eigenvectors 

determined. The square root of the eigenvalue associated with each eigenvector is proportional to 

the variance correlated with that eigenvector. To determine how many PCs are necessary to 

account for a chosen percentage of the variance, a cumulative sum of the eigenvalues, arranged 

from greatest to least, divided by the sum of all eigenvalues, is performed. The number of 

eigenvalues necessary to reach a desired threshold indicates the necessary number of PCs. We 

used a 90% threshold for the analysis presented below. Because PCA has no free parameters, it 

provides an objective method to assess correlations in a data set. In the case of image analysis 

and images with high contrast, patterns require only a small number of PCs to account for the 

majority (60% to 90%) of the variance in the pixel intensities of the images. Conversely, low-

contrast patterns or images without a clear pattern require a substantially greater number of PCs 

to reach the same variance threshold.  

Analysis of 21 images of samples prepared using μCIP indicates that over 90% of the 

variance of well-defined, relatively uniform patterns, such as those seen in Figs. 2-2D and 2-2E 

in the main text, can be explained using less than 1% of the PCs (10 PCs in a 1024  1024 pixel 

image). By contrast, for control samples with low nonspecific binding, where patterns were faint 

or not discernable, upwards of 10% of all principal components were needed to reach a 90% 

variance threshold. 

Although this analysis does not allow determination of nonspecific binding levels per se, 

it provides a method for comparing specific vs. nonspecific binding. Patterns that do not meet the 

1% PC criteria for reaching a 90% variance threshold can be regarded as spurious, i.e., low 
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specific binding. Moreover, control sample images that do not require greater than 10% of PCs 

to reach a 90% variance threshold indicate failure of the control experiment, i.e., high 

nonspecific binding.  
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2.4 Results and Discussions 

2.4.1 Patterning Small-Molecule Ligands via Self-Assembly-Assisted Photolithography 

Previously, photolithography combined with self-assembly was used to pattern bi- and 

tri-component SAMs of methyl-, carboxyl-, and amino-terminated alkanethiols.8,9 Here, we 

expand this technique to pattern biologically relevant OEGs to form SAMs terminated with 

hydroxyl (TEG) and carboxyl (HEG) groups, depicted schematically in Fig. 2-1A, left. Surfaces 

patterned by photolithography employ chemical functionalization to attach the small-molecule 

neurotransmitter serotonin (5-hydroxytryptamine) to HEG.2 The resulting surfaces are shown 

schematically in Fig. 2-1A, right. Fluorescently tagged secondary antibodies were used to 

Figure 2-1. Patterned monolayer preparation using photolithography. (A) Schematic of 

lift-off resist (LOR)-based monolayer patterning, chemical functionalization, and antibody 

capture. Regions protected by the LOR retain the molecular identity of the initial monolayer 

after patterning. UV ozone treatment is used to remove SAMs in the exposed regions. 

Unprotected regions are backfilled or inserted to form a new SAM with a different 

composition. Comparison of fluorescence microscopy images of samples prepared by starting 

with (B) a TEG monolayer, which was then backfilled with a HEG monolayer vs. those starting 

with (C) a HEG monolayer, then backfilled with a TEG monolayer. The HEG molecules were 

functionalized with serotonin. Antibody capture is more prevalent in 

serotonin-functionalized regions. 

 

(A) (B) (C) 
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visualize primary anti-serotonin antibodies captured in serotonin-functionalized regions. Fig. 

2-1B and C show representative samples created using this photolithographic method each with a 

different initial SAM. Regardless of the initial SAM, samples displayed a fluorescent pattern 

concurrent with the HEG serotonin-functionalized SAM regions. Pattern reversal demonstrates 

that the fluorescent patterns result from the surface chemistry, i.e., antibodies bind to regions of 

serotonin functionalization. 

While these results demonstrate the extension of photolithographically patterned 

monolayers beyond simple alkanethiols, we discovered that the surfaces initially produced by 

this method were not suited for selective molecular recognition. Patterns created with densely 

packed regions of HEG, with or without serotonin functionalization (Supplementary Information, 

Fig. 2-S1A and 2-S1B, respectively), demonstrated significant capture of fluorescently labeled 

secondary antibodies, even in the absence of primary antibodies, indicating a high degree of 

nonspecific binding. We attribute nonspecific antibody recognition to the high densities of 

functional groups in the patterned regions.2 

 

2.4.2. Patterning Small-Molecule Ligands via Insertion-Directed Self-Assembly-Assisted 

Photolithography 

One strategy to overcome high nonspecific binding is to insert HEG molecules into TEG 

SAMs to produce low-density coverage of small-molecule probes.2,3,11 To accomplish this, 

exposure of LOR-patterned substrates to UV-ozone to remove the initial TEG SAMs in the 

exposed regions was omitted, while all other aspects of the process remained the same. The LOR 

prevented insertion of HEG tethers in the masked regions, while insertion took place at defect 

sites in the SAMs in the exposed regions. However, samples prepared in this manner displayed a 
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fluorescence pattern that was reversed from that shown in Fig. 2-1B, with less fluorescence in 

probe-functionalized regions than in LOR-protected TEG monolayer regions, which should resist 

nonspecific binding (see the ESI, Fig. 2-S1C). We attribute this finding to residual LOR 

remaining on the surface even after removal by tetramethyl ammonium hydroxide. By contrast, 

minimal residual LOR is expected to be present in the inserted (patterned) regions, because in 

these areas, LOR was removed during photolithographic development. Residual LOR appears to 

interfere with the protein-resistant properties of TEG SAM regions, leading to nonspecific 

binding greater than the signal from specific binding to the dilute serotonin epitopes, and 

thereby, pattern reversal. 

 

2.4.3. Patterning Small-Molecule Ligands via Microcontact Insertion Printing 

More severe methods to remove the LOR completely are likely to disrupt TEG surfaces, 

which would also lead to considerable nonspecific binding. Instead, a method of patterning with 

minimal impact to the surface chemistry is preferred to preserve surface properties intended to 

reduce nonspecific binding.14,15 To this end, µCIP,10,11 which obviates the need for exposure of 

surfaces to photolithography chemicals, was utilized. The process by which patterned surfaces 

were prepared using this technique is depicted schematically in Fig. 2-2A. In µCIP, a polymeric 

stamp inked with the thiol molecules to be inserted is brought into contact with a pre-formed 

SAM. Insertion of the inked thiols occurs in regions where the stamp makes direct contact with 

the surface. Probe functionalization chemistry then can be performed on the terminal groups of 

the inserted molecules. Surfaces prepared in this manner are exposed to biomolecule targets to 

investigate selective capture. 
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 Here, stamps having 10 m or 25 m posts with 10 m or 25 m spacing, respectively, 

were used for surface patterning. The resulting surfaces are depicted schematically in Fig. 2-2B 

and C. Biotin-terminated oligo(ethylene glycol) thiol (BEG) was investigated initially because of 

strong binding interactions between biotin and streptavidin. In Fig. 2-2D, surfaces patterned with 

biotin demonstrate capture of streptavidin from solution. Fluorescence intensity line scans show 

that pattern size and spacing are commensurate with the geometry of the stamp. Line scans also 

demonstrate the high level of contrast between regions where insertion occurred via stamping 

and regions where only the protein-resistant TEG monolayer is present. Control samples were 

patterned by microcontact insertion printing of BEG but were exposed only to fluorescently 

tagged anti-streptavidin antibodies with streptavidin omitted. Anti-streptavidin antibodies have 

low affinity for both biotin and TEG, and no patterns were observed under these circumstances. 

These results support the conclusion that patterns are due to the specific recognition of surface-

Figure 2-2. Fluorescence microscopy of specific antibody recognition of patterned 

surfaces. Schematics of (A) the microcontact insertion printing process, (B) 10 µm squares of 

inserted biotinylated-OEG, and (C) 25 µm squares of inserted carboxyl-terminated OEG 

functionalized in situ with dopamine. (D) Biotinylated OEG patterned via CIP binds 

streptavidin with high affinity. (E) Similarly, carboxyl-terminated OEG functionalized with 

dopamine captures anti-dopamine antibodies. FITC-tagged anti-streptavidin antibodies and 

AlexaFluor 546-tagged anti-rabbit secondary antibodies were used for visualization. The 

double lines indicate the areas used for fluorescence line scans of the respective surfaces. 
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tethered biotin by streptavidin, which was captured from solution and visualized by subsequent 

binding of fluorescent anti-streptavidin antibodies. 

Samples were also patterned by µCIP using a HEG ink solution followed by in situ 

functionalization with the small-molecule neurotransmitter dopamine 

(3,4-dihydroxyphenylethylamine; DA) using a similar coupling chemistry to that previously 

developed for serotonin.2 Dopamine was used here because it is an important neurotransmitter 

involved in the control of movement and reward-related behavior. Anti-DA antibody affinity for 

DA is expected to be similar to anti-serotonin antibody affinity for serotonin. Anti-DA antibodies 

bind selectively to regions where DA epitopes are present (Fig. 2-2E); fluorescence intensity line 

scans correlate with the expected patterns with consistent intensity across the fluorescently 

labeled squares. No pattern is observed for DA-functionalized samples exposed to fluorescent 

secondary antibodies where primary antibodies were omitted. This suggests that binding site 

densities produced by µCIP provide sufficient sites for specific binding yet are within the range 

needed to control nonspecific binding. 

 

2.4.4. Small-Molecule Ligand-Functionalized Substrates for Studying Competitive 

Recognition of Mixed Biomolecules from Solution 

While the data in Fig. 2-2 show that specific capture occurs on surfaces patterned by 

µCIP, truly effective surfaces must discriminate between high and low affinity targets in 

complex environments. To determine the capabilities of surfaces fabricated by µCIP to capture 

high affinity binding partners selectively, both BEG- and DA-patterned substrates were exposed 

to a mixture of AlexaFluor 488-labeled streptavidin and anti-DA antibodies, followed by 

AlexaFluor 546-tagged anti-rabbit antibodies. As seen in Fig. 2-3A and B, BEG-functionalized 
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surfaces only bind streptavidin in the patterned regions, as evidenced by the presence of a 

fluorescent pattern only at the emission wavelength corresponding to AlexaFluor 488. Moreover, 

DA-patterned surfaces (Fig. 2-3C and D) show patterned protein capture only at an emission 

wavelength corresponding to the AlexaFluor 546 secondary antibodies, while no pattern is 

observed at the wavelength corresponding to streptavidin binding. These results suggest that 

surfaces prepared by µCIP using either pre- or in situ-functionalized small molecules distinguish 

between protein binding partners based on differences in affinity.  

Figure 2-3. Fluorescence microscopy of antibody recognition in complex 

environments. Biotin- and dopamine-functionalized surfaces were exposed to a 

combination of AlexaFluor 488-tagged streptavidin and anti-dopamine antibodies raised 

in rabbit, followed by AlexaFluor 546-tagged anti-rabbit antibodies. Patterned protein 

capture is apparent for biotin-functionalized surfaces in (A) at the AlexaFluor 488 

emission maximum but not in (B), at the AlexaFluor 546 emission maximum. 

Conversely, dopamine-functionalized surfaces show no protein capture (C) at the 

AlexaFluor 488 wavelength, while in (D), a pattern is apparent at 

the AlexaFluor 546 wavelength. 
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2.5 Conclusions and Prospects 

Using µCIP, chemical patterns were fabricated that not only captured large-molecule 

binding partners with high affinity for the corresponding small-molecule epitopes, but these 

surfaces enabled separation based on binding partner affinities. In contrast, photolithographically 

assisted chemical patterning is relatively unfavorable for creating dilute small-molecule 

functionalized surfaces having low nonspecific binding. 

In addition to limiting nonspecific binding, small-molecule-functionalized capture 

surfaces fabricated via µCIP offer tailored surface chemical compositions at the nanoscale 

through control of insertion parameters, precise lithographic control of structures at the micron 

scale through stamp geometry, and scalability at the centimeter scale. The ability to create 

patterned, small-molecule-functionalized surfaces using a wider variety of epitopes, i.e., 

serotonin, dopamine, and biotin, represents a key step toward multiplexed microarrays capable of 

screening biomolecule binding partners in parallel. Multiplexed surfaces will expedite high-

throughput screening for drug discovery, proteomics, and studies of binding interactions from a 

heterogeneous milieu.16 
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2.6 Supplementary Experiments and Figures 

Limitations of photolithographically patterned small-molecule capture surfaces. 

Although photolithographically assisted chemical patterning is capable of creating spatially 

separated regions of different functional molecules, specific capture of high-affinity binding 

partners by surface-tethered small-molecule probes was difficult to accomplish. High-density 

regions of small-molecule-functionalized probes were associated with high levels of nonspecific 

adsorption of antibodies (Fig. 2-S1A). Even without functionalization, high-density regions of 

HEG exhibit nonspecific binding of antibodies (Fig. 2-S1B). To overcome this, low-density 

small-molecule-functionalized regions were created using insertion-directed self-assembly. 

However, disruption of the protein-resistant properties of TEG regions by residual LOR resulted 

in fluorescent patterns with a reversal of the expected contrast (Fig. 2-S1C). 

While the biotin-streptavidin complex is an excellent test system, binding affinity is on 

the order of 10-14
 
M, making it amongst the highest affinity interactions found in nature and thus, 

not wholly representative of common biological interactions. In contrast, neurotransmitters have 

affinities, when tethered to surfaces, for their cognate antibodies on the order of 10-9
 
M.S4

 
The 

ability to capture binding partners selectively with binding affinities in the nanomolar range 

suggests that μCIP will be useful for many applications of biological interest. 
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Figure 2-S1. Limitations of photolithographically patterned small-molecule capture 

surfaces. (A) Samples were prepared by creating densely packed SAMs of HEG followed by 

backfilling in unprotected regions with protein-resistant TEG. Regions containing HEG were 

functionalization with serotonin. These surfaces captured fluorescently tagged secondary 

antibodies in the serotonin functionalized HEG regions in the absence of primary anti-

serotonin antibodies, indicating high nonspecific binding in the densely functionalized 

regions. (B) Self-assembled monolayers of TEG were formed first, and HEG was backfilled 

in the photolithographically exposed regions. In this case, HEG was left unfunctionalized. 

Fluorescently tagged secondary antibodies showed recognition of densely packed regions of 

HEG in the absence of serotonin functionalization and primary anti-serotonin antibodies, 

indicating a high degree of nonspecific binding. (C) Samples were prepared by forming 

monolayers of TEG followed by insertion of HEG into the unprotected regions, rather than 

backfilling. These samples showed an inverted contrast pattern such that TEG regions were 

brighter than serotonin-functionalized HEG regions after exposing surfaces to anti-serotonin 

primary antibodies and fluorescently tagged secondary antibodies. We hypothesize this type 

of pattern is due to residual LOR remaining in the protected TEG regions resulting in high 

nonspecific binding, which is greater than specific binding in the HEG inserted regions. For 

all images, wider stripes are the regions initially protected by the LOR. 
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Sorting G-Protein-Coupled Receptors 
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3.1 Abstract 

Precise self-assembled monolayer chemistries and microfluidic technology are combined 

to create small-molecule biorecognition arrays. Small-molecule neurotransmitters or precursors 

are spatially encoded on monolayer-modified substrates. This platform enables multiplexed 

screening of G-protein-coupled receptors (GPCRs) from complex media via protein-ligand 

interactions. Preserving access to all epitopes of small molecules is critical for GPCR 

recognition. The ability to address multiple small molecules on solid substrates and to sort 

protein mixtures based on specific affinities is a critical step in creating biochips for proteomic 

applications.  



55 

 

 

3.2 Introduction 

G-protein-coupled receptors (GPCRs) are membrane-associated proteins that are critical 

to intracellular signaling and cell-to-cell communication in the peripheral and central nervous 

systems.1−3 Altered GPCR expression and function play key roles in the causes and treatment of 

psychiatric and neurological disorders, including major depressive disorder, schizophrenia, 

Alzheimer’s disease, and Parkinson’s disease.4−6 Consequently, GPCRs are important targets for 

biomedical research and drug discovery and design.7−12 

For more than 40 years, GPCRs have been investigated using equilibrium binding 

methods involving radiolabeled endogenous ligands or drugs.13,14 While invaluable in terms of 

enabling current understanding of interactions between numerous GPCRs and their binding 

partners, this approach is limited by the need to develop radiolabeling chemistries for each 

ligand, as well as the risks and costs associated with the use of radioactive materials.15 Moreover, 

GPCRs must be individually interrogated in solution-phase assays using laborious protocols, 

although high-throughput versions of these assays have recently been developed for large-scale 

work.16 To address challenges associated with conventional methods, advanced surface 

chemistries have been combined with microspotting technology to generate GPCR microarrays 

for investigating GPCR-drug interactions.17,18 Membrane proteins are immobilized on solid 

substrates, sometimes with prior solubilization to remove membrane lipids to reduce steric 

hindrance.19,20 Notably, immobilization and solubilization can permanently alter the structure and 

function of receptors.21−23 

Conversely, libraries of drugs and their derivatives can be tethered to solid substrates and 

used for high-throughput screening to identify potential biomolecule targets and to enable 

investigation of binding affinities for many protein-ligand pairs simultaneously.11,24,25 For drug 
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design, multiplexed small-molecule arrays are important in vitro screening tools for identifying 

drug candidates suitable for in vivo testing, thus guiding, improving, and streamlining 

experimentation before clinical trials. However, multiplexed small-molecule arrays have not 

been successfully demonstrated for GPCR screening. A problem commonly encountered is the 

size mismatch between small-molecule ligands and GPCR binding partners, the latter of which 

are bulky due to overall protein size and the presence of membrane fragments needed to stabilize 

native receptor conformations.26 

Several studies have demonstrated that free small-molecule ligands require all epitopes to 

participate in membrane protein recognition.26−28 Thus, we have investigated tethering small 

molecules via ectopic functional groups to mimic free ligands and to enable bioselective 

recognition of large biomolecule binding partners.26 We have demonstrated strategies for 

selectively capturing serotonin (5-hydroxytryptamine; 5-HT) GPCRs via the small-molecule 

precursor L-5-hydroxytryptophan (L-5-HTP), which approximates free 5-HT when tethered via 

its carboxyl group in a dilute manner to SAM-modified substrates.26,29 

Previously, we used μCIP30 to pattern small molecules in a dilute manner on 

SAM-modified substrates.31 Isolated probes patterned using μCIP show selective molecular 

recognition of antibody and receptor binding partners and can capture cognate antibodies from 

dual antibody mixtures.31 However, multiplexed patterning via μCIP was limited by the need to 

devise compatible serial functionalization chemistries. Here, we patterned substrates using 

parallel functionalization with multiple small molecules. Each type of small molecules was 

physically restricted to separate microfluidic channels. This strategy enabled multiple 

biomolecule binding partners to be captured in a spatially encoded manner. 
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The work of Lahiri and co-workers has shown that GPCRs microspotted on chemically 

modified glass substrates are active via a fluorescence guanosine triphosphate (GTP)γS assay for 

G-protein activity.18,32 The GPCRs captured on the platform described here could also be tested 

for G-protein activity, which would enable on-chip functional assays. Moreover, in addition to 

fluorescence microscopy used to visualize GPCR binding in the present study, we have also 

shown that functionalized thin (10-15 nm) Au layers can be used to detect binding by 

fluorescence spectroscopy.33 Here, we significantly advance small-molecule capture surface 

strategies by placing multiple small-molecule mimics in specified locations on single substrates 

(Figure 3-1). Microfluidic channels are used to address small-molecule ligands to specific 

locations on SAM-modified Au substrates producing microarrays for sorting GPCRs from 

mixtures based on ligand specificities. The GPCRs used here were not solubilized to facilitate 

native biological conformations and ligand recognition.18,26 We first examined mixtures of 

antibodies raised against specific biogenic amine small-molecule neurotransmitters. Next, 

platforms functionalized with multiple neurotransmitter precursors were screened for selective 

GPCR binding and for sorting mixtures containing two GPCRs.  
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Figure 3-1. Schematic illustrating the small-molecule array fabrication process. 
(A) Molecules with extended functional tail groups are self-assembled in a dilute manner on a 

Au substrate. (B) A PDMS microfluidic device is sealed to the substrate enabling multiplexed 

surface functionalization inside the fluidic channels. (C) The PDMS microfluidic device is 

removed revealing spatially encoded molecules on the substrate. (D) The substrate is 

challenged with solutions containing multiple biomolecule binding partners enabling sorting 

via different specificities for tethered small molecules. 
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3.3 Materials and Methods 

Materials. D,L-Norepinephrine (NE) hydrochloride ≥97%, histamine (HA) 

dihydrochloride ≥99%, bovine serum albumin (BSA) lyophilized, N-hydroxysuccinimide 

(NHS) 98%, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) commercial 

grade, 4-methylpiperidine 96%, and N,N-dimethylformamide ACS reagent ≥99.8% were 

purchased from Sigma Aldrich (St. Louis, MO). The FMOC-protected biological precursors to 

5-HT and dopamine, 9-fluorenylmethyloxycarbonyl-5-hydroxy-L-tryptophan (FMOC-L-5-HTP) 

and FMOC-3,4-dihydroxy-L-phenylalanine (FMOC-L-DOPA), were purchased from AnaSpec 

Eurogentec (Fremont, CA). The FMOC-protected biological precursor to HA, FMOC-His-OH 

(FMOC-L-HD), was purchased from Bachem Americas, Inc. (Torrance, CA). Absolute, 

anhydrous, ACS/USP grade ethanol was purchased from PHARMCO-AAPER (Oakland, CA). 

Deionized water was obtained from an in-house Millipore water purifier (Billerica, MA). 

The following primary antibodies were purchased from Abcam, Inc. (Cambridge, MA): 

rabbit polyclonal anti-noradrenaline antibody (whole antiserum), mouse monoclonal 

anti-histamine antibody (1 mg/mL), mouse monoclonal [SG2-D1a] anti-dopamine D1 receptor 

antibody, chicken polyclonal anti-β2 adrenergic receptor antibody, and rabbit polyclonal 

anti-histamine H1 receptor antibody. Secondary antibodies, AlexaFluor 350 goat anti-mouse, 

AlexaFluor 546 goat anti-mouse, and AlexaFluor 488 goat anti-rabbit IgG highly cross-adsorbed 

antibodies (2 mg/mL), were purchased from Invitrogen (Carlsbad, CA). Membrane preparations 

containing human histamine H1 receptors (5 μg/μL protein concentration) or human dopamine 

D1 receptors (4 μg/μL protein concentration) expressed in Chinese hamster ovary (CHO-K1) 

cells and nontransfected CHO-K1 cell membranes (10 mg/mL protein concentration) were 

purchased from Perkin-Elmer, Inc. (Waltham, MA). Hydroxyl-terminated tri(ethylene 
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glycol)undecanethiol (TEG) and carboxyl-terminated hexa(ethylene glycol)undecanethiol (HEG) 

were purchased from Toronto Research Chemicals Inc. (Toronto, ON, Canada). 

Amine-terminated hexa(ethylene glycol)undecanethiol (AEG) was purchased from Prochimia 

(Sopot, Poland). 

Neurotransmitter Spatial Addressing for Antibody Sorting. Substrates (100 nm of Au on 

5 nm of Ti on Si, Platypus, Madison, WI) were exposed to an 80/20 ethanolic solution of 

0.48 mM TEG and 0.12 mM HEG for ∼16 h to form dilute carboxyl-terminated SAMs. An 

aqueous solution containing 25 mM NHS and 30 mM EDC was incubated with SAM-modified 

Au substrates for 1 h. This step converts the carboxyls of HEG to NHS-ester moieties, which are 

then reacted with the primary amines on the small-molecule probes NE and HA to form amide 

bonds. 

Polydimethylsiloxane microfluidic devices were fabricated using standard 

photolithography-fabricated masters. A 10:1 mass ratio of SYLGARD 184 silicone elastomer 

base and curing agent (Ellsworth Adhesives, Germantown, WI) was thoroughly mixed, degassed 

under vacuum and cured in an oven at 70 °C overnight. Devices were soaked in 10 mg/mL of 

BSA in phosphate-buffered saline (PBS) ([KH2PO4] = 10 mM, [Na2HPO4] = 49 mM, 

[NaCl] = 137 mM, [KCl] = 2.7 mM; pH 7.4) for 1 h to block nonspecific protein adsorption 

sites. Microfluidics devices were then rinsed with DI water and dried with nitrogen before being 

brought into conformal contact with NHS-activated SAM-modified Au substrates. All antibodies 

and receptors were used as purchased and were dissolved in PBS pH 7.4. 

Phosphate buffer (PB) ([KH2PO4] = 10 mM, [K2HPO4] = 40 mM; pH 7.4) was used to 

dissolve NE, while PB ([KH2PO4] = 0.73 mM, [K2HPO4] = 499 mM; pH 9.5) was used to 

dissolve HA and 5-HT. For antibody sorting experiments, HA (100 mM) was first injected and 
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incubated in several microfluidic channels such that there was always one channel filled with PB 

on either side of the HA channels. After 2 h incubation of HA or PB in some channels, NE 

(2 mM) was injected into the remaining empty channels and incubated for another 3 h. After 

surface modification steps, microfluidic devices were removed from the platforms. The 

remaining unreacted NHS-activated carboxyls on HEG in SAMs were hydrolyzed by rinsing 

platforms with PB at pH 9.5 for 1 min. Platforms were then rinsed with DI water, incubated with 

10 mg/mL of BSA for 5 min, and rinsed again with DI water before incubating with antibodies. 

Primary and secondary antibodies were diluted 1:200 and 1:100 in PBS pH 7.4, 

respectively. Each antibody was incubated with small-molecule arrays for 20 min, and DI water 

was used to rinse substrates between steps. Substrates were exposed to thoroughly mixed 

solutions containing both NE and HA primary antibodies prepared immediately before use, 

followed by solutions containing both AlexaFluor 488 goat anti-rabbit and AlexaFluor 350 goat 

anti-mouse IgG secondary antibodies (Table 3-S1, Supporting Information). 

Neurotransmitter Precursor Spatial Addressing for Screening and Sorting GPCRs. 

Substrates coated with Au were exposed to 95/5 ethanolic solutions of 0.48 mM TEG and 

0.025 mM AEG for 16 h to form dilute amine-terminated SAMs. Microfluidic devices fabricated 

from PDMS were first treated for 30 s in an oxygen-plasma cleaner (Harrick Plasma, Ithaca, NY; 

18 W, 10 psi oxygen pressure) and then brought into conformal contact with amine-terminated 

SAM-modified Au substrates. For screening GPCR binding, solutions containing either 30 mM 

FMOC-protected L-5-HTP, FMOC-protected L-DOPA, or FMOC-protected L-HD were 

combined with 30 mM NHS/EDC in 60/40 DMF/water. For sorting GPCR mixtures, solutions 

containing either 20 mM FMOC-L-HD or 35 mM FMOC-L-DOPA were combined with 20 mM 

NHS/EDC or 35 mM NHS/EDC, respectively, in 60/40 DMF/water. Solutions containing each 
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probe molecule were then injected into different microfluidic channels and incubated for 20 min. 

Activated NHS-esters on the probes were used to form amide bonds with the primary amines of 

AEG. The FMOC protecting groups were used to prevent intermolecular reactions with other 

probe molecule activated esters. 

Once surface functionalization was carried out, the microfluidic devices were peeled off 

the substrates. The FMOC moieties were removed from surface-bound probes by incubating with 

20% 4-methylpiperidine in water for 15 min. After rinsing with copious amounts of DI water, 

platforms were incubated with 10 mg/mL of BSA for 5 min to block nonspecific adsorption sites. 

Platforms were rinsed again with DI water prior to incubation with receptors and antibodies. 

The preparation protocol for antibodies to visualize receptor binding was similar to that 

used for the antibody capture experiments. Copious amounts of DI water were used to rinse the 

small-molecule arrays between protein incubation steps. Briefly, platforms for GPCR-ligand 

screening experiments were first incubated with a solution containing 80 μg of human histamine 

H1 for 1 h. Platforms were then sequentially challenged with chicken polyclonal anti-β2 

adrenergic receptor antibody, rabbit polyclonal anti-histamine H1 receptor antibody, and 

AlexaFluor 488 goat anti-rabbit IgG secondary antibody. Anti-β2 adrenergic receptor antibodies 

were used to mask nonspecific adsorption sites introduced by bound receptor-membrane 

complexes and to alleviate nonspecific binding of receptor antibodies to surface-bound tethers. 

Each antibody incubation step was 15 min. 

For GPCR sorting experiments, 80 μg of membrane-associated human histamine H1 

receptors and 80 μg of membrane-associated dopamine D1 receptors were thoroughly mixed in 

solution immediately before use. Platforms were incubated with GPCR solutions for 1 h 

followed by sequential incubation with chicken polyclonal anti-β2 adrenergic receptor antibody 
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(to reduce nonspecific binding), rabbit polyclonal anti-histamine H1 receptor antibody, 

AlexaFluor 488 goat anti-rabbit IgG secondary antibody, mouse monoclonal [SG2-D1a] 

anti-dopamine D1 receptor antibody, and AlexaFluor 546 goat anti-mouse IgG secondary 

antibody. 

Statistical Analyses. Data were initially analyzed by Student t-tests (2-group 

comparisons) or analysis of variance (ANOVA; multiple group comparisons) using GraphPad 

Prism (GraphPad Software Inc., San Diego, USA). Following ANOVA, pair-wise comparisons 

were carried out using Tukey’s multiple comparisons. Fluorescence intensities are reported as 

means ± standard errors of the means with probabilities P<0.05 considered statistically 

significant. 
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3.4 Results and Discussions 

3.4.1 Neurotransmitter Arrays for Sorting Mixed Antibody 

Wafers composed of Si coated with 100-nm-thick Au films served as substrates for 

tethering small-molecule ligands. Substrates were exposed to ethanolic solutions of 80/20 

hydroxyl-terminated tri(ethylene glycol)alkanethiol (TEG) and carboxyl-terminated 

hexa(ethylene glycol)alkanethiol (HEG) to form SAMs bearing dilute carboxyl-terminated 

moieties. Oligo(ethylene glycol) (OEG) terminal groups reduce nonspecific protein 

adsorption.31,34,35 Additionally, substrates were briefly exposed (∼5 min) to bovine serum 

albumin (BSA) (10 mg/mL) before incubating with antibodies or receptors.31 We have found that 

using both protein-resisting OEGs and BSA blocking substantially reduces nonspecific protein 

adsorption. 

The free carboxyl groups of the extended tethers of HEG molecules were first activated 

by exposure to an aqueous mixture of N-hydroxysuccinimide (NHS) and 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) to create NHS-activated carboxyls of 

HEG, enabling amide bond formation with small-molecule primary amines (Figure 3-2A).26,31,35 

A PDMS device with microfluidic channels was then brought into conformal contact with each 

NHS-activated SAM, and aqueous solutions containing individual ligands were injected into 

different channels. Control channels were injected with phosphate buffer (PB; pH 9.0) in the 

absence of ligands. Microfluidic devices were removed from substrates after ligand incubation, 

and the platforms were rinsed with PB to facilitate hydrolysis of the remaining unreacted 

surface-tethered NHS-esters.36,37 Afterward, platforms were rinsed with copious amounts of 

deionized (DI) water prior to protein exposure. 
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We expanded the small-molecule library described in our previous work by selecting two 

additional neurotransmitters, norepinephrine (NE; 4-[(1R)-2-amino-1-hydroxyethyl]-benzene-

1,2-diol) and histamine (HA; 2-(1H-imidazol-4-yl)-ethanamine), for surface 

functionalization.26,31,35 Following functionalization with NE and HA, substrates were incubated 

with solutions containing a mixture of primary antibodies to determine whether antibodies would 

sort to regions of the substrate functionalized with the cognate neurotransmitter. Primary 

antibody-ligand interactions were visualized using fluorescently tagged secondary antibodies 

specific for each primary antibody (Table 3-S1, Supporting Information). Substrates were 

imaged at two different wavelengths corresponding to secondary antibody emission wavelengths. 

As shown in Figure 3-2B, the high-intensity green and blue lanes represent total 

(specific  nonspecific) binding of NE and HA antibodies to the corresponding tethered ligands. 

The dark middle lanes show lack of antibody binding in the absence of tethered ligands and 

demonstrate that TEG-functionalized substrates resist nonspecific protein adsorption.31,34,35 Low 

nonspecific recognition of HA by NE antibodies (6%) and modest nonspecific recognition of NE 

by HA antibodies (30%) were observed (right lane in Figure 3-2B and left lane in Figure 3-2C, 

respectively). To investigate the origins of this nonspecific binding, substrates were exposed to 

fluorescently tagged secondary antibodies in the absence of primary antibodies. No detectable 

fluorescence intensity was observed in any lane (Figures 3-S2C, D, Supporting Information), 

indicating that the binding of HA antibodies to NE was due to HA primary antibody 

cross-reactivity. 
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Figure 3-2. (A) Schematic of surface functionalization chemistries for histamine (HA) and 

norepinephrine (NE). (B,C) (Left) Representative fluorescence images and (right) 

fluorescence intensity graphs for NE and HA antibody sorting. High fluorescence intensity in 

the NE lane (AlexaFluor 488; emission 519 nm) (top image) vs. the HA lane 

(AlexaFluor 350; emission 442 nm) (bottom image) indicates that antibodies against NE and 

HA sort to surface-tethered NE and HA, respectively. Left lane: NE; middle lane: blank (no 

surface-tethered ligands); right lane: HA. Error bars represent standard errors of the means 

with N=4 substrates per group. The means for total vs. nonspecific binding are significantly 

different for NE antibody binding [t(6)=67, ***P<0.001] and HA antibody binding 

[t(6)=18, ***P<0.001]. Scale bars are 50 μm. 
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3.4.2 Surface-Bound Ligands Mimicking Endogenous Neurotransmitters for Sorting Native 

G-Protein-Coupled Receptors 

In the extracellular space, all functional groups associated with free small-molecule 

neurotransmitters are available for GPCR recognition.6,38 However, the tethered small molecules 

used in the antibody sorting experiments described above are not expected to recognize GPCRs 

effectively because one of the key functional groups, the primary amine, is used to tether the 

neurotransmitters to substrates.26 We have shown that by utilizing small-molecule analogs 

containing all epitopes necessary for recognizing GPCRs, plus an additional functional group for 

tethering, surface-immobilized species mimic free ligands and capture GPCRs.26,29,31 

Here, we used L-histidine (L-HD) and L-3,4-dihydroxyphenylalanine (L-DOPA), in 

addition to L-5-hydroxytryptophan (L-5-HTP), which we have demonstrated previously, in 

tethering reactions to approximate the free neurotransmitters histamine, 

3,4-dihydroxyphenylethylamine (dopamine), and serotonin, respectively. The former are the 

native biological precursors to HA, dopamine, and 5-HT. They not only preserve all native 

epitopes for receptor recognition but also contain additional carboxyl moieties for surface 

tethering. The surface conjugation steps are illustrated in Figure 3-3A. Briefly, an ethanolic 

solution of 95/5 TEG and amine-terminated hexa(ethylene glycol)alkanethiol (AEG) was used to 

self-assemble the longer amine-terminated molecules at low density in TEG SAMs.29 A lower 

tethering alkanethiol ratio than that used in the antibody sorting experiments was employed to 

dilute tethered ligands further, providing better access to large GPCRs with associated membrane 

fragments. A mixture of NHS/EDC in 60/40 DMF/DI water was used to activate carboxyl groups 

on 9-fluorenylmethyloxycarbonyl (FMOC)-protected precursor molecules.26,29  
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Figure 3-3. (A) Schematic of surface functionalization chemistry for L-5-hydroxytryptophan 

(L-5-HTP), L-histidine (L-HD), and L-3,4-dihydroxyphenylalanine (L-DOPA). (B) (Left) 

Representative fluorescence image and (right) fluorescence intensity graph. High 

fluorescence intensity was observed for the L-HD lane (AlexaFluor 488; emission 519 nm) 

indicating specific capture of histamine H1 receptors compared to lanes functionalized with 

other neurotransmitter precursors. Left to right: L-5-HTP, L-HD, blank (no surface-tethered 

ligands), and L-DOPA. Error bars represent standard errors of the means with N=5 substrates. 

Mean fluorescence intensities across lanes are significantly different [F(3,16)=280; P<0.001]. 

***P<0.001 between mean L-HD fluorescence intensity and L-5-HTP, blank, and L-DOPA 

fluorescence intensities. Scale bars are 50 μm. 
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Microfluidic PDMS devices were sealed against SAM-modified substrates. Activated precursor 

solutions were immediately injected and incubated in the microfluidic channels enabling amide 

bond formation with the primary amines of AEG in SAMs. The FMOC protecting groups 

prevented primary amine intermolecular reactions with NHS-activated carboxyl groups.26,29 

After peeling off the microfluidic devices, 4-methylpiperidine was used to remove FMOC from 

tethered precursor molecules.26,29 Substrates were then rinsed with DI water and dried with 

nitrogen gas. 

The spatially encoded multifunctionalized substrates were used to investigate receptor 

recognition of small-molecule neurotransmitter mimics. Cell membrane fragments containing 

human histamine H1 receptors isolated from transfected Chinese hamster ovary (CHO)-K1 cell 

lines were incubated with surfaces functionalized with L-5-HTP, L-HD, and L-DOPA. A H1 

anti-receptor antibody was used to recognize bound receptors. Fluorescently tagged secondary 

antibodies were used to visualize primary antibodies associated with bound receptors (Table 

3-S2, Supporting Information). The significantly greater fluorescence intensity in the 

L-HD-functionalized lane (second from the left; Figure 3-3B) compared with the adjacent lanes 

indicated biospecificity of H1 receptor recognition of immobilized L-HD mimicking free HA. 

Furthermore, surfaces having tethered L-HD and L-DOPA were challenged with 

solutions containing mixtures of human histamine H1 and dopamine D1 GPCRs isolated from 

transfected CHO-K1 cell lines. Figure 3-4 displays high-intensity green and red lanes illustrating 

total binding by H1 and D1 receptors to the corresponding lanes functionalized with L-HD and 

L-DOPA. Moderate nonspecific binding was observed in the green fluorescence image for the 

L-DOPA lane (35%) and in the red fluorescent image for the L-HD lane (40%). Control 

experiments were carried out using CHO-K1 cell membranes from nontransfected cell lines, i.e., 
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membranes without H1 or D1 GPCRs, followed by exposure to anti-receptor antibodies and 

fluorescently tagged secondary antibodies. Low fluorescence intensity was observed in all lanes 

(Figures 3-S3C, D, Supporting Information) suggesting that nonspecific binding observed in 

Figure 3-4 stemmed from some affinity of anti-H1 receptor antibodies with L-HD and anti-D1 

receptor antibodies with L-DOPA. Nonetheless, this small-molecule array experiment 

demonstrates that GPCRs in complex mixtures can be sorted to particular regions on solid 

substrates via specific GPCR-ligand interactions. The receptor screening results demonstrated in 

Figures 3-3 and 3-4 further indicate that additional epitopes introduced to the surface-tethered 

ligands do not lead to surface-tethering-induced orientation and crowding problems affecting 

receptor binding. Rather, the presence of the additional epitope restores the bioselectivity of the 

small-molecule arrays toward membrane protein targets. 
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Figure 3-4. (Left) Representative fluorescence images and (Right) fluorescence intensity 

graphs for sorting human histamine H1 and human dopamine D1 receptor mixtures. Left 

lane: L-histidine (L-HD). Two middle lanes: blank (no surface-tethered ligands). Right lane: 

L-3,4-dihydroxyphenylalanine (L-DOPA). Substrates were imaged at two different 

wavelengths to visualize the L-HD lanes (AlexaFluor 488; emission 519 nm) (top image) and 

the L-DOPA lanes (AlexaFluor 546; emission 573 nm) (bottom image). Fluorescence 

intensities indicate sorting of histamine H1 and dopamine D1 receptors to the corresponding 

surface-tethered ligands. Error bars represent standard errors of the means with N=3 samples 

per group. Mean intensities are significantly different for green [t(4)=6.2, **P<0.01] and red 

[t(4)=3.5, *P<0.05] fluorescence data. Scale bars are 50 μm. 
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3.5 Conclusions and Prospects 

The capability to sort multiple nonsolubilized GPCRs from complex media, in 

combination with minimal fluorescence background, suggests that this platform can be used not 

only to screen biological preparations containing native molecules for “orphan” GPCRs but also 

to identify novel synthetic binding partners, such as neuropeptides from phage display libraries 

or aptamers to serve as artificially receptors, with relevance to therapeutic development and 

biosensing applications.39−43 
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3.6 Supplemental Experiments and Figures 

Supplemental Experiments. Experiments to investigate sources of nonspecific binding 

for NE and HA antibodies were carried out using the same procedures described in the Antibody 

Sorting experimental section with the exception that primary antibodies were omitted. The 

results are shown in fig. 3-S1. Experiments to investigate the origins of nonspecific binding in 

receptor-ligand screening and sorting experiments were conducted using the same procedures 

described in the Screening and Sorting GPCRs experimental section with the exception that 

CHO-K1 cell membranes lacking transfected H1 and D1 receptors were used. The results are 

shown in figs. 3-S2 and 3-S3. 
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Figure 3-S1. Norepinephrine (NE) and histamine (HA) antibody sorting 

(corresponding to fig. 3-2). A substrate was prepared as described in the experimental 

sections and cut to produce two identical halves. (A,B) One half of the substrate was 

challenged with anti-noradrenaline and anti-histamine primary antibodies 

simultaneously, followed by a combination of AlexaFluor 488 and AlexaFluor 350 

secondary antibodies. In (A), the substrate was imaged at 519 nm, the emission 

wavelength to detect secondary antibody binding to NE primary antibodies. In (B), the 

substrate was imaged at 442 nm, the emission wavelength to detect secondary antibody 

binding to HA primary antibodies. (C,D) The other half of the substrate was challenged 

with secondary antibodies alone and imaged as in (A,B). Fluorescence was not detected 

at either secondary antibody emission wavelength when primary antibodies were omitted 

indicating minimal nonspecific adsorption of secondary antibodies. Left lanes: NE; 

middle lanes: blank (no surface-tethered ligands); right lanes: HA. Scale bars are 50 μm. 

The substrate shown in (A,B) is the same as depicted in fig. 3-2 (B,C). 
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Figure 3-S2. Histamine H1 receptor screening (corresponding to fig. 3-3). 

A substrate was prepared as described in the experimental section and cut to produce two 

identical halves. (A) One half of the substrate was challenged with histamine H1 receptors, 

anti-2 adrenergic receptor antibodies (to block nonspecific sites introduced by bound 

receptor-membrane complexes), anti-histamine H1 receptor primary antibodies, and 

AlexaFluor 488 secondary antibodies. Imaging was carried out at 519 nm to detect secondary 

antibody binding. (B) The other half of the substrate was challenged with nontransfected 

CHO-K1 cell membranes, anti-2 adrenergic receptor antibodies, anti-histamine H1 receptor 

primary antibodies, and AlexaFluor 488 secondary antibodies and imaged at 519 nm. 

Fluorescence is not detected in (B) indicating little to no nonspecific binding of primary and 

secondary antibodies when histamine H1 receptors are not present in CHO-K1 cell 

membranes. Left to right: L-5-hydroxytryptophan (L-5-HTP); L-histidine (L-HD); blank 

(absence of surface-tethered ligands); and L-3,4-dihydroxyphenylalanine (L-DOPA). Scale 

bars are 50 μm. The substrate shown in (A) is the same as depicted in fig. 3-3 (B). 
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Figure 3-S3. Histamine H1 and dopamine D1 receptor sorting (corresponding to fig. 3-4). 

A substrate was prepared as described in the experimental sections and cut to produce two 

identical halves. (A,B) One half of the substrate was challenged sequentially with a solution 

containing a mixture of histamine H1 and dopamine D1 receptors, anti-2 adrenergic receptor 

antibodies (to block nonspecific sites introduced by bound receptor-membrane complexes), 

anti-histamine H1 receptor primary antibodies, AlexaFluor 488 secondary antibodies, 

anti-dopamine D1 receptor primary antibodies, and AlexaFluor 546 secondary antibodies. In 

(A), the substrate was imaged at 519 nm to visualize secondary antibodies bound to anti-H1 

receptor primary antibodies, which bind to H1 receptors. In (B), the substrate was imaged at 

573 nm to visualize secondary antibodies bound to anti-D1 receptor primary antibodies, 

which recognize D1 receptors. (C,D) The other half of the substrate was challenged with 

nontransfected CHO-K1 cell membranes, anti-2 adrenergic receptor antibodies, both primary 

antibodies, and both secondary antibodies. Low fluorescence intensity was detected in (C) 

and (D), indicating some nonspecific binding of primary and secondary antibodies in the 

absence of H1 and D1 receptors. Left lanes: L-histidine (L-HD); middle lanes: blank (absence 

of surface-tethered ligands); right lanes: L-3,4-dihydroxyphenylalanine (L-DOPA). Scale bars 

are 50 μm. The substrate shown in (A,B) is the same as depicted in fig. 3-4. 
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Surface-Bound Ligands Primary Antibodies Secondary Antibodies 

Norepinephrine (NE) 
Rabbit polyclonal 

anti-noradrenaline 

AlexaFluor® 488 goat 

anti-rabbit IgG 

Histamine (HA) 
Mouse monoclonal 

anti-histamine 

AlexaFluor® 350 goat 

anti-mouse IgG 

Surface-Bound Ligands Receptors 
Primary 

Antibodies 

Secondary 

Antibodies 

L-histidine (L-HD) 
Human histamine 

H1 

Rabbit polyclonal 

anti-histamine H1 

receptor 

AlexaFluor® 488 

goat anti-rabbit 

IgG 

L-3,4-dihydroxyphenylalanine 

(L-DOPA) 

Human dopamine 

D1 

Mouse 

monoclonal 

anti-dopamine D1 

receptor 

AlexaFluor® 546 

goat anti-mouse 

IgG 

L-5-hydroxytryptophan 

(L-5-HTP) 
N/A N/A N/A 

Table 3-S1. Visualization strategy for antibody binding to tethered neurotransmitters 

Table 3-S2. Visualization strategy for GPCR binding to tethered neurotransmitter 

precursors 
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Chapter 4 

 

 

Subtractive Patterning via 

Chemical Lift-Off Lithography 

The information in this chapter was published in Science 2012, 337, 1517-1521 

and has been reproduced here in its entirety. 

Authors: Liao, W.-S.; Cheunkar, S.; Cao, H. H.; Bednar, H.; Andrews, A. M.; Weiss, P. S. 
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4.1 Abstract 

Conventional soft-lithography methods involving the transfer of molecular “inks” from 

polymeric stamps to substrates often encounter micrometer-scale resolution limits due to 

diffusion of the transferred molecules during printing. We report a “subtractive” stamping 

process in which silicone rubber stamps, activated by oxygen plasma, selectively remove 

hydroxyl-terminated alkanethiols from SAMs on Au surfaces with high pattern fidelity. The 

covalent interactions formed at the stamp-substrate interface are sufficiently strong to remove not 

only alkanethiol molecules but also Au atoms from the substrate. A variety of high-resolution 

patterned features were fabricated, and stamps were cleaned and reused many times without 

feature deterioration. The remaining SAM acted as a resist for etching exposed Au features. 

Monolayer backfilling into the lifted-off areas enabled patterned protein capture, and 40-

nanometer chemical patterns were achieved.  
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4.2 Introduction 

High-throughput molecular printing strategies with high feature resolution are central 

goals for lithography. However, progress has been impeded by the conflicting aims of large-area 

fabrication versus precision, and of convenience versus cost.1–4 For instance, although 

photolithography enables patterning over large areas (centimeters), the prototyping process is 

time-consuming and resolution is restricted by light diffraction.1–3 Patterning by electron beam 

lithography (EBL) or scanning probe lithography (SPL) techniques, such as dip-pen 

nanolithography, nanoshaving, and nanografting,5–7 produces high-resolution features (<10 nm 

and <100 nm for EBL and SPL, respectively),1–3 but throughput is limited by serial processing 

speeds. 

Soft-lithography strategies produce patterns over large areas at the micro- and 

nanoscales.1,3,4,8–10 Commercial polymers (such as, PDMS) are used as molds for pattern transfer 

via contact printing. The bas-relief pattern on a master mold is fabricated by photolithography 

for large-area patterning or EBL for high-resolution patterning.1,3 Once the master is generated, 

patterned features are negatively transferred to PDMS stamps, which are then “inked” with 

organic molecules, proteins, nanoparticles, or DNA.1,10–16 

Among the materials transferred, organic molecules such as alkanethiols and other related 

molecules, which form SAMs on Au substrates, can be readily subjected to chemical 

modification at the exposed terminal groups for capturing biomolecules.1,16–18 Moreover, SAMs 

serve as “molecular resists” against different wet etchants, enabling patterns to be transferred 

reproducibly to underlying substrates.19 However, the success of contact printing and related 

soft-lithography techniques is also limited by the chemistries and compatibility of the inks, 

stamps, and substrates.1,3,4 For example, lateral diffusion and gas-phase deposition of ink 
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molecules tend to reduce pattern fidelity,20,21 creating a resolution limit of ~100 nm for 

alkanethiols on Au. 

To overcome the limitations of stamp feature replication in soft lithography, the general 

principles of contact printing must be modified to achieve sharp, stable, and reproducible 

chemical features on substrates.7,19,22,23 We transformed the conventional contact printing process 

such that the polymer stamp is activated and then used to lift off a preformed SAM resist. A 

strong contact-induced interaction at the stamp-SAM interface enables the transfer of sharp 

stamp features by mechanical desorption of resist only in the areas of stamp-substrate contact. 

The subtractive nature of this process precisely replicates features from the master mold.9,24 This 

approach, chemical lift-off patterning, facilitates the addition of different molecules into the 

lift-off areas to produce multicomponent patterned SAMs. It also enables the intact areas to act 

as an etch resist for the transfer of features to the underlying substrate. Moreover, stamps used 

for CLL can be cleaned and reused many times without deterioration.  
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4.3 Materials and Methods 

Materials. Hydroxyl-terminated tri(ethylene glycol)undecanethiol (TEG) was purchased 

from Toronto Research Chemicals Inc., Canada. Biotin-terminated hexa(ethylene 

glycol)undecanethiol was purchased from Nanoscience Instruments Inc. (Phoenix, AZ). 

Methoxy-terminated tri(ethylene glycol)undecanethiol was purchased from Prochimia (Poland). 

Hydroxyl-terminated undecanethiol, methyl-terminated undecanethiol, iron nitrate, thiourea, and 

bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). Streptavidin 

was purchased from Invitrogen Inc. (Carlsbad, CA). Anti-streptavidin antibody conjugated to 

fluorescein isothiocyanate (FITC) was purchased from Abcam Inc. (Cambridge, MA). 

Chemical Lift-Off Process. Substrates consisted of 30-nm-thick Au evaporated on Si 

with a 5-nm Ti/Cr adhesion layer (Platypus, Madison, WI). Alkanethiols with different terminal 

groups were used to form SAMs on Au surfaces via incubation in 1 mM ethanolic solutions at 

room temperature for 18 h, except where noted. Polydimethylsiloxane stamps of different 

geometries were formed using standard photolithography-fabricated masters. A 10:1 mass ratio 

of SYLGARD® 184 silicone elastomer base and curing agent (Ellsworth Adhesives, 

Germantown, WI) was mixed thoroughly, degassed under vacuum, and cured at 60 C 

overnight.17,18,47 

Stamps were activated by 30-s exposure to oxygen plasma (Harrick Plasma, Ithaca, NY) 

at a power of 18 W and an oxygen pressure of 10 psi to yield a fully hydrophilic reactive 

surface.17,25-27 Thereafter, stamps and SAM-modified substrates were brought into conformal 

contact for 5 min. Stamps were then carefully peeled away from substrates with stamp features 

transferred to the substrates. After lift-off, stamps were cleaned by wiping with lab tissues 

soaked in ethanol, additional rinsing with ethanol, and drying under nitrogen gas. Cleaned stamps 
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were sealed against clean glass slides for storage before additional patterning. Self-assembled 

monolayers and Au topographic features were characterized by tapping mode AFM (Dimension 

5000, Bruker AXS, Santa Barbara, CA). Topographic AFM images were collected using Si 

cantilevers with a spring constant of 280 kHz (Veeco Instruments, Santa Barbara, CA). 

Bright-field optical images were obtained with an upright digital Nikon LV150 microscope 

(Nikon Instruments Inc., Melville, NY). 

Biotin-Streptavidin Recognition Arrays. Biotinylated patterns were created by lifting off 

areas of initial hydroxyl-terminated tri(ethylene glycol)alkanethiol (TEG) SAMs to expose the 

Au substrates underneath, as described in fig. 4-1. Substrates were then exposed to a 90:10 molar 

ratio of TEG and biotin-terminated hexa(ethylene glycol)alkanethiol in ethanol for 18 h. Before 

streptavidin incubation, patterned substrates were exposed to 10 mg/mL BSA for 5 min to reduce 

nonspecific protein adsorption on biotinylated substrates.18 Patterned surfaces were incubated 

with 50 g/mL streptavidin for 20 min followed by 10 g/mL FITC-conjugated anti-streptavidin 

antibody for 20 min. Substrates were rinsed with deionized water between steps. Visualization of 

bound fluorophores was carried out using an inverted fluorescence microscope (Carl Zeiss 

MicroImaging, Inc., Thornwood, NY) with a fluorescence filter set (38 HE/high efficiency) 

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

Sub-100-nm features were created using the same lift-off process described above. As 

illustrated in fig. 4-4B, areas of pre-existing TEG SAM, which were in conformal contact with a 

PDMS stamp having 90 ± 5-nm-diameter holes, were lifted off to expose the Au substrate 

underneath. The patterned substrates were then backfilled with 100% biotin-terminated 

alkanethiol for 1 h. Forty-nm features were achieved in the same manner using a PDMS stamp 

with 40 ± 2 nm channels. As shown in fig. 4-4C, bright fluorescent areas, representing biotin-
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streptavidin, are separated by 40-nm lines representing areas of the original TEG SAM that were 

not lifted off. For double lift-off processing, the PDMS stamp was brought into conformal 

contact a second time but was shifted relative to its original contact position in the initial lift-off 

step (fig. 4-4D). Any TEG areas in the overlapping regions between hole features from the first 

and second lift-off steps remained intact, while TEG areas lying outside the overlapping hole 

regions were removed. The patterned surfaces were then backfilled with 100% biotin-terminated 

alkanethiol (fig. 4-4E). Patterned surfaces were incubated with 50 g/mL streptavidin for 

30 min, rinsed with deionized water, and dried under nitrogen gas before AFM imaging. 

Wet Chemical Etching. An aqueous solution of 20 mM iron nitrate and 30 mM thiourea 

was applied to post-lift-off substrates for 20 min to carry out selective wet etching of the exposed 

substrate areas after chemical lift-off lithography.19 Substrates were cleaned with deionized water 

and dried with nitrogen gas prior to imaging. 

X-Ray Photoelectron Spectroscopy. All XPS data were collected using an AXIS Ultra 

DLD instrument (Kratos Analytical Inc., Chestnut Ridge, NY). A monochromatic Al K X-ray 

source (20 mA, 14 kV) with a 200 μm circular spot size and ultrahigh vacuum (10-9 torr) were 

used in all XPS experiments.17 Spectra were acquired at a pass energy of 80 mV for survey 

spectra and 20 mV for high resolution spectra of C 1s, S 2p, O 1s, and Au 4f regions using a 

200 ms dwell time. Different numbers of scans were carried out depending on the difficulty of 

identifying each peak from background, ranging from 20 scans for C 1s to 100 for Au 4f. 

Polydimethylsiloxane is an insulator; thus, a charge neutralizer (flood gun) was used to 

obtain signals. This has the effect of shifting peaks slightly from their expected regions (for C 1s 

this is 4-5 eV lower than the reference). Due to the small number of peaks and their separation, 

peak shifting did not affect identification. Peaks of interest had strong signals post-optimization. 
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No corrections were carried out during data collection to shift peaks back to particular regions or 

to scale peaks based on reference locations.  
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4.4 Results and Discussions 

4.4.1 Chemical Nature of the Lift-Off Process 

Alkanethiols with different terminal groups (Table 4-1) were used to form SAMs on 

Au-coated Si substrates. Soft-lithography stamps were created from PDMS to transfer features of 

different geometries from master molds (fabricated by standard photolithography and EBL 

techniques) to the molecular-resist layers.1,8,10 The CLL process is outlined schematically in 

Fig. 4-1. A PDMS stamp was first activated by exposure to oxygen plasma, yielding a fully 

hydrophilic and reactive surface.17,25–27 The stamp and SAM-modified substrate were then 

brought into conformal contact. The stamp was peeled away from the substrate, which removed 

resist molecules selectively in the areas contacted by the stamp, transferring stamp features with 

high resolution to the substrate.  

On the basis of earlier work, we hypothesized that the Au-Au bonds in the substrate metal 

lattice, rather than the Au-S bonds between the substrate and alkanethiol, are preferentially 

broken during lift-off. The breaking of Au-Au bonds during SAM desorption has been a 

particular subject of controversy.6,28–32 The mobility of Au thiolates within SAMs29,33,34 indicates 

Table 4-1. Alkanethiol molecules and terminal groups used in chemical lift-off 
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that weak Au-Au bonds are present at the substrate surface. Furthermore, recent studies show the 

presence of Au adatoms beneath SAMs, which leads to facile Au-Au bond breakage because of 

reduced coordination of the adatoms.35–38 We made a featureless, oxygen plasma-treated PDMS 

stamp and brought it into contact with a hydroxyl-terminated SAM-coated Au surface. After 

lift-off, a peak indicating the presence of Au was observed on the PDMS stamp surface by X-ray 

photoelectron spectroscopy (XPS; see spectra in fig. 4-S1). This finding is consistent with Au 

being removed from the underlying substrate.39 

The presence of Au on oxygen plasma-treated PDMS surfaces after chemical lift-off led 

us to propose that a contact-induced chemical reaction between the hydrophilic stamp surface 

and the molecular-resist layer results in Au-Au bond rupture during stamp removal. Studies have 

shown that oxygen plasma treatment yields siloxyl groups on PDMS stamp surfaces, which 

facilitate condensation reactions between Si-OH and hydroxyl groups on different oxides, such 

as Au, Ti, and Si to form Si-O-Au, Si-O-Ti, and Si-O-Si linkages, respectively.9,24,40–42 We 

anticipated that the same type of linkage (Si-O-SAM) would be established between Si-OH 

groups on oxygen plasma-treated PDMS stamp surfaces and hydroxyl-terminated groups on 

SAMs.  
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Figure 4-1. Schematic illustration of the molecular-resist lift-off process. (A) A 

polydimethylsiloxane (PDMS) stamp is activated by oxygen plasma treatment, producing 

hydrophilic siloxyl groups. (B) A surface-induced contact reaction is implemented via 

close contact between the stamp and hydroxyl-terminated molecules self-assembled on an 

Au substrate. (C) Stamp removal lifts off resist molecules and underlying Au. (D) In 

chemical lift-off lithography (CLL), a patterned PDMS stamp is brought into conformal 

contact with a self-assembled molecular resist.(E) Lift-off is limited to 

the stamp-contact regions. 
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To investigate the roles of the molecular resist tail groups in the CLL process, we 

assembled two different hydroxyl-terminated alkanethiol molecules, with and without 

oligo(ethylene glycol), as molecular resist monolayers (Table 4-1). Both provided good transfer 

of stamp features to SAM-coated Au substrates (Fig. 4-2 and Fig. 4-S5A). In contrast, when 

methoxy- or methyl-terminated alkanethiol molecules (Table 4-1) were tested under the same 

assembly and lift-off conditions, no detectable transfer of stamp features was found on 

SAM-coated Au surfaces (figs. 4-S5B and 4-S5C, respectively). Stamp features were not 

transferred when a hydrophilic PDMS stamp was used directly with a bare Au substrate (fig. 

4-S5D). Thus, tail group reactivity dictates whether lift-off occurs via hydrophilic PDMS stamps.  

Fourier-transform infrared reflection absorption spectroscopy (FT-IRRAS) was used to 

investigate the extent of lift-off occurring in a prototypical SAM. Spectral analysis indicated that 

Figure 4-2. (A and B) Atomic force microscope topographic images of substrates 

patterned by CLL. Self-assembled monolayers of hydroxyl-terminated tri(ethylene 

glycol)alkanethiol on Au substrates were patterned using CLL and a PDMS stamp with 

depressed wells (A) (2 m  2 m) or a PDMS stamp with protruding posts (B) 

(10 m  10 m). Stamp geometries are illustrated above the images. Contact dwell time 

was 5 min. AFM topographical heights are shown in the scale bars to 

the right of each image. 
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75 to 80% of hydroxyl-terminated undecanethiol molecules are removed after the lift-off process 

(fig. 4-S6). Previous reactive patterning of hydrogen-bonding SAMs showed that this level of 

damage makes the SAM labile to complete displacement, and the hydrogen bonding in the intact 

areas prevents diffusion and thus pattern dissolution.43 The terminal functionality of the initial 

SAM influences lift-off via the extent of the contact-induced reaction at the SAM-stamp 

interface. Lift-off from SAMs of hydroxyl-terminated TEG was sufficient to enable patterning of 

underlying substrates by wet etching and to produce patterned multicomponent SAMs capable of 

biorecognition (see below). 

 

4.4.2 Patterning Alkanethiol Monolayers and Underlying Substrates with Chemical 

Lift-Off Lithography 

Chemical patterns of TEG were characterized by atomic force microscopy (AFM) and 

bright-field optical microscopy, as shown in Figs. 4-2 and 4-3. Stamps with depressed well-like 

motifs or protruding posts were used to create different surface relief patterns. The stamp 

negative was produced in the resist, as molecules were removed (instead of added) by patterning. 

For example, islands of SAM resist remained when a stamp with a depressed relief was used; the 

areas surrounding the relief on the stamp contacted the SAM surface, and the molecular resist 

was removed in these areas during the lift-off step. The AFM topographic image in Fig. 4-2A 

illustrates the protruding SAM islands after patterning. By contrast, well-shaped features were 

observed on the substrate when a stamp with a protruding relief was used for patterning 

(Fig. 4-2B). In Fig. 4-2, AFM topography profiles indicate 2.0  0.3 nm differences between 

lifted-off and unpatterned areas. The thickness of the TEG SAMs was 1.6  0.1 nm by 



97 

 

 

ellipsometry. The difference can be accounted for by a single atomic layer of Au removed during 

the lift-off process.  

Figure 4-3. Patterning underlying Au substrates by CLL. Hydroxyl-terminated 

tri(ethylene glycol)undecanethiol was self-assembled on Au substrates. Lift-off lithography 

via activated PDMS stamps was used to produce a variety of patterns. Substrates were then 

chemically etched (Fe3+/thiourea) to pattern the underlying metal by removing additional Au 

in the exposed regions. The SAM molecular resist was intact during imaging with bright-field 

microscopy and AFM. Patterns transferred by the molecular-resist lift-off process include (A 

and D) pillars, (B and E) wells, and (C and F) channels. Bright-field microscope images are 

shown in (A) to (C); corresponding AFM topography images are shown in (D) to (F). Scale 

bars,(A) 18 m, (B) 130 m, (C) 1325 m, (D) 5 m, (E) 15 m, and (F) 17.5 m. Atomic 

force microscopy topographical heights are shown in the upper right corners of (D) to (F). 
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We explored the use of the intact SAM areas as an unconventional resist to transfer 

patterns to the underlying material, Au, through selective wet chemical etching.19,44 Exposed 

areas of the Au surface were contacted by the etchant solution while the intact SAM molecular 

resist protected the remaining regions of Au. Etchant solutions removed exposed Au via 

oxidation by Fe3+, followed by complexation and dissolution of oxidized metal by thiourea.45 A 

variety of patterns (inverse replicas of the PDMS stamp features) with features of different sizes 

were transferred, including lines, holes, and pillars (Fig. 4-3). The advantages of large patterning 

areas and high-fidelity features are apparent in the bright-field images (Fig. 4-3, A to C) and 

AFM topography images (Fig. 4-3, D to F), respectively. Differences in AFM heights indicate 

that features have been transferred to the level of the underlying substrate at a depth of 

30 nmthe thickness of the original Au layer. 

In addition to transferring patterns to SAMs and underlying Au substrates, CLL enables a 

SAM of a different composition to be assembled on the lift-off areas. Figure 4-4A shows a 

large-area, high-fidelity pattern of streptavidin binding to a biotinylated pattern created by lifting 

off areas of an initial TEG SAM to expose fresh Au substrate underneath. The substrate was then 

exposed to 90:10 TEG/biotin-terminated hexa(ethylene glycol)alkanethiol (Table 4-1) to produce 

a low-density biotinylated patterned SAM.17,18 Streptavidin was captured from solution by 

surface-tethered biotin. Bound streptavidin was detected by fluorescence microscopy of 

FITC-conjugated antibodies against streptavidin. The bright fluorescent regions in Fig. 4-4A and 

its inset display the lift-off areas where biotin-terminated alkanethiols were backfilled and used 

to capture streptavidin from solution. The dark regions display minimal fluorescence because of 

the absence of biotin-terminated alkanethiol and the resistance to nonspecific protein adsorption 

by TEG.17,46 The fabrication of biotin-streptavidin patterns demonstrates not only that CLL 
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transfers large-area, high-fidelity patterns to SAMs, but also that the Au areas exposed after 

lift-off are advantageous for producing multiplexed bioselective patterned surfaces. 

 

4.4.3 Chemical Lift-Off Nanolithography and Multiple Lift-Off Process 

To carry out nanometer-scale chemical patterning, we implemented the lift-off process 

for biotin-streptavidin described above, using a PDMS stamp with 90-nm well-like features 

(Fig. 4-4B). Areas surrounding the wells were lifted off and backfilled with biotin-terminated 

alkanethiol to capture streptavidin, whereas the areas inside the wells were not removed, 

producing TEG islands. In one method to achieve features smaller than 90 nm, a double lift-off 

strategy was used in which the PDMS stamp was twice brought into conformal contact with the 

substrate (Fig. 4-4E). The initial lift-off step removed the molecules in the areas surrounding the 

stamp wells, leaving the TEG SAM inside the wells intact. During the second lift-off step, the 

stamp was offset with respect to the first pattern. (This result was initially a serendipitous 

consequence of being unable to maintain exact registry between multiple stamping steps.) 

Additional areas of the TEG SAM were removed, depending on the amount of registration. The 

exposed Au surfaces resulting from both TEG removal steps were backfilled with 

biotin-terminated alkanethiol. Figure 4-4E illustrates decreasing registration associated with 

smaller feature sizes. The resulting intact TEG regions formed increasingly narrow 

marquise-shaped features with decreased spacing between biotin-streptavidin molecular 

recognition areas. Note that if conventional contact printing were used in this case, lateral 

diffusion of ink molecules would blur nanospaced features beyond detection by AFM.47 In 

Fig. 4-4C, sharp features 40  2 nm in width were directly fabricated using a stamp with 40-nm 

channels, indicating that we have not yet reached the resolution limit of the CLL method. 
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Exploring the effects of Au grain size will also be important for future mechanistic studies and 

possible further improvement of nanoscale feature resolution. 

 

4.4.4 Investigating Molecular Diffusion Following Lift-Off and “Fast” Chemical Lift-Off 

Lithography 

Lateral diffusion of ink molecules, which occurs during increasing stamp contact times 

and/or molecular ink concentrations for additive printing methods on bare Au substrates, is 

avoided in CLL. Preformed well-ordered SAMs, strong intermolecular interactions between 

hydrophilic SAM molecules, and a diffusion barrier created by the Au step edges48 formed 

during lift-off prevent pattern dissolution. Patterned TEG SAMs produced by CLL showed no 

discernable dissolution after 2 days under ambient storage conditions (fig. 4-S8). Furthermore, 

the backfilled multicomponent SAMs shown in Fig. 4-4 were produced by solution deposition of 

the second SAM component over 12 hours; sharp pattern features were produced even in this 

case, arguing against diffusion or dissolution of the original lift-off pattern. 

We investigated the time needed for the contact-induced chemical reaction at the 

stamp-substrate interface by examining 1-min versus 5-min contact times between oxygen 

plasma-treated PDMS stamps and hydroxyl-terminated, alkanethiol-coated Au surfaces. Features 

were transferred even with 1-min contact times; however, shorter contact times resulted in poor 

features produced after wet etching. Additionally, pattern transfer was maintained with short 

SAM deposition times. Hydroxyl-terminated alkanethiol SAMs formed during 1 hour of 

deposition were found to provide good transfer of stamp features to Au substrates, comparable to 

transfer obtained from SAMs formed overnight. These findings demonstrate advantages 

associated with short contact and SAM formation times for facilitating robust, expeditious, and 
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high-throughput patterning by CLL. Ultimately, limits for SAM deposition and stamp contacts 

times will depend on the specific molecules used for SAM formation.  
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Figure 4-4. Large-area patterning of microscale and nanoscale features via CLL. (A) Tri(ethylene 

glycol)alkanethiol (TEG) self-assembled on an Au-coated substrate was subjected to the lift-off 

process using a PDMS stamp having “UCLA” characters as positive (protruding) features and “CNSI” 

characters as negative (depressed) features. After patterning, a new monolayer of 90% TEG/10% 

biotin-terminated oligo(ethylene glycol)alkanethiol (nominal solution ratio) was self-assembled on the 

exposed Au regions (“UCLA” characters and areas surrounding the “CNSI” characters). Bright areas 

indicate fluorescence associated with FITC-labeled anti-streptavidin antibody recognition of 

streptavidin bound to biotin. Dark areas display minimal fluorescence due to the protein-resistant 

characteristics of TEG. The fluorescent pattern is sharp and extends over a large substrate area 

(>3 mm2). Scale bar (main image), 250 μm. (B) Au-coated substrates coated with TEG self-assembled 

monolayers were subjected to the lift-off process using a PDMS stamp with holes 90 nm in diameter. 

After patterning, a new monolayer of 100% biotin-terminated oligo(ethylene glycol)alkanethiol was 

self-assembled on the exposed Au regions (areas surrounding the resulting pillar features). Scale bar 

(main image), 400 nm. The inset shows a high-resolution AFM image of biospecific 90-nm circular 

features produced by CLL. (C) AFM images display biotin-streptavidin recognition areas separated by 

narrow line features. The inset shows a detailed AFM image of an individual line feature (width 

40  2 nm) made using a stamp with 40-nm channels. Scale bar (main image), 1 m. (D) A PDMS 

stamp with holes 90 nm in diameter was brought into conformal contact once with a TEG SAM (upper 

left). In this case, substrates were stamped twice with decreasing registry (subsequent images from left 

to right). Patterned substrates were backfilled with biotin-terminated alkanethiol. (E) Topographic 

AFM images display decreasing feature sizes (from left to right): 90  5 nm, 80  3 nm, 50  2 nm, 

30  3 nm, and 15  5 nm. Protruding (lighter) areas indicate biotin-streptavidin recognition. Shallow 

(darker) areas comprise intact TEG SAM. Scale bars are 100 nm. 
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4.5 Conclusions and Prospects 

With this method, conventional nanolithographic patterning techniques such as 

photolithography and electron-beam lithography need only be used for the fabrication of stamp 

master molds. Once individual masters are produced, CLL can be implemented as a strategy for 

high-resolution, high-throughput, low-cost pattern fabrication. Because CLL enables patterns to 

be transferred to underlying substrates and can be used in a multiple-stamping strategy to 

produce patterns that are smaller than the actual stamp features, possible applications of CLL 

include the production of high-fidelity nanometer-scale patterns on Au substrates, as well as 

patterning of different materials such as Si, Ge, Pd, Pt, and graphene.  
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4.6 Supplementary Experiments and Figures 

X-Ray Photoelectron Spectroscopy. The XPS spectra of PDMS stamps are shown in 

figs. 4-S1-S4. Figure 4-S1 shows Au 4f signature peaks at 78-86 eV indicating that layers of Au 

atoms were removed from the underlying substrate due to the contact reaction between an 

oxygen-plasma-treated stamp and a hydroxyl-terminated SAM on a Au surface. Figure 4-S3 

obtained from oxygen plasma-treated PDMS in the absence of the contact reaction and lift-off 

processes displays no Au signature peaks, and serves as a background XPS spectrum. The XPS 

spectra of PDMS stamps without oxygen plasma treatment are shown in figs. 4-S2 and 4-S4. 

Figure 4-S2 indicates that removal of Au from the substrate was not detected when the lift-off 

process was carried out using a stamp that was not oxygen plasma treated and a 

hydroxyl-terminated SAM on the Au surface. Arguably, siloxyl groups might spontaneously 

form on the surface of PDMS stamps in the absence of oxygen plasma treatment. However, 

siloxyl groups are known to undergo rearrangement within the bulk PDMS and/or condensation 

such that oxygen plasma-treated stamps return to fully hydrophobic surfaces within a short 

period of time.49 Thus, untreated stamps are not expected to have appreciable levels of siloxyl 

groups available for contact reactions. Figure 4-S4, which also displays no Au signature peaks, 

serves as a background XPS spectrum for the untreated PDMS alone in the absence of the lift-off 

process. 

 



105 

 

 

 

 

 

  

Figure 4-S1. X-ray photoelectron spectrum after lift-off from a hydroxyl-terminated 

SAM. An oxygen plasma-treated PDMS stamp was subjected to the contact reaction followed 

by the lift-off process. Peaks (Au 4f) indicate the presence of Au on the stamp surface after 

lift-off and are shown in the inset. 
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Figure 4-S2. Oxygen plasma treatment is necessary for lift-off. Here, a PDMS stamp was 

not treated with oxygen plasma prior to the contact reaction and lift-off processes. No Au 4f 

peaks are observed in the XPS spectrum, as shown in the inset, demonstrating that stamp 

activation is needed to observe lift-off of the molecular resist and removal of Au adatoms. 
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Figure 4-S3. X-ray photoelectron spectrum of a treated but unused PDMS stamp. A 

PDMS stamp was treated with oxygen plasma to make the surface fully hydrophilic, however, 

the stamp was not subjected to the contact reaction or lift-off processes. No Au 4f peaks are 

observed, as shown in the inset. 
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Figure 4-S4. X-ray photoelectron spectrum of an untreated and unused PDMS stamp. A 

PDMS stamp was not treated with oxygen plasma nor was it subjected to the contact reaction 

or lift-off processes. No Au 4f peaks are observed, as displayed in the inset. 
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Figure 4-S5. Atomic force microscope topographic images of chemical lift-off 

lithography on different types of SAMs. Self-assembled monolayers of alkanethiols with 

different tail groups on Au substrates were investigated using chemical lift-off lithography 

and PDMS stamps with 10-m  10-m protruding posts. (A) Similar to TEG SAMs, 

monolayers of hydroxyl-terminated undecanethiol are patterned when contacted by oxygen 

plasma-treated PDMS stamps. By contrast, (B) a methoxy-terminated tri(ethylene 

glycol)undecanethiol SAM, (C) a methyl-terminated undecanethiol SAM, and (D) a bare Au 

substrate showed no evidence of patterning by lift-off lithography. Scale bars are 10 m. 
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Infrared Spectroscopy to Investigate the Extent of Lift-Off. Both Fourier-transform 

infrared reflection-absorption spectroscopy (FT-IRRAS) and polarization-modulation infrared 

reflection-absorption spectroscopy (PM-IRRAS) were carried out using a Thermo Nicolet 8700 

FT-IR spectrometer (Thermo Electron Corp., Madison, WI) in reflectance mode using infrared 

light incident at 82° relative to the surface normal. Spectra with 1024 scans were collected in all 

cases. Before collecting FT-IRRAS spectra, the sample chamber was flushed with nitrogen gas to 

reduce the presence of water and CO2. Additionally, deuterated dodecanethiol SAM-modified 

Au substrates were used as reference samples to subtract water and CO2 contributions from 

experimental sample spectra. Since, the O-H stretching mode is relatively free of water 

interference, its peak area can be determined quantitatively. 

The FT-IRRAS experiments were performed on hydroxyl-terminated SAM-coated Au 

substrates before and after the lift-off process to determine the lift-off yield resulting from the 

contact reaction at the stamp-SAM interface. An unpatterned, flat PDMS stamp was oxygen 

plasma-treated and used to produce the lift-off area for interrogation by FT-IRRAS. Spectra were 

collected in the range of 2500-3650 cm-1
 to monitor relative changes in peaks arising from O-H 

tail groups of hydroxyl-terminated SAMs. Before lift-off, a broad band centered around 

3350 cm-1
 representing the O-H stretching modes and strong bands at 2800-3000 cm-1 indicative 

of C-H stretching modes were observed as shown in representative spectra in fig. 4-S6. After 

lift-off, a decrease of 75-80% in the relative peak area was observed for the broad O-H stretching 

band. Weaker peak intensity decreases were observed for the C-H stretching bands. Pan and 

coworkers have shown that the IR intensity of the O-H stretching modes depends only on the 

surface coverage of hydroxyl-terminated alkanethiols, while that of the C-H stretching modes 

depends on both the surface coverage and the C-H dipole orientation.50 Thus, a 75-80% decrease 
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in the peak area of the O-H stretching band reflects the actual decrease in the surface coverage of 

alkanethiols due to the lift-off process. Because the IR peak areas of the C-H stretching modes 

depend on both the surface coverage and the dipole orientation, it is possible that the remaining 

alkanethiol molecules that were not lifted off after the stamp-SAM contact reaction undergo 

rearrangement of the C-H dipoles to enhance the IR intensity/peak area. This would cancel out 

the reduction in C-H IR peak area due to the removal of alkanethiols via the lift-off process. 

Figure 4-S6. Fourier-transform infrared reflection-absorption spectra of a 

hydroxyl-terminated SAM-coated Au substrate before and after the lift-off process. The 

broad hydroxyl stretch band (indicated by the black arrow) arising from the 

hydroxyl-terminated SAM molecules decreases in relative peak area, indicating 75-80% 

removal of alkanethiols after lift-off. 
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Thus, only a weak IR peak area decrease of the C-H stretching bands was observed in fig. 4-S6. 

The decrease in the peak area of the O-H stretching band enables a good estimation of the 

contact reaction lift-off yield for hydroxyl-terminated alkanethiols. Contact reaction lift-off 

yields may vary for different alkanethiols. A more thorough investigation of this phenomenon 

will be carried out in the future to reveal the reaction mechanism at the stamp-SAM interface by 

examining additional functional tail moieties.  

Figure 4-S7. Polarization-modulation infrared reflection-absorption spectra of a 

hydroxyl-terminated SAM-coated Au substrate before/after lift-off and after backfilling. 

The broad hydroxyl stretch centered around 3400 cm-1 of the hydroxyl-terminated alkanethiol 

SAM decreases after lift-off, due to the removal of hydroxyl-terminated alkanethiols and 

increases after backfilling, indicating hydroxyl-terminated alkanethiol refilling. By contrast, 

the C-H stretching modes stay constant, within experimental error. 
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Polarization-modulation infrared reflection-absorption spectroscopy was used to 

investigate the role of orientational changes in modulating the intensity of the C-H stretching 

peaks. In PM-IRRAS, both p-polarized and s-polarized radiation are modulated by a photoelastic 

modulator to reduce contributions to the spectra from water in the vapor phase above the 

substrates. As before, a featureless PDMS stamp was used to lift-off molecules from 

hydroxyl-terminated alkanethiol SAMs on Au substrates. After lift-off, the same 

hydroxyl-terminated alkanethiol molecules were backfilled into the exposed Au regions. 

Representative spectra are shown in fig. 4-S7. Similar to findings in FT-IRRAS experiments, 

only the broad O-H stretching peak area was reduced after lift-off; the C-H stretching peak was 

essentially unchanged. After the backfilling step, the O-H stretching peak returned to its 

pre-lift-off intensity. Again, the C-H stretch peak did not change, within experimental error. 

These results support the conclusion that the O-H intensity depends on surface coverage. By 

contrast, the C-H intensity, which depends on both surface coverage and dipole orientation, does 

not appear to be a good indicator of coverage. While similar conclusions are drawn from both the 

FT-IRRAS and PM-IRRAS data, conventional FT-IRRAS measurements are more quantitative, 

and are used to estimate the fraction of the monolayer removed here. 

Effects of Diffusion. A hydroxyl TEG SAM-coated Au substrate was investigated by 

tapping-mode AFM immediately after lift-off. The substrate was subsequently stored under 

ambient conditions (in air at 25 C) for two days and reinvestigated by AFM. The SAM features 

were found to remain intact on the substrate, and there was no obvious pattern dissolution, as 

shown in the comparative AFM topography images in fig. 4-S8.  
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Fig. 4-S8. Atomic force microscope topographic images of TEG SAM hole features 

created by chemical lift-off lithography. PDMS stamps with 10-m  10-m protruding 

posts were used to lift-off areas of a TEG SAM on a Au substrate. (A) Freshly lifted-off TEG 

SAM hole features. (B) Lift-off TEG SAM features two days after storing under 

ambient conditions. Scale bars are 5 m. 
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5.1 Abstract 

Creating small-molecule addressable platforms for high-throughput screening and 

biosensing applications requires the precise placement of bioactive probes on solid substrates and 

the capability to capture and to sort targets from multi-component solutions. Here, chemical lift-

off lithography was used to fabricate large-area, high-fidelity patterns of small-molecule probes. 

Lift-off lithography enabled precise patterning of biotin-streptavidin recognition from 

micrometer to sub-30-nm feature sizes. Subtractive patterning via lift-off further enabled 

multiplexed side-by-side patterns of small bioactive probes such that binding partners were 

directed to their cognate tethered ligands from complex mixtures. Moreover, small molecules 

mimicking endogenous neurotransmitters were patterned using lift-off to capture native human 

membrane-associated G-protein-coupled receptors. The ability to place bioactive probes 

precisely on substrates and to create multiplexed patterns of small molecules for sorting target 

mixtures according to ligand affinities is critical for fabricating biochips for proteomics and 

biosensing applications. 
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5.2 Introduction 

Creating multiplexed functional biocapture platforms is essential for investigating 

biomolecule-ligand recognition for high-throughput screening and biosensing applications.1-4 To 

achieve this, surface immobilization strategies are needed to anchor either biomolecules or 

ligands on solid substrates for capturing and sorting respective binding partners from solution 

phase. Immobilization of biomolecules on surfaces requires avoiding denaturation upon surface 

adsorption and favorable orientation for ligand binding.5-10 In contrast, surface tethering of small-

molecule probes necessitates judicious selection of coupling chemistries and surface dilution to 

facilitate recognition by large biomolecule binding partners.6,11-16 For instance, the size mismatch 

between small-molecule neurotransmitters or amino acids and large antibody or receptor binding 

partners is 10-100-fold.17 

The goal of small-molecule chemical patterning is the precise placement of multiple 

probes on substrates for the investigation of target binding specificity and selectivity.18-20 

However, the latter has been difficult to realize fully.21,22 To this end, we have developed a 

number of patterning methods to investigate relative biomolecule capture on small-molecule 

ligand-functionalized vs. unfunctionalized regions on substrates. We invented microcontact 

insertion printing (CIP) to pattern small-molecule neurotransmitters and precursor molecules 

mimicking endogenous neurotransmitters on alkanethiol SAM-modified Au substrates.23-25 In 

this patterning approach, molecular tethers are inserted into pre-formed SAMs and tethers are 

then functionalized on-chip with small-molecule probes. As an alternative to CIP, we have used 

microfluidics to generate multiplexed substrates.26 In the latter, two-component SAMs having 

low proportions of tethering molecules (<10% solution concentration) were produced by solution 

co-deposition to achieve dilution of surface tethers. 
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Recently, we invented chemical lift-off lithography, wherein molecular patterning is 

achieved by removing alkanethiol SAM molecules from Au substrates.27 In this approach, PDMS 

stamps are treated with oxygen plasma to generate siloxyls on stamp surfaces. These activated 

stamps are then brought into conformal contact with hydroxyl-terminated alkanethiol SAM-

modified Au substrates to produce covalent interactions at stamp/SAM interfaces. The resultant 

interfacial interactions are stronger than the Au-Au bonds on Au substrates such that stamp lift-

off causes alkanethiols and underlying Au atoms to be removed. We showed previously that 

post-lift-off regions could be inserted with biotin-functionalized alkanethiols to capture 

streptavidin. We also discovered that because lift-off removes only a portion of the preformed 

SAM molecules, the remaining molecules in the contact regions enabled controlled insertion of 

DNA probes for high-efficiency and tunable hybridization with target DNA.28 

Here, we continue to investigate the use of chemical lift-off lithography with the end-goal 

of producing multiplexed bioactive substrates in mind. We explore a wide range of feature 

shapes and sizes. Bifunctionalized substrates and the ability of small-molecule patterned 

substrates produced by lift-off lithography to recognize native G-protein-coupled receptor targets 

are also examined. 
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5.3 Materials and Methods 

Materials. Silicon substrates having 100-nm-thick Au films overlaying 10-nm-thick Ti 

adhesive layers were purchased from Platypus Technologies (Madison, WI, USA). 

N-Hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC), N,N-dimethylformamide (DMF), 4-methylpiperidine, bovine serum albumin (BSA), and 

0.01 M phosphate buffered saline (PBS) ([NaCl]=138 mM and [KCl]=2.7 mM) pH 7.4 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Absolute, 200 proof, anhydrous, 

ACS/USP grade ethyl alcohol was purchased from PHARMCO-AAPER (Oakland, CA, USA). 

Deionized water (~18 M) was obtained from a Millipore water purifier (Billerica, MA, USA). 

The FMOC-protected biological precursors to serotonin and dopamine, i.e., 

9-fluorenylmethyloxycarbonyl-5-hydroxy-L-tryptophan (FMOC-L-5HTP) and 

9-fluorenylmethyloxycarbonyl-3,4-dihydroxy-L-phenylalanine (FMOC-L-DOPA) were 

purchased from AnaSpec-Eurogentec (Fremont, CA, USA). 

Streptavidin antibody (1 mg/mL) and AlexaFluor® 546 goat anti-mouse IgG (H+L) 

highly cross-adsorbed antibody (2 mg/mL) were purchased from Invitrogen (Carlsbad, CA, 

USA). Mouse polyclonal anti-serotonin1A (5-HT1A) receptor antibody (whole antiserum), rabbit 

polyclonal anti-dopamine D1 receptor antibody (whole antiserum), mouse monoclonal anti-

L-5-HTP antibody (1 mg/mL), mouse monoclonal anti-L-DOPA antibody (1 mg/mL), and 

fluorescein isothiocyanate (FITC)-conjugated rabbit polyclonal anti-streptavidin antibody 

(10 mg/mL) were purchased from Abcam Inc. (Cambridge, MA, USA). Native human 5-HT1A 

receptor (6.4 g/L total protein concentration) in human embryonic kidney 293 (HEK293) cell 

membranes and untransfected HEK293 cell membranes (10 mg/mL protein concentration) were 

purchased from Perkin Elmer, Inc. (Waltham, MA, USA). All proteins and antibodies were used 
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as received and incubated with substrates in 0.01 M PBS pH 7.4 at room temperature. Primary 

antibodies not labeled with fluorophores and fluorescently labeled secondary antibodies were 

diluted 1:200 and 1:100, respectively, in 0.01 M PBS pH 7.4.  

(11-Mercaptoundecyl) tri(ethylene glycol) (TEG) (Chart 5-1) was purchased from 

Toronto Research Chemicals Inc. (Toronto, ON, Canada). Biotinylated hexa(ethylene 

glycol)undecanethiol (BEG) was purchased from Nanoscience Instruments Inc. (Phoenix, AZ, 

USA). (11-Mercaptoundecyl) hexa(ethylene glycol)amine (AEG) and (11-mercaptoundecyl) 

tri(ethylene glycol)methyl ether were purchased from Prochimia (Sopot, Poland). 

Substrate and stamp preparation. All Au substrates were hydrogen-flame annealed and 

followed by incubation with ethanolic solutions of alkanethiols. After monolayer formation, 

substrates were rinsed thoroughly with fresh ethanol and dried with nitrogen gas. Different 

feature shapes on PDMS stamps were produced from silicon master substrates, which were 

fabricated using standard photolithography. The process of stamp fabrication and details of 

oxygen plasma treatment have been published elsewhere.25-28  

Briefly, a 10:1 mass ratio of SYLGARD 184 silicone elastomer base and curing agent 

(Ellsworth Adhesives, Germantown, WI, USA) was mixed thoroughly in a plastic cup, degassed 

under vacuum, cast onto master substrates in a plastic Petri dish, and cured in an oven at 70 oC 

overnight. Polymerized stamps were removed from the master substrates, cut into usable sizes, 

and treated with oxygen plasma (Harrick Plasma, power 18 W, and oxygen pressure 10 psi) for 

30 s to produce hydrophilic reactive PDMS surfaces.25,27,28 After lift-off, stamps were rinsed with 

ethanol, wiped with Kimberly-Clark tissues soaked in ethanol, and dried with nitrogen gas. 

Cleaned stamps were sealed to clean glass slides for storage before additional use.  
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Chart 5-1. List of alkanethiols used in this study. 
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Streptavidin-Biotin Patterns. Substrates were incubated with ethanolic solutions of 

0.5 mM TEG for~17 h to form SAMs. The TEG SAM-modified substrates were then thoroughly 

rinsed with ethanol and dried with nitrogen gas. Oxygen plasma-treated PDMS stamps were 

placed in conformal contact with the substrates for 30 min to enable stamp/substrate contact 

reactions, which caused SAM molecules and underlying Au atoms to be removed from the 

contact areas once the stamps were released from the substrates. Microscale (~30-m features 

with ~30-60 m spacing) or nanoscale (200-nm circular features with 2-m pitch or 30-nm 

protruding line features with 3-m pitch) were used for patterning. After patterning, substrates 

were rinsed with ethanol and dried with nitrogen gas. The post-lift-off substrates were then 

inserted with 80/20 ethanolic solutions of 0.40 mM TEG and 0.1 mM BEG for 1 h. For 

nanoscale streptavidin-biotin patterning, 100% ethanolic solutions of 0.5 mM BEG were used for 

insertion into the post-lift-off TEG-modified substrates. 

After rinsing with ethanol and drying with nitrogen gas, biotinylated substrates were 

incubated with 10 mg/mL of BSA for 5 min to block nonspecific protein adsorption sites, then 

with 50 g/mL of streptavidin for 20 min, and finally with 100 g/mL FITC-conjugated rabbit 

anti-streptavidin antibodies for 20 min to visualize streptavidin binding to surface-tethered biotin 

(Table 5-S1, Supporting Information). Copious deionized water was used to rinse substrates 

gently after each protein incubation step. 

An inverted fluorescence microscope (Axio Observer.D1) was used to image substrates. 

A 38 HE/high efficiency filter-set with excitation and emission wavelengths at 470  20 nm and 

525  25 nm, respectively was used to image streptavidin-biotin fluorescence patterns. A 

43 HE/high efficiency filter-set with excitation and emission wavelengths at 550  25 nm and 
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605  70 nm, respectively was used to visualize antibody binding to L-DOPA or L-5-HTP on 

substrates (vide infra). Fluorescence images were collected using 10 or 20 objective lenses for 

microscale or nanoscale patterns, respectively. 

Fluorescence intensities were determined with AxioVs40 version 4.7.1.0 software (Carl 

Zeiss MicroImaging, Inc., Thornwood, NY, USA). To measure fluorescence intensities resulting 

from periodic arrays of features (i.e., patterns of square-shaped or stripe-shaped features), the 

heights of the fluorescence line scans were adjusted to be about the same as the patterned 

features. On average, five line scans were acquired per image. Fluorescence intensities were 

averaged for each line scan and then for each image. For images with more complex patterns 

(i.e., UCLA/CNSI letter-shaped features), fluorescence intensities were measured using a 

histogram function and similarly defined areas over the bright and dark regions across all 

fluorescence images. Five fluorescence measurements were made for each bright and dark region 

per image. Fluorescence measurements were then averaged for each image. 

Streptavidin-biotin nanopatterns were also characterized via tapping-mode AFM 

(Dimension 5000, Bruker AXS, Santa Barbara, CA, USA). Topographic AFM images were 

collected using Si cantilevers with a spring constant of 48 N/m and a resonant frequency of 

190 kHz (Veeco Instruments, Santa Barbara, CA, USA). The resulting images were processed 

with WSxM 4.0 Beta 6.4 software (Nanotec Electronica, Madrid, Spain).29 

Side-by-Side Patterning. Substrates were incubated with 90/10 ethanolic solutions of 

0.45 mM TEG and 0.05 mM AEG for ~17 h to create dilute amine-terminated SAMs. Stamps 

were activated with oxygen plasma and brought into conformal contact with mixed SAM-

modified substrates for 30 min to facilitate strong stamp/substrate interfacial interactions, which 
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removed SAM molecules upon releasing the stamps from the substrates. The post-lift-off 

substrates were rinsed with ethanol and dried with nitrogen gas. 

For ligand functionalization, solutions of either 20 mM FMOC-protected L-DOPA or 

40 mM FMOC-protected L-5-HTP were combined with 20 mM or 40 mM NHS/EDC, 

respectively, in 60/40 DMF/deionized water. This step was necessary to activate the carboxyl 

groups of L-DOPA and L-5-HTP with NHS esters for subsequent reaction with the amino 

moieties of AEG SAM molecules facilitating the formation of amide bonds (Scheme 5-1). Post-

lift-off substrates were incubated with activated probe solutions for 4 h. Probe-modified 

substrates were then inserted with 90/10 ethanolic solutions of 0.45 mM TEG and 0.05 mM BEG 

for 1 h. 

The FMOC protecting groups were used to prevent intermolecular reactions between 

NHS-activated probe molecules. Removal of FMOC protecting groups with 20% 

4-methylpiperidine was carried out in deionized water for 20 min on-chip. After rinsing 

thoroughly with deionized water and drying with nitrogen gas, functionalized substrates were 

incubated with 10 mg/mL of BSA for 5 min, then with mixtures of streptavidin (50 g/mL) and 

either mouse monoclonal anti-L-DOPA primary antibody or mouse monoclonal anti-L-5-HTP 

primary antibody for 20 min, and finally with mixtures of FITC-conjugated rabbit polyclonal 

anti-streptavidin antibody (100 g/mL) and AlexaFluor® 546 goat anti-mouse IgG secondary 

antibody (20 g/mL) for another 20 min to visualize multiplexed protein patterns (Table 5-S1). 

Imaging was carried out as described above. 
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Scheme 5-1. Schematic illustrating surface functionalization chemistries. 

N-Hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) were used to create NHS-ester activated carboxyl groups on 

9-fluorenylmethyloxycarbonyl (FMOC)-protected 3,4-dihydroxy-L-phenylalanine (L-DOPA) 

and 5-hydroxy-L-tryptophan (L-5-HTP). The NHS esters were then reacted with the amino 

moieties on amine-terminated hexa(ethylene glycol)alkanethiol (AEG) to form amide bonds. 

Protecting groups were removed after ligand functionalization on substrates to reveal ligand 

epitopes essential for biorecognition. 
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Patterning Small Molecules Probes for Capturing Native Membrane-Associated 

Receptors. Dilute amine-terminated SAMs were produced by incubating substrates with 95/5 

ethanolic solutions of 0.048 mM TEG and 0.025 mM AEG for ~17 h. These substrates were then 

brought into conformal contact for 30 min with the hydrophilic reactive surfaces of oxygen 

plasma-treated PDMS stamps (2525 m2 square protruding features). Post-lift-off substrates 

were then functionalized with L-5-HTP and deprotection was carried out following the 

procedures described above in the previous section. 

After rinsing with deionized water, substrates were incubated with 10 mg/mL BSA for 

5 min to reduce nonspecific protein binding.24,26 The L-5-HTP-modified substrates were then 

incubated with 100 g/L native membrane-associated human 5-HT1A receptors for 1 h. The 

associated cell membranes were not solubilized so as to retain native receptor conformations 

favorable for ligand recognition.8,26,30,31 Previously, we found that primary antibodies 

recognizing membrane-associated receptors also had weak affinity for surface-tethered probes.26 

Thus, after incubating with 5-HT1A receptors, functionalized substrates were exposed to anti-

dopamine D1 receptor rabbit polyclonal blocking antibodies for 15 min to reduce nonspecific 

binding of anti-5-HT1A receptor primary antibodies to surface-tethered L-5-HTP. Substrates were 

then incubated with mouse polyclonal anti-5-HT1A receptor primary antibodies for 15 min and 

20 g/mL of AlexaFluor® 546 goat anti-mouse secondary antibodies for 15 min to visualize 

5-HT1A receptor binding (Table 5-S1). Substrates were rinsed with deionized water between 

protein incubation steps. The 43 HE fluorescence filter set was used to visualize the binding of 

5-HT1A receptors to patterns of surface-tethered L-5-HTP as described above. 
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X-Ray Photoelectron Spectroscopy. Featureless PDMS stamps were used for the 

chemical lift-off process. All XPS data were collected using an AXIS Ultra DLD instrument 

(Kratos Analytical Inc., Chestnut Ridge, NY, USA). A monochromatic Al Kα X-ray source 

(10 mA for survey scans and 20 mA for high resolution scans, 15 kV) with a 200 µm circular 

spot size and ultrahigh vacuum (10-9 Torr) were used.25,27 Spectra were acquired at a pass energy 

of 160 eV for survey spectra and 20 eV for high-resolution spectra of Au 4f regions using a 

200-ms dwell time. Different numbers of scans were carried out depending on the sensitivity 

needed to differentiate each peak from background, ranging from 20 scans for C 1s to 100 for 

Au 4f. 

Because PDMS is an insulator, a charge neutralizer (flood gun) was used to obtain 

signals from each element on PDMS stamps. As a result, peaks are shifted slightly from their 

expected regions (for C 1s this is 4-5 eV lower than the reference at 284.0 eV). Because the 

number of peaks of interest was small (only Au 4f peaks on PDMS samples), and they were well 

separated (∼4 eV), peak shifting did not affect identification. No corrections were therefore 

carried out during data collection to shift peaks back to particular regions or to scale peaks based 

on reference locations. 

Statistical Analyses. Data were analyzed by Student’s t-tests using GraphPad Prism 5.0 

(GraphPad Software Inc., San Diego, USA). Fluorescence intensities are reported as means ± 

standard errors of the means with probabilities P<0.05 considered statistically significant. 
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5.4 Results and Discussions 

5.4.1 Patterning Biorecognition over Multiple Scales 

To demonstrate the versatility of chemical lift-off lithography as a biopatterning tool for 

creating high-density, small-molecule arrays beyond our initial findings,27 we investigated the 

ability to pattern substrates with the small-molecule biotin (Figure 5-1A) over a wide variety of 

feature shapes and sizes. As shown in Figure 5-2A, differently shaped bright regions were 

indicative of specific recognition of surface-tethered biotin, i.e., BEG (Chart 5-1), by 

streptavidin. The darker regions surrounding these microscale features were demonstrative of 

negligible nonspecific binding of streptavidin to the background matrix. 

Figure 5-1. Schematic (not to scale) illustrating single and double patterning via 

chemical lift-off lithography. Preformed SAMs of either (A) hydroxyl-terminated 

tri(ethylene glycol)alkanethiol (TEG) or (B) mixed 90/10 TEG/amine-terminated 

hexa(ethylene glycol)alkanethiol (AEG) on Au substrates were chemically lifted off. In (A), 

substrates were inserted with biotin-terminated hexa(ethylene glycol)alkanethiols (BEG). In 

(B), substrates were first functionalized with small-molecule probes, i.e., 

L-3,4-dihydroxyphenylalanine or L-5-hydroxytryptophan prior to BEG insertion to 

form side-by-side patterns. 
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A wide-area, bright, fluorescent nanodot array is shown against a dark TEG background 

in Figure 5-2B indicating specific streptavidin-biotin recognition but with 100-fold smaller 

patterned features. Nanodot features were measured by tapping-mode AFM and found to be 

215  3 nm (Figure 5-2C). A lack of measurable fluorescence was detected when similar 

substrates were incubated with FITC-labeled anti-streptavidin antibodies in the absence of 

streptavidin suggesting negligible nonspecific antibody binding (Figure 5-S1A,B). 

Previously, we used chemical lift-off lithography to produce features as small as 40-nm 

through single lift-off; double lift-off lithography was needed to pattern 20-nm features.27 Here, 

we achieved sub-30-nm feature resolution with single lift-off lithography using an inverse 

patterning strategy, i.e., ultra-small features were produced by the non-contact areas. Tapping-

mode AFM was needed to visualize these nanoscale patterns. As shown in Figure 5-2D, wide 

lines (~3 m) with positive-height topographic features produced by streptavidin recognition of 

biotin are contrasted against narrow trenches with negative-height topography indicative of the 

non-lift-off TEG SAM regions. These negative features were measured by AFM to be 26  1 nm 

(Figure 5-2E). These 26-nm feature sizes are within the Au-grain sizes on 100-nm 

polycrystalline Au films (~20-50 nm), therefore, Au graininess might reduce the accuracy of 

feature size measurement.32,33 Nevertheless, this result suggests that it may be possible to use 

chemical lift-off lithography to produce sub-20-nm or even sub-10-nm features. Future 

nanopatterning experiments on ultra-flat Au films on mica substrates might help to achieve even 

smaller features and to provide improvement of nanoscale feature resolution.34,35 
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Figure 5-2. Representative images of streptavidin recognition on microscale and 

nanoscale biotin-patterned substrates. (A) Bright, microscale circular-, striped-, 

triangular-, or square-patterned regions or (B) nanoscale dots are visualized against dark 

surrounding hydroxyl-terminated tri(ethylene glycol)alkanethiol (TEG) backgrounds. Binding 

of streptavidin to surface-tethered biotin was visualized with fluorescein isothiocyanate 

(FITC)-labeled anti-streptavidin antibodies (excitation at 495 nm). Fluorescence images were 

recorded at an emission wavelength of 519 nm. (C) This atomic force microscopy (AFM) 

topography image shows an array of streptavidin-biotin nanodots. The dots are 215 ± 3 nm in 

diameter. In (D) and (E), AFM topographic images are of sub-30 nm wide lines on a 

streptavidin-biotin background, which are 26 ± 1 nm wide. The arrows help to show the 

locations of one line. Scale bars are 60 m, 40 m, 2 µm, and 3 µm for A, B, C, and D, 

respectively. Image dimension is 2 µm × 2 µm in E. 
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5.4.2 Multiplexed Substrates 

Lift-off lithography was carried out on mixed 90/10 TEG/AEG SAMs and the remaining 

AEG tether molecules were functionalized with L-DOPA or L-5-HTP (Scheme 5-1). Afterwards, 

insertion of 90/10 TEG/BEG was carried out on functionalized post-lift-off substrates to create 

side-by-side biotin/L-DOPA or biotin/L-5-HTP bifunctional patterns (Figure 5-1B). The BEG or 

AEG molecules were in low abundance compared to TEG molecules to ensure dilution of 

surface-tethered L-DOPA, L-5-HTP, and biotin in the TEG background matrix. Mixed solutions 

of streptavidin and either anti-L-DOPA or anti-L-5-HTP primary antibodies were sorted via site-

selective recognition of biotin vs. L-DOPA or biotin vs. L-5-HTP, respectively. Substrates were 

then exposed to mixed solutions of FITC-conjugated anti-streptavidin antibody and AlexaFluor® 

546 secondary antibody for visualization of bound streptavidin and primary antibody bound to 

L-DOPA or L-5-HTP, respectively. 

As shown in Figure 5-3A, at the fluorescence emission wavelength for FITC-conjugated 

anti-streptavidin antibody, bright wide channels (~75 m) illustrate streptavidin-biotin 

recognition in stamp contact regions and in contrast to the dimmer narrow channels (~30 m) 

where L-DOPA was functionalized in the non-contact areas. Conversely, in Figure 5-3B, at the 

fluorescence emission wavelength for AlexaFluor® 546 secondary antibody, bright narrow 

channels represent anti-L-DOPA antibody recognition of surface-functionalized L-DOPA against 

dim wide channels where biotin-captured streptavidin occurred. 
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Figure 5-3. Target sorting on bifunctional substrates. Representative fluorescence images 

are shown for (A,B) biotin/L-DOPA and (D,E) biotin/L-5-HTP patterned substrates. 

Substrates were exposed to mixed solutions of streptavidin and anti-L-DOPA or anti-L-5-HTP 

primary antibodies followed by mixed fluorescein isothiocyanate (FITC)-conjugated anti-

streptavidin antibodies (excitation at 495 nm) and AlexaFluor® 546 secondary antibodies 

(excitation at 556 nm), respectively. Substrates were then imaged at (A,D) 519 nm or (B,E) 

573 nm emission wavelengths. In (C, left), significantly higher fluorescence intensities were 

measured in the wide-striped biotin-modified regions vs. the narrow-striped L-DOPA-

modified regions [t(4)=5, **P<0.01] at the FITC emission wavelength. While in (C, right), 

higher fluorescence intensities were detected in the L-DOPA-modified narrow-striped regions 

vs. the wide-striped biotin-functionalized regions [t(6)=3, *P<0.05] at the AlexaFluor® 546 

emission wavelength. Similarly, in (F, left), at the FITC emission wavelength, higher 

fluorescence intensities were observed within the UCLA letters and regions surrounding the 

CNSI letters [t(4)=4,*P<0.05], which were biotin-modified vs. surrounding the UCLA letters 

and within the CNSI letters, which were L-5-HTP-modified regions. In (F, right), opposite 

fluorescent intensity patterns were quantified at the AlexaFluor® 546 emission wavelength 

[t(6)=6,**P<0.01]. N=3-4 substrates per group. Scale bars are 50 m. 
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Similarly, juxtaposed arrays of streptavidin-biotin and anti-L-5-HTP antibody/L-5-HTP 

fluorescence patterns are shown in Figure 5-3D and 5-3E, corresponding to the fluorescence 

wavelengths of FITC-conjugated anti-streptavidin antibody and AlexaFluor® 546 secondary 

antibody, respectively. Bright “UCLA” letters and bright regions surrounding the “CNSI” letters 

in Figure 5-3D represent streptavidin-biotin recognition. In contrast, the “CNSI” letters and 

bright areas surrounding the “UCLA” letters in Figure 5-3E represent anti-

L-5HTP-antibody/L-5-HTP binding. Lack of fluorescence was observed when substrates were 

incubated with mixed solutions of FITC-conjugated anti-streptavidin antibody and AlexaFluor® 

546 secondary antibody suggesting negligible nonspecific binding of the fluorescently labeled 

antibodies to bifunctional substrates (Figure 5-S2). 

These results demonstrate that bifunctional small-molecule probe patterns produced via 

chemical lift-off lithography capture and sort large biomolecule targets from solution. 

Nonetheless, a few caveats need to be considered. Chemical lift-off has been shown to remove 

only 70% of TEG SAM molecules from Au substrates.27-28 Because Au-Au bonds are weaker 

than stamp/SAM and SAM/Au interactions, we used XPS to detect Au 4f signals resulting from 

the presence of underlying Au removed with TEG molecules. Here, lift-off lithography was 

carried out on mixed TEG/AEG SAMs. To test whether stamp contact also removes AEG 

molecules, we used flat PDMS stamps to carry out lift-off on AEG SAMs. Post-lift-off PDMS 

stamps from 100% AEG-modified Au substrates showed Au 4f XPS signals (Figure 5-S3A), 

indicating that AEG molecules are lift-able. Chemical lift-off experiments were also carried out 

on CH3O-TEG SAMs, which were shown previously to be inert to chemical lift-off. The absence 

of Au 4f XPS peaks in Figure 5-S3B confirms that CH3O-TEG molecules are not lift-able, in 

agreement with previous results.27 
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Different tail groups (OH- in TEG vs NH2- in AEG) and associated differences in 

intermolecular interactions between TEG and AEG molecules in mixed SAMs vs. each of these 

molecules in monocomponent SAMs might alter the lift-off yield for the SAMs used above. 

However, if we assume that lift-off removes ~70% of AEG molecules (similar to the lift-off 

yield for TEG molecules), a small percentage of AEG molecules will remain in the contact 

regions and these are expected to be functionalized with L-DOPA or L-5-HTP. This would result 

in a small amount of anti-L-DOPA or anti-L-5-HTP antibody binding in the lift-off regions, 

which are also functionalized with biotin, thereby reducing fluorescence contrast (and 

selectivity) between the contact and non-contact regions. Similarly, in the mono-functionalized 

substrates described above, small numbers of BEG molecules are expected to insert into native 

SAM defects in the non-contact regions reducing contrast between the lift-off and non-lift-off 

areas (Figure 5-1A). 

In any case, sufficient contrast was observed for mono- and bifunctionalized substrates to 

yield convincing evidence of appropriate target sorting. Future work employing electrochemical 

reductive desorption will be useful to quantify surface-probe densities in the post-lift-off regions. 

This technique is sensitive to molecules with different functional groups and molecular 

interaction strengths causing various molecules to be desorbed at different electrochemical 

potentials.36-38 Moreover, substrates that also have adjacent regions devoid of small-molecule 

probes will enable relative specific and selective binding to be quantified to gain a better 

understanding of target behavior on bifunctionalized substrates. 

Another caveat is with regard to the use of NHS/EDC coupling chemistry to tether 

L-DOPA or L-5-HTP to Au substrates. Here, possible side-product formation can occur so as to 

hydrolyze NHS-activated carboxylic acid groups on the tether molecules.39,40 This could result in 
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unreacted surface tethers having free carboxylate chain ends, which may contribute to 

nonspecific recognition by target proteins.41,42 The use of biotin pre-functionalized molecules, 

i.e., BEG, circumvents potential disadvantages associated with on-chip surface coupling 

chemistries. 

 

5.4.3 Capturing Native Membrane-Associated Receptors 

Small-molecule L-5-HTP was singly patterned using lift-off lithography to investigate 

capture of native 5-HT1A membrane-associated GPCRs. Because these receptors play critical 

roles in regulating serotonin neurotransmission in the central nervous system, they are 

pharmaceutical research targets for developing more effective treatments for neuropsychiatric 

disorders.43-45 In addition to conventional radioligand assays, recent efforts have been directed at 

using small-molecule-modified substrates to explore GPCR-ligand interactions and to screen for 

novel/artificial receptors.30,46,47 However, a common problem encountered with the latter 

approach is the size mismatch between small-molecule probes and GPCR binding partners due to 

the large size of the receptors themselves and the associated membrane fragments needed to 

stabilize native receptor conformations.14,26,31 

Several studies have shown that small-molecule probes require all epitopes to take part in 

receptor recognition.31,48,49 Previous studies from our group showed that the use of small-

molecule precursors to neurotransmitters introduces an ectopic carboxyl group for surface 

tethering while preserving all epitopes essential for biorecognition.25,31 This strategy was 

combined with microcontact insertion printing or microfluidics to generate arrays of surface-

tethered small molecules mimicking endogenous neurotransmitters to capture and to sort 

complex combination of GPCRs in mixed solutions.25-26,31 
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Here, subtractive patterning was carried out on 95/5 TEG/AEG mixed SAMs. The AEG 

molecules were then functionalized with L-5-HTP, which is the biological precursor to the 

neurotransmitter serotonin, to investigate recognition by native human membrane-associated 

5-HT1A receptors isolated from transfected human embryonic kidney 293 cell lines.31 Anti-

5-HT1A receptor primary antibodies and AlexaFluor® 546-labeled secondary antibodies were 

used for visualizing receptor/L-5-HTP recognition patterns.  

Mixed TEG/AEG SAMs were lifted-off and AEG molecules were functionalized with 

L-5-HTP. Fluorescent 5-HT1A receptor/L-5HTP recognition patterns appear as bright non-lift-off 

areas surrounding arrays of dimmer lift-off square-shaped regions (Figure 5-4A). Fluorescence 

intensities in stamp-contact regions were significantly lower than in the non-contact regions 

(Figure 5-4B). Control experiments were carried out where similarly patterned substrates were 

Figure 5-4. Native receptor capture. (A) Representative fluorescence image of an L-5-HTP-

modified substrate exposed to HEK293 membranes from cells overexpressing 5-HT1A 

receptors, anti-5-HT1A receptor primary antibodies, and AlexaFluor® 546 secondary 

antibodies (excitation at 556 nm). (B) Mean fluorescence intensities were significantly 

different for stamp-contact vs noncontact regions [t(4)=4,*P<0.05]. Unobservable 

fluorescence in (C) suggests negligible nonspecific binding of primary and secondary 

antibodies to patterned substrates when 5-HT1A receptors are not present in HEK293 cell 

membranes. Fluorescence images were recorded at an emission wavelength of 573 nm. 

N=3 substrates for each condition. Scale bars are 50 m. 
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exposed to HEK 293 cell membranes from untransfected cell lines not expressing 5-HT1A 

receptors. Substrates were then incubated with anti-5-HT1A receptor primary antibody and 

AlexaFluor® 546-labeled secondary antibody. Fluorescent patterns were not detectable 

(Figure 5-4C) indicating minimal nonspecific binding of HEK-cell-membranes to patterned 

L-5-HTP. 

Overall, lift-off lithography appears to have some advantages for producing bifunctional 

substrates compared to our previous methods. For example, the need to carefully tune stamp 

surface properties so as to insert hydrophilic tether molecules via µCIP is obviated.25 Notably, a 

new class of defects, beyond the native SAM defects used in µCIP, is created by lift-off. These 

additional defects enable greater numbers of tethers to be inserted and therefore, larger numbers 

of probes are conjugated to the patterned substrate regions. As such, specific binding of protein 

targets to patterned (or unpatterned regions) is maximized; sorting of protein targets to specific 

regions on bifunctionalized regions is also augmented. These improvements are evident even 

given the likely presence of small numbers of probes in non-target areas (Figure 5-1). When 

compared to the microfluidic approach, lift-off lithography avoids potential phase separation 

associated with solution deposition of multicomponent SAMs. The latter is hypothesized to 

contribute to the higher levels of nonspecific binding observed on bifunctional substrates 

patterned by microfluidics.26 

Nonetheless, chemical lift-off still requires successive ligand functionalization to produce 

multiplexed substrates. We are currently investigating overcoming this disadvantage via 

synthesis of tether molecules pre-functionalized with small-molecule probes. Advantages 

associated with pre-functionalized molecules, lift-off lithography, and microfluidics could then 

be combined to advance multiplexed biocapture surfaces further. Preformed 100% TEG SAMs 
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could be used for lift-off, in place of mixed SAMs, to avoid interference associated with 

remaining tether molecules in the lift-off regions. Microfluidics could then be used on post-lift-

off substrates to insert multiple pre-functionalized molecules in parallel.  
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5.5 Conclusions and Prospects 

Creating multiplexed substrates patterned with surface-tethered small-molecule probes to 

investigate target recognition for high-throughput affinity screening and biosensing is 

challenging. It requires the ability to place different bioactive small-molecules site-specifically 

on substrates and to capture and to sort targets from complex mixtures to the respective surface-

tethered probes with low nonspecific binding to the background matrix and off-target probe 

regions. Here, we used subtractive patterning via chemical lift-off lithography to generate large-

area micro- to nanoscale patterns of small-molecule probes. Notably, sub-30-nm biopatterning 

was feasible via a single lift-off step. Furthermore, small-molecule ligands were spatially 

encoded side-by-side on the same substrates to create multiplexed platforms such that 

protein/antibody binding partners were sorted to the correct probe locations from mixed protein 

solutions. Small molecules mimicking endogenous neurotransmitters patterned by lift-off 

lithography further enabled capture of native protein targets, i.e., human 5-HT1A membrane-

associated receptors. 

Ongoing efforts to optimize and to understand chemical lift-off lithography 

mechanistically (e.g., precise lift-off yields), as well as to synthesize ligand pre-functionalized 

molecules for surface patterning are expected to improve specific binding and to circumvent 

shortcomings associated with tethers remaining in the lift-off regions. Generally, multiplexed 

patterning capabilities, the ability to produce sub-30-nm biopatterns, as well as recent fabrication 

of high-performance field-effect transistor-based biosensors via chemical lift-off lithography 

point to the versatility of this facile patterning method.1,50-52 
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5.6 Supplementary Experiments and Figures 

Experiments were carried out to investigate potential nonspecific binding associated with 

fluorescently tagged (secondary) antibodies, which may contribute to specific fluorescence 

signals arising from the binding of streptavidin or primary antibodies to biotin, 

3,4-dihydroxy-L-phenylalanine (L-DOPA), or 5-hydroxy-L-tryptophan (L-5-HTP) functionalized 

substrates. These experiments were performed using the same procedures described in 

experimental sections in the main text with the exception that streptavidin and 

anti-L-DOPA/L-5-HTP primary antibodies were omitted. The results are shown in Figures 5-S1 

and 5-S2. 

X-ray photoelectron spectroscopy experiments were performed to investigate the removal 

of AEG molecules during chemical lift-off lithography. Flat, featureless PDMS stamps were 

used in place of patterned stamps to maximize the lift-off areas measured with XPS. Previously, 

the removal of TEG SAM molecules via lift-off lithography was determined by detecting Au 4f 

XPS signals resulting from Au atoms bound to the lifted-off alkanethiols on flat PDMS stamps.S1 

Here, a similar process was carried out to determine whether AEG molecules could be removed 

with lift-off lithography (Figure 5-S3A). Control experiments were also performed on CH3O-

TEG SAMs (Figure 5-S3B), which were shown previously not to be amenable to chemical lift-

off.  
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Table 5-S1. Visualization strategies for protein, antibody, and membrane-associated receptor 

binding to bioselective substrates. 
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Figure 5-S1. Control experiments corresponding to Figure 5-2 in the main text. 
Representative fluorescence microscopy images showing nonspecific binding of fluorescein 

isothiocyanate (FITC)-conjugated anti-streptavidin antibodies (excitation at 495 nm) in the 

absence of streptavidin on (A) microscale and (B) nanoscale patterns of biotinylated 

hexa(ethylene glycol)undecanthiol-modified Au substrates. Undetectable fluorescence in all 

images indicates negligible nonspecific binding in the absence of streptavidin. Images were 

acquired at an emission wavelength of 519 nm. Scale bars are 60 µm in (A) and 40 µm in (B). 
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Figure 5-S2. Control experiments corresponding to Figure 5-3 in the main text. 
Representative fluorescence images displaying nonspecific binding from mixed solutions of 

fluorescein isothiocyanate (FITC)-conjugated anti-streptavidin antibody (excitation at 

495 nm) and AlexaFluor 546® secondary antibody (excitation at 556 nm) in the absence of 

streptavidin, and anti-L-DOPA and anti-L-5-HTP primary antibodies on (A,B) 

biotin/L-DOPA and (C,D) biotin/L-5-HTP patterned surfaces. Substrates were imaged at 

emission wavelengths of 519 nm (A,C) or 573 nm (B,D). Negligible fluorescence signals 

were observed in all cases indicating minimal nonspecific binding of FITC-conjugated anti-

streptavidin antibody or AlexaFluor 546® secondary antibody on the patterned substrates in 

the absence of streptavidin or primary antibodies. Scale bars are 50 µm. 
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Figure 5-S3. Representative X-ray photoelectron spectroscopy (XPS) spectra of Au 4f peaks 

on flat, featureless PDMS stamps subjected to chemical lift-off on (A) (11-mercaptoundecyl) 

hexa(ethylene glycol)amine (AEG) and (B) (11-mercaptoundecyl) tri(ethylene glycol)methyl 

ether (CH3O-TEG) self-assembled monolayers (SAMs). The presence of Au 4f XPS peaks in 

(A) at ~80 eV and 84 eV indicates that AEG molecules are amenable to chemical lift-off, 

while the absence of Au 4f XPS peaks in (B) shows that CH3O-TEG molecules are inert to 

chemical lift-off.  
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6.1 Abstract 

Specific interactions between small molecules and biomolecules are important 

physiologically and for biosensing, diagnostic, and therapeutic applications. Small-molecules can 

be tethered to substrates through standard coupling chemistries. While convenient, these 

approaches mask one or more of the few small-molecule functional groups available for 

biorecognition. Moreover, for multiplexing, individual probes often require different surface 

functionalization chemistries and/or protection/deprotection strategies. Thus, when placing 

multiple probes on surfaces, functionalization chemistries need to be identified that preserve all 

functional groups and are sequentially compatible. Alternately, we demonstrate high-fidelity 

multiplexed surface patterning by coupling small-molecule neurotransmitter precursors to 

monodisperse oligo(ethylene glycol)alkyldisulfides during synthesis and prior to self-assembly 

on Au substrates. Chemical lift-off lithography was used to pattern multiplexed neurotransmitter-

modified substrates. Pre-functionalized molecules exhibited improved antibody recognition and 
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specific binding compared to approaches where small-molecule neurotransmitters were 

functionalized to alkanethiols after surface assembly. Monoclonal but not polyclonal antibodies 

selectively differentiated pre-functionalized surface-tethered neurotransmitters from structurally 

related molecules that differed by as little as a hydroxyl group. These findings demonstrate that 

functionalization approaches that circumvent the need to devise sequential probe surface 

conjugation chemistries enable biomolecule recognition and reveal poor specificity of some 

types of biomolecule binding partners. 

  



162 

 

 

6.2 Introduction 

Small-molecule interactions with large biomolecules are the primary modus operandi in 

many biosensing applications and high-throughput screening strategies.1,2 Because one of the 

partners needs to be tethered to a substrate to detect and to quantify molecular recognition by the 

other partner, a key obstacle is optimizing substrate-functionalization. Most often, large 

biomolecules are immobilized on substrates using a variety of strategies including liposome-

based attachment, electrostatic interactions, or biotin-streptavidin linkage for molecular 

recognition by other biomolecule- or small-molecule-binding partners.3-10 Less often employed, 

yet no less important, is the reverse strategy wherein small-molecule probes are tethered to 

substrates to capture large biomolecule targets.11,12 

For over a decade, we have investigated the design rules for optimizing small-molecule 

surface tethering.13-18 We discovered that stochastic patterning at the molecular level via 

insertion-directed self-assembly is advantageous for spacing small molecules on substrates so 

that large biomolecule partners have ample access for binding.13,16,18 Others and we also found 

that controlling surface chemistries to reduce nonspecific substrate interactions is an important 

factor.15,16,19,20 We further demonstrated that linking chemistries employing ectopic functional 

groups to preserve small molecule functionality are tantamount to appropriate biomolecule 

recognition.14,16 

We have also invested in developing easily adoptable chemical patterning methods for 

substrates.14,15,21,22 Patterning enables relative binding between small-molecule-functionalized 

and unfunctionalized regions to be interrogated side-by-side on the same substrate. We have 

developed and utilized CIP to pattern small-molecule neurotransmitters within SAMs.15,16 

Recently, we learned that by carefully controlling the surface chemistry of PDMS stamps, we 
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could insertion-print alkanethiol inks ranging in hydrophilicity.17 Moreover, we discovered that 

complete oxidation of PDMS stamps to produce highly hydrophilic stamp surfaces results in 

covalent interactions with hydroxyl-terminated SAM-modified substrates in the contact areas.23 

As a result, releasing stamps from substrates removes SAM molecules and a thin layer of Au 

substrate atoms leaving the exposed underlying Au available for self-assembly of different 

molecules. Using this lift-off lithography method, we generated streptavidin-recognition patterns 

on biotin-terminated SAM-modified substrates.23 

Previously, we attempted to fabricate multiplexed patterned substrates decorated with 

multiple small-molecule neurotransmitters15 to screen for high-affinity artificial molecular 

receptors, which can be used as recognition elements in biosensing applications.24-27 Multiplexed 

platforms are advantageous for investigating specific binding of target receptors to probe 

molecules in the context of cross-reactivity to similarly structured nontarget (interferent) 

molecules. However, initial attempts at using CIP to create multiplexed substrates suffered 

from the need to devise compatible successive small-molecule functionalization chemistries. 

This limitation is unavoidable when using CIP because this technique requires sequential 

insertion-directed patterning of tethering molecules in association with serial small-molecule 

functionalization steps. To circumvent this limitation, we employed microfluidics to generate 

small-molecule neurotransmitter arrays followed by sorting of mixtures of antibodies or native 

membrane-associated receptors to their cognate small-molecule partners.14 Because the latter 

approach physically restricts small-molecule functionalization to individual microfluidic 

channels, multiple neurotransmitters could be tethered to substrates using the same 

functionalization chemistries. 
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Although oligo(ethylene glycol) moieties were employed to reduce nonspecific substrate-

biomolecule interactions and microfluidics were used to circumvent problems associated with 

sequential ligand functionalization, significant cross-reactivity (~30%) of biomolecules to 

nontarget probes was still observed.14 Control experiments revealed that cross-reactivity might 

stem from a lack of specificity of the biomolecules themselves. Specifically, we found that the 

primary antibodies used to label captured membrane-associated receptors also displayed 

nonspecific recognition of the surface-tethered small-molecule probes. Furthermore, recent 

studies suggest that surface conjugation chemistries (e.g., NHS-EDC coupling chemistry) used to 

link small-molecule probes to tethering molecules on-chip suffer from the formation of side 

products and incomplete functionalization.28-30 These shortcomings likely contribute to the cross-

reactivity to nontarget molecules that we observed. 

In short, a better approach enabling functionalization with small-molecule probes is 

needed to produce multiply patterned substrates. Here, we generated a library of monodisperse 

oligo(ethylene glycol) alkyl pyridyl disulfide molecules pre-functionalized with small-molecule 

amino acids including L-histidine (L-HD), L-3,4-dihydroxyphenylalanine (L-DOPA), L-threo-

3,4-dihydroxyphenylserine (L-DOPS), L-5-hydroxytryptophan (L-5-HTP), and L-tryptophan 

(L-Trp) (Scheme 6-1). The synthesis procedure is shown in Scheme 6-2. Because these novel 

molecules are conjugated with small-molecule probes prior to surface assembly, the need to 

devise compatible serial functionalization chemistries and to optimize reaction conditions for 

each probe on-chip was obviated.  
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Scheme 6-1. Alkanethiols and neurotransmitter precursors. Neurotransmitter pre-

functionalized molecules consist of pyridyl disulfide head groups for self-assembly on Au 

surfaces, oligo(ethylene glycol)undecyl backbones for resisting nonspecific binding of 

biomolecule targets, neurotransmitter tail groups for biomolecule capture, and 

9-fluorenylmethyloxycarbonyl groups (Fmoc) for protecting the amino moieties of 

neurotransmitters during synthesis and self-assembly. The carboxyl groups of the amino acid 

precursors are linked to oligo(ethylene glycol)undecyl backbones via amide bonds. 
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With the exception of L-Trp, the small-molecule probes investigated are precursors to 

biogenic monoamine neurotransmitters having a biologically important primary amino motif 

needed for native receptor recognition.16,31,32 In our early studies, we directly ligated 

neurotransmitters to substrates via this amino group and observed antibody capture.13,18 In this 

arrangement, the amino motif was largely unavailable for recognition.13,14,16 However, by using 

the native amino acid precursors in Scheme 6-1, instead of the neurotransmitters themselves, we 

introduced an ectopic carboxyl moiety for surface tethering thereby preserving the amine moiety 

for biorecognition. We demonstrated that substrates functionalized with neurotransmitter 

precursors mimicked biologically active neurotransmitters and showed selective molecular 

recognition of the corresponding native membrane-associated receptors.14,16 Henceforth, we refer 

to these mimicking precursors as neurotransmitters (unless otherwise noted). 

Herein, we used chemical lift-off lithography to generate patterned substrates modified 

with pre-functionalized or post-functionalized molecules.23 (We refer to tethers pre-

functionalized with neurotransmitters prior to self-assembly as “pre-functionalized molecules” 

and tethers that are first self-assembled and then functionalized with neurotransmitters as “post-

functionalized molecules.”) Fluorescence microscopy was used to visualize antibody recognition 

of probes on substrates. Pre-functionalized molecules displayed consistent antibody recognition 

and equivalent (e.g., L-DOPA) or improved specific binding (e.g., L-5-HTP) compared to the 

post-functionalization approach. Double lift-off lithography was used to generate multiplexed 

substrates. We found that while monoclonal antibodies showed selective recognition of different 

surface-tethered pre-functionalized neurotransmitters, cross-reactivity occurred with polyclonal 

antibodies.33 Thus, by controlling the surface conditions and chemistries of multiplexed 

biocapture platforms, biomolecule partners with high specificity for small-molecule probes can 
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be differentiated.34,35 We anticipate that the use of the pre-functionalized molecules developed 

here will enable identification of high-affinity artificial receptors targeting small-molecule 

neurotransmitters for use in biosensing applications.35-37 

 

  

Scheme 6-2. Synthesis of Fmoc-neurotransmitter-7EG-pyridyl disulfide (Fmoc-R-7EG-

PDS) compounds. a) 50% NaOH, 100 °C, 24 h; b) CH3COSH, AIBN, MeOH, UV, 48 h, 

room temperature; c) TsCl, TEA, DCM, 24 h, room temperature; d) NaN3, EtOH, 12 h, 

85 °C; e) PH3P, THF, 24 h, room temperature; f) 2-PDS, MeOH, 72 h, room 

temperature; g) Fmoc-NT, DIEA, HOBt, EDC, DCM (and/or DMF), 24 h, room 

temperature; and h) only for L-Trp and L-His, 20% TFA in DCM, 1 h, room temperature. 

Typical yields for each step are shown next to the arrows. 
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6.3 Materials and Methods 

Materials. The Au films (100-nm-thick overlaying 10-nm-thick titanium adhesive layers) 

on silicon substrates were purchased from Platypus Technologies (Madison, WI, USA). The 

(11-mercaptoundecyl) tri(ethylene glycol) (TEG) was purchased from Toronto Research 

Chemicals Inc. (Toronto, ON, Canada). The (11-mercaptoundecyl) hexa(ethylene glycol)amine 

(AEG) was purchased from ProChimia Surfaces (Sopot, Poland). Threo-

3,4-dihydroxyphenylserine (L-DOPS or L-droxidopa) was purchased from TCI America Inc. 

(Portland, OR, USA). Fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) was purchased from 

Oakwood Products (West Columbia, SC, USA). Sodium carbonate (Na2CO3) was purchased 

from Fisher Scientific. Dichloromethane (DCM) was purchased from Fisher Scientific and was 

distilled over calcium hydride. 9-Fluorenylmethyloxycarbonyl-L-3,4-dihydroxyphenylalanine 

(Fmoc-L-DOPA-OH), 9-fluorenylmethyloxycarbonyl-5-hydroxy-L-tryptophan (Fmoc-L-5-HTP-

OH), and N--(9-fluorenylmethyloxycarbonyl)-N-im-trityl-L-histidine (Fmoc-L-His(Trt)-OH) 

were purchased from AnaSpec-Eurogentec (Fremont, CA, USA). The N-α-(9-

fluorenylmethyloxycarbonyl)-N-in-tert-butyloxycarbonyl-L-tryptophan (Fmoc-L-Trp(Boc)-OH) 

and hepta(ethylene glycol) molecules were purchased from ChemPep Inc. (Wellington, FL, 

USA). 11-Bromo-1-undecene, thioacetic acid (CH3COSH), triethylamine (TEA), 

triphenylphosphine (Ph3P), and N,N-diisopropylethylamine (DIEA) were purchased from Alfa 

Aesar (Ward Hill, MA, USA). N-Hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC), N,N-dimethylformamide (DMF), 4-methylpiperidine, 

bovine serum albumin (BSA), 0.01 M phosphate buffered saline (PBS) ([NaCl]=138 mM, 

[KCl]=2.7 mM, pH 7.4), and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). 4-Toluenesulfonyl chloride (TsCl), 2,2’-dithiodipyridine (2-PDS), 
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ammonia (7 N in MeOH), and trifluoroacetic acid (TFA) were from Acros Organics (Geel, 

Belgium). Anhydrous tetrahydrofuran (THF), anhydrous methanol (MeOH), and sodium azide 

(NaN3) were obtained from EMD Chemicals (Gibbstown, NJ, USA). Hydroxybenzotriazole 

(HOBt) was purchased from CreoSalus Inc. (Louisville, KY, USA). SYLGARD® 184 silicone 

elastomer kits were from Ellsworth Adhesives (Germantown, WI, USA). Absolute (200 proof) 

ethanol (EtOH) was purchased from Decon Laboratories, Inc. (King of Prussia, PA, USA). 

Deionized water (~18 M) was obtained from a Millipore water purifier (Billerica, MA, USA). 

Mouse monoclonal anti-L-3,4-dihydroxyphenylalanine antibody (ascites), rabbit 

polyclonal anti-L-5-hydroxytryptophan antibody (whole antiserum), rabbit polyclonal 

anti-L-histidine antibody (whole antiserum), and rat polyclonal anti-L-tryptophan antibody (pre-

adsorbed antiserum) were purchased from Abcam Inc. (Cambridge, MA, USA). AlexaFluor® 

546 goat anti-rabbit IgG (H+L) highly cross-adsorbed antibody (2 mg/mL), AlexaFluor® 568 

goat anti-rat IgG (H+L) antibody (2 mg/mL), AlexaFluor® 488 goat anti-rabbit IgG (H+L) 

antibody (2 mg/mL), and AlexaFluor® 488 goat anti-mouse IgG (H+L) highly cross-adsorbed 

antibody (2 mg/mL) were purchased from Invitrogen (Carlsbad, CA, USA). All primary and 

secondary antibodies were diluted 1:200 and 1:100, respectively, with 0.01 M PBS pH 7.4 prior 

to incubation with substrates unless stated otherwise. 

Synthesis of Pre-Functionalized Molecules. Pre-functionalized molecules contained 

monodisperse hepta(ethylene glycol) undecyl backbones (7EG) for resisting nonspecific protein 

binding, 9-fluorenylmethyloxycarbonyl-protected neurotransmitters (Fmoc-R) for biomolecule 

capture, and pyridyl disulfides (PDS) as thiol protecting groups and for self-assembly on Au 

substrates (Scheme 6-1). Each of the neurotransmitter functionalized 7EG-pyridyl disulfides was 

synthesized according to Scheme 6-2. 
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Hepta(ethylene glycol) was monoetherified with 11-bromo-1-undecene. A large excess of 

hepta(ethylene glycol) was used to favor monosubstitution,38 whereas a stoichiometric equivalent 

of both reagents generally yielded a statistical proportion of unmodified, mono-, and 

disubstituted molecules. Monoetherification was successfully achieved according to an 

established protocol39 using a three-fold excess of hepta(ethylene glycol) compared to 11-bromo-

1-undecene with a slight excess of 50% sodium hydroxide to give compound 1 in 63% yield. 

Next, the terminal olefin underwent a photoinitiated thiol-ene reaction with thioacetic acid in the 

presence of azobisisobutyronitrile (AIBN) to give compound 2 in good yield (91%). The 

terminal alcohol was then converted to a tosylate leaving group (compound 3), which was 

subsequently reacted with sodium azide to provide compound 4 with a yield of 94%. The 

terminal azide group was reduced to a primary amine using triphenylphosphine, which also 

cleaved the thioacetate. The resulting free thiol was then protected with 2,2’-dithiodipyridine to 

give compound 5 with an overall yield of 45%. 

The pyridyl disulfide moieties protected thiols from dimerization and other side reactions 

during the neurotransmitter coupling procedures. Pyridyl disulfides were selected because of 

their selectivity toward thiols and their reactivity to Au surfaces.40 Finally, the terminal amine 

was coupled to Fmoc-R to form an amide bond using standard coupling agents 

(hydroxybenzotriazole (HOBt) and EDC in the presence of N,N-diisopropylethylamine, DIEA). 

The side-chain protecting groups of L-His and L-Trp, trityl (Trt) and tert-butyloxycarbonyl (Boc) 

groups, respectively, were removed with 20% trifluoroacetic acid (TFA) in dichloromethane 

(DCM). The final pre-functionalized molecules (Fmoc-NT-AEG-PDS) were obtained in 37-63% 

yield depending on the neurotransmitter R-group. Detailed synthesis information can be found in 

the first section of the Supporting Information. 
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Substrate Preparation and Stamp Fabrication. The Au substrates were hydrogen-flame 

annealed. They were then immersed in ethanolic solutions of 0.5 mM TEG for ~18 h to enable 

SAM formation. Substrates modified with TEG SAMs were rinsed thoroughly with ethanol and 

blown dry with nitrogen gas. The PDMS stamps were prepared by thoroughly mixing a 10:1 

mass ratio of SYLGARD® 184 silicone elastomer base and curing agent, respectively, in a plastic 

cup. Mixtures were degassed under vacuum until all bubbles were removed and cast onto 

photolithography-fabricated silicon master substrates situated in plastic Petri dishes. Elastomeric 

mixtures and silicon masters were baked at 70 C in an oven for ~20 h. The polymerized PDMS 

stamps were removed from the silicon masters and cut into appropriate sizes for easy handling. 

Chemical Lift-Off Lithography. To prepare for lift-off lithography, PDMS stamps were 

exposed to oxygen plasma (power 18 W, oxygen pressure 10 psi, Harrick Plasma, Ithaca, NY, 

USA) for 40 s to generate reactive siloxyls on PDMS stamp surfaces. Activated stamps were 

immediately brought into conformal contact with TEG-modified Au substrates for ~17 h. After 

removing PDMS stamps from the substrates, ethanol was used to rinse post-lift-off substrates 

thoroughly. Patterned substrates were then submerged in ethanolic solutions of 0.5 mM pre-

functionalized thiols for ~3 h, unless otherwise stated. Experiments were conducted with 

different insertion times (0.25-24 h) using L-DOPA pre-functionalized molecules (Fig. 6-S1). An 

early increase (0.5-3 h) followed by a slow rise (after 3 h) in fluorescence intensities suggests 

that insertion starts to saturate after 3 h (Fig. 6-S1 inset). 

For post-functionalization, post-lift-off substrates were submerged in ethanolic solutions 

of 0.5 mM AEG molecules followed by neurotransmitter conjugation. To vary the amounts of 

inserted pre-functionalized thiols or AEG molecules, TEG molecules were co-incubated in 

different proportion such that the total solution concentrations were 1.0 mM and insertions times 
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were ~3 h. After insertion, substrates were rinsed with ethanol and blown dry with nitrogen gas. 

For neurotransmitters post-conjugated to surface tethers, substrates were incubated with 60/40 

DMF/deionized water solutions of 35 mM Fmoc-protected neurotransmitter/NHS/EDC for ~3 h. 

Substrates were then rinsed thoroughly with ethanol and blown dry with nitrogen gas. 

To generate double patterns of surface-tethered neurotransmitters with chemical lift-off 

lithography, PDMS stamps were used to lift-off TEG SAM molecules twice. After the first lift-

off step, substrates were inserted with either surface tethers or pre-functionalized molecules. For 

the second lift-off step, PDMS stamps were used to lift-off TEG SAM molecules from spatially 

non-overlapping regions adjacent to the previously patterned regions on the same substrates. The 

post-double-lift-off substrates were then either inserted with surface tethers or pre-functionalized 

molecules, respectively. After each insertion step with tethering molecules, neurotransmitter 

conjugation was carried out. 

To enable neurotransmitter epitopes to capture binding partners, Fmoc protecting groups 

were removed from surface-tethered neurotransmitters by immersing substrates in 20% 

4-methylpiperidine in deionized water for 15 min. The Fmoc groups were used to protect amino 

moieties during chemical synthesis of pre-functionalized molecules. In addition, Fmoc groups 

protected amino moieties of neurotransmitter precursors from competing reactions with surface 

tethering molecules for NHS-activation of carboxyl groups of precursor molecules. After rinsing 

with deionized water, neurotransmitter-modified substrates were incubated with 10 mg/mL BSA 

solution for 5 min to reduce nonspecific adsorption of target proteins.14 Substrates were then 

completely submerged in plastic Petri dished filled with deionized water. The substrates, held by 

a pair of tweezers, were then gently agitated side-to-side in the deionized water. This step was 

repeated once in fresh deionized water. This double rinsing step was used prior to exposing 
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substrates to protein solutions. Substrates were always covered with deionized water or protein 

solutions. Keeping the substrates wet reduced the likelihood for captured proteins to become 

denatured and dissociated from the substrates. 

Antibody Binding. Primary and secondary antibodies were diluted 1:200 and 1:100 in 

0.01 M PBS pH 7.4, respectively. All primary antibodies were incubated with substrates for 

20 min, followed by incubation with fluorescently labeled secondary antibodies for 20 min. 

Antibody incubation was carried out at room temperature. During incubation of fluorescently 

labeled secondary antibodies, substrates in plastic Petri dishes were placed in the dark to reduce 

photobleaching of dye-labeled antibodies. An inverted fluorescence microscope (Axio 

Observer.D1) equipped with an AxioCam MRm charged-coupled device camera was used to 

image substrates (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA). Two fluorescence 

filter sets (38 HE/high efficiency), with excitation and emission wavelengths at 470 ± 20 nm and 

525 ± 25 nm, respectively, and (43 HE/high efficiency) excitation and emission wavelengths at 

550 ± 25 nm and 605 ± 70 nm, respectively, were used to visualize secondary antibody binding 

on substrates. Fluorescence images were collected using a 10 objective lens. 

Fluorescence intensities were determined by performing line scans at a 30-pixel scanning 

width via AxioVs40 version 4.7.1.0 software (Carl Zeiss MicroImaging, Inc., Thornwood, NY, 

USA). On average, five fluorescence line scans were acquired per image. Fluorescence intensity 

was averaged for each line scan and then for each image. Specific fluorescence intensities 

measured on post-lift-off substrates are differences between fluorescence in the biorecognition 

regions (square features) and fluorescence intensity measured in the TEG background (absence 

of surface-tethered ligands). 
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Statistics. Fluorescence intensity data were evaluated by Student’s t-tests (two-group 

comparisons) using Prism Version 5.02 (GraphPad Software Inc., San Diego, USA). 

Fluorescence intensities are reported as means ± standard errors of the means with probabilities 

P<0.05 considered statistically significant. 
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6.4 Results and Discussions 

6.4.1 Synthesis of Pre-Functionalized Molecules 

Previously, oligo(ethylene glycol)-modified alkanethiol surface tethers were self-

assembled or inserted first on Au substrates followed by chemical modification with small-

molecule probes. Here, we compared a different approach wherein neurotransmitter precursors 

were conjugated to surface tethers prior to self-assembly on Au substrates. The synthesis of pre-

functionalized molecules is challenging because it requires bifunctional tethers and orthogonal 

coupling chemistries. Reactive amine terminal groups are necessary to form amide bonds with 

the carboxyl moieties of neurotransmitter precursors and thiol headgroups are required for self-

assembly on Au substrates (Scheme 6-1). 

Due to the high nucleophilicity of sulfur, thiols were protected during the coupling steps 

to avoid inter- and intramolecular thioesterification. Because the commercial availability of 

functional oligo(ethylene glycol)-terminated alkanethiol tethers is highly limited (and costly), a 

novel synthetic route was established as shown in Scheme 6-2. Although there have been reports 

in the literature regarding the synthesis of oligo(ethylene glycol)-terminated alkanethiols,38,39,41,42 

few studies have reported the pre-functionalization of biologically active small molecules on 

these tethers.43-46 To the best of our knowledge, none of these studies reported pre-

functionalization with neurotransmitters or their precursors. 

 

6.4.2 Patterning Pre- vs. Post-Functionalized Molecules with Lift-Off Lithography 

Chemical lift-off lithography was used to pattern TEG SAMs, which functioned as a 

protein-resistant background matrix (Fig. 6-1A). Following lithography, pre-functionalized 

molecules were inserted into the post-lift-off regions (Fig. 6-1B). For post-functionalization, 
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alkanethiol tethers were inserted into the post-lift-off regions. Functionalization with 

neurotransmitters via amide bond formation was then carried out directly on the substrates 

(Fig. 6-1C). Prior to antibody binding, Fmoc protecting groups were removed from pre-

functionalized molecules to reveal epitopes essential for biomolecule recognition. 

Oxygen plasma-treated PDMS stamps patterned with 25 × 25 m2 square-shaped 

protruding features separated by 25 m spacing were used for chemical lift-off lithography. 

Because molecules are removed only in the stamp/SAM contact regions, patterns of negative, 

recessed squares were created on Au surfaces. Post-lift-off surfaces were exposed to varying 

nominal concentrations of TEG and pre-functionalized molecules or TEG and AEG tether 

molecules followed by post-functionalization. The goal of these experiments was to determine 

the insertion molecule compositions that result in maximal biomolecule/antibody recognition. 

Following surface functionalization, primary antibodies against each probe were then captured 

on the substrates. 

Figure 6-1. Schematics (not to scale) of patterning and functionalization strategies. 

(A) Polydimethylsiloxane stamps were treated with oxygen plasma to generate siloxyl groups 

for reaction with hydroxyl tri(ethylene glycol)-terminated alkanethiol (TEG) self-assembled 

monolayers (SAM) on Au surfaces. During stamp/SAM contact, stamps remove ~70% of 

TEG molecules and the associated underlying Au atoms in the contacted areas. (B) Tether 

molecules pre-functionalized with neurotransmitters or (C) tethers amenable to 

neurotransmitter post-functionalization were then inserted into post-lift-off regions. 
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Antibody binding was visualized via additional capture of fluorescently labeled 

secondary antibodies (Table 6-S1). Fluorescent arrays of square patterns against dark protein-

resistant backgrounds of TEG SAMs resulted from antibody capture. As the ratios of L-DOPA or 

L-5-HTP pre-functionalized molecules were increased relative to TEG molecules, fluorescence 

signals also increased (Fig. 6-2A,B, left to right). Maximal fluorescence signals were observed at 

100% pre-functionalized molecule ratios. In control experiments (Fig. 6-S2A,B), substrates were 

exposed to fluorescently labeled secondary antibodies without primary antibodies. Here, 

negligible fluorescence was detected indicating highly specific binding (>90%) on patterns 

containing L-DOPA or L-5-HTP pre-functionalized molecules.  

Assuming equal chances of TEG vs. pre-functionalized molecule insertion on post-lift-off 

substrates, fluorescence signals would be hypothesized to increase linearly with increasing 

fractions of pre-functionalized molecules. (We assumed that primary antibody-probe binding 

followed a 1:1 stoichiometry such that fluorescence intensities in Figure 6-2 are directly related 

to the relative surface densities of probe molecules.) However, as quantified in Figure 6-3A and 

6-3B, fluorescence signals were not linearly proportional to increasing fractions of pre-

functionalized molecules. This nonlinear relationship suggests that surface adsorption and 

insertion of TEG molecules on post-lift-off substrates is favored over pre-functionalized 

molecules.47-49  
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Figure 6-2. Representative fluorescence images showing lift-off lithography patterned self-

assembled monolayers (SAMs) consisting of (A,B) inserted neurotransmitter (i.e., 

L-3,4-dihydroxyphenylalanine (L-DOPA) and L-5-hydroxytryptophan (L-5-HTP)) pre-

functionalized molecules or (C,D) inserted tethers with post-functionalized neurotransmitters. 

The ratios of inserted pre-functionalized or post-functionalized molecules to hydroxyl-

terminated tri(ethylene glycol)alkanethiol (TEG) are shown above the images. Substrates 

were imaged at an emission wavelength of 525 nm (AlexaFluor® 488 with excitation at 

490 nm) to visualize secondary antibodies, which recognize primary antibodies captured on 

patterned substrates. Scale bars are 50 µm. 
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A number of factors likely contribute to this nonlinear behavior. These include 

differences in the rates of diffusion of the respective molecules to the surface, steric hindrance 

arising as the larger pre-functionalized molecules approach the surface, and differences in 

miscibility (i.e., pre-functionalized molecules may be less miscible with TEG remaining in the 

lift-off regions). Additionally, pyridyl disulfides are bulkier and require disulfide cleavage upon 

adsorption on Au surfaces.40,50 In fact, previous competitive adsorption studies of thiols vs. 

disulfides have shown that adsorption of thiols is about two orders of magnitude greater than 

adsorption of disulfides, possibly due to steric hindrance from disulfide head groups in 

approaching Au surfaces.51,52 Thus, co-incubation with TEG does not appear to be needed to 

dilute pre-functionalized molecules further because the remaining TEG molecules in the post-

lift-off regions already provides the necessary dilution to achieve maximal antibody binding. 

Similar patterning and antibody capture procedures were carried out for post-patterning 

functionalization on post-lift-off substrates. Again, control experiments (Figs. 6-S2C,D) 

produced negligible fluorescence indicating high specific binding (>90%) on post-functionalized 

L-DOPA and L-5-HTP patterned substrates. However, behavior with respect to nominal AEG 

tether/TEG ratios (Fig. 6-2C,D) was different from that observed with pre-functionalized 

molecules (Fig. 6-2A,B). As quantified in Figures 6-3C, fluorescence signal intensities increased 

more gradually and approached a plateau at 75-100% L-DOPA post-functionalized molecules. 

For L-5-HTP (Fig. 6-3D), fluorescence intensities peaked at the 75% ratio and declined at 100% 

post-functionalized L-5-HTP.  
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Figure 6-3. Graphs of normalized fluorescence intensities vs fractions of (A,B) pre-

functionalized and (C,D) post-functionalized molecules relative to hydroxyl-terminated 

tri(ethylene glycol)alkanethiol (TEG). Data for L-3,4-dihydroxyphenylalanine (L-DOPA) are 

shown in (A,C); data for L-5-hydroxytryptophan (L-5-HTP) are in (B,D). Relative 

fluorescence intensities rose slowly with increasing fractions of pre-functionalized molecules 

suggesting preferential adsorption of TEG except where post-lift-off substrates were exposed 

to 100% pre-functionalized molecules, which resulted in maximal fluorescence intensities. 

Relatively small variability in the data in (A,B) suggests reproducible insertion and antibody 

recognition for pre-functionalized molecules. By contrast, the fluorescence profiles for post-

functionalized molecules approached a plateau more slowly in (C) for L-DOPA and (D) for 

L-5-HTP where maximal fluorescence was observed at 25%/75% TEG/AEG ratios. Error bars 

for replicate samples were larger by comparison suggesting greater variability in post-

functionalization and/or antibody capture. Error bars represent standard errors of the means 

with N=3 samples per data point. 
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Because neurotransmitters were conjugated to surface tethers after the latter were 

inserted into post-lift-off regions, antibody binding depends not only on surface tether densities 

but also on the efficiency of NHS/EDC coupling chemistry in attaching L-DOPA and L-5-HTP. 

As stated earlier, residual alkanethiols remain in the contact regions on post-lift-off substrates.53 

Unlike pre-functionalized molecules, however, AEG molecules are thiol-terminated and do not 

possess bulky Fmoc-protected neurotransmitters, so they resemble TEG molecules more closely 

than pre-functionalized molecules (Scheme 6-1). Thus, insertion behavior of mixed AEG/TEG 

solutions may more closely follow their nominal ratios. 

The behavior of the post-functionalized systems also suggests that besides the densities of 

surface tethers, the extent of surface conjugation of neurotransmitters may also contribute to 

antibody binding behavior across different AEG/TEG ratios. For NHS/EDC surface-coupling 

chemistry, specific conditions including pH, solvents, reagent concentrations, and incubation 

periods must be optimized for individual probes.30 Side reactions and hydrolysis of NHS esters 

can lower yields of probe conjugation.28,29 Thus, variability in functionalization efficiency might 

contribute not only to plateau effects but also to the larger error terms for post-functionalized 

substrates (Fig. 6-3C,D) vs. pre-functionalized substrates (Fig. 6-3A,B). Moreover, this same 

variability could underlie differences in antibody binding behavior between L-DOPA and 

L-5-HTP post-functionalized substrates. 

 

6.4.3 Direct Comparisons between Pre- and Post-Functionalized Approaches 

The central hypothesis under investigation in this study is that pre-functionalizing 

neurotransmitters to surface tethers prior to self-assembly improves specific recognition by 

biomolecule targets. To test this hypothesis directly, we compared the two approaches side by 
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side on the same substrates to reduce contributions associated with sample-to-sample variation. 

Moreover, we subjected pre-functionalized molecules to subsequent chemical lift-off patterning 

and post-functionalization chemistries to test whether pre-functionalized molecules can survive 

harsh post-functionalization conditions and retain their ability to capture antibodies. Conditions 

optimized for patterning pre- and post-functionalized molecules were used as determined above. 

Pre-functionalized molecules were inserted onto post-lift-off substrates at 100%, whereas for 

post-patterning functionalization, AEG was co-deposited with TEG at a 75%/25% ratio for 

L-5-HTP and at 100% AEG for L-DOPA. 

Each substrate required double lift-off lithography, thus, there were two patterning routes 

possible. The first route investigated, as shown in Figure 6-4A, involved inserting AEG tethers 

into post-lift-off substrates followed by probe conjugation. A second lift-off step was performed 

in an adjacent region on each substrate and neurotransmitter pre-functionalized molecules were 

then inserted into these newly generated post-lift-off areas. Probe-conjugation reactions on 

surfaces are known to disrupt surrounding SAM structures thereby altering the local environment 

of pre-existing probes tethered on surfaces.15,54 By implementing the post-functionalization step 

prior to insertion with pre-functionalized molecules, the matrix environments around the latter 

should be preserved.  
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Figure 6-4. (A) Schematic illustrating double lift-off patterning of post- and pre-

functionalized molecules. Tether molecules are inserted after the first lift-off step and post-

functionalized followed by insertion of pre-functionalized molecules in an adjacent region 

after a second lift-off step. (B,D) Representative fluorescence images and (C,E) fluorescence 

intensity graphs for antibody binding on double patterns of (B,C) 

L-3,4-dihydroxyphenylalanine (L-DOPA) and (D,E) L-5-hydroxytryptophan (L-5-HTP). 

Similar fluorescence intensities were observed in (C) indicating comparable specific antibody 

binding to L-DOPA in pre- vs. post-functionalized regions. However, in (E), higher 

fluorescence intensities were observed for L-5-HTP for pre-functionalized regions in 

compared to L-5-HTP post-functionalized regions indicating improved antibody binding to 

the former. Substrates were imaged at an emission wavelength of 525 nm (AlexaFluor® 488 

with excitation at 490 nm). Error bars represent standard errors of the means with N=3 

samples per group. Mean intensities are significantly different for L-5-HTP [t(4)=3 *P<0.05]. 

Scale bars are 50 m. 
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As shown in Figure 6-4B,6-4C, similar fluorescence intensities were observed for 

L-DOPA when post-functionalized (top image) vs. pre-functionalized (bottom image) approaches 

were compared. In contrast, relative fluorescence intensities for L-5-HTP for pre-functionalized 

molecules (bottom image) were higher than those for L-5-HTP post-functionalized molecules 

(top image). Control experiments in which capture surfaces were exposed to fluorescently 

labeled secondary antibodies alone (Fig. 6-S3C-F) showed negligible fluorescence signals 

indicating highly specific antibody binding (>90%). 

For the second patterning route, neurotransmitter pre-functionalized molecules were 

inserted into post-lift-off regions followed by a second lift-off step in an adjacent region, 

insertion of AEG tethers, and post-functionalization. This patterning sequence could alter pre-

functionalized molecules during the course of the subsequent probe conjugation steps. 

Nonetheless, similar fluorescence signals were observed for L-DOPA pre-functionalized (Fig. 

6-S4B (top image) and 6-S4C) and post-functionalized (Fig. 6-S4B (bottom image) and 6-S4C) 

molecules. Again, improved specific antibody binding was observed for L-5-HTP pre-

functionalized molecules (Fig. 6-S4D,E). Control experiments where fluorescently labeled 

secondary antibodies were exposed to capture surfaces in the absence of primary antibodies 

(Fig. 6-S3G-J) displayed negligible fluorescence. 

These results provide additional evidence for improved specific antibody recognition of 

L-5-HTP pre-functionalized molecules in support of the central hypothesis, though antibody 

binding to L-DOPA pre-functionalized molecules did not show similar improvements. One 

explanation for the latter is that the efficiency of the NHS/EDC coupling chemistry may be more 

efficient for L-DOPA compared to L-5-HTP. Thus, antibody binding was maximal for L-DOPA 

post-functionalized substrates and could not be further improved using pre-functionalized 
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molecules. It is noteworthy that pre-functionalized molecules appeared to be unaffected by post-

functionalization chemistries such that they did not lose their ability to capture antibodies. 

 

6.4.4 Multiplexed Neurotransmitter Pre-Functionalized Substrates 

Since pre-functionalized molecules provided advantages in the case of some probes (e.g., 

L-5-HTP) and circumvented the need for sequential and compatible on-chip coupling 

chemistries, these molecules were used to create multiplexed neurotransmitter-modified 

substrates. Double lift-off lithography was used to pattern L-DOPA and L-5-HTP pre-

functionalized molecules on the same substrates. Substrates were then exposed to mixed primary 

antibody solutions containing mouse anti-L-DOPA monoclonal antibody and rabbit 

anti-L-5-HTP polyclonal antibody. Primary antibody binding was visualized via exposure to a 

mixed AlexaFluor® 488 (peak emission at 519 nm; “green”) anti-mouse and AlexaFluor® 546 

(peak emission at 573 nm; “red”) anti-rabbit secondary antibody solution. 

Anti-L-DOPA monoclonal antibody displayed 80% selective recognition of surface-

tethered L-DOPA (Fig. 6-5A,C) over L-5-HTP (Fig. 6-5B,C). By contrast, anti-L-5-HTP 

polyclonal antibody displayed poor selectivity and recognized L-5-HTP (Fig. 6-5D,F) and 

L-DOPA (Fig. 6-5E,F) equally well. Substrates exposed to fluorescently labeled secondary 

antibodies alone displayed negligible fluorescence (Fig. 6-S5A,B,C,D) leading to the conclusion 

that it is anti-L-5-HTP primary antibodies that cross-react with L-DOPA pre-functionalized 

molecules. Because variations in probe functionalization, which affect specific binding of 

antibodies to their small-molecule targets, was avoided by using pre-functionalized molecules, 

the cross-reactivity of polyclonal anti-L-5-HTP antibodies likely results from the properties of 

the antibodies themselves. While monoclonal antibodies are identical and recognize the same 
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epitope on antigens by design, polyclonal antibodies are polydisperse and recognize multiple 

different epitopes on antigens.33 Thus, polyclonal antibodies are more susceptible to cross-

reactivity to structurally related epitopes.  

Figure 6-5. (A,B,D,E) Representative fluorescence images and intensity graphs for antibody 

binding on double chemical lift-off patterns of L-3,4-dihydroxyphenylalanine (L-DOPA) and 

L-5-hydroxytryptophan (L-5-HTP) pre-functionalized molecules. Substrates were imaged at 

two fluorescence emission wavelengths (525 nm (green, A,B) and 605 nm (red, D,E) for 

AlexaFluor® 488 (excitation at 490 nm) and AlexaFluor® 546 (excitation at 556 nm), 

respectively to visualize recognition of L-DOPA vs. L-5-HTP by monoclonal anti-L-DOPA 

antibodies in (A,B,C). Recognition of L-DOPA and L-5-HTP by polyclonal anti-L-5-HTP 

antibodies is seen in (D,E,F). Error bars represent standard errors of the means with N=3 

samples per group. Means are significantly different for anti-L-DOPA antibody binding 

[t(4)=7 **P<0.01]. Scale bars are 50 m. 
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The differences in specificities between monoclonal and polyclonal antibodies were 

evident for other pairs of neurotransmitter pre-functionalized molecules. For example, 

anti-L-DOPA monoclonal antibodies showed 90% selective recognition of L-DOPA 

(Fig. 6-6A,C) vs. L-His (Fig. 6-6B,C). Similarly, anti-L-DOPA monoclonal antibodies showed 

60% selective recognition of L-DOPA (Fig. 6-6D,F) vs. L-Trp (Fig. 6-6E,F). By contrast, both 

anti-L-His and anti-L-Trp polyclonal antibodies failed to display selective recognition of L-His 

vs. L-DOPA (Fig. 6-S6A,B,C) and L-Trp vs. L-DOPA (Fig. 6-S6D,E,F), respectively. In all 

cases, control experiments indicated negligible fluorescence signals associated with fluorescently 

labeled secondary antibodies in the absence of primary antibodies (Fig. 6-S7A-H).  

Together, these results suggest that polyclonal primary antibodies may not have sufficient 

specificity to differentiate surface-tethered small-molecule probes having similar structures. In 

contrast, differences between L-DOPA and other small-molecule amino acids (i.e., L-5-HTP, 

L-His, and L-Trp) were readily distinguished by anti-L-DOPA monoclonal antibodies. Moreover, 

anti-L-DOPA monoclonal antibodies exhibited 50% selectivity for L-DOPA (Fig. 6-6G,I) over 

closely structured L-DOPS (Fig. 6-6H,I). Selective recognition for the L-DOPA/L-DOPS pair 

was somewhat poorer than the previous pairs, however, this pair of probes is the most similar of 

those tested and differs by only a hydroxyl group (Scheme 6-1). Secondary antibodies did not 

bind to L-DOPA/L-DOPS-functionalized substrates (Fig. 6-S7I,J). We could not identify 

commercially available antibodies against L-DOPS, so we could not carry out selectivity 

experiments focused on L-DOPS over L-DOPA.  
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Figure 6-6 Representative fluorescence images and intensity graphs for antibody binding on 

double chemical lift-off patterns of (A,B) L-3,4-dihydroxyphenylalanine 

(L-DOPA)/L-histidine (L-His), (D,E) L-DOPA/L-tryptophan (L-Trp), and (G,H) 

L-DOPA/L-droxidopa (L-DOPS) pre-functionalized molecules. Higher fluorescence 

intensities were observed for monoclonal anti-L-DOPA antibody binding to surface tethered 

L-DOPA vs. (C) L-His, (F) L-Trp, and (I) L-DOPS. Imaging was via AlexaFluor® 488 

labeled secondary antibodies (excitation at 490 nm and emission of 525 nm (green)). Error 

bars are standard errors of the means with N=3 substrates per group. Means are significantly 

different for (C) [t(4)=7 **P<0.01], (F) [t(4)=12 ***P<0.001] and (I) [t(4)=5 **P<0.01]. 

Scale bars are 50 m. 



189 

 

 

The comparative antibody binding results suggest that monoclonal antibodies may 

display better selectivity for small-molecule antigens than polyclonal antibodies. However, 

additional monoclonal antibodies beyond the anti-L-DOPA antibodies used here would need to 

be tested to investigate this hypothesis further. Notably, there are very few commercially 

available monoclonal antibodies available for small molecules. Moreover, although highly 

specific recognition (>90%) of surface-bound small-molecule probes was achieved on 

multiplexed substrates, limitations remain in terms of the cross-reactivity of many of the 

antibodies examined here. Nonetheless, the use of pre-functionalized molecules greatly reduced 

variations in probe conjugation, improved specific recognition, and in some cases, when paired 

with highly specific antibodies, enabled multiplexing. 
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6.5 Conclusions and Prospects 

Designing and controlling recognition parameters for biocapture surfaces are challenging. 

In this report, we demonstrated that small-molecules pre-functionalized to surface tethers 

displayed more consistent antibody binding than post-patterning functionalization. Notably, pre-

functionalized molecules not only withstood subsequent conditions associated with addition 

functionalization chemistries but they also improved specific target recognition of some probes. 

Although multiplexed probes were indiscriminately recognized by polyclonal antibodies against 

all tested neurotransmitter pre-functionalized molecules, monoclonal antibodies showed selective 

recognition of L-DOPA vs. all other neurotransmitters tested, even against L-DOPS, which 

differs from L-DOPA by a single hydroxyl moiety. 

When it comes to finding a solution to the cross-reactivity issues associated with some 

biomolecule targets, the ability to reduce nonspecific binding while improving specific binding 

via careful control of surface chemistries appears to be insufficient. Synthetic oligonucleotides or 

aptamers may be potential game changers as they possess many advantages over 

antibodies.35,36,55 Notably, because aptamers are synthesized in vitro, their structures are identical 

and their affinities can be tuned by modulating oligonucleotide sequences and thus, their 3D 

conformations.56 The advantages of the novel neurotransmitter pre-functionalized molecules 

synthesized here will facilitate the generation of improved substrates for identifying high-affinity 

aptamers targeting small-molecule neurotransmitters for neurosensing applications.35,57 
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6.6 Supplementary Experiments and Figures 

Detailed Synthesis Procedures for Neurotransmitter Pre-Functionalized Molecules (see 

Scheme 6-2 in main text). 

Fmoc-L-DOPS-OH. A solution of 208.5 mg (0.98 mmol, 1 eq.) of L-DOPS in 10 mL of a 2:1 

mixture of 10% aqueous Na2CO3/ tetrahydrofuran (THF) was cooled to 0 °C in an ice bath and a 

solution of Fmoc-Cl (278.9 mg, 1.08 mmol, 1.1 eq.) in THF (3.4 mL) was added dropwise. The 

reaction was stirred overnight at room temperature. Tetrahydrofuran was evaporated under 

reduced pressure and the compound was extracted with ethyl acetate. The aqueous layer was 

acidified to pH 2 with 6 M HCl and was then extracted again with ethyl acetate. The organic 

extract was dried over magnesium sulfate, filtered, and then rotovapped to dryness. The oil was 

purified by silica gel chromatography (eluent: dichloromethane (DCM)/ethyl acetate 9:1 to 1:9 

and DCM/methanol (MeOH) 19:1) to give 344 mg of a light brown solid (79%). 1H NMR 

(300 MHz, DMSO-d6, 25 °C):  (ppm) = 8.80 (s, 1 H), 8.75 (s, 1 H), 7.88 (d, 2 H, J = 7.6 Hz), 

7.61-7.71 (m, 2 H), 7.25-7.45 (m, 4 H), 7.07 (d, 1 H, J = 9.2 Hz), 6.78 (s, 1 H), 6.62-6.66 (m, 

2 H), 4.94 (m, 1 H), 4.05-4.24 (m, 4 H), 3.17 (d, 1 H, J = 5.04 Hz). Mass analysis (MALDI-

TOF): m/z 458.9754 (calculated for C24H21NNaO7 [M+Na]+ m/z 458.1210). 

Undec-1-en-11-ylhepta(ethylene glycol) (1). Undec-1-en-11-ylhepta(ethylene glycol) was 

synthesized as previously described.S1 Hepta(ethylene glycol) (4.95 g, 15.2 mmol, 3 eq.) was 

treated with 606 mg of 50% aqueous sodium hydroxide solution (7.6 mmol, 1.5 eq.) for 30 min 

at 100 °C under argon, and then 11-bromo-1-undecene (1.18 g, 5.05 mmol, 1 eq.) was added. 

The solution was stirred for 24 h at 100 °C under argon, then cooled down. The organic mixture 

was extracted with DCM and purified by silica gel chromatography (eluent: ethyl acetate to 

remove the di-functionalized molecule, then DCM/MeOH 19:1 to obtain the mono-
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functionalized molecule, and finally DCM/MeOH 9:1 to recover the non-modified 

hepta(ethylene glycol)) giving 1.51 g of the mono-functionalized compound 1 (colorless oil, 

63%). 1H NMR (300 MHz, CDCl3, 25 °C):  (ppm) = 5.74-5.89 (m, 1 H), 4.89-5.04 (m, 2 H), 

3.53-3.77 (m, 28 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.67 (br s, 1 H), 2.04 (q, 2 H, J = 7.1 Hz), 1.57 

(quin, 2 H, J = 7.0 Hz), 1.22-1.43 (m, 12 H). Mass analysis (MALDI-TOF): m/z 501.2800 

(calculated for C25H50NaO8 [M+Na]+ m/z 501.3398). 

[1-[(Methylcarbonyl)thio]undec-11-yl]hepta(ethylene glycol) (2). 

([1-[(Methylcarbonyl)thio]undec-11-yl]hepta(ethylene glycol) was synthesized as previously 

described with slight modifications.S1 Compound 1 (587.2 mg, 1.23 mmol, 1 eq.) was dissolved 

in 4 mL of anhydrous MeOH. Thioacetic acid (351 µL, 4.92 mmol, 4 eq.) and 10 mg of AIBN 

were added. The mixture was irradiated with a UV lamp (UVP XX-40 BLB, 40-W, 365 nm) 

overnight. Afterwards, another 10 mg of AIBN was added and the reaction was stirred for an 

additional 24 h before concentration by rotary evaporation followed by purification by silica gel 

chromatography (eluent: ethyl acetate, then DCM/MeOH 19:1). Then, 618.7 mg of compound 2 

(91%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C):  (ppm) = 3.54-3.78 

(m, 28 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.86 (t, 2 H, J = 7.3 Hz), 2.77 (br s, 1 H), 2.32 (s, 3 H), 

1.50-1.63 (m, 4 H), 1.21-1.41 (m, 14 H). Mass analysis (MALDI-TOF): m/z 577.6519 

(calculated for C27H54NaO9S [M+Na]+ m/z 577.3381). 

[1-[(Methylcarbonyl)thio]undec-11-yl]-21-(tosyl)oxy-1,4,7,10,13,16,19-heptaoxaheneicosane 

(3). To a solution of compound 2 (1.29 g, 2.32 mmol, 1 eq.) in distilled DCM (2 mL), 

triethylamine (648 µL, 4.64 mmol, 2 eq.) was added. The solution was cooled to 0 °C in an ice 

bath and 4-toluenesulfonyl chloride (663 mg, 3.48 mmol, 1.5 eq.) was added. The ice bath was 

then removed and the solution was allowed to warm to room temperature and react for 24 h. The 
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resultant mixture was diluted in DCM (50 mL) and washed with 2% acetic acid solution and 

brine. The organic layer was dried with magnesium sulfate and then rotovapped to remove all 

remaining liquid. The compound was purified by silica gel chromatography (eluent: DCM/ethyl 

acetate 4:1-1:1). Then, 1.26 g of compound 3 (76%) were obtained as a colorless oil. 1H NMR 

(500 MHz, CDCl3, 25 °C):  (ppm) = 7.80 (d, 2 H, J = 8.1 Hz), 7.34 (d, 2 H, J = 8.1 Hz), 4.16 (t, 

2 H, J = 4.9 Hz), 3.69 (t, 2 H, 4.9 Hz), 3.56-3.67 (m, 24 H), 3.44 (t, 2 H, J = 6.9 Hz), 2.86 (t, 2 H, 

J = 7.1 Hz), 2.45 (s, 3 H), 2.32 (s, 3 H), 1.52-1.62 (m, 4 H), 1.22-1.41 (m, 14 H). Mass analysis 

(MALDI-TOF): m/z 731.3299 (calculated for C34H60NaO11S2 [M+Na]+ m/z 731.3469). 

[1-Mercaptoundec-11-yl]-21-azido-1,4,7,10,13,16,19-heptaoxaheneicosane (4). To a solution 

of compound 3 (1.26 g, 1.77 mmol, 1 eq.) in absolute EtOH (21 mL) was added sodium azide 

(230 mg, 3.54 mmol, 2 eq.). The solution was stirred at 85 °C overnight under argon. Afterward, 

the solution was cooled to room temperature. The solvent was carefully evaporated under 

reduced pressure; then the salts were precipitated in ethyl acetate and removed by filtration. The 

solution was rotovapped to dryness yielding 902.5 mg (94%) of compound 4 (and its disulfide 

derivative) as colorless oil. The residue was used as is without further purification. The 

thioacetate group was cleaved inducing the formation of disulfide bonds (~50%). 1H NMR 

(500 MHz, CDCl3, 25 °C):  (ppm) = 3.49-3.83 (m, 26 H), 3.44 (t, 2 H, J = 6.7 Hz), 3.39 (t, 2 H, 

J = 4.7 Hz), 2.68 (t, 2 H, J = 7.3 Hz, CH2-S-S), 2.52 (q, 2 H, J = 7.2 Hz, CH2-SH), 1.66 (quin, 

2 H, J = 7.3 Hz), 1.57 (quin, 2 H, J = 7.5 Hz), 1.20-1.40 (m, 14 H). Mass analysis (MALDI-

TOF): m/z 560.3625 (calculated for C25H51N3NaO7S [M+Na]+ m/z 560.3345) and m/z 

1095.7825 for the disulfide derivative (calculated for C50H100N6NaO14S2 [M+Na]+ m/z 

1095.6637). 
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[1-(Pyridin-2-yldisulfanyl)undec-11-yl]-21-amino-1,4,7,10,13,16,19-heptaoxaheneicosane 

(amine hepta(ethylene glycol)-terminated undecane-pyridyl disulfide (7EG-PDS) (5). A 

solution of compound 4 (902.5 mg, 1.68 mmol, 1 eq.) in anhydrous THF (5 mL) was cooled to 

0 °C in an ice bath and triphenylphosphine (818 mg, 3.12 mmol, 1.9 eq.) was added under argon. 

The ice bath was then removed and the solution was allowed to warm to room temperature and 

react for 24 h. The solvent was evaporated under reduced pressure and water was added to the 

mixture. The solution was filtered to remove precipitated triphenylphosphine oxide. The filtrate 

was then rotovapped to dryness yielding 1.03 g of a crude compound. The residue was dissolved 

in 20 mL of ammonia solution (7 N in MeOH), and 2-PDS (1.95 g, 8.85 mmol, 5.3 eq.) was 

added to the mixture under argon. The solution was stirred for 72 h at room temperature. The 

solvent was removed by rotary evaporation. The resultant mixture was diluted in DCM (100 mL) 

and washed with water. The organic layer was dried with magnesium sulfate and then 

rotovapped to dryness. The compound was dissolved in water, washed with hexane (4 times) and 

lyophilized. Then 474 mg of compound 5 (43%) were obtained as a colorless oil. 1H NMR 

(500 MHz, CDCl3, 25 °C):  (ppm) = 8.46 (d, 1 H, J = 4.7 Hz), 7.73 (d, 1 H, J = 8.2 Hz), 7.64 (t, 

1 H, J = 7.0 Hz), 7.08 (t, 1 H, J = 6.2 Hz), 3.54-3.76 (m, 26 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.99 (t, 

2 H, J = 4.1 Hz), 2.79 (t, 2 H, J = 7.2 Hz), 1.68 (quin, 2 H, J = 7.2 Hz), 1.56 (quin, 2 H, 

J = 6.4 Hz), 1.19-1.45 (m, 14 H). Mass analysis (MALDI-TOF): m/z 621.3679 (calculated for 

C30H57N2O7S2 [M+H] m/z 621.3602). 

General procedure for the coupling of Fmoc-protected neurotransmitter (Fmoc-R) to 7EG-

PDS compound. Fmoc-R (1-1.1 eq.) was pre-activated in DCM or DMF (95-105 mM) with 

DIEA (3 eq.), HOBt (1.2 eq.) and EDC (1.2 eq.) for 30 min under argon. Thereafter, a 95 mM 

solution of compound 5 in DCM was added to the mixture. The solution was stirred for 24 h 
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under argon at room temperature. The resultant mixture was diluted in DCM and washed with 

brine. The organic layer was dried with magnesium sulfate and then rotovapped to remove all 

remaining liquid. The compound was purified by silica gel chromatography (eluent: DCM/ethyl 

acetate 9:1 to 1:9 and DCM/MeOH 19:1).  

Fmoc-L-DOPA-7EG-PDS. Fmoc-L-DOPA-OH (88 mg, 0.21 mmol, 1.1 eq.) was coupled to 

amino-PEG-alkanepyridyl disulfide compound (5) (120 mg, 0.19 mmol, 1 eq.) according to the 

general procedure described above. Then, 81 mg of compound Fmoc-L-DOPA-7EG-PDS 

(42%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C):  (ppm) = 8.45 (m, 

1 H), 7.25-7.76 (m, 10 H), 7.05-7.10 (m, 1 H), 6.56-6.84 (m, 3 H), 6.03 (m, 1 H), 5.70 (m, 1 H), 

4.18-4.44 (m, 4 H), 3.51-3.74 (m, 28 H), 3.42 (t, 2 H, J = 6.8 Hz), 3.04-3.20 (m, 2 H), 2.79 (t, 

2 H, J = 7.2 Hz), 1.68 (quin, 2 H, J = 7.6 Hz), 1.55 (quin, 2 H, J = 7.0 Hz), 1.20-1.40 (m, 14 H). 

Mass analysis (MALDI-TOF): m/z 1022.6145 (calculated for C54H76N3O12S2 [M+H]+ m/z 

1022.4865). 

Fmoc-L-Trp-7EG-PDS: Fmoc-L-Trp(Boc)-OH (106 mg, 0.20 mmol, 1 eq.) was coupled to 

amino-PEG-alkanepyridyl disulfide compound (5) (125 mg, 0.20 mmol, 1 eq.) according to the 

general procedure described above with a minor change. Before purification by column 

chromatography, the Boc protecting group was cleaved with 20% trifluoroacetic acid solution in 

DCM for 1 h at room temperature. The mixture was diluted with DCM, washed with saturated 

aqueous sodium bicarbonate (3× eq. vol.), dried with magnesium sulfate, and then rotovapped to 

dryness. The compound was purified by silica gel chromatography (eluent: DCM/ethyl acetate 

9:1 to 1:9 and DCM/MeOH 9:1). Then, 129 mg of compound Fmoc-L-Trp-7EG-PDS (63%) 

were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 25 °C):  (ppm) = 9.20 (s, 1 H), 

8.45 (m, 1 H), 7.25-7.81 (m, 13 H), 7.04-7.21 (m, 2 H), 5.92 (m, 1 H), 5.83 (m, 1 H), 4.35-4.48 
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(m, 2 H), 4.23 (t, 1 H, J = 7.4 Hz), 3.45-3.75 (m, 28 H), 3.44 (t, 2 H, J = 6.8 Hz), 3.03-3.38 (m, 

2 H), 2.78 (t, 2 H, J = 7.5 Hz), 1.68 (quin, 2 H, J = 7.5 Hz), 1.55 (quin, 2 H, 7.0 Hz) 1.18-1.42 

(m, 14 H). Mass analysis (MALDI-TOF): m/z 1029.6008 (calculated for C56H77N4O10S2 [M+H]+ 

m/z 1029.5076). 

Fmoc-L-His-7EG-PDS: Fmoc-L-His(Trt)-OH (105.3 mg, 0.17 mmol, 1.1 eq.) was coupled to 

amino-PEG-alkanepyridyl disulfide compound (5) (97.4 mg, 0.15 mmol, 1 eq.) according to the 

general procedure described above with a minor change. Before purification by column 

chromatography, the Trt protecting group was cleaved with 20% trifluoroacetic acid solution in 

DCM for 1 h at room temperature. The mixture was diluted with DCM, washed with saturated 

aqueous sodium bicarbonate (3× eq. vol.), dried with magnesium sulfate, and then rotovapped to 

dryness. The compound was purified by silica gel chromatography (eluent: DCM/ethyl acetate 

9:1 to 1:9 and DCM/MeOH 9:1). Then, 56.3 mg of compound Fmoc-L-His-7EG-PDS (37%) 

were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C):  (ppm) = 8.46 (m, 1 H), 

7.25-7.79 (m, 11 H), 7.07 (m, 1 H), 6.96 (m, 1 H), 6.55 (m, 1 H), 4.57 (m, 1 H), 4.32-4.41 (m, 

2 H), 4.22 (t, 1 H, J = 7.1 Hz), 3.46-3.72 (m, 28 H), 3.41 (t, 2 H, J = 7.0 Hz), 3.00-3.34 (m, 2 H), 

2.79 (t, 2 H, J = 7.1 Hz), 1.68 (quin, 2 H, J = 7.7 Hz), 1.54 (quin, 2 H, J = 6.6 Hz), 1.17-1.45 (m, 

14 H). Mass analysis (MALDI-TOF): m/z 1002.4191 (calculated for C51H73N5NaO10S2 [M+Na]+ 

m/z 1002.4691). 

Fmoc-L-5-HTP-7EG-PDS: Fmoc-L-5-HTP-OH (140.7 mg, 0.32 mmol, 1.1 eq.) was coupled to 

amino-PEG-alkanepyridyl disulfide compound (5) (179.5 mg, 0.29 mmol, 1 eq.) according to the 

general procedure described above. Then, 133 mg of compound Fmoc-L-5-HTP-7EG-PDS 

(44%) were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 25 °C):  (ppm) = 8.73 (s, 

1 H), 8.46 (m, 1 H), 7.19-7.80 (m, 12 H), 7.02-7.09 (m, 2 H), 6.80 (m, 1 H), 6.23 (br s, 1 H), 6.14 
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(br s, 1 H), 5.87 (m, 1 H), 4.35-4.50 (m, 3 H), 4.23 (t, 1 H, J = 7.1 Hz), 3.45-3.71 (m, 28 H), 3.42 

(t, 2 H, J = 6.9 Hz), 3.16-3.40 (m, 1 H), 3.00-3.08 (m, 1 H), 2.78 (t, 2 H, J = 7.0 Hz), 1.68 (quin, 

2 H, J = 7.3 Hz), 1.55 (quin, 2 H, J = 6.9 Hz), 1.19-1.41 (m, 14 H). Mass analysis (MALDI-

TOF): m/z 1067.5042 (calculated for C56H76N4NaO11S2 [M+Na]+ m/z 1067.4844). 

Fmoc-L-DOPS-7EG-PDS: Fmoc-L-DOPS-OH (94.4 mg, 0.22 mmol, 1.1 eq.) was coupled to 

amino-PEG-alkanepyridyl disulfide compound (5) (122.6 mg, 0.21 mmol, 1 eq.) according to the 

general procedure described above. Then, 76 mg of compound Fmoc-L-DOPS-7EG-PDS (37%) 

were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C):  (ppm) = 8.47 (m, 1 H), 

7.25-7.81 (m, 10 H), 7.06-7.15 (m, 2 H), 6.83 (d, 1 H, J = 7.9 Hz), 6.65 (d, 1 H, J = 7.9 Hz), 6.23 

(br s, 1 H), 5.87 (br s, 1 H), 4.99 (m, 1 H), 4.46 (m, 2 H), 4.37 (m, 1 H), 4.24 (t, 1 H, J = 6.7 Hz), 

3.48-3.78 (m, 28 H), 3.44 (t, 2 H, J = 7.0 Hz), 3.25 (m, 1 H), 2.80 (t, 2 H, J = 7.3 Hz), 1.63-1.79 

(m, 2 H), 1.57 (quin, 2 H, J = 7.2 Hz), 1.22-1.42 (m, 14 H). Mass analysis (MALDI-TOF): m/z 

1060.1505 (calculated for C54H75N3NaO12S2 [M+Na]+ m/z 1060.4634). 
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Insertion Kinetics of Neurotransmitter Pre-Functionalized Molecules on Post-Lift-

Off Substrates. Post-lift-off substrates were inserted with L-3,4-dihydroxyphenylalanine 

(L-DOPA) pre-functionalized molecules for different periods of time, i.e., 15 min (0.25 h), 

30 min (0.5 h), 60 min (1 h), 180 min (3 h), and 1440 min (24 h) as seen in Figures 6-S1. The 

graph shows the fluorescence intensities resulting from antibody capture by L-DOPA pre-

functionalized molecules. An early increase (0.25-3 h) followed by a slow rise (after 3 h) in 

fluorescence intensities indicates that the insertion of pre-functionalized molecule begins to 

reach saturation at ~3 h of insertion. 

Control Experiments for Figures 6-2, 6-4, 6-5, and 6-6 in main text. To determine 

nonspecific binding, neurotransmitter-functionalized substrates were exposed to fluorescently 

labeled secondary antibodies in the absence of primary antibodies. Representative fluorescence 

microscopic images from substrates inserted with 100/0 L-DOPA pre-functionalized/TEG 

molecules, 100/0 L-5-HTP pre-functionalized/TEG molecules, 100/0 L-DOPA post-

conjugated/TEG molecules, and 72/25 L-5-HTP post-conjugated/TEG molecules are shown in 

Figure 6-S2A, B, C, and D, respectively. Other ratios of TEG molecules and neurotransmitters 

pre- or post-functionalized molecules showed similar results to that in Figure 6-S2. As shown in 

Figures 6-S2, 6-S3, 6-S5, and 6-S7, negligible fluorescence signals were observed on substrates 

patterned with neurotransmitter pre- and post-functionalized molecules, indicating minimal 

nonspecific binding of fluorescently labeled secondary antibodies. Low nonspecific binding was 

associate with the use of protein-resistant TEG self-assembled monolayers as the background 

matrix and bovine serum albumin as a blocking agent.S2-4 
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Comparison of Pre- and Post-Functionalization Approaches on the Same 

Substrates. As discussed in the main text, neurotransmitter pre-functionalized molecule 

insertion followed surface tether insertion to avoid alterations to pre-functionalized probes 

resulting from neurotransmitter conjugation to surface tethers. For the reverse patterning route 

where pre-functionalized molecule insertion preceded tether insertion and post-functionalization, 

specific recognition of neurotransmitter pre-functionalized molecules might be altered due to the 

subsequent neurotransmitter conjugation. Nonetheless, fluorescence results showed equivalent 

specific binding on substrates patterned with L-DOPA pre-functionalized followed by post-

functionalized molecules (Fig. 6-S4B,C). Improved specific binding was observed on 

L-5-hydroxytryptophan (L-5-HTP) pre-functionalized followed by post-functionalized molecule 

substrates (Fig. 6-S4D,E). Results in Figure 6-S4 were consistent with those in Figure 6-4 in the 

main text where post-functionalization preceded pre-functionalization. These results suggest that 

neurotransmitter pre-functionalized molecules are resistant to harsh post-conjugation reactions. 

Notably, neurotransmitter pre-functionalized molecules displayed consistent specific antibody 

binding independent of patterning strategies. 

Supplemental Results for Figures 6-6A,B,D,E,G,H (main text). Double chemical lift-

off lithography was used to fabricate multiplexed neurotransmitter-modified substrates. Patterns 

of L-DOPA/L-histidine (L-His) and L-DOPA/L-tryptophan (L-Trp) pre-functionalized molecule 

pairs were exposed to corresponding mixed primary antibodies followed by mixed fluorescently 

labeled secondary antibodies. Substrates were imaged at two emission wavelengths of 525 nm 

(AlexaFluor® 488; peak excitation at 490 nm; “green”) and 605 nm (AlexaFluor® 546; peak 

excitation at 556 nm; “red”) to visualize captured anti-L-DOPA and anti-L-His antibodies. A 

similar pair of emission wavelengths of 525 nm (AlexaFluor® 488; peak excitation 490 nm; 
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“green”) and 605 nm (AlexaFluor® 568; peak excitation 578 nm; “red”) was used to visualize 

captured anti-L-DOPA and anti-L-Trp antibodies. All green fluorescence images are shown in 

Figures 6-6A,B,D,E,G,H in the main text. Red fluorescence images are shown in 

Figure 6-S6A,B,D,E. 
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Table 6-S1. Summary of primary antibodies and fluorescently labeled secondary antibodies 

corresponding to surface-tethered neurotransmitters used in this study. 
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Figure 6-S1. Fluorescence intensities as a function of insertion times. An initial sharp 

increase (0.25-3 h) followed by a slow rise in fluorescence intensities was associated with 

different insertion times for L-DOPA pre-functionalized probes. These results, indicate that 

the insertion of pre-functionalized molecules begins to reach saturation after 3 h of insertion. 

Patterned substrates were imaged at an emission wavelength of 525 nm (AlexaFluor® 488 

secondary antibodies; excitation at 490 nm) to visualize the binding of anti-L-DOPA primary 

antibodies on L-DOPA functionalized substrates. The fluorescence intensity bar graphs in the 

inset show non-significant differences in fluorescence intensities between 3 h and 24 h 

insertion times. Error bars represent standard errors of the means with 

N=3 substrates per group. 
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Figure 6-S2 Control experiments for Figure 6-2 (main text). Representative fluorescence 

images for patterns of pre-/post-functionalized molecules or mixed hydroxyl tri(ethylene 

glycol)-terminated alkanethiols and pre-/post-functionalized molecules: (A) 

L-3,4-dihydroxyphenylalanine (L-DOPA) and (B) L-5-hydroxytryptophan (L-5-HTP) 

pre-functionalization. (C) L-DOPA and (D) L-5-HTP post-patterning functionalization, 

respectively. Patterned substrates were exposed to fluorescently labeled secondary antibodies 

alone. Negligible fluorescence signals at an emission wavelength of 525 nm 

(AlexaFluor® 488; excitation at 490 nm) indicated nominal nonspecific binding of 

fluorescently labeled secondary antibodies. Scale bars are 50 µm. 
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Figure 6-S3 Control experiments corresponding to Figure 6-4 (main text) and Figure 

6-S4B (supporting materials). Schematic illustrating double lift-off patterning of (A) post-

functionalization followed by pre-functionalization and (B) pre-functionalization followed by 

post-functionalization. In (A), tether molecules are inserted after the first lift-off step and 

functionalized (conjugated with neurotransmitter) followed by insertion of pre-functionalized 

molecules in an adjacent region after a second lift-off step. The procedure is reversed in (B). 

Representative fluorescence images for (C,D,G,H) are patterns of 

L-3,4-dihydroxyphenylalanine (L-DOPA) and (E,F,I,J) are patterns of 

L-5-hydroxytryptophan (L-5-HTP) on substrates subjected to (C,E) post- followed by (D,F) 

pre-and (G,I) pre- followed by (H,J) post-functionalization. Substrates were exposed to 

fluorescently labeled secondary antibodies alone. Negligible fluorescence signals were 

observed at an emission wavelength of 525 nm (AlexaFluor® 488; excitation at 490 nm) 

indicating negligible nonspecific binding of fluorescently labeled secondary antibodies on 

patterned substrates. Scale bars are 50 m. 
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Figure 6-S4. (A) Schematic illustrating double lift-off patterning of pre- followed by post-

functionalized molecules. (B,D) Representative fluorescence images and (C,E) fluorescence 

intensity graphs for antibody binding on double patterns of (B,C) 

L-3,4-dihydroxyphenylalanine (L-DOPA) and (D,E) L-5-hydroxytryptophan (L-5-HTP). (C) 

Fluorescence intensity graphs showed equivalent fluorescence signals resulting from antibody 

binding on L-DOPA pre- vs. post-functionalized substrates. (E) In contrast, fluorescence 

signals from antibody binding to L-5-HTP pre-functionalized molecules are significantly 

greater than those for L-5-HTP post-patterning functionalization indicating improved specific 

binding for L-5-HTP pre-functionalized molecules. Patterned substrates were imaged at 

emission wavelength of 525 nm (AlexaFluor® 488; excitation at 490 nm). Error bars represent 

standard errors of the means with N=3 samples per group. Mean intensities are significantly 

different for (E) [t(4)=8 **P<0.01]. Scale bars are 50 m. 
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Figure 6-S5 Control experiments for Figure 6-5 (main text). Representative fluorescence 

microscopic images for substrates double patterning with (A,C) 

L-3,4-dihydroxyphenylalanine (L-DOPA) and (B,D) L-5-hydroxytryptophan (L-5-HTP) 

pre-functionalized molecules. Patterned substrates were challenged with mixed fluorescently 

labeled secondary antibodies alone. Negligible fluorescence was observed at two emission 

wavelengths of (A,B) 525 nm (AlexaFluor® 488; excitation at 490 nm) and (C,D) 605 nm 

(AlexaFluor® 546; excitation at 556 nm) indicating minimal nonspecific binding of 

fluorescently labeled secondary antibodies. Scale bars are 50 m. 
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Figure 6-S6 Complementary experiments for Figure 6-6 (main text). Representative 

fluorescence images for substrates double patterned with (A,B) 

L-3,4-dihydroxyphenylalanine (L-DOPA)/L-histidine (L-His) and (D,E) 

L-DOPA/L-tryptophan (L-Trp) pre-functionalized molecules. Patterned substrates were 

exposed to mixed primary antibodies followed by mixed fluorescently labeled secondary 

antibodies. Substrates were imaged at two emission wavelengths of 525 nm (AlexaFluor® 

488; excitation 490 nm; green) and 605 nm (AlexaFluor® 546; excitation 556 nm; red) to 

visualize primary antibodies captured on (A,B) L-DOPA/L-His patterns. Similar fluorescence 

emission wavelength pairs were used (525 nm for AlexaFluor® 488 with excitation at 490 nm 

and 603 nm for AlexaFluor® 568 with excitation at 578 nm) to visualize primary antibodies 

captured on (D,E) L-DOPA/L-Trp patterns. Corresponding images for green fluorescence are 

shown in Figure 6-6 in the main text. Images shown here for red fluorescence visualize 

binding of (A,B) anti-L-His and (D,E) anti-L-Trp primary antibodies on double-patterned 

substrates. (C,F) Fluorescence intensity graphs showed higher binding of anti-L-His and 

anti-L-Trp primary antibodies to L-DOPA than to L-His and L-Trp pre-functionalized 

molecules, suggesting cross-reactivity of primary antibodies. Error bars represent standard 

errors of the means with N=3 substrates per group. Mean intensities are significantly different 

in (C) [t(4)=5 *P<0.05] and in (F) [t(4)=9 ***P<0.001]. Scale bars are 50 m. 
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Figure 6-S7 Control experiments for Figure 6-6 (main text) and Figure 6-S6 (supporting 

materials). Representative fluorescence images for substrates double patterned with 

(A,B,C,D) L-3,4-dihydroxyphenylalanine (L-DOPA)/L-histidine (L-His), (E,F,G,H) 

L-DOPA/L-tryptophan (L-Trp), and (I,J) L-DOPA/L-droxidopa (L-DOPS) pre-functionalized 

molecules. Patterned substrates were challenged with fluorescently labeled secondary 

antibodies in (I,J) and with mixed fluorescently labeled secondary antibodies in (A-H). 

Negligible fluorescence was observed at two emission wavelengths in (A,B) 525 nm 

(AlexaFluor® 488; excitation at 490 nm) and (C,D) 605 nm (AlexaFluor® 546; excitation at 

556 nm) indicating minimal nonspecific binding of fluorescently labeled secondary 

antibodies on L-DOPA/L-His patterns. Similarly, negligible fluorescence signals at two 

emission wavelengths in (E,F) 525 nm (AlexaFluor® 488; excitation at 490 nm) and (G,H) 

605 nm (AlexaFluor® 568; excitation at 578 nm) and at an emission wavelength of 525 nm 

(AlexaFluor® 488; excitation at 490 nm) in (I,J) indicated negligible nonspecific binding of 

fluorescently labeled secondary antibodies on (E,F,G,H) L-DOPA/L-Trp and (I,J) 

L-DOPA/L-DOPS patterns, respectively. Scale bars are 50 m. 
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7.1 Abstract 

Nucleotide arrays require controlled surface densities and minimal nucleotide-substrate 

interactions to enable highly specific and efficient recognition by corresponding targets. We 

investigated chemical lift-off lithography with hydroxyl- and oligo(ethylene glycol)-terminated 

alkanethiol self-assembled monolayers as a means to produce substrates optimized for tethered 

DNA insertion into post-lift-off regions. Residual alkanethiols in the patterned regions after lift-

off lithography enabled the formation of patterned DNA monolayers that favored hybridization 

with target DNA. Nucleotide densities were tunable by altering surface chemistries and 

alkanethiol ratios prior to lift-off. Lithography-induced conformational changes in oligo(ethylene 

glycol)-terminated monolayers hindered nucleotide insertion but could be used to advantage via 

mixed monolayers or double lift-off lithography. Compared to thiolated DNA self-assembly 

alone or with alkanethiol backfilling, preparation of functional nucleotide arrays by chemical lift-

off lithography enables superior hybridization efficiency and tunability.  
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7.2 Introduction 

Nucleotide microarrays are widely used to identify specific DNA sequences and to 

investigate large-scale gene expression.1 To fabricate arrays, probe nucleotides are immobilized 

on solid substrates for hybridization with complementary targets from solution. Tethering 

strategies include covalent binding, electrostatic interaction, biotin-streptavidin linkage, and 

thiolated nucleotide self-assembly.2,3 Alkanethiol (SAMs) on Au have been utilized to regulate 

surface-probe densities and probe-substrate interactions, thereby enhancing specific recognition 

of tethered DNA targets and minimizing nonspecific binding.4-8 As such, the use of alkanethiol 

SAMs modified with DNA probes has advanced understanding of DNA-SAM and DNA-

substrate interactions to improve and to optimize the performance of nucleotide-functionalized 

substrates.9-15 

Tarlov et al. illustrated the importance of alcohol-terminated alkanethiols on Au 

substrates to facilitate target DNA hybridization.4,16,17 Here, alkanethiol-DNA was self-

assembled and then backfilled with mercaptohexanol (MCH) to dilute the DNA and to prevent 

direct interactions between DNA probes and substrates.4,18 Backfilling with alkanethiols also 

lowers quenching of fluorescently labeled DNA by preventing DNA molecules from lying flat 

on metal substrates.12,19 In addition to MCH, mercaptoundecanol (MCU) and oligo(ethylene 

glycol)-terminated alkanethiols have been used as diluents.6,7,20-22 The presence of the latter 

reduces nonspecific interactions with proteins and other biomolecules.9,23,24 For example, Choi et 

al. demonstrated that DNA substrates created by backfilling with hydroxyl- and carboxyl-

terminated oligo(ethylene glycol)-containing alkanethiols and functionalized with cell-adhesion 

peptides simultaneously promoted peptide-selective cell adhesion and DNA hybridization.25 
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In lieu of backfilling, thiolated DNA can be inserted into preformed alkanethiol 

SAMs.6,26,27 Insertion is advantageous for a number of reasons. Instead of exposing surface-

bound DNA to ethanolic alkanethiol solutions during backfilling, which causes DNA 

condensation and precipitation, alkanethiols are assembled first followed by insertion of DNA 

dissolved in aqueous buffers.28,29 Insertion also prevents phase separation.23,30-33 A recent study 

of DNA hybridization on Au electrodes demonstrated that surface hybridization was reduced 

because DNA probes tended to aggregate into domains after backfilling with alcohol-terminated 

alkanethiols.34 In contrast, tethered DNA molecules inserted into defect sites in preformed SAMs 

produced dilute coverage wherein individual probe strands were isolated from each other.34,35 A 

low-density environment for surface-bound DNA not only improves hybridization by providing 

better access for target DNA but it enables investigation of DNA-substrate interactions at the 

single-molecule level.34-37 

Insertion-directed chemistries are also beneficial because they can be combined with 

surface patterning methods.38-40 We developed microcontact insertion printing for substrate 

patterning38 and have used this technique to produce dilute coverage of surface-tethered small-

molecule ligands on preformed oligo(ethylene glycol)-terminated alkanethiol SAMs.23 However, 

using microcontact insertion printing for DNA patterning will require tuning stamp surface 

chemistries to facilitate insertion of alkanethiol-functionalized DNA into SAMs.41 Alternately, 

we illustrate how patterning characterized by dilute DNA surface coverage and reduced DNA-

substrate interactions can be achieved straightforwardly using chemical lift-off lithography.42 

Lift-off lithography takes advantage of the strong interactions formed during stamp-substrate 

contact between the siloxyl groups on oxygen plasma-treated PDMS stamps and hydroxyl-

terminated alkanethiol SAMs. Boxer and co-workers have used similar strategies to remove 
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molecules from lipid bilayers.43-45 In lift-off lithography, terminally (ω-)functionalized 

alkanethiol molecules are removed when stamps are lifted from substrates. Here, we investigated 

how retained alkanethiols in the contacted regions interact with DNA probes to modulate surface 

properties. A range of alkanethiols terminated with hydroxyl or oligo(ethylene glycol) functional 

groups were studied (Scheme 7-1). 

We find that following lift-off lithography, hydroxyl-terminated alkanethiol SAMs enable 

DNA probes greater access to Au substrates compared to oligo(ethylene glycol)-terminated 

SAMs. Notably, alkanethiol-functionalized DNA inserted into post-lift-off hydroxyl-terminated 

alkanethiol SAMs showed increased surface hybridization compared to DNA monolayers 

assembled by backfilling. Moreover, alkanethiol backfilling following patterning via lift-off 

lithography did not improve DNA hybridization efficiency. We discovered that the lift-off 

process induces conformational changes in oligo(ethylene glycol) moieties resulting in steric 

Scheme 7-1. Abbreviations, names, and molecular structures of the alkanethiols used in these 

studies. 
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effects that limit DNA-probe access to Au surfaces. As such, we varied hydroxyl-/oligo(ethylene 

glycol)-terminated alkanethiol SAM ratios via codeposition prior to lift-off to tune the amounts 

of inserted tethered DNA. Ultimately, chemical lift-off lithography, in combination with variable 

matrix compositions, provides a facile means to regulate and to optimize DNA surface coverage, 

which is essential for controlling hybridization efficiency and the thermodynamic/kinetic 

behavior of nucleic acids on surfaces.5,46,47  
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7.3 Materials and Methods 

 

Materials. Silicon substrates coated with 100-nm-thick Au films overlaying 10-nm-thick 

Ti adhesive layers were purchased from Platypus Technologies (Madison, WI, USA). 

11-Mercaptoundecyl tri(ethylene glycol) (TEG) was purchased from Toronto Research 

Chemicals Inc. (Toronto, ON, Canada). 11-Mercaptoundecanol (MCU) and 0.01 M phosphate 

buffered saline (PBS) ([NaCl] = 138 mM, [KCl] = 2.7 mM, and [MgCl2] = 5 mM, pH 7.4) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 16-Mercaptohexadecanol (MCHD) was 

purchased from Dojindo Molecular Technologies (Rockville, MD, USA). 11-Mercaptoundecyl 

hexa(ethylene glycol) (HEG), (6-mercaptohexyl) tri(ethylene glycol) (TEG-C6), and 

11-mercaptoundecyl tri(ethylene glycol) methyl ether (CH3O-TEG) were purchased from 

ProChimia Surfaces (Sopot, Poland). Absolute ethanol was purchased from Decon Laboratories, 

Inc. (King of Prussia, PA, USA). Deionized water (∼18 MΩ) was obtained from a Millipore 

water purifier (Billerica, MA, USA). Short single-stranded DNA thiolated at the 5’ end with a 

hexyl linker (thioMC6-D) (5’-/5ThioMC6-D/GCA CGA AAC CCA AAC CTG ACC TAA CCA 

ACG TGC T-3’ with molecular weight 10647.2 g/mol and melting temperature 67.2 C), long 

thiolated single-stranded DNA (5’-/5ThioMC6-D/TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT GCC GGG CGC GGC GCC GGG GCG CCG TTT TTT TTT TTT TTT TTT TTT 

TTT TGT GGT TTG GTT GTG TGT G-3’ with molecular weight 31111.2 g/mol and melting 

temperature 72.0 C), Alexa 488 fluorophore-conjugated complementary single-stranded DNA 

molecules (5’-/5-Alex488N/AGC ACG TTG GTT AGG TCA GGT TTG GGT TTC GTG C-3’ 

with molecular weight 11262.5 g/mol and melting temperature 67.2 C), and Alexa 488 

fluorophore-conjugated noncomplementary, scrambled, single-stranded DNA sequences 
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(5’-/5-Alex488N/CAT GAA CCA ACC CAA GTC AAC GCA AAC GCA TCA A-3’ with 

molecular weight 11031.4 g/mol and melting temperature 65.3 C) were purchased from 

Integrated DNA Technologies (Coralville, IA, USA).83 All DNA solutions were 100 μM as 

received and were diluted with 0.01 M PBS pH 7.4 to specific concentrations as needed for each 

experiment. 

Substrate and Stamp Preparation. Silicon substrates with Au films were hydrogen-flame 

annealed. To prepare SAMs, hydroxyl-terminated alkanethiols (MCU, MCHD), hydroxyl 

tri(ethylene glycol)-terminated alkanethiols (TEG, TEG-C6, HEG), or methoxy tri(ethylene 

glycol)-terminated alkanethiol (CH3O-TEG) in ethanolic solutions (0.5 mM) were self-

assembled on Au substrates for 16-18 h. For controlling DNA surface densities, mixed 

MCU/TEG SAMs were created by varying the ratios of MCU to TEG in solution concentrations 

as follows (in mM): 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75, and 0:1. Following self-assembly, 

substrates were rinsed thoroughly with ethanol and blown dry with nitrogen gas. 

Square (25 μm × 25 μm or 2 μm × 2 μm), protruding features on PDMS stamps were 

fabricated via standard photolithography-processed masters. Details on stamp fabrication and 

oxygen plasma treatment of PDMS stamps have been published previously.24,41,42 Briefly, 10:1 

mass ratios of SYLGARD 184 silicone elastomer base and curing agent (Ellsworth Adhesives, 

Germantown, WI, USA) were mixed thoroughly in a plastic cup, degassed under a vacuum, cast 

onto master substrates in a plastic Petri dish, and then cured in an oven at 70 C overnight. The 

polymerized stamps were removed from the masters, cut into appropriate sizes, rinsed with 

ethanol, and blown dry with nitrogen gas. Stamps were then exposed to oxygen plasma (Harrick 

Plasma, power 18 W, and oxygen pressure 10 psi) for 30 s, yielding hydrophilic, reactive PDMS 

surfaces.42 After lift-off, PDMS stamps were rinsed with ethanol, wiped with Kimberly-Clark 
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tissues soaked in ethanol, and dried with nitrogen gas. Cleaned stamps were sealed to clean glass 

slides for storage before additional use. 

Patterning Alkanethiol SAM-Modified Substrates via Chemical Lift-Off Lithography. 

Oxygen plasma-treated PDMS stamps were brought into conformal contact with SAM-modified 

substrates for ∼6 h for single lift-off. The contact reactions at the stamp-SAM interfaces caused 

SAM molecules to be removed specifically in the contact regions once the PDMS stamps were 

released from the substrates. After patterning, substrates were rinsed with ethanol and dried with 

nitrogen gas. 

Double lift-off on TEG SAMs involved a combination of flat (featureless) and patterned 

PDMS stamps. The first lift-off step was carried out using flat stamps for 3 h to remove 

molecules from the entire surface. In the second lift-off step, patterned stamps were sealed to the 

post-lift-off substrates for another 3 h to remove molecules only in the contact regions between 

the stamp features and the surfaces. The shorter stamp/substrate contact times (3 h vs. 6 h) were 

selected to expedite DNA pattern generation. We previously found that patterns were created via 

chemical lift-off at even shorter times (i.e., 1 and 5 min).42,82 Thus, exploring short 

stamp/substrate contact times (<3 h) may be beneficial for practical applications associated with 

generating lift-off-based DNA arrays. 

For fluorescence experiments, substrates were incubated in solutions of 1 μM DNA 

probes in 0.01 M PBS pH 7.4 for ∼17 h to insert DNA into the post-lift-off exposed Au areas.8 

After incubation, substrates were rinsed thoroughly with deionized water and blown to dryness 

with nitrogen gas. To visualize DNA hybridization, substrates were exposed to solutions of 1 μM 

target DNA in 0.01 M PBS pH 7.4 for ∼1 h. Substrates were processed in pairs for MCU and 

TEG SAMs. One substrate was incubated with target DNA and the other with 
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noncomplementary DNA as a control. Each experiment was repeated at least three times over a 

minimum of three different days. Variations in fluorescence intensities across experiments can 

arise due to the sensitivity of DNA hybridization to Mg2+ concentrations in incubation buffers.68 

However, this factor should affect all substrates processed in parallel equally within each 

experiment. Thus, it is important to process samples in parallel as much as possible and to 

include appropriate control samples (e.g., hybridization to noncomplementary DNA) in all 

sample runs. 

Deionized water was used to rinse the substrates gently before imaging under an inverted 

fluorescence microscope (Axio Observer.D1, Carl Zeiss MicroImaging, Inc., Thornwood, NY, 

USA) using a fluorescence filter set (38 HE/high efficiency) having excitation and emission 

wavelengths of 470 ± 20 nm and 525 ± 25 nm, respectively. Fluorescence intensity was 

measured with the line profile function in AxioVs40 V 4.7.1.0 software (Carl Zeiss 

MicroImaging, Inc., Thornwood, USA). The widths of the fluorescence line scans were made to 

be approximately the same as that of the square patterned features (i.e., 25 μm). On average, 

three to four fluorescence line scans were acquired per image. Fluorescence intensity was 

averaged for each line scan and then for each image. Alternately, for substrates without patterns, 

fluorescence intensity was measured using a histogram function and similarly defined areas 

across all fluorescence images. In all cases, three fluorescence measurements were made per 

substrate. Specific fluorescence intensities measured on post-lift-off substrates are the 

differences between the DNA hybridization regions (square features) and the alkanethiol 

backgrounds (absence of DNA probes). 

Backfilling experiments following chemical lift-off were performed using the same 

procedures as those described above with the exception that after DNA probe incubation, 
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substrates were further incubated with 0.5 mM MCU diluted with 0.01 M PBS pH 7.4 to make 

10 μM MCU solutions for backfilling MCU/DNA SAMs for 30 min.7 Similarly, solutions of 

0.5 mM TEG were diluted with 0.01 M PBS pH 7.4 to make 50 μM TEG solutions for 

backfilling after lift-off.21 The traditional backfilling method was carried out by incubating 

hydrogen-flame annealed Au substrates with 1 μM DNA-probe solutions for ∼17 h followed by 

backfilling with 10 μM MCU solution for 30 min. Dilution with PBS was used to minimize the 

deleterious effect that ethanol can have on DNA probes assembled on surfaces.28 

For AFM and XPS experiments, post-lift-off substrates were incubated with solutions of 

1 μM long (100 base) or short (34 base) DNA probes in 0.01 M PBS pH 7.4 for ∼17 h, rinsed 

gently with deionized water and blown dry with nitrogen gas.8 Tapping mode AFM (Dimension 

5000, Bruker AXS, Santa Barbara, CA, USA) was used to characterize height differences on 

DNA/alkanethiol mixed monolayers on the post-lift-off substrates. Topographic AFM images 

were collected using Si cantilevers with a spring constant of 48 N/m and a resonant frequency of 

190 kHz (Veeco Instruments, Santa Barbara, CA, USA). 

For XPS experiments, featureless PDMS stamps were used for the chemical lift-off 

process. All XPS data were collected using an AXIS Ultra DLD instrument (Kratos Analytical 

Inc., Chestnut Ridge, NY, USA). A monochromatic Al Kα X-ray source (10 mA for survey 

scans and 20 mA for high resolution scans, 15 kV) with a 200 μm circular spot size and ultrahigh 

vacuum (10-9 Torr) were used.41,42 Spectra were acquired at a pass energy of 160 eV for survey 

spectra and 20 eV for high resolution spectra of C 1s, O 1s, N 1s, P 2p, S 2p, and Au 4f regions 

using a 200 ms dwell time. Different numbers of scans were carried out depending on the 

difficulty of identifying each peak vs. background, ranging from 20 scans for C 1s to 100 for 
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Au 4f. All XPS peaks for each element on Au substrates were referenced to the Au 4f signal at 

84.0 eV. Atomic percentages were calculated from peak areas. 

Because PDMS is an insulator, a charge neutralizer (flood gun) was used to obtain 

signals from each element on PDMS stamps. As a result, peaks are shifted slightly from their 

expected regions (for C 1s this is 4-5 eV lower than the reference at 284.0 eV). Because the 

number of peaks of interest was small (only Au 4f peaks on PDMS samples), and they were well 

separated (∼4 eV), peak shifting did not affect identification. No corrections were carried out 

during data collection to shift peaks back to particular regions or to scale peaks based on 

reference locations. 

Featureless PDMS stamps were also used for the chemical lift-off process for infrared 

spectroscopy experiments. Polarization modulation infrared reflection-absorption spectroscopy 

(PM-IRRAS) was carried out using a Thermo Nicolet 8700 Fourier-transform infrared 

spectrometer (Thermo Electron Corp., Madison, WI, USA) in reflectance mode using infrared 

light incident at 80 relative to the surface normal. Spectra with 1024 scans and a resolution of 

4 cm-1 were collected in all cases. Each PM-IRRAS experiment was carried out at least four 

times. Polarization modulation infrared reflection-absorption spectroscopy was used to 

investigate the removal of molecules due to lift-off by monitoring the peak areas of the O-H 

stretching band associated with hydroxyl terminal groups. This spectroscopic method was also 

used to detect the conformational changes of oligo(ethylene glycol) moieties in TEG, TEG-C6, 

HEG, and CH3O-TEG alkanethiols. 

Statistical Analyses. Data from fluorescence microscopy, XPS atomic percentage, and 

AFM topography experiments were initially analyzed by one-way or two-way analysis of 

variance as appropriate, followed by Tukey's multiple group comparisons. A priori individual 
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group comparisons for fluorescence microscopy data were also analyzed by two-tailed unpaired 

Student's t-tests. All statistics were carried out using GraphPad Prism (GraphPad Software Inc., 

San Diego, USA). Data are reported as means (standard errors of the means with probabilities of 

P<0.05 considered statistically significant.  
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7.4 Results and Discussions 

 

7.4.1 Chemical Lift-Off Lithography Facilitates Probe DNA Insertion and Target DNA 

Hybridization 

Following self-assembly, oxygen-plasma-treated PDMS stamps were used to remove 

alkanethiols terminated with hydroxyl moieties from Au substrates within the stamp-substrate 

contact areas.42 Previously, we found that ∼70% of MCU molecules are removed from the 

contact regions after lift-off.42 Further, we showed that inserting biotin hexa(ethylene glycol)-

terminated alkanethiols into the contact areas enabled streptavidin recognition in the biotin-

patterned regions with features as small as 40 nm for a single lift-off step and 20 nm for two lift-

off lithography steps. The precision of these features reached 2 nm and later results showed that 

we have not yet reached the resolution limits of the method. Similarly, we reasoned that 

alkanethiol residues remaining in the contact areas after lift-off would act as diluents when 

inserting thiolated single-stranded DNA probes. 

The chemical lift-off process is illustrated in Figure 7-1. Negative features in SAMs were 

generated using PDMS stamps with arrays of protruding square-shaped posts. Patterned SAMs 

were incubated with alkanethiol-functionalized DNA probe solutions to enable insertion into the 

post-lift-off areas. Substrates were then exposed to fluorescently labeled target DNA. 

Experiments were carried out using ∼17 h (overnight) insertion times. Short insertion times (i.e., 

<2 h) were associated with linearly increasing hybridization efficiencies, whereas DNA insertion 

over longer times resulted in near saturation of hybridization efficiency (Figure 7-S1). 
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Figure 7-1. Schematic illustration of chemical lift-off/DNA insertion patterning. (A) Oxygen 

plasma-treated polydimethylsiloxane stamps are brought into conformal contact with 

alkanethiol self-assembled monolayers (SAMs) terminated with functional groups that are 

reactive toward chemical lift-off. (B) As a result of the strong interactions at stamp-substrate 

interfaces, stamp removal causes lift-off of functionalized alkanethiols, albeit incompletely, 

from Au substrates. (C) The exposed lift-off regions are then insertion-functionalized with 

alkanethiol-functionalized DNA probes, (D) followed by surface hybridization with 

fluorescently labeled target DNA. 
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A representative fluorescence image of a DNA array formed on a patterned MCU SAM 

following hybridization with complementary DNA is shown in Figure 7-2A. Specificity of target 

DNA hybridization is indicated by the lack of a fluorescence pattern when a similar substrate 

was challenged with noncomplementary target DNA (Figure 7-2B). The DNA arrays on post-

lift-off tri(ethylene glycol)-terminated undecanethiol (TEG) SAMs showed faint yet discernible 

fluorescent patterns compared to MCU SAMs (Figure 7-2C) and similarly lacked detectable 

fluorescence when hybridized with noncomplementary target DNA (Figure 7-2D). These results 

illustrate that hydroxyl-terminated (MCU) and tri(ethylene glycol)-terminated (TEG) molecules 

in the lift-off regions act as diluting matrices to enable tethered DNA probe insertion and specific 

hybridization with target DNA, albeit with different efficiencies. 

Prior infrared spectral analysis indicated ∼70% lift-off yields for MCU.42 Here, we 

compared lift-off efficiencies for MCU vs. TEG, which were not significantly different (MCU 

64 ± 7% vs. TEG 73 ± 2%; N=3; t(4)=1; P>0.05). Thus, DNA insertion into post-lift-off MCU 

and TEG SAMs was anticipated to occur at similar levels. Nonetheless, fluorescence signals 

from DNA surface hybridization on TEG SAMs were substantially lower than those detected on 

MCU SAMs (Figure 7-2E). 

We have used sequential lift-off steps to produce substrate features smaller than actual 

stamp features in doubly contacted regions.42 Here, we employed double lift-off lithography to 

investigate whether additional TEG molecules could be removed from SAM substrates to 

improve DNA insertion and hybridization. First, flat stamps were used to lift-off TEG across 

entire substrates. Patterned PDMS stamps were next employed to remove additional TEG 

molecules only in the regions contacted by the stamp features. Alkanethiol probe DNA was then 

inserted followed by exposure to either fully complementary (Figure 7-2F) or noncomplementary 
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(Figure 7-2G) fluorescently labeled target DNA. Hybridization was specific and greater DNA 

insertion and/or surface hybridization occurred on post-double-lift-off TEG SAMs compared to 

post-single-lift-off TEG SAMs (Figure 7-2E). Patterned fluorescence intensities after double lift-

off lithography were twice those following single lift-off (Figure 7-2E) and notably, are the 

differences between DNA hybridization in post-double-lift-off regions vs. the single-lift-off 

background.  

Figure 7-2. Representative fluorescence images displaying (A,C,F) hybridization of surface-

bound DNA probes (34 bases) with fluorescently labeled complementary target DNA or 

(B,D,G) hybridization with noncomplementary DNA (scrambled 34-base sequences). Post-

lift-off self-assembled monolayers (SAMs) are (A,B) hydroxyl-terminated alkanethiols 

(MCU) or (C,D,F,G) tri(ethylene glycol)-terminated (TEG) alkanethiols. The fluorescence 

patterns in (F,G) represent double lift-off regions against a post-single-lift-off background. 

Fluorescence patterns in (A,C,F) compared to their absence in (B,D,G) indicate specific 

hybridization between Alexa Fluor 488-labeled target DNA (excitation at 495 nm) and 

tethered probe DNA. (E) Patterned specific fluorescence intensities resulting from DNA 

hybridization on post-lift-off MCU SAMs were higher than those observed on post-lift-off 

TEG SAMs. (F) Patterned specific fluorescence intensity was increased on post-double-lift-

off TEG SAMs. Fluorescence images were taken with the same exposure times of 5 s at an 

emission wavelength of 517 nm. Stamp features are (25 μm × 25 μm). Error bars represent 

standard errors of the means with N = 3 samples per group. Mean intensities were 

significantly different across groups [F(2,6)=18; P<0.01]. *P<0.05 and **P<0.01 vs. 

MCU/CLL; †P<0.05 vs. TEG/CLL. Scale bars are 50 μm. 
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7.4.2 Oligo(Ethylene Glycol)-Terminated Alkanethiols Reduce DNA Insertion 

The findings in Figure 7-2 suggest that ethylene glycol moieties in TEG hinder the 

numbers of tethered DNA probes inserted into the lift-off regions of patterned substrates. 

Alternately, the flexible ethylene glycol segments might interfere with tethered probe DNA 

surface orientations so as to disfavor hybridization. Both scenarios could lower hybridization 

efficiency. Several studies have found that although oligo(ethylene glycol)-terminated 

alkanethiols are longer than comparable hydroxyl-terminated alkanethiols, the ethylene glycol 

moieties do not interfere with DNA orientations favorable for surface hybridization.6,21,22,25 In 

light of this understanding and the double-lift-off findings above, we posited that the ethylene 

glycol moieties in TEG reduce DNA access to post-lift-off regions during insertion thereby 

lowering DNA-probe surface densities. 

To test this hypothesis, thiolated DNA inserted into post-lift-off hydroxyl-terminated 

(MCU) vs. tri(ethylene glycol)-terminated (TEG) SAMs was compared using atomic force 

microscopy (AFM). After lift-off, MCU and TEG SAMs displayed similar negative-height 

topographic features where PDMS stamps had contacted SAMs (Figure 7-3A,B, respectively). 

Following incubation with DNA probes, positive-height topographic features protruding beyond 

SAM backgrounds were observed for MCU SAMs (1.5 ± 0.06 nm, Figure 7-3C), indicating that 

DNA had been inserted. Significantly smaller height increases were observed for DNA inserted 

on TEG SAMs (0.34 ± 0.02 nm, [t(8)=19; P<0.001], Figure 7-3D) suggesting that fewer DNA 

probe molecules had been inserted compared to MCU SAMs.  
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Figure 7-3. Atomic force microscopy images before and after insertion with short or long 

DNA. Negative SAM features resulting from chemical lift-off of (A) hydroxyl-terminated 

alkanethiol self-assembled monolayers (SAMs) or (B) tri(ethylene glycol)-terminated SAMs 

indicate similar degrees of lift-off. After short (34-base) or long (100-base) thiolated DNA 

was inserted into the lift-off areas, protruding features were observed on (C,E) MCU SAMs, 

while lower-contrast DNA features appeared on (D,F) TEG SAMs. Differences in 

topographic heights between (C) vs. (D) and (E) vs. (F) suggest that fewer DNA probe 

molecules were inserted into the post-lift-off areas of TEG SAMs, regardless of DNA length. 

Images are representative of N=4-5 samples per condition. 

Image dimensions are 20 μm × 20 μm. 
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Although we observed differences in AFM topographic heights between thiolated DNA 

inserted into post-lift-off MCU vs. TEG SAMs, height differences alone do not conclusively 

indicate that fewer DNA probes were present on post-lift-off TEG SAMs. Because TEG 

molecules are longer than MCU molecules by three ethylene glycol units, upon insertion, the 

observed height difference between DNA molecules and the TEG SAM background is expected 

to be smaller than that observed with the MCU SAM background. Additional AFM experiments 

were carried out using longer thiolated single-stranded DNA probes (100 bases) to increase AFM 

topographic contrast over insertion of 34-base DNA probes. An increase in height was observed 

on post-lift-off MCU SAMs indicating insertion of long DNA probes (2.1 ± 0.07 nm, Figure 

7-3E). Observable, yet smaller height increases were found for post-lift-off TEG SAMs 

(0.78 ± 0.05 nm, Figure 7-3F). Mean topographic heights of MCU/DNA SAMs were again 

significantly different from TEG/DNA SAMs [t(6)=16; P<0.001]. 

The apparent height differences between the patterned and unpatterned regions in 

Figure 7-3F substantiate DNA-probe insertion on TEG SAMs. However, similar to short DNA, 

differences in AFM topographic heights where long DNA was inserted into post-lift-off MCU 

(Figure 7-3E) vs. TEG SAMs (Figure 7-3F) might still be due to the smaller height differences 

between DNA molecules and TEG vs. MCU molecules. Assuming a 0.34 nm distance between 

DNA bases,48 fully extended 34- and 100-base single-stranded DNA molecules would be ∼12 

and 34 nm long, respectively. The protruding features on post-lift-off MCU and TEG SAMs 

(Figure 7-3C,D,E,F) are substantially smaller than the extended DNA lengths. Since AFM 

images were collected under dry conditions and the DNA molecules constitute only a fraction of 

each monolayer, the segments of the inserted DNA that lay beyond the matrices were unlikely to 

be fully extended. Thus, the relative height differences observed on post-lift-off MCU vs. TEG 
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SAMs do not reflect absolute DNA heights relative to SAMs but instead, indicate relative 

differences in the numbers of inserted molecules. Below, we use these results to estimate the 

fractions of monolayers associated with inserted DNA. Beyond these estimates, any potential 

effects of DNA probe lengths on insertion efficiency into SAMs49 cannot be straightforwardly 

differentiated by AFM. 

 

7.4.3 Chemical Lift-Off Reduces DNA-Substrate Interactions and Improves DNA 

Hybridization 

We used XPS to quantify DNA-associated nitrogen and phosphorus signals on MCU vs. 

TEG patterned surfaces. Since we were interested in probe DNA inserted into post-lift-off 

regions, featureless PDMS stamps were used with chemical lift-off lithography for these 

experiments to maximize lift-off areas. In addition, because we focused on investigating the XPS 

fingerprints of DNA, only the N 1s and P 2p XPS data are discussed here. The complete XPS 

data can be found in the Supporting Information (Table 7-S1). The bottom curves in Figure 7-4 

indicate that N 1s and P 2p peaks were not present on post-lift-off MCU and TEG SAMs in the 

absence of DNA probes (i.e., incubation with 0.01 M phosphate-buffered saline), as expected. 

Both N 1s and P 2p peaks corresponding to 6.9 atomic % and 2.0 atomic %, respectively (Table 

7-1), were observed for thiolated DNA inserted into post-lift-off MCU SAMs (lower-middle 

curves, Figure 7-4A,C). By contrast, these peaks were undetectable for DNA inserted into post-

lift-off TEG SAMs (middle curves, Figure 7-4B,D).  
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Figure 7-4. Representative X-ray photoelectron spectra of N 1s and P 2p peaks associated 

with (A,C) hydroxyl-terminated (MCU) and (B,D) tri(ethylene glycol)-terminated (TEG) 

alkanethiol self-assembled monolayers (SAMs). All bottom curves represent post-lift-off 

SAMs incubated with 0.01 M phosphate buffered saline devoid of thiolated DNA probes, 

hence the absence of nitrogen and phosphorus peaks in these curves. The large N 1s and P 2p 

peaks from pure DNA monolayers (all top curves) are in contrast to the smaller peaks (all 

middle curves) from MCU/DNA and TEG/DNA mixed SAMs indicating dilute DNA 

coverage on MCU-backfilled (upper middle curves A,C) and post-lift-off MCU (lower 

middle curves A,C) SAMs. The apparent shift to lower energies in N 1s (∼0.6-1 eV) and P 2p 

(∼0.4 eV) peaks on pure DNA SAMs compared with alkanethiol/DNA SAMs is attributed to 

greater DNA-substrate interactions associated with the pure DNA SAMs. 

Spectra are displaced vertically for ease of visualization. 
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The absence of nitrogen and phosphorus peaks associated with post-lift-off TEG SAMs 

suggests that DNA insertion into post-lift-off TEG SAMs was either absent or below the XPS 

detection limit. We conclude the latter case is correct in light of the detectable fluorescence 

microscopy patterns (Figure 7-2C) and AFM topographies (Figure 7-3D,F) on similar substrates. 

Consequently, XPS may not be sensitive enough to detect small amounts (≤ 1% monolayer, vide 

infra) of DNA associated nitrogen and phosphorus on post-lift-off TEG SAMs. 

The broad N 1s peak for DNA on post-lift-off MCU SAMs (lower-middle curve, 

Figure 7-4A) arises from nitrogen peaks associated with heteroaromatic DNA nitrogen at 

399.8 eV, and C(=O)N, NC(=O)N, and C(=O)NC(=O) moieties at 401.6 eV.50 These 

nitrogen peaks were at higher binding energies (∼1 eV) in comparison to undiluted tethered 

DNA monolayers (top vs. lower middle curves in Figure 7-4A). Previous studies have shown that 

heteroaromatic nitrogen in undiluted DNA monolayers interacts with Au substrates, resulting in 

lower N 1s binding energies compared to the same nitrogen species in DNA bases that are free 

from substrate interactions.7,21,51 Additionally, the P 2p peaks from post-lift-off MCU/DNA 

SAMs were at a higher binding energy (∼0.4 eV) than for pure DNA monolayers (top vs. lower 

middle curves, Figure 7-4C). Nitrogen and phosphorus XPS peaks shifted to higher energies 

indicate that DNA base-substrate interactions are reduced in the presence of post-lift-off MCU 

molecules suggesting that DNA bases are more available to hybridize with complementary bases 

in target DNA. In contrast, the thiolated DNA molecules in pure DNA monolayers tend to lie 

down on metal surfaces such that bases interact with Au substrates disfavoring hybridization 

with target DNA. 

We also prepared substrates using the backfilling method wherein thiolated DNA SAMs 

were subsequently exposed to MCU solutions (upper-middle curves, Figure 7-4A,C). Backfilling 
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was carried out for 30 min because previous studies showed that this incubation time results in 

DNA-probe orientations that favor hybridization.7 Similar to DNA inserted in post-lift-off MCU 

SAMs, nitrogen and phosphorus XPS peaks were at higher binding energies (∼0.4 eV for N 1s 

and ∼0.6 eV for P 2p) for MCU-backfilled DNA SAMs compared to undiluted DNA monolayers 

indicating reduced DNA base-substrate interactions.  

Table 7-1. X-Ray Photoelectron Spectroscopy Atomic Percentagesa 

a Predicted X-ray photoelectron spectroscopy (XPS) atomic percentages for undiluted DNA 

were calculated using the numbers of nitrogen and phosphorus atoms in DNA probe 

molecules. Atomic percentages for undiluted thiolated DNA monolayers (experimental) and 

mixed monolayers of hydroxyl- (MCU) and tri(ethylene glycol) (TEG)-terminated 

alkanethiol/DNA on Au substrates were calculated from XPS peak areas (N=3-6/group). Not 

detectable XPS signals are indicated by “N/D”. Atomic percentages in parentheses are 

hypothetical lower limits are based on XPS detection limits of 1% and a P/N ratio of 0.3 and 

are used for statistical purposes. Entries are means (standard errors of the means. Nitrogen 

and phosphorus atomic percentages were significantly different across groups ([F(3,14)=280; 

P<0.001] and [F(3,14)=135;P< 0.001], respectively). *P<0.01 vs. DNA (experimental). 
†P<0.001 vs. DNA/MCU Backfill. 
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Prior studies have shown that differences in N 1s and P 2p binding energies between 

undiluted DNA monolayers and DNA/alkanethiol SAMs not only indicate reduced DNA-

substrate interactions in the latter but also upright orientation of DNA probes.7,15,21 For example, 

near-edge X-ray absorption fine-structure spectroscopy has been used to show that shifts to 

higher binding energies for the N 1s and P 2p XPS signals associated with DNA/alkanethiol 

monolayers are accompanied by upright probe orientations on Au surfaces.7,21,52 The N 1s and 

P 2p peak areas (Table 7-1) from post-lift-off MCU/DNA SAMs (6.9 atomic % nitrogen and 

2.0 atomic % phosphorus) vs. those of MCU-backfilled DNA SAMs (13.2 atomic % nitrogen 

and 3.1 atomic % phosphorus) and undiluted DNA monolayers (15.6 atomic % nitrogen and 

3.6 atomic % phosphorus (Figure 7-4A,C) indicate lower surface coverages of DNA probes on 

post-lift-off MCU SAMs. Compared with pure DNA monolayers, DNA probes are diluted by 

∼50% on post-lift-off MCU SAMs, in agreement with previous studies.6,7,21 These surface 

coverage estimates, however, are only relative because XPS signals are affected not only by the 

numbers of molecules on the substrates but also by X-ray attenuation lengths.51 

Since the XPS data in Figure 7-4 show that various methods result in different amounts 

of surface-assembled DNA, we investigated whether this translated into differential DNA 

hybridization. Fluorescence resulting from target DNA hybridization on substrates prepared 

using lift-off lithography followed by probe-DNA insertion was significantly greater than 

fluorescence intensities from hybridization on undiluted DNA monolayers (Figure 7-5A). 

Moreover, there was greater fluorescence on post-lift-off MCU SAMs compared to MCU-

backfilled DNA SAMs. Considering that post-lift-off MCU SAMs had the lowest numbers of 

DNA probe molecules compared to pure DNA monolayers and MCU-backfilled DNA SAMs 

(Table 7-1 and Figure 7-4A,C), these results indicate improved DNA hybridization efficiency 
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associated with the chemical lift-off lithography-DNA insertion approach (Figure 7-5B), in 

agreement with studies using other insertion methods.34,35 Notably, the coefficients of variation 

(%CV) for hybridization were significantly lower for the lift-off-insertion approach signifying 

improved reproducibility (Figure 7-5A; 4.5% MCU/DNA insertion, 25% DNA/MCU backfill, 

37% undiluted DNA).  

Hybridization efficiencies on Au films and nanoparticles have been determined by 

various quantification methods including fluorescence-based methods,7,53,54 electrochemical 

techniques,16,49,55,56 “quantitative” XPS,51 neutron reflectivity measurements,17 radiometric 

assays,57 and surface plasmon resonance spectroscopy.5,6,21,46 Here, because quantification from 

fluorescence images and XPS atomic percentages do not provide absolute numbers of DNA 

Figure 7-5. (A) Fluorescence intensities resulting from hybridization of surface-bound DNA 

probes and fluorescently labeled complementary DNA target strands on post-lift-off 

hydroxyl-terminated alkanethiol (MCU) self-assembled monolayers (SAMs) (MCU/DNA 

Insertion), MCU-backfilled DNA SAMs (DNA/MCU Backfill), and pure DNA SAMs 

(DNA). Mean fluorescence intensities were significantly different across groups [F(2,21)=6; 

P<0.001]. **P<0.01 and ***P<0.001 vs. DNA; †P<0.05 vs. DNA/MCU Backfill. Error bars 

represent standard errors of the means with N = 8 substrates per group. (B) Correlations are 

between fluorescence resulting from DNA hybridization vs. X-ray photoelectron 

spectroscopy atomic percentages [N 1s (bottom/blue x-axis)/P 2p (top/green x-axis)]. Higher 

fluorescence intensities were correlated with lower DNA probe numbers. Thus, hybridization 

efficiencies were MCU/DNA Insertion > DNA/MCU Backfill > DNA alone. 
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probes and targets, we examined relative relationships via correlation analysis (Figure 7-5B) and 

determined that improved hybridization efficiency is associated with the lift-off lithography-

based DNA insertion approach compared to undiluted DNA monolayers and MCU-backfilled 

DNA SAMs. 

 

7.4.4 Backfilling Reduces Inserted DNA on Post-Lift-Off Alkanethiol SAMs 

Backfilling with MCU or TEG has been shown to increase target DNA hybridization for 

Au substrates functionalized first with thiolated probe DNA (Figure 7-5B).6,7,21 Here, we 

investigated the effects of backfilling following lift-off and DNA insertion on MCU and 

particularly, TEG SAMs. After lift-off and insertion of thiolated DNA probes, we exposed 

MCU/DNA or TEG/DNA SAMs to additional MCU or TEG molecules, respectively, via 

solution deposition. Backfilling was hypothesized to reduce any remaining DNA-substrate 

interactions and to increase fluorescence due to greater surface hybridization. On the contrary, 

we observed decreases in the fluorescence intensities of patterns on both post-lift-off MCU 

(Figure 7-6A,B) and TEG (Figure 7-6C,D) SAMs after additional backfilling suggesting that 

DNA probes were instead removed from substrates. 

Removal of DNA probes by backfilling with alkanethiols has been reported.6,7,21 The 

purpose of alkanethiol backfilling is to reduce steric interactions between DNA probes and to 

decrease DNA-substrate interactions. However, when substrates are exposed to alkanethiol 

backfilling solutions for extended times (>1 h), DNA molecules are displaced and fluorescence 

decreases due to reduced numbers of surface-bound DNA molecules. Studies by others have 

shown that DNA probes on MCU-backfilled SAMs diluted by ∼50% from pure DNA 

monolayers required >5 h of backfilling.7,57 The XPS data above (Table 7-1, Figure 7-4A vs. 
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7-4C) indicate ∼50% dilution of post-lift-off MCU/DNA vs. undiluted DNA monolayers. Thus, 

DNA surface coverages on post-lift-off substrates might be in the regime where additional 

alkanethiol backfilling removes inserted DNA probes instead of reducing DNA-substrate 

interactions, which are already presumably minimized. Decreases in fluorescence after 

backfilling (Figure 7-6E) suggest that additional incorporation of MCU or TEG molecules 

reduced the numbers of DNA probe molecules. For TEG, the already low numbers of DNA 

probes on post-lift-off DNA/SAM-modified substrates were further reduced with additional TEG 

solution exposure. Therefore, we conclude that alkanethiol backfilling is not advantageous when 

patterning DNA on Au substrates via chemical lift-off lithography.  
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Figure 7-6. Representative fluorescence images displaying hybridization of thiolated single-

stranded DNA probes with Alexa Fluor 488-labeled target DNA (excitation at 495 nm) on 

(A,B) hydroxyl-terminated alkanethiol (MCU) or (C,D) tri(ethylene glycol)-terminated 

alkanethiol (TEG) self-assembled monolayers (SAMs) after lift-off lithography and without 

or with backfilling with additional respective alkanethiol molecules following probe DNA 

insertion. After exposing post-lift-off MCU/DNA SAMs to additional MCU, fluorescence 

was decreased in (B) compared to (A) suggesting that thiolated DNA is displaced by 

subsequent exposure to additional MCU. Similarly, a weaker fluorescent pattern (D) was 

observed for backfilled post-lift-off TEG/DNA SAMs compared to the pattern after 

hybridization on a post-lift-off-alone TEG SAM (C). Fluorescence images (shown with the 

same exposure times of 5 s) were taken at an emission wavelength of 517 nm. (E) Mean 

intensities were significantly different for post-lift-off MCU vs. TEG surfaces without 

backfilling (A,C) again indicating significant differences with respect to target hybridization 

(independent replication vs. Figure 2, two-way ANOVA interaction term [F(1,4)=37, 

P<0.01]). Error bars represent standard errors of the means with N=3 samples per group. 

**P<0.01 and ***P<0.001 vs. MCU; †††P<0.001 vs. TEG. Scale bars are 50 μm. 
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7.4.5 DNA Arrays Patterned via Lift-Off Lithography Using Longer Functionalized 

Alkanethiols 

Three terminal ethylene glycol units differentiate TEG from MCU molecules. The 

additional molecular length of TEG vs. MCU might reduce DNA access to Au surfaces. 

Alternately, the presence of the ethylene glycol moieties might have greater influence on 

alkanethiol-DNA insertion. To differentiate these possibilities, molecules longer than MCU and 

TEG, namely mercaptohexadecanol (MCHD) and hexa(ethylene glycol) undecanethiol (HEG) 

were investigated (Scheme 7-1). The alkyl backbone of MCHD is five carbon atoms longer than 

MCU, whereas HEG has the same alkyl backbone as TEG but contains three additional ethylene 

glycol units. 

Previously, we showed by XPS that oxygen plasma treatment of PDMS stamps is needed 

to lift-off alkanethiols terminated with hydroxyl or amine tail groups.42 Because interactions at 

stamp-SAM and SAM-Au interfaces are stronger than Au-Au substrate bonds, post-lift-off 

PDMS stamps showed Au 4f XPS signals. In contrast, PDMS stamps following conformal 

contact with relevant SAMs in the absence of oxygen plasma pretreatment did not show Au 4f 

XPS signals. Here, the chemical lift-off lithography process was carried out on MCHD and HEG 

SAMs. Post-lift-off PDMS stamps from these SAMs showed Au 4f signals in the XPS spectra 

(Figure 7-S2A,B) indicating that MCHD and HEG are lift-able molecules. While intense 

fluorescent patterns were observed for MCHD/DNA SAMs (Figure 7-S3A), such patterns were 

indiscernible for HEG/DNA SAMs (Figure 7-S3B). Thus, although MCHD and HEG molecules 

are each longer than the corresponding MCU and TEG molecules, respectively, the thicker 

SAMs formed by MCHD did not hinder DNA probes from accessing Au surfaces. Since the 

principal differences between MCHD and HEG are the ethylene glycol moieties in the latter, the 
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important finding is that differences in physical lengths between SAM molecules do not by 

themselves underlie variations in the numbers of tethered DNA probes inserted into post-lift-off 

regions and associated target DNA hybridization. Instead, ethylene glycol moieties appear to 

play key roles in limiting the numbers of DNA molecules on post-lift-off oligo(ethylene glycol)-

terminated alkanethiol-modified Au surfaces. 

 

7.4.6 Spectroscopic Evidence for Lift-Off-Induced Conformation Changes in 

Oligo(Ethylene Glycol) Moieties 

Together, information gleaned from investigating the various hypotheses above suggests 

that steric hindrance originates from the ethylene glycol moieties of TEG (and HEG). To explore 

the origin of this effect, polarization-modulation infrared reflection-absorption spectroscopy 

(PM-IRRAS) was used to monitor the characteristic vibrational feature of ethylene glycol 

moieties, namely the COC vibrational stretch, before and after chemical lift-off. As for the 

XPS experiments above, featureless PDMS stamps were used to maximize lift-off areas. For 

alkanethiols with (ethylene glycol)n (n ≤ 4), the vibrational band is the dominant IR feature 

characterizing ethylene glycol moieties.58 

As shown in Figure 7-7A, the COC vibrational band displayed a strong, sharp peak at 

∼1138 cm-1 for pristine TEG SAMs (top curve), indicating a predominantly all-trans 

conformation for the ethylene glycol moieties.59 However, after lift-off, the COC peak was 

shifted to ∼1132 cm-1 and the peak area was decreased (Figure 7-7A, bottom curve). Infrared 

absorption spectra are affected by surface coverage and molecular conformations.59 While the 

reduced peak  
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Figure 7-7. Representative polarization modulation infrared reflection-absorption spectra of 

(A) tri(ethylene glycol) undecanethiol (TEG), (B) tri(ethylene glycol) hexanethiol (TEG-C6), 

(C) hexa(ethylene glycol) undecanethiol (HEG), and (D) methoxy tri(ethylene glycol) 

undecanethiol (CH3O-TEG) self-assembled monolayers (SAMs) before (top curves) and after 

(bottom curves) contact with fully oxidized PDMS stamps. Strong COC vibrational bands 

at ∼1138 cm-1 and ∼1141 cm-1 are characteristic of ordered all-trans tri(ethylene glycol) 

conformations in (A) TEG and (B) TEG-C6 SAMs prior to lift-off, respectively. (C) A broad 

COC vibrational band at ∼1127 cm-1 is characteristic of disordered helical hexa(ethylene 

glycol) moieties in HEG SAMs after self-assembly and prior to lift-off. (D) A strong COC 

vibrational band at ∼1130 cm-1 characteristic of amorphous helical tri(ethylene glycol) 

moieties is also seen with CH3O-TEG SAMs. Peak-area decreases in (A, B, and C) indicate 

the removal of alkanethiol molecules due to lift-off. (D) Because methoxy groups are not lift-

able, the peak area of the COC stretch of CH3O-TEG SAMs remains the same before and 

after lift-off. The post-lift-off COC bands in (A) and (B) appear shifted from pre-lift-off 

positions at ∼1138 cm-1 and ∼1141 cm-1 for TEG and TEG-C6, respectively, to a new 

position at ∼1132 cm-1 indicating conformational changes in tri(ethylene glycol) moieties to 

disordered helical conformations. 
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area is likely the result of decreased surface coverage due to the removal of TEG molecules, 

which is known to occur (vide supra), the peak shift is potentially the result of conformational 

changes in SAM molecules following lift-off. Studies have shown that a COC band at 

∼1140 cm-1 is attributable to a predominantly all-trans conformation, whereas red shifts in the 

COC stretch indicate transitions to disordered helical conformations.59,60 The spectroscopic 

shift from 1138 to 1132 cm-1 suggests that TEG molecules undergo rearrangement from ordered 

nearly all-trans to disordered helical conformations following lift-off (Figure 7-8A), which 

would reduce DNA probe access to Au surfaces. In contrast, such conformational changes do not 

occur for MCU SAMs post-lift-off due to the absence of oligo(ethylene glycol) moieties (Figure 

7-8B). 

As an additional test that chemical lift-off lithography induces conformational changes in 

oligo(ethylene glycol) moieties, we investigated tri(ethylene glycol) hexanethiol (TEG-C6) 

SAMs using infrared spectroscopy before and after lift-off. The TEG-C6 molecules are similar to 

TEG except their aliphatic backbones consist of 6 vs. 11 carbons (Scheme 7-1). As shown in 

Figure 7-7B, a COC band was observed at ∼1141 cm-1 for pristine TEG-C6 SAMs (top curve). 

The peak area was reduced after lift-off and shifted to ∼1132 cm-1 (bottom curve). Similar to 

TEG SAMs, these results show that alkanethiols were removed from Au surfaces (smaller peak 

area). Moreover, the shifted COC band observed with TEG-C6 is characteristic of 

conformational changes in oligo(ethylene glycol) from pre-lift-off ordered all-trans to post-lift-

off disordered helical conformations. 

For HEG molecules, a broad COC stretch for pre-lift-off SAMs (Figure 7-7C, top 

curve) was observed at ∼1127 cm-1 , which indicates initial predominantly disordered helical 



251 

 

 

conformations for alkanethiols with six or greater ethylene glycol units, in agreement with 

previous studies.60,61 After lift-off, the COC peak area decreased due to removal of SAM 

molecules (Figure 7-7C, bottom curve). Notably, the COC band did not show a redshift 

similar to TEG and TEG-C6. This result suggests that HEG SAMs retain the same relative 

conformation after lift-off. Although HEG molecules did not show conformational changes 

associated with lift-off lithography, the disordered helical conformation prevented DNA 

insertion (Figure 7-S3B). 

To investigate whether PDMS contact with oligo(ethylene glycol)-terminated SAMs by 

itself produces disordered ethylene glycol conformations, we monitored the COC stretch 

arising from methoxy tri-(ethylene glycol)-terminated alkanethiol (CH3O-TEG) SAMs with 

infrared spectroscopy before and after conformal contact with oxygen plasma-treated PDMS 

stamps. The CH3O-TEG molecules were selected because they are identical to TEG except for 

the terminal methoxy group (Scheme 7-1), which prevents subtractive patterning.42 A sharp 

COC band was observed at ∼1130 cm-1 for pristine CH3O-TEG SAMs, suggestive of initial 

helical conformations60 (top curve, Figure 7-7D). Neither the peak position nor the peak area 

changed post-lift-off (bottom curve, Figure 7-7D). The lack of a decrease in peak area indicates 

that CH3O-TEG molecules were not removed from Au surfaces by contact with activated PDMS 

stamps. The invariant peak position implies that conformal contact with activated PDMS stamps 

by itself did not change the conformation of the ethylene glycol moieties. However, the peak 

position at 1130 cm-1 indicates that the CH3O-TEG molecules adopted helical conformations in 

both pre- and post-lift-off SAMs. Thus, CH3O-TEG SAMs are not ideally suited to testing 

whether stamp contact alone (vs. lift-off) underlies the shift from all-trans to helical 
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oligo(ethylene glycol) conformations. We have yet to identify oligo(ethylene glycol) alkanethiols 

best suited for isolating the effects of stamp contact vs. actual lift-off. These molecules would 

possess a terminal group not amenable to lift-off yet oligo(ethylene glycol) moieties would adopt 

an all-trans conformation after surface assembly. 

The overriding observation from the spectral studies of oligo(ethylene glycol)-terminated 

alkanethiols is that chemical lift-off lithography induces conformational changes in ethylene 

glycol segments from ordered to disordered states when the former exist following self-

assembly. For TEG and TEG-C6, ordered all-trans conformations were converted to disordered 

helical conformations after lift-off. For HEG, the helical conformation remained the same before 

and after lift-off. For CH3O-TEG, no conformational or lift-off-related changes occurred. The 

results of this study as a whole lead to the conclusion that disordered states of oligo(ethylene 

glycols) existing either prior to lift-off (HEG) or as a result of lift-off (TEG, TEG-C6) are 

associated with steric hindrance so as to reduce (TEG, TEG-C6) or to prevent (HEG) thiolated 

DNA insertion into post-lift-off SAMs. Furthermore, greater numbers of ethylene glycol units 

appear to interfere to a greater extent with DNA insertion following patterning by lift-off 

lithography. Conversely, increased DNA insertion and/or hybridization can be achieved on TEG 

SAMs via double-lift-off lithography (Figure 7-2F). 

 

7.4.7 Mixed MCU/TEG SAMs Modulate DNA Surface Coverage 

Since DNA surface densities are affected differently by MCU vs. TEG due to the 

ethylene glycol units in the latter, we examined whether variable combinations of these two 

types of molecules could be used to advantage to tune DNA access to Au substrates. Mixed 

composition SAMs have been used to create dilute surface coverages wherein surface tethers are 
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separated and exposed for subsequent chemical modifications, instead of phase 

segregated.10,23,39,41,62 As shown in Figure 7-8C, fluorescence due to surface hybridization 

between tethered DNA probes and DNA targets increases with respect to solution concentration 

ratios of MCU vs. TEG. This relationship indicates that as the fraction of MCU in monolayers 

increases, steric hindrance from the ethylene glycol moieties in TEG decreases, enabling greater 

DNA access to the Au surfaces. These results are consistent with the hypothesis that 

oligo(ethylene glycol) moieties are key factors in regulating DNA surface coverage on post-lift-

off SAMs. They further demonstrate that the steric effects resulting from chemical lift-off 

lithography-induced conformational changes in oligo(ethylene glycol) can be used judiciously to 

control DNA probe surface coverages. 

Fluorescence in Figure 7-8C resulted from DNA hybridization between surface-bound 

probes and fluorescently labeled target-DNA. Notably, fluorescence intensities may not directly 

reflect the actual numbers of surface-bound DNA probes associated with different mixed SAM 

compositions. Probes already hybridized with target strands may preclude hybridization of 

additional DNA targets from solution. As such, DNA hybridization may require extended 

amounts of time (>1 h) to reach saturation at higher probe densities.63 Also, because we 

investigated complementary strands with complete base-pair match, some target strands could 

have cross-hybridized with two DNA probes at higher probe densities. In such a case, part of a 

target strand hybridizes with the top segment of one DNA probe and the bottom segment of a 

neighboring probe. Nonetheless, the data in Figure 7-8C indicate the dependence and general 

trends of DNA hybridization on mixed SAM compositions.  
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Figure 7-8. Schematic (not to scale) illustrating changes in self-assembled monolayers 

(SAMs) of (A) tri(ethylene glycol)-terminated (TEG) or (B) hydroxyl-terminated (MCU) 

alkanethiols following conformal contact between oxygen plasma-treated stamps and SAM-

modified substrates. The spectroscopic evidence in Figure 7-7 suggests that ethylene glycol 

moieties of TEG SAMs undergo conformational changes from ordered all-trans 

conformations prior to chemical lift-off to disordered helical conformations afterward, 

limiting DNA probe access to Au substrates. In contrast, these conformational changes do not 

occur for post-lift-off MCU SAMs due to the lack of ethylene glycol moieties. (C) 

Normalized fluorescence intensities arising from surface hybridization of thiolated DNA 

probes with fluorescently labeled target DNA vs. ratios (prior to self-assembly) of MCU 

molecules in mixed solutions with TEG molecules. The best-fit curve (R2>0.97) indicates that 

by varying the nominal concentration ratios, steric effects resulting from ethylene glycol 

moieties are controlled to tune surface probe densities and thus, DNA hybridization. 

Error bars represent standard errors of the mean with N=3 samples per ratio. 
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Using the MCH backfilling method, Peterson et al. reported a DNA surface density of 

3 × 1012 molecules/cm2 on Au surfaces.5 Furthermore, Lee et al. have reported values of 

1.7 × 1013 molecules/cm2 and 3.6 × 1013 molecules/cm2 for backfilled MCH and oligo(ethylene 

glycol)-terminated alkanethiols, respectively.7,21 In contrast, by inserting thiolated DNA into 

preformed MCH SAMs, Murphy et al. and Josephs et al. reported low surface densities of 

1.1 × 1010 molecules/cm2 and 9.5 × 1010 molecules/cm2, respectively.34,35 The extent of insertion 

depends strongly on the preparation of the matrix into which molecules are placed.33,38,62 We 

have previously targeted and reached surface densities between ∼2 × 1012 molecules/cm2 and 

8 × 1013 molecules/cm2 via insertion.38,39 In comparison to the backfilling method, correlation 

analysis of XPS atomic percentages and fluorescence hybridization intensities showed improved 

hybridization efficiency associated with lower DNA probe surface coverages when using the 

insertion approach. Thus, we expect that the numbers of DNA probes inserted into post-lift-off 

MCU or MCHD SAMs are below the upper limit determined for backfilling. Estimations using 

volume fractions in AFM measurements (shown in Figure 7-3), with all of the caveats described 

above, indicate that the tri(ethylene glycol)-terminated (TEG) and hydroxyl-terminated (MCU) 

SAMs, as prepared and under the conditions described, lead to tethered DNA densities of 

3-4 × 1012 molecules/cm2 (5-7 pmol/cm2) and 0.8-2 × 1013 molecules/cm2 (10-30 pmol/cm2), 

respectively. These values are consistent with what others and we have observed for insertion of 

other molecules into SAM matrices.31,33,64 
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7.5 Conclusions and Prospects 

Subtractive patterning by chemical lift-off lithography relies on strong interactions at 

stamp-substrate interfaces to remove preassembled alkanethiol SAM molecules from Au 

substrates. A fundamental advantage of this patterning method is that not all alkanethiol 

molecules are removed after lift-off within the contacted areas. The remaining molecules create 

an optimized environment for subsequent insertion and assembly of thiolated DNA probes such 

that undesirable interactions with substrates are reduced and surface hybridization with target 

DNA is favored. The extent to which nucleotide surface densities are modulated by post-lift-off 

SAM molecules depends on specific matrix chemistries and in some cases, the conformations of 

the terminal SAM moieties. 

By creating mixed MCU/TEG SAMs, the surface densities of alkanethiol-DNA probes 

were tuned according to the nominal concentrations of the two-component SAMs. While post-

lift-off TEG SAMs represented the lower limits of tethered DNA surface coverages (with HEG 

appearing to have negligible DNA inserted), post-lift-off MCU (and to a greater extent MCHD) 

SAMs represented the upper limits of DNA coverages for the range of SAM molecules 

investigated here. Expansion of additional parameters such as employing alkanethiols with a 

wider range of functional groups, altering lengths of ethylene glycol moieties or DNA linkers, 

and tuning alkanethiol surface coverages and/or packing densities, may enable even greater 

control of DNA insertion into post-lift-off SAMs. This could broaden the upper and lower limits 

of DNA surface densities while maintaining highly efficient hybridization. 

It is noteworthy that conformational changes in ethylene glycol moieties have been 

shown to vary with hydration, chain-length, temperature-driven processes, packing densities, 

surface coverage, and storage conditions.59,65-67 Our findings show that (ethylene glycol)-
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terminated alkanethiol conformational changes in SAMs can also be induced by the chemical 

lift-off process. Moreover, ionic strength, salt concentration, pH, multipoint binding dendrimers, 

alkyl linkers, and nucleotide-block spacers have been reported to influence thiolated DNA probe 

coverage.8,13,63,68 Here, we show that chemical lift-off lithography, in combination with tunable 

mixed SAM compositions, provides a facile means by which to regulate DNA surface densities. 

Probe DNA inserted into native MCH SAM defects has been reported to produce more 

uniformly distributed DNA monolayers vs. surface-bound DNA backfilled with MCH.35 

However, it was difficult to achieve high DNA surface densities for practical sensing purposes 

using insertion alone because of the limited numbers of intrinsic SAM defects. Here, we show 

that by using lift-off lithography, large-area, high-density DNA patterns can be fabricated by 

inserting alkanethiol-functionalized DNA probes into post-lift-off alkanethiol SAMs. These 

findings advance DNA insertion methods toward more practical applications for creating DNA-

based sensors. While a single lift-off step removes a large fraction of the preformed SAM 

molecules, multiple lift-off steps presumably remove additional SAM molecules and/or create 

additional defects providing greater surface availability for insertion compared to intrinsic 

SAM/substrate defects.42 Thus, “artificial defects” introduced into the post-lift-off regions 

beyond intrinsic defects are key to a highly feasible and advantageous DNA insertion method. 

The “artificial defects” created by chemical lift-off lithography appear to comprise a new 

class of defect site that is serendipitously optimized for insertion and biorecognition. In the 

future, molecular-resolution information about the post-lift SAM regions will enable a deeper 

understanding of their structure. This type of information will also shed light on potential 

limitations and improve control. The use of scanning probe microscopies to interrogate these 

SAM structures will be difficult because of their molecular lengths, corrugation, degree of 
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disorder, and association with water molecules under ambient conditions.69-72 A more precise 

quantification of the SAM molecules remaining in the stamp-contact regions is feasible using 

electrochemical reductive desorption, which is sensitive to domain sizes and interaction strengths 

with different molecules desorbing at different electrochemical potentials.73-75 Electrochemical 

reductive desorption measurements will also be useful for determining the numbers and 

arrangements of alkanethiol molecules remaining on substrates after multiple lift-off steps. 

Because lift-off lithography patterning reduces DNA-substrate interactions, when 

coupled with automated processes for generating arrays, this technique should be applicable for 

fabricating high-throughput platforms to study aptamer-ligand interactions.76,77 Notably, the 

ability to control the surface properties of DNA, the sub-40 nm nanopatterning capabilities of 

chemical lift-off lithography, and the ability to fabricate high-performance field-effect transistor-

based biosensors also via lift-off lithography will render single-molecule DNA nanoarrays 

feasible for bioelectronics and other applications.78-82  
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7.6 Supplementary Experiments and Figures 

Experiments were carried out to determine optimal DNA insertion times. Similar to the 

conditions in the experimental procedures in the main text, chemical lift-off was carried out on 

MCU SAMs followed by thiolated DNA probe insertion for 0 min, 0.5 min, 2 min, 5 min, 

40 min, 120 min (2 h), or 1020 min (17 h). Surface DNA probes were hybridized with 

fluorescently tagged complementary DNA. Normalized fluorescence intensities for DNA 

hybridization vs. DNA insertion times are shown in Figure 7-S1. 

Atomic percentages determined from XPS peak areas for carbon, oxygen, sulfur, 

nitrogen, and phosphorus are shown in Table 7-S1. With the exception of nitrogen and 

phosphorus, which are XPS fingerprints for DNA molecules, XPS signals from carbon, oxygen 

and sulfur are present in both DNA and matrix molecules. Moreover, X-ray attenuation lengths 

further complicate the interpretation of these XPS signals. Thus, while reported in Table 7-S1 for 

completeness, these peak areas are not suitable for determining relative surface coverages of 

DNA probes. 

Additionally, XPS experiments were carried out to determine whether hydroxyl- 

terminated hexadecanethiol (MCHD) and hexa(ethylene glycol)-terminated undecanethiol 

(HEG) molecules were removed from Au surfaces by chemical lift-off. We showed previously 

that alkanethiol SAM molecules removed by lift-off resulted in Au 4f XPS signals on post-lift-

off PDMS stamps indicating that Au atoms bound to alkanethiols are also removed. Here, Au 4f 

XPS signals were observed on post-lift-off PDMS stamps, as shown in Figures S2A (MCHD) 

and S2B (HEG). Control experiments were carried out wherein oxygen plasma-treated PDMS 

stamps were not contacted with MCHD and HEG SAMs. Here, no Au 4f signals were observed, 
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as shown in Figure 7-S2C. Similar to other XPS experiments in this study, featureless PDMS 

stamps were used for these experiments. 

Additional fluorescence microscopy experiments were carried out to explore an 

alternative mechanism regarding steric effects of ethylene glycol moieties in TEG molecules 

induced by the lift-off process. Because TEG molecules are longer than MCU molecules by three 

ethylene glycol units, it is possible that thicker TEG SAMs might hinder DNA probes from 

accessing Au surfaces. Therefore, if longer alkanethiols, such as hydroxyl-terminated 

hexadecanethiol (MCHD) and hexa(ethylene glycol)-terminated undecanethiol (HEG) are used, 

one would expect that the resulting thicker SAMs would obstruct DNA probes from reaching Au 

surfaces to a greater extent compared to MCU and TEG SAMs, respectively. For example, if 

SAM thickness alone blocked DNA probes from accessing Au surfaces, then weaker 

fluorescence patterns would be expected following DNA surface hybridization on either MCHD 

or HEG SAMs vs MCU or TEG SAMs, respectively. Similar to the conditions in the main text 

experimental procedures, chemical lift-off was carried out on MCHD and HEG SAMs followed 

by DNA probe insertion and hybridization with fluorescently tagged complimentary DNA. 

Representative fluorescence microscopy images are shown in Figures 7-S3A (MCHD/DNA 

SAMs) and 7-S3B (HEG/DNA SAMs).  



261 

 

 

 

 

 

  

Figure 7-S1. Normalized fluorescence intensities resulting from target DNA hybridization vs. 

DNA probe insertion times. An initial sharp increase in hybridization (0-2 h) was followed by 

a slow rise in fluorescence intensities, suggesting that DNA probe surface coverages start to 

approach saturation after ~2 h of insertion. The inset shows DNA probe insertion behavior at 

the early time points 
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Table 7-S1. Predicted X-ray photoelectron spectroscopy atomic percentages for undiluted 

DNA were calculated using the numbers of C, O, and S atoms in DNA probe molecules. 

Atomic percentages for pure DNA monolayers (experimental) and mixed monolayers of 

hydroxyl- (MCU) and tri(ethylene glycol) (TEG)-terminated alkanethiol/DNA on Au 

substrates were calculated from XPS peak areas (N=3-6/group). Not detectable XPS signals 

are indicated by "N/D". Entries are means ± standard errors of the means. 
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Figure 7-S2. Representative X-ray photoelectron spectroscopy spectra of Au 4f peaks from 

post-lift-off oxygen plasma-treated polydimethylsiloxane (PDMS) stamps. Visible Au 4f 

peaks indicate that (A) hydroxyl-terminated hexadecanethiol (MCHD) and (B) hexa(ethylene 

glycol)-terminated undecanethiol (HEG) are "lift-able" molecules. (C) A control sample is 

shown in where the oxygen plasma-treated PDMS stamp was not brought into conformal 

contact with the SAM and spectroscopy was subsequently carried out. 
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Figure 7-S3. Representative fluorescence images displaying hybridization of thiolated DNA 

probes with Alexa Fluor 488 (excitation at 495 nm)-labeled complementary DNA targets on 

(A) hydroxyl-terminated hexadecanethiol (MCHD) and (B) hexa(ethylene glycol)-terminated 

undecanethiol (HEG) self-assembled monolayers (SAM). The bright square patterns in (A) 

indicate that substantial numbers of DNA probes inserted into the post-lift-off MCHD SAM 

and were available for hybridization. By contrast, the lack of a discernable pattern in (B) 

suggests that insertion does not occur to an appreciable extent on HEG SAMs. The fact that a 

similar fluorescent square pattern is not visible in (B) implies that the increased numbers of 

ethylene glycol moieties in HEG SAMs impose greater steric hindrance compared to TEG 

SAMs; HEG molecules are three ethylene glycol units longer than TEG molecules. The 

fluorescence images (shown with the same exposure time of 5 s) were taken at an emission 

wavelength of 517 nm. Scale bars are 50 µm. 
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8.1 Abstract 

We demonstrate straightforward fabrication of highly sensitive biosensor arrays based on 

field-effect transistors, using an efficient high-throughput, large-area patterning process. 

Chemical lift-off lithography is used to construct field-effect transistor arrays with high spatial 

precision suitable for the fabrication of both micrometer- and nanometer-scale devices. Sol-gel 

processing is used to deposit ultrathin (∼4 nm) In2O3 films as semiconducting channel layers. 

The aqueous sol-gel process produces uniform In2O3 coatings with thicknesses of a few 

nanometers over large areas through simple spin-coating, and only low-temperature thermal 

annealing of the coatings is required. The ultrathin In2O3 enables construction of highly sensitive 

and selective biosensors through immobilization of specific aptamers to the channel surface; the 

ability to detect subnanomolar concentrations of dopamine is demonstrated.  
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8.2 Introduction 

 

 Field-effect transistors (FETs) have key advantages over optical or electrochemical 

platforms for biosensing applications, including low detection limits, real-time and label-free 

detection, and simple integration with standard semiconductor-device processing.1-4 Biosensors 

based on FETs are typically constructed by immobilizing specific receptors on the surfaces of 

semiconducting channels. Upon specific interactions with target biomolecules, these receptors 

electrostatically gate the underlying channels and produce electronic signals such as changes in 

channel conductance and/or drain current. As the electronic signals of FET-based biosensors 

arise from the surface binding events between receptors and analytes, the sensitivity of devices is 

enhanced as the surface-to-volume ratio of the semiconducting channels increases. Therefore, 

nanomaterials with reduced dimensionalities and large surface areas are advantageous for the 

design of highly sensitive biosensors. 

Notably, one-dimensional (1D) nanomaterials such as Si nanowires (SiNWs)5-10 or 

carbon nanotubes (CNTs)11-17 have been employed as the channel components of FET-based 

biosensors and shown to be highly effective in detecting biomolecules including proteins,5,8,9,12-15 

DNAs,6,17 viruses,18 and neurotransmitters.7,10,19 More recently, two-dimensional (2D) 

nanomaterials such as graphene20-24 and MoS2
25,26 have attracted attention for biosensing 

applications as they are composed of surfaces only and can thus provide remarkably large 

surface-to-volume ratios and high sensitivity. 

One major challenge of using nanomaterials for FET-based biosensing applications is the 

complexity of the processes involved in their synthesis and integration into device platforms. For 

instance, both SiNWs and CNTs are typically synthesized by chemical vapor deposition 

(CVD),27-30 which requires precise control of the growth parameters to produce high-quality 1D 
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nanomaterials suitable for FETs. In the case of CNTs, the CVD process usually produces a 

mixture of nanotubes with varying electrical properties, and additional purification steps are 

needed to separate from the mixture the metallic CNTs that are not compatible with FET channel 

materials.31-33 For large-scale applications of 2D nanostructures, both graphene34-36 and MoS2
37,38 

are typically grown by CVD as well. After growth, transfer steps are required that can leave 

undesirable polymer residue on the surface that degrades device characteristics and/or the surface 

immobilization of receptors.39-42 

Once nanomaterials are synthesized and placed on the desired substrates, lithography 

techniques are used to define device areas and to complete FET fabrication. Although 

conventional nanofabrication techniques such as photolithography or electron-beam lithography 

are effective in producing suitable electrode patterns for FET devices, they require the use of 

specialized equipment in clean, well-controlled environments. As such, there is a trade-off 

between spatial precision, cost, and throughput, limiting the scalability of high spatial precision 

patterning. 

Here, we find that ultrathin (∼4 nm), amorphous metal-oxide semiconductor films 

produced via simple sol-gel chemistry are effective for the fabrication of highly sensitive 

FET-based biosensors. Oxide semiconductor thin films were formed over large areas through a 

simple spin-coating process. This fabrication step was followed by functionalization with 

biologically receptive moieties through oxide surface chemistry attachment. To define the 

electrode patterns and to construct the devices, we employed chemical lift-off lithography43 

using SAMs of alkanethiols on Au as soft masks. Through covalent interactions formed at the 

interfaces between hydroxyl-terminated alkanethiol SAMs and “activated” PDMS stamps, thiol 
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molecules were selectively removed from predefined areas, exposing the underlying bare Au 

surfaces for subsequent wet-etching. 

Chemical lift-off lithography provides an efficient tool for high-throughput prototyping 

of FET devices over large areas without the use of sophisticated instruments, producing device 

features with high spatial precision suitable for the fabrication of micrometer- and 

submicrometer-scale devices. By combining ultrathin oxide semiconductor layers with chemical 

lift-off lithography, we demonstrate simple and straightforward fabrication of highly sensitive 

biosensors toward the detection of the small-molecule neurotransmitter dopamine down to 

physiological subnanomolar concentrations.  
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8.3 Materials and Methods 

Materials. The DNA aptamer for dopamine was synthesized by Integrated DNA 

Technologies, Inc. (Coralville, IA). SYLGARD 184 from Dow Corning Corporation was used to 

make PDMS stamps throughout the work. All other chemicals were purchased from Sigma-

Aldrich and used as received. Water was deionized before use (18.2 MΩ cm) using a Milli-Q 

system (Millipore, Billerica, MA). 

Chemical Lift-off Lithography. Thin Au films (typically ∼50 nm) were deposited on 

target substrates by electron-beam evaporation (CHA Industries, Fremont, CA) with Ti adhesion 

layers (5 nm). To deposit SAMs on Au surfaces, the substrates were immersed in 1 mM 

ethanolic solutions of 11-mercapto-1-undecanol and incubated overnight unless described 

otherwise. The PDMS stamps with defined patterns were prepared over masters fabricated by 

standard photolithography or electron-beam lithography. The stamps were exposed to oxygen 

plasma (Harrick Plasma, Ithaca, NY) at a power of 18 W and an oxygen pressure of 10 psi for 40 

s to yield fully hydrophilic reactive surfaces, and brought into conformal contact with the 

SAM-modified Au surfaces. After 1 h, unless described otherwise, the stamps were carefully 

removed from the substrates, and an aqueous solution of 20 mM iron nitrate and 30 mM thiourea 

was applied to the substrates to etch Au films selectively from the area where the SAM was 

removed. Ti was removed from the exposed area using a 1:2 (v/v) solution of ammonium 

hydroxide and hydrogen peroxide. The substrates were rinsed with deionized water and dried 

under nitrogen gas before use. 

Fabrication of Field-Effect Transistors and Biosensors. Chemical lift-off lithography 

was performed to pattern source and drain Au electrodes on a heavily doped silicon wafer 

covered with a 100-nm-thick thermally grown SiO2 layer. Aqueous solutions of varying 
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indium(III) nitrate hydrate (99.999%) concentrations were spin-coated onto the substrates at 

3000 rpm for 30 s. The substrates were then prebaked at 100 C for 5 min followed by thermal 

annealing at 250 C for 1 h. For top-contact devices, In2O3 layers and Au thin films were 

deposited successively by spin-coating and electron-beam evaporation, respectively, and lift-off 

lithography was performed to pattern source and drain electrodes. To make biosensors, a DNA 

aptamer that selectively binds to dopamine was immobilized on In2O3 layers with a top-contact 

device configuration. Briefly, chemical lift-off was used to pattern interdigitated Au source and 

drain electrodes atop the In2O3 layer deposited on a SiO2/Si substrate. The substrate was then 

briefly exposed to oxygen plasma to remove the hydroxyl-terminated alkanethiols from the Au 

surface, followed by incubation in a 1 mM ethanolic solution of 1-dodecanethiol for 1 h. After 

thorough rinsing with ethanol, (3-aminopropyl)trimethoxysilane and trimethoxy(propyl)silane 

(1:9, v/v) were thermally evaporated to the In2O3 surface at 40 C for 1 h, and the substrate was 

immersed in a 1 mM solution of 3-maleimidobenzoic acid N-hydroxysuccinimide ester dissolved 

in 1:9 (v/v) mixture of dimethyl sulfoxide and 1 PBS for 30 min. To anchor the DNA aptamer, 

the substrate was rinsed with deionized water, immersed in a 1 μM solution of thiolated DNA in 

1 PBS for 1 h, rinsed again with deionized water and blown dried with nitrogen gas. 

Characterization. Optical microscopy images were taken with Olympus BX51M. Atomic 

force microscopy imaging was performed on a Bruker Dimension Icon system under tapping 

mode. X-ray diffraction and XRR measurements were performed on a PANalytical X'Pert Pro 

system and a Bede D1 diffractometer, respectively. X-ray photoelectron spectra were collected 

on a Kratos Axis Ultra DLD system. Cyclic voltammetry was performed using a PAR EG&G 

273A Potentiostat with a Ag/AgCl electrode, a platinum foil, and a platinum wire as a reference 
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electrode, a counter electrode, and a working electrode, respectively. The measurement was 

performed in a 0.1 PBS at a voltage sweep rate of 50 mV s-1. All electrical measurements were 

performed on a probe station equipped with an Agilent 4155C semiconductor analyzer. At least 

10 devices were tested for each biosensing experiment, and the five best devices in terms of 

stable (i.e., low drift) baseline currents were selected to obtain statistical data.  
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8.4 Results and Discussions 

8.4.1 Preparation and Characterization of Ultrathin In2O3 Film on SiO2/Si substrates 

We employed In2O3 as the channel material because its nanostructure has been shown to 

function effectively in biosensing platforms.14,44-46 Moreover, thin films of In2O3 can be formed 

via simple aqueous sol-gel chemistry, resulting in few organic contaminants and enabling low-

temperature processing.47 We dissolved varying amounts of an indium precursor, indium(III) 

nitrate hydrate (99.999%), in water and spin-coated the solutions onto heavily doped Si 

substrates covered with 100 nm-thick, thermally grown SiO2 dielectric layers. The substrates 

were then annealed at above 200 C for 1 h to solidify the films. 

As the indium precursor concentrations were increased, the color of the coated substrates 

changed from blue to light blue suggesting that the thicknesses of the deposited thin films 

increased. For the films prepared from solutions with low precursor concentrations (≤ 0.1 M), the 

color change was barely noticeable. When examined under an optical microscope, however, we 

found that solutions containing less than 0.1 M of indium precursor produced large pinholes in 

the resulting thin films (left panel, Figure 8-1a), which can cause discontinuous electrical 

conduction and are thus not suitable for thin-film devices. We determined that an indium 

precursor concentration of 0.1 M was the lower limit for spin-coating of uniform In2O3 films 

over large areas without pinholes (right panel, Figure 8-1a). Figure 8-1b and c show atomic force 

microscope (AFM) images of the resulting thin films. Even though the apparent thicknesses of 

these films were only ∼4 nm (Figure 8-1b), they showed high uniformity over large areas 

(30 μm  30 μm in Figure 8-1c), and the root-mean-square roughness was calculated to be 

0.4 nm.  
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Figure 8-1. Sol-gel-processed In2O3 ultrathin films. Simple spin-coating of indium 

precursor solutions followed by thermal annealing enabled uncomplicated deposition of 

In2O3 layers with thicknesses measuring a few nanometers. (a) While a precursor solution 

containing 0.05 M of indium(III) nitrate produced a thin film with large pinholes (left, 

indicated by white arrows), a 0.1 M precursor solution produced a uniform thin film over 

large areas. (b, c) Atomic force microscope images of In2O3 thin film produced from a 0.1 M 

precursor solution; the sol-gel process produced a uniform film over large areas, with (b) an 

apparent thickness of 4 nm and (c) a root-mean-square roughness of 0.4 nm. (d) No 

characteristic peaks were observed in the X-ray diffraction pattern, suggesting the 

amorphous nature of the thin film. (e) The thickness, mass density, and interface roughness 

of the sol-gel processed In2O3 film were estimated to be 3.8 nm, 5.90 g cm-3, and 0.4 nm, 

respectively, by fitting (red line) the X-ray reflectivity measurements (blue line) to a standard 

model. (f) The X-ray photoelectron O 1s spectrum of the ultrathin In2O3 layer shows that 

most of the peak can be assigned to O in the oxide lattice (OI: O in oxide lattice without 

vacancies, OII: O in oxide lattice with vacancies), while only 13% of O can be assigned to 

unreacted metal hydroxide species (OIII). 
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We further examined these In2O3 films using nondestructive X-ray metrology. Figure 

8-1d shows an X-ray diffraction (XRD) pattern of an In2O3 thin film prepared on a glass slide. 

Even after thermal annealing of the spin-coated film, no characteristic peak of In2O3 was 

observed, suggesting that the film was largely amorphous (a broad shoulder at around 2θ ≈ 25 

corresponds to the background signal from the glass substrate). The thickness, mass density, and 

interface roughness of In2O3 films deposited on SiO2/Si substrates were extracted by fitting 

X-ray reflectivity (XRR) curves to a standard model (Figure 8-1e). Film thicknesses were 

determined to be ∼3.8 nm, which agrees well with the apparent thickness measured by AFM 

(Figure 8-1b). The mass density of the films was estimated to be 5.90 g cm-3, which is equivalent 

to 82.2% of the theoretical value of structurally perfect In2O3 crystals (7.18 g cm-3). The 

roughness of the interface between In2O3 and SiO2 was calculated to be ∼0.4 nm. In general, the 

interface roughness is indicative of the interface trap density, which has direct effects on the 

electron-transport properties of FET devices.48 With an interface roughness below 0.5 nm, the 

In2O3 films deposited on the SiO2 dielectric layers are expected to show good switching 

behavior, as demonstrated in subsequent experiments. Figure 8-1f shows the O 1s spectrum of 

the annealed In2O3 films obtained by X-ray photoelectron spectroscopy (XPS). The spectrum 

was fit with and deconvoluted into three distinct peaks at 530.4, 531.5, and 532.6 eV, which 

correspond to O in the oxide lattice without vacancies (OI), O in the oxide lattice with vacancies 

(OII), and metal hydroxides (OIII), respectively.47 We found that most of the O atoms reside in the 

oxide lattice while only 13% of O was assigned to unreacted metal hydroxide species, which is 

comparable to In2O3 films produced via organic-solvent-based approaches and annealed at high 

temperature.47 On the basis of the XRD, XRR, and XPS measurements, we conclude that the 
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aqueous-medium-based sol-gel process can produce, at relatively low temperatures, high-density 

amorphous In2O3 ultrathin films that are suitable for electronic applications. 

 

8.4.2 Fabricating Micrometer-Scale FET Devices with Chemical Lift-Off Lithography 

To construct FET devices using the sol-gel-processed In2O3 films, we employed chemical 

lift-off lithography as a high-throughput, large-scale tool to pattern Au source and drain contacts 

on SiO2/Si substrates.43 Figure 8-2a shows a schematic diagram depicting the lift-off process. 

First, PDMS stamps with predesigned negative images of source-drain patterns were activated by 

oxygen plasma treatment and brought into conformal contact with hydroxyl-terminated 

alkanethiol SAMs, 11-mercapto-1-undecanol, deposited on Au surfaces (step 1). When the 

PDMS stamps were removed from the Au surfaces after 1 h of contact, thiol molecules in direct 

contact with the reactive PDMS surfaces were selectively removed owing to condensation 

reactions between the hydroxyl groups of the PDMS surfaces and the SAMs (step 2). The 

remaining SAMs on the Au surfaces acted as soft masks against subsequent chemical reactions, 

where the exposed bare Au surfaces and underlying Ti adhesion layers were selectively removed 

by wet etching (step 3). Remaining SAM molecules were then removed using oxygen plasma 

treatment (step 4), and ultrathin In2O3 layers were deposited on top of the electrode patterns via 

the sol-gel process (step 5). After thermal annealing, In2O3 films outside the channel areas were 

removed by 1 M HCl using photolithography-patterned masks (step 6).  
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Figure 8-2. Field-effect transistor (FET) fabrication using chemical lift-off lithography 

(CLL). (a) Schematic illustration of FET fabrication steps using CLL. First, 

polydimethylsiloxane (PDMS) stamps with arrays of source and drain patterns were activated 

by oxygen plasma and brought into conformal contact with Au surfaces covered with self-

assembled monolayers (SAMs) of hydroxyl-terminated alkanethiols (step 1). Through a 

condensation reaction between the hydroxyl groups of the PDMS surfaces and the SAMs, 

alkanethiol molecules in direct contact with the PDMS surfaces were selectively removed 

(step 2), leaving molecular patterns that served as soft masks during the following wet-

etching of Au and Ti (step 3). After the metals were etched from the unprotected areas, the 

SAMs were removed by oxygen plasma (step 4) and ultrathin In2O3 layers were deposited 

through a sol-gel process (step 5). After thermal annealing, In2O3 films outside the channel 

areas were removed by wet-etching using photolithography-patterned masks (step 6). (b) 

Photograph showing 72 FET device patterns produced by CLL on a 100 nm SiO2 layer on a 

Si substrate. (c, d) Optical microscope images of the CLL-produced device patterns over 

large areas showing (c) well-defined source and drain electrodes with channel gaps 

measuring a few micrometers and (d) a transmission line measurement (TLM) pattern with 

varying channel lengths. (e) Transfer and (f) output characteristics of the ultrathin In2O3 film 

FETs constructed atop the CLL-produced device patterns; the FETs showed good device 

performance with n-type pinch-off behavior with μsat of 11.5 ± 1.3 cm2 V-1 s-1 and ION/IOFF of 

∼107. (g) RC between In2O3 and the Au electrodes was estimated to be ∼75 kΩ using the 

TLM pattern shown in (d). 
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Chemical lift-off lithography employs a strategy that is the inverse of conventional 

microcontact printing49 as it leaves soft molecular masks on metal surfaces by subtractively 

patterning preformed SAMs. Compared to microcontact printing, which relies on the transfer of 

molecular inks from PDMS stamps to metal surfaces, both lateral diffusion and gas-phase 

deposition of ink molecules are avoided in lift-off lithography.50,51 Thus, chemical lift-off 

produces high spatial precision, high-fidelity molecular masks that can be used to pattern 

underlying metal substrates. Figure 8-2b shows a photograph of 72 pairs of FET source-drain 

electrodes patterned over an area of 0.25 cm2 using chemical lift-off lithography. An optical 

microscope image of the Au patterns (Figure 8-2c) shows that the source and drain electrodes 

were well-defined and separated by channel gaps measuring a few micrometers. While we 

typically incubated Au surfaces in thiol solutions overnight and left the PDMS stamps on the 

substrates for 1 h, we found that this process could be shortened significantly. The patterns 

obtained after 5 min of SAM deposition and a 5 min stamping process also showed clear 

definition, comparable to patterns produced with longer processing times for the same spatial 

precision (see Supporting Information, Figure 8-S1). The PDMS stamps could be used multiple 

times after simple rinsing and reactivation, reproducing patterns with similar qualities. A series 

of electrodes with varying channel lengths was also patterned on the same substrate for in-depth 

FET analysis (Figure 8-2d). Scanning electron microscope (SEM) images of the channel regions 

are shown in Figure 8-S2 (see Supporting Information). 

Figure 8-2e and f show representative transfer and output characteristics of bottom-gate 

bottom-contact (BGBC) In2O3 FET devices fabricated using chemical-lift-off-patterned Au 

electrodes on SiO2/Si substrates. In this structure, the channel width and length were 35 and 

15 μm, respectively, and heavily doped Si substrates were used as gate electrodes. Different 
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annealing conditions were tested and optimized device performance was obtained after the In2O3 

thin films were annealed at 250 C for 1 h (see Supporting Information, Figure 8-S3). The 

optimized In2O3 FETs showed high field-effect mobilities (μsat) of 11.5 ± 1.3 cm2 V-1 s-1 

(averaged over 50 devices) and on/off current ratios (ION/IOFF) above 107. These performance 

characteristics are comparable to FETs with thicker In2O3 films fabricated via either organic-

solvent-based sol-gel approaches52-55 or sputtering56,57 (see Supporting Information, Table 8-S1). 

The output characteristics of the FET devices (Figure 8-2f) showed n-type pinch-off 

behavior. The contact resistance (RC) between In2O3 channels and Au electrodes was estimated 

by transmission-line measurements (TLMs; Figure 8-2g) using the pattern with varying channel 

lengths created by lift-off lithography (Figure 8-2d). Contact resistance was determined to be 

∼75 kΩ. We also fabricated bottom-gate top-contact (BGTC) In2O3 FETs by performing 

chemical lift-off on Au/Ti deposited on top of the semiconducting layers (see Supporting 

Information, Figure 8-S4). The BGTC FETs showed better device performance compared to 

BGBC FETs, with μsat = 12.1 ± 3.5 cm2 V-1 s-1 and ION/IOFF ∼ 108. This improved performance 

was attributed to more favorable energy-level alignment at the interface between In2O3 channels 

and the Ti adhesion layers.48 Detailed device parameters of BGBC ultrathin In2O3 film FETs 

processed under different annealing conditions and optimized BGTC devices are summarized in 

Table 8-S2 (see Supporting Information).  
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8.4.3 Fabricating Submicrometer-Scale FET Devices with Chemical Lift-Off Lithography 

Next, we scaled down the FET dimensions further and examined device performance of 

ultrathin In2O3 film FETs with submicrometer-scale channel lengths. Field-effect transistor 

miniaturization is integral for high-density device integration and enables low-voltage, 

low-power device operation. In a common laboratory setting, studies of FETs with 

submicrometer channel lengths are typically carried out with the aid of electron-beam 

lithography, which produces patterns with much finer features than photolithography. However, 

unlike photolithography, electron-beam lithography is a serial process and requires a 

considerable amount of time for patterning multiple devices over large areas. Chemical lift-off 

lithography enables facile prototyping of nanoscale devices as it enables parallel patterning of 

multiple devices over large areas with a spatial precision that can reach <20 nm.43 

Figure 8-3a shows 12 Au source-drain electrode pairs with submicrometer channel 

lengths produced by chemical lift-off lithography on a SiO2/Si substrate. Bow-tie patterns with a 

large pad size were designed and used to ensure easy access by external electrodes. The top 

panels in Figure 8-3b and c show SEM images of the channel regions with gap lengths 

measuring 300 and 150 nm, respectively. High-magnification SEM images of the channel 

regions are shown in Figure 8-S5 (see Supporting Information). Transfer characteristics of 

ultrathin In2O3 film FETs fabricated on the corresponding electrode patterns are shown in the 

bottom panels. Compared to devices with micrometer-scale channel lengths (Figure 8-2), the nm-

gap FETs can be operated at a significantly lower drain voltage (VDS) of 4 V since the channel 

component of the series resistance scales down with decreasing channel lengths. Field-effect 

transistors with channel lengths of 300 nm (Figure 8-3b) showed steep switching behavior with a 

subthreshold swing (SS) of 0.3 ± 0.1 V dec-1, which is significantly improved compared to the 
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long-channel devices (Figure 8-2e; SS = 1.6 ± 0.1 V dec-1). We hypothesize that this behavior is 

due to the reduced number of charge traps along the lateral direction and a decrease in sheet 

resistance as the channel length was decreased. The values of μsat and ION/IOFF for these smaller 

FETs were 0.6 ± 0.3 cm2 V-1 s-1 and ∼107, respectively. Further reduction of the channel length 

to 150 nm (Figure 8-3c) resulted in considerable degradation of device performance, with SS, 

μsat, and ION/IOFF values of 0.6 ± 0.1 V dec-1, 0.4 ± 0.1 cm2 V-1 s-1, and ∼105, respectively. We 

attribute these adverse effects to drain-induced barrier lowering associated with short-channel 

FETs,48 as evidenced by the negative shift in the turn-on voltage from -4 V (300 nm-channel 

FET) to -5 V (150 nm-channel FET). We expect that the performance of ultrathin In2O3 film 

FETs with submicrometer channel lengths can be further improved by employing advanced 

device architectures including lightly doped drains48 or structures with double active layers.58 
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Figure 8-3. Fabrication of submicrometer-channel field-effect transistors (FETs) using 

chemical lift-off lithography (CLL). (a) Bow-tie device patterns with submicrometer channel 

lengths produced by CLL. (b, c) The top panels show scanning electron micrographs of the 

channel regions of the CLL-produced device patterns, with gap lengths measuring (b) 300 nm 

and (c) 150 nm. Transfer characteristics of the ultrathin (∼4 nm) In2O3 film FETs fabricated 

atop the corresponding patterns are shown in the bottom panels. Compared to FETs with 

channel lengths measuring a few micrometers (Figure 8-2e), ultrathin In2O3 film FETs with 

submicrometer channel lengths can be operated at much lower VDS. Reduction of the channel 

length to (c) 150 nm led to considerable degradation in device performance because of the 

short-channel effect. The values of μsat, ION/IOFF, and SS of (b) 300 nm-channel FETs were 

calculated to be 0.6 ± 0.3 cm2 V-1 s-1, ∼107, 0.3 ± 0.1 V dec-1, respectively, while those for (c) 

150 nm-channel FETs were calculated to be 0.4 ± 0.1 cm2 V-1 s-1, ~105, 

0.6 ± 0.1 V dec-1, respectively. 
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8.4.4 Fabricating FET-Based Aptamer Biosensors for In Vitro Dopamine Sensing 

As charge transport through sol-gel-processed In2O3 thin films is confined within a few 

nanometers in the surface normal direction, electronic perturbation at the surface can 

significantly affect FET characteristics of the underlying metal oxide layer. Furthermore, various 

surface functionalization strategies available to metal oxides can be readily used to immobilize 

biospecific receptors on In2O3 thin films for selective detection of target molecules.45 Therefore, 

ultrathin In2O3 layers can serve as platforms to construct highly sensitive and selective 

FET-based biosensors. To test the ultrathin In2O3 FETs fabricated by chemical lift-off 

lithography for biosensing applications, we investigated molecular recognition of the 

neurotransmitter dopamine using a previously identified dopamine aptamer (Figure 8-4a).59-61 

We investigated dopamine as a prototypical analyte because (i) it is a key neurotransmitter 

involved in brain reward and movement circuitries; dopaminergic neurons are known to 

degenerate in Parkinson's disease,62-65 and (ii) dopamine is a primary amine that carries a single 

positive charge at physiological pH, far less charge than that associated with biologically 

important macromolecular analytes such as proteins. Therefore, molecular recognition of 

dopamine at FET surfaces is expected to cause significantly less electronic perturbation than 

proteins. As such, dopamine is representative of an important class of biologically relevant small 

molecules that includes endogenous signaling molecules and drugs that are difficult to measure 

with simple devices.  
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Figure 8-4. AptamerIn2O3 biosensors for subnanomolar dopamine detection. The 

ultralow thickness of the sol-gel-processed In2O3 enabled the construction of highly sensitive 

dopamine biosensors by immobilizing (a) a DNA aptamer (bottom) that had specific binding 

with dopamine (top) on the oxide surface. The complementary and invariant bases for 

dopamine binding are indicated in blue and red, respectively. (b) Schematic diagram of the 

sensing setup; the aptamerIn2O3 biosensors operated with a liquid gate. The inset shows an 

interdigitated electrode pattern, fabricated using chemical lift-off lithography, used for the 

biosensors. (c) Dry state, Si back-gating measurements show that upon immobilization of the 

aptamer on the oxide surface, the transfer characteristics of ultrathin In2O3 film field-effect 

transistors (blue line) shifted downward (red line) and the turn-on voltage shifted toward 

positive values because of the electrostatic gating effect of negatively charged DNA on n-type 

In2O3. Positively charged dopamine binding to the aptamer partially recovered the drain 

current, with a shift of the turn-on voltage toward negative values (green line). (d) For the 

liquid-gate sensing experiments, the addition of dopamine to the liquid electrolyte also led to 

an increase in the drain current, and the linear working range of the aptamerIn2O3 biosensors 

was determined to be 10-1110-7 M (inset, ΔVcal: calibrated response). (e) Calibrated responses 

of the aptamerIn2O3 biosensors upon exposure to 1 nM each of ascorbic acid (AA), tyramine 

(TY), homovanillic acid (HVA), 3,4-dihydroxyphenylacetic acid (DOPAC), and 

norepinephrine (NE). (f) Real-time sensing recording of 100 pM dopamine in 0.1 PBS, 

showing an increase in current upon exposure. 
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To construct dopamine biosensors, we employed the BGTC structure that showed more 

favorable device characteristics (see Supporting Information, Table 8-S2). To obtain large active 

sensor areas and uniform current distribution, interdigitated source and drain electrodes were 

used for biosensors. We first deposited ultrathin In2O3 layers on SiO2/Si substrates, followed by 

Au/Ti deposition using electron-beam evaporation. The Au/Ti films were then patterned into 

interdigitated source and drain electrodes using chemical lift-off lithography (Figure 8-4b). 

Subsequently, the hydroxyl-terminated alkanethiol SAMs used for chemical lift-off were 

removed by brief exposure to oxygen plasma, and 1-dodecanethiol was self-assembled on the Au 

surfaces to protect the electrodes from ensuing receptor immobilization. A thiol-terminated 

tethered DNA aptamer that recognizes dopamine, HS(CH2)6-5’-GTC TCT GTG TGC GCC AGA 

GAC ACT GGG GCA GAT ATG GGC CAG CAC AGA ATG AGG CCC-3’ (Figure 8-4a),59-61 

was immobilized on In2O3 surfaces using (3-aminopropyl)trimethoxysilane and 3-

maleimidobenzoic acid N-hydroxysuccinimide ester as linkers to complete the biosensor 

fabrication.10 Organosilanes form SAMs on various metal oxide surfaces with in-plane cross-

linked Si-O-Si networks promoting dense molecular packing.66-70 As the size of DNA aptamers 

is on the order of a few nanometers, steric hindrance may prohibit effective ligand-receptor 

binding unless aptamers are well-separated.10 Therefore, trimethoxy(propyl)silane was 

codeposited on In2O3 surfaces and used as a spacer to optimize the surface density of aptamers 

for effective biosensing (see the Experimental Methods section). 

Figure 8-4b shows a schematic illustration of the electrical measurement setup used for 

dopamine-sensing experiments. 0.1 phosphate-buffered saline (PBS, pH 7.4) was used as a 

liquid gate to detect signals effectively without severe Debye screening (Debye length ∼2.3 nm). 

Gate bias (VGS) was applied through a Pt wire. Specific amounts of dopamine in 0.1 PBS were 
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injected into the electrolyte solution to modulate dopamine concentrations in the liquid 

environment. To study the effect of the aptamer attachment to the channel surface, we first used 

highly doped Si substrates and 100 nm-thick SiO2 layers as a back gate and a dielectric layer, 

respectively, and examined the changes in FET characteristics in a dry state upon aptamer 

immobilization (Figure 8-4c). We found that the attachment of aptamers to the channel surfaces 

caused over an order of magnitude decreases in the drain currents and positive shifts in the 

turn-on voltages (from -19 to -15 V). We attributed these effects to electrostatic gating effects of 

negatively charged DNA on the channel surfaces that result in decreases in carrier concentration 

of the n-type In2O3 layer. Upon incubation of the device in a 1 mM solution of dopamine for 1 h, 

the drain current partially recovered and the turn-on voltage shifted back to -18 V. 

In general, aptamers undergo significant conformational changes upon binding with 

ligands,71-75 which should affect the conductance modulation of underlying channel layers 

substantially. Since aptamers carry much greater charge than small molecules such as dopamine, 

their conformational changes are typically expected to dominate surface charge densities and 

surface charge density changes, as compared to the electrostatic gating effects of analytes. 

However, a previous study suggests that the dopamine-specific aptamer used in this work 

undergoes insufficient structural reorganization for electronic beacon approaches upon ligand 

binding.61 Further studies will be needed to determine the specific charge redistribution and 

charge-sensing mechanism of our dopamine aptamer-based sensors, which will be critical to 

generalizing chemical sensing with these arrays. 

Figure 8-4d shows the transfer characteristics of liquid-gated aptamerIn2O3 biosensors 

measured at various dopamine concentrations (CDA) in solution. As in the case of measurements 

in a dry state, using a back-gated FET (Figure 8-4c), exposure of the biosensors to dopamine in a 
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liquid-gate setup resulted in increased drain current. As CDA was increased from 10 pM to 

100 nM, the transfer characteristics of the device continuously shifted upward. No significant 

redox behavior of dopamine was observed in our device operating range (see Supporting 

Information, Figure 8-S6), and the leakage current through the 0.1 PBS electrolyte was 

confirmed to be negligible (see Supporting Information, Figure 8-S7). While further increases of 

CDA to 1 μM or more resulted in continued upshift of the drain current, we found that nonspecific 

binding of dopamine to the channel surface became significant, and the drain current increased 

even without aptamer functionalization on the channel surface in this concentration range (see 

Supporting Information, Figure 8-S8). To reduce device-to-device variations in sensor response, 

the change in drain current was converted to a change in gate voltage (calibrated response, 

ΔVcal),
46 and the linear working range of the aptamerIn2O3 biosensor was determined to be 

10-1110-7 M, as shown in the inset of Figure 8-4d. We also constructed devices using an aptamer 

with mutations at identified dopamine binding sites (mut-DA-aptamer, HS(CH2)6-5’-GTC TCT 

GTG TGC TTC AGA GAC ACT GGG GCA GAT ATG GGC CTG CAC AGA ATT TGG 

CCC-3’, mutated bases are highlighted in bold), as well as DNA with a random base sequence 

(scrambled-DNA, HS(CH2)6-5’-CAT AAA TAC TAG GAT GTG CAT ACT TAG ACT GGA 

GAT TGT ATC CCT ACA CAC ACC CTA-3’). Upon exposure of both devices to 10 nM 

dopamine in 0.1 PBS, we measured a ΔVcal of less than 15% of the responses measured at 

devices constructed using the correct aptamer sequence (see Supporting Information, 

Figure 8-S9). These results strongly suggest that sensor responses are based on specific 

interactions between dopamine and its cognate aptamer. 
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To test the selectivity of the aptamerIn2O3 biosensors, we exposed devices to 1 nM 

solutions of other similarly structured small molecules found in the brain extracellular 

environment.76 Ascorbic acid (AA), tyramine (TY), homovanillic acid (HVA), 

3,4-dihydroxyphenylacetic acid (DOPAC), and norepinephrine (NE) were dissolved in 

0.1 PBS. Calibrated responses were then compared to responses to dopamine (Figure 8-4e). 

Although NE caused significant ΔVcal that reached 58 ± 2% of the response to dopamine, all 

other tested biomolecules were associated with relative responses that were below 10% of the 

dopamine response. Cross reactivity of this aptamer with norepinephrine has been previously 

observed and reported.10,61,77 We note that dopamine, NE, and TY caused increases in the drain 

current while AA, HVA, and DOPAC caused decreases, as the former group of molecules carry 

positive charges at physiological pH while the latter carry negative charges. 

Finally, we performed real-time detection of dopamine in 0.1 PBS. The drain current of 

the aptamerIn2O3 device was continuously monitored at VDS = 10 mV and VGS = 100 mV while 

dopamine was introduced into the buffer solution. Figure 8-4f shows representative real-time 

sensing measurements obtained when the biosensor was exposed to a solution of 100 pM 

dopamine at t = 0. After a short delay associated with diffusion of dopamine to the channel 

surface, a sharp increase in drain current was observed. In comparison, the addition of buffer 

solution devoid of dopamine did not yield measurable changes in the drain current (data not 

shown).  
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8.5 Conclusions and Prospects 

A high-throughput and high spatial precision soft-lithography technique, chemical lift-off 

lithography, was employed to produce device patterns with both micrometer- and 

submicrometer-scale feature sizes over large areas. This patterning method can be integrated 

with other processes to produce electronic device and biosensor arrays. Here, we have 

demonstrated that ultrathin In2O3 layers, produced by simple aqueous sol-gel processing, can be 

used as semiconducting active layers to construct high-performance FETs and biosensors. The 

as-fabricated In2O3 FETs showed effective device performance with μsat exceeding 10 cm2 V-1 s-

1. The ultrathin In2O3 layers enabled construction of highly sensitive and selective aptamer-based 

biosensors capable of detecting subnanomolar concentrations of dopamine. The latter are more 

than sufficient to detect dopamine in the physiological range of basal extracellular brain levels.78 

Given this straightforward and effective device-fabrication strategy, we anticipate that chemical-

lift-off-patterned, sol-gel-processed metal-oxide FETs will enable platforms for the construction 

of both biological and nonbiological sensors that can detect subtle yet important chemical 

perturbations at interfaces.  
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8.6 Supplementary Experiments and Figures 

An optical micrograph of device patterns produced by chemical lift-off lithography with 

shorter processing times, scanning electron microscope images of chemical-lift-off-patterned 

devices, transfer characteristics of BGBC ultrathin In2O3 film FETs processed under different 

annealing conditions, a device performance chart of previously reported In2O3 field-effect 

transistors, transfer and output characteristics of optimized BGTC devices, a summary of 

detailed device performance parameters, a cyclic voltammogram of a Pt wire in 0.1 PBS, a 

leakage current measurement through the liquid electrolyte, and responses of In2O3 FETs to 

dopamine exposures with modified aptamer sequences and without aptamer immobilization. 
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Figure 8-S1. Field-effect transistor device patterns on a SiO2/Si substrate produced by 

chemical lift-off lithography with a short processing time (5 min self-assembled monolayer 

deposition, 5 min stamping process). 
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Figure 8-S2. Scanning electron microscope images of channel regions. (a) A 

representative source-drain electrode pair used for device fabrication. (b) A transmission line 

measurement (TLM) pattern with varying channel lengths. 

 

Figure 8-S3. Bottom-gate bottom-contact field-effect transistor transfer characteristics of 

ultrathin In2O3 layers annealed at (a) 200 °C, (b) 250 °C, and (c) 300 °C for 1 h. 
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Table 8-S1. Device performance of previously reported In2O3 field-effect transistors. 

Figure 8-S4. Bottom-gate top-contact field-effect transistor. (a) transfer and (b) output 

characteristics of ultrathin In2O3 layers. 
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Table 8-S2. Summary of In2O3 field-effect transistor device performance with the following 

geometries bottom-gate bottom-contact (BGBC) and bottom-gate top-contact (BGTC). 

 

Figure 8-S5. Scanning electron microscope images of submicrometer-channel devices with 

gap lengths measuring (a) 300 nm and (b) 150 nm. 
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Figure 8-S6. Cyclic voltammogram of a Pt wire in 0.1 PBS with (red: CDA = 1 mM, green: 

CDA = 1 μM) or without (blue) dopamine. 
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Figure 8-S7. Transfer characteristics of devices with (green) or without (blue) the In2O3 

channel layer, confirming that the leakage current through a liquid electrolyte (blue) is 

negligible. 
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Figure 8-S8. Transfer characteristics of In2O3 field-effect transistors without aptamer 

immobilization. For CDA≥1 μM, non-specific binding of dopamine on the channel surface 

becomes significant and causes upward shift in the drain current even without aptamer 

functionalization. No significant change in drain current was observed for CDA<1 μM. 
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Figure 8-S9. Transfer characteristics of In2O3 field-effect transistors constructed using 
(a) an aptamer with mutations at the binding sites or (b) a DNA with a random base sequence. 

In both cases, the addition of 10 nM dopamine to 0.1 PBS induced only small changes in 

drain currents. (c) ΔVcal of both devices were measured to be less than 15% of the responses 

from devices constructed using the correct dopamine (DA) aptamer. 
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9.1 Highlights and Prospects 

9.1.1 Neurochip Project 

 We do not yet fully comprehend the complexity of the human brain; however, we 

continue to try to shed light on the mechanisms of neural signaling and brain circuitry. Perhaps 

the goal to monitor electrical and chemical signaling processes underlying communication 

between neurons across all brain regions is too ambitious and impractical. Nonetheless, in the 

early 1900’s, it was ambitious to think that people could fly in the sky. Also, it was impossible to 

imagine that people could see and communicate with others through a (computer) monitor. What 

was considered far-fetched then is reality today. 

As with other aspects of life, every scientific investigation begins with small steps that 

gradually build into larger leaps and eventually transform our ambitious dreams into practical 

realities. The “neurochip” project in our group aims to construct nanoscale neurosensors 

combining receptor-ligand recognition and transistor-based biosensing platforms to enable 

multiplexed in vivo measurements of neurotransmitters.1-5 This ambitious research endeavor 

began with small steps where we worked with the surface chemistries of self-assembly and has 

grown into a larger leap where we have developed a repertoire of chemical patterning tools to 

investigate the binding of biomolecular receptors at solid/liquid interfaces and to build functional 

screening platforms to identify artificial receptors for biosensing purposes. For over a decade, 

postdoctoral fellows and graduate students, including myself, have joined together to accomplish 

these first steps on this long, strenuous, but exciting journey. 

Along the way, we discovered a number of important physical/chemical design rules 

dictating biorecognition at solid/liquid interfaces. For example, the native defects of alkanethiol 

SAMs have been used to advantage for molecular insertion to enable biospecific recognition of 
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surface-tethered ligands diluted (<10% of a monolayer) in the background matrices.6,7 

Oligo(ethylene glycol) moieties were incorporated into the tethering molecules and the 

background matrices to reduce nonspecific protein-substrate interactions.6 Moreover, my 

contribution was to combine BSA with oligo(ethylene glycol)-modified alkanethiol SAMs to 

reduce further nonspecific protein-substrate interactions to <10% vs. total protein binding.8,9 This 

discovery improved the visualization of biopatterns using fluorescence microscopy and enabled 

better quantification of biomolecule binding on biocapture substrates. 

We also discovered that for surface-tethered neurotransmitters to capture native 

membrane-associated receptors in solutions, the ligands had to mimic endogenous molecules in 

the biological milieu of neural synapses.10 Specifically, additional ectopic functional groups were 

introduced for surface tethering to preserve the essential epitopes for biorecognition. Thus, I was 

able to utilize this ingenious strategy to expand the library of surface-tethered small molecules 

mimicking endogenous neurotransmitters and to develop microfluidics-based small-molecule 

arrays for future high-throughput screening of artificial receptors.9 

I also developed improved surface functionalization strategies for small-molecule 

ligands. Although our approach of functionalizing surface tethers on-chip with ligands of interest 

is generalizable, it has limitations. For multiplexed biocapture platforms, not only did it require 

multiple ligands to be functionalized on substrates, it demanded different chemically compatible 

functionalization strategies. We discovered that the functionalization chemistries of later ligands 

could alter the extent of functionalization of ligands placed earlier on substrates.8 Thus, in 

collaboration with the Kasko group from the Department of Bioengineering at the University of 

California, Los Angeles, we focused on developing an alternate strategy whereby small-molecule 

ligands were pre-functionalized to tethers prior to surface assembly, circumventing the problem 
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of functionalization compatibility. My results indicate that neurotransmitter pre-functionalized 

molecules showed more consistent and improved specific recognition by antibodies. In addition, 

the multiplexed substrates created with pre-functionalized molecules demonstrated the ability to 

capture and to sort antibodies from mixed solutions of biomolecules. 

I explored other strategies to mitigate the underlying causes of problems associated with 

fabricating and interrogating multiplexed substrates. For example, to circumvent problems 

associated with visualizing captured receptors via primary-receptor antibodies and 

complementary secondary antibodies, I looked into using green/yellow fluorescent protein and 

SNAP/CLIP protein tagging technologies to label receptors directly with fluorophores for 

visualization.11-16 The motivation stems from my discovery that the primary antibodies used to 

label native membrane-associated receptors also displayed some affinity for surface-tethered 

ligands,9 which confounded the measurements of receptor-specific binding. Studies using the 

latter will be followed up in the future and we acquired high quantum-yield fluorescent dyes that 

are SNAP-tagged from Dr. Luke Lavis at Janelia Farms for this purpose.17 

Now that many of the physical and chemical motifs dictating biomolecule-ligand 

interactions at solid/liquid interfaces have been uncovered, we are ready to use the high-

throughput screening platforms developed here to identify the artificial receptors needed for in 

vivo neurosensing. Currently, those continuing to work on the neurochip project are utilizing 

functional neurotransmitter chips to screen for aptamer-based receptors targeting small-molecule 

neurotransmitters. In addition, our previous results have shown that an existing aptamer with 

modest affinity for the small-molecule neurotransmitter dopamine could be coupled to FET-

based biosensors to detect subnanomolar dopamine concentrations.18 Thus, the next phase in the 

neurochip project will be to incorporate newly identified high-affinity aptamers from the 
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neurochip screening process into FET-based biosensors for in vitro studies, and ultimately for in 

vivo neurosensing.19-23  
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9.1.2 Chemical Patterning  

 In addition to designing motifs to improve substrate-mediated biomolecule-ligand 

recognition, we developed novel chemical patterning methods to place bioactive probes in 

spatially defined geometries on substrates. These capabilities not only permitted the investigation 

of biomolecule binding on ligand functionalized vs. unfunctionalized regions on the same 

substrate, they enabled multiplexed patterning of small-molecule ligands for investigating 

biomolecule specificity. Our chemical patterning repertoire includes microcontact insertion 

printing, microfluidics-based addressing, and chemical lift-off lithography.8-10,24-28 

Microcontact insertion printing was previously invented in our group to enable the 

insertion-directed placement of tethered ligands diluted in protein-resistant alkanethiol 

SAMs.8,10,24,25 However, this approach is held hostage by the need for compatible sequential 

functionalization chemistries for various ligands.8 Moreover, insertion printing requires the 

tuning of surface properties of PDMS stamps to enable effective insertion of tethers of varying 

hydrophilicity into preformed SAMs.25 These drawbacks impede CIP from being used to create 

multiplexed substrates. Using microfluidics, we circumvented these issues by utilizing 

microscale conduits to place multiple ligands simultaneously on the same substrates.9 The 

advantage here comes from restricting ligand functionalization in individual channels, thus 

obviating the need for functionalization compatibility and surface property tuning for insertion. 

Nevertheless, because tethered molecules in the microfluidic-based approach are diluted in the 

background matrix by co-deposition of mixed SAMs, phase separation of tethered molecules can 

still result in steric hindrance and induce multivalent nonspecific interactions with 

biomolecules.6,29-33 
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I co-invented chemical lift-off lithography, wherein patterned substrates are produced by 

removing molecules from preformed hydroxyl-terminated alkanethiol SAMs.26 The key step here 

is the formation of covalent stamp/SAM interactions, which are stronger than Au-Au bonds on 

the surface of Au substrates, when oxygen plasma-treated PDMS stamps are in conformal 

contact with hydroxyl-terminated SAMs. Lifting stamps from the substrates removes terminally 

functionalized alkanethiolates. Utilizing the subtractive nature of chemical lift-off, we created 

patterns of tethered biotin probes to capture streptavidin down to sub-40 nm and sub-20 nm 

feature sizes with single and double lift-off, respectively.26 

Infrared spectral analysis indicated that ~70% of preformed SAM molecules are removed 

via chemical lift-off lithography.26,34 The available vacancies created by the removed molecules 

in the contact regions appear to be highly amenable to subsequent insertion-directed surface 

assembly. For example, I was able to show that the retained alkanethiols in the contact regions 

enabled insertion of thiolated DNA molecules.34 The resulting DNA patterns were characteristic 

of dilute DNA surface coverage and reduced DNA-substrate interactions. As such, they greatly 

improved DNA hybridization efficiency beyond that associated with the convention backfilling 

method. I also discovered that DNA surface-coverage and hybridization efficiencies were 

controlled by varying pre-lift-off SAM compositions. In addition to single- and double-lift-off to 

pattern DNA for hybridization, I carried out triple lift-off lithography (Figure 9-1). Here, we 

found that additional SAM molecules could be removed even after the third lift-off step. I 

envision that the next phase of this project will be to investigate how different SAM parameters 

i.e., terminal groups, chain lengths, conformations, and inter-molecular forces can be used to 

tune further DNA surface hybridization or DNA interactions with small-molecule ligands.35-37 

Moreover, lift-off-based DNA patterning should be used to determine whether target DNA with 
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single base-pair mismatches can be detected.38-41 This is important if these types of arrays are to 

be used for single nucleotide polymorphism analysis. Also, compared with nucleic acid studies 

in solution, which have been more thoroughly investigated, DNA behaviors on surfaces is still 

not well understood.35 Thus, it will be interesting to investigate the effects of SAM compositions 

on the thermodynamic and kinetic behaviors of nucleic acids on surfaces to provide 

understanding of the key parameters dictating the properties of surface-tethered DNAs.35,42-46 

In addition to inserting DNA molecules, small-molecule functionalized alkanethiols were 

inserted into post-lift-off substrates. I discovered that chemical lift-off creates a new class of 

defects for molecular insertion beyond native SAM/substrate defects critical for CIP.34 

Moreover, lift-off lithography obviated tuning of stamp surface properties needed for inserting 

individual types of molecules via CIP.25 The insertion-directed chemistry of lift-off lithography 

also overcame potential phase-separation associated with co-deposition methods.6,27,47,48 As such, 

I explored the ability of chemical lift-off lithography to create multiplexed platforms. For 

example, side-by-side patterning of biotin and small molecules mimicking endogenous 

neurotransmitters on the same substrate illustrated sorting of proteins and antibodies from mixed 

solutions.  
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Figure 9-1. Representative fluorescence images and 3D surface plots. (A,B) Double and 

(C,D) triple lift-off lithography on hydroxyl-terminated tri(ethylene glycol)alkanethiol 

SAMs. Post-lift-off substrates were inserted with thiolated DNA probes followed by 

hybridization with AlexaFluor® 488-labeled complementary DNA hybridization. The 

brightest and dimmer features are doubly and singly contacted, respectively in (A,B), which 

correspond to higher and lower numbers of inserted DNA probes, respectively. Similarly, the 

brighter and dimmer features are triply and doubly contacted in (C,D). Fluorescence resulting 

from DNA insertion into the post-single-lift-off features is difficult to observe due to the 

small features (2 µm2 in B,C,D) but is easier to see in the 3D surface plots (B,C,D) and for 

the larger features (10 µm2 in A). 
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Although chemical functionalization of post-lift-off substrates has shown excellent 

results for nucleic acid hybridization and biomolecule-ligand recognition, a number of questions 

remain. For example, because insertion-directed surface assembly on post-lift-off substrates 

depends on the lift-off yield, it will be crucial to devise new experimental techniques to quantify 

the amounts of molecules removed in each lift-off step.34 In addition, systematic studies are 

needed to investigate how different parameters associated with the stamps, including varying 

oxygen plasma conditions, stamp/substrate contact times, and the use of polymeric materials 

other than PDMS for lift-off can be used to control the lift-off yield. Because oxygen plasma has 

been known to cause cracks on PDMS surfaces in addition to oxidation,49,50 alternate strategies 

are essential to activate stamps without damaging them to improve conformal stamp/substrate 

contact and subsequently, lift-off yield.51-53 

Additional factors associated with SAMs and substrates in chemical lift-off lithography 

are also of interest. For example, varying the terminal groups, chain lengths, intermolecular 

forces, and head groups of thiolated SAM molecules or varying substrate materials beyond Au 

will provide essential tuning possibilities and new opportunities to expand the versatility and 

generalizability of lift-off lithography. X-ray photoelectron spectroscopy has been used to detect 

the presence of Au atoms bound to alkanethiols, which are removed when PDMS stamps are 

released from substrates.26 Examining post-lift-off PDMS stamps with XPS showed Au 4f peaks 

when lift-off was carried out on alkanethiol SAMs terminated with hydroxyl (OH), 

hydroxyl/amine/carboxylic acid-terminated oligo(ethylene glycol) (OH-(C2H4O)n=3,6 and 

NH2/COOH-(C2H4O)n=6), and phosphonate (PO(OH)2), indicating that these functional groups 

are amenable to lift-off (Chart 9-1). In contrast, functional groups including methoxy-terminated 

tri(ethylene glycol) (CH3O-(C2H4O)3), biotin-terminated hexa(ethylene glycol) 
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(C10H15O2N2S)-(C2H4O)6), and bromine (Br) and methyl (CH3) tail groups did not show Au 4f 

XPS peaks on post-lift-off PDMS stamps suggesting that these moieties are not lift-able. These 

unpublished results are consistent with the hypothesized stamp/SAM reactivity. The use of 

polycrystalline vs. single-crystal facet Au substrates will also be interesting to investigate 

regarding the effects of surface crystallinity on chemical lift-off process. 

Additionally, the ability to perform lift-off lithography on single-crystal (i.e., Au(111)) 

substrates will be beneficial for STM studies to resolve the structures and arrangements of 

molecules in the post-lift-off regions. However, the use of scanning probe microscopies to 

investigate the structures of post-lift-off SAMs terminated with hydroxyl/amine/carboxylic 

acid/phosphonate tail groups or oligo(ethylene glycol) moieties will be challenging because of 

their molecular length, degree of disorder, and association with water molecules under ambient 

conditions.54-56 Several studies have shown that in situ STM coupled with electrochemical 

measurements is capable of characterizing SAMs terminated with hydrophilic tail groups under 

aqueous conditions.57-59 These instrumental capabilities may enable insightful structural 

information regarding post-lift-off SAMs. Alternately, electrochemical reductive desorption 

measurements also could be used to quantify the SAM molecules remaining in the stamp-contact 

regions because such measurements are sensitive to domain sizes and interaction strengths with 

different molecules desorbing at different electrochemical potentials.60-62 Additional 

computational studies, along with STM investigation, will help to elucidate the lift-off 

mechanisms and provide new insights into the structures of defects created by chemical lift-off 

lithography. 

Finally, because chemical lift-off relies on the strong contact-induced stamp/SAM 

interactions and covalent SAM-Au bonds to rupture Au-Au bonds on the surface of Au 
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substrates, the removed alkanethiols also carry with them the underlying Au atoms from the 

substrates.26 This finding provides strong evidence supporting the presence of Au adatoms 

beneath alkanethiol SAMs, which leads to facile Au-Au bond breakage because of the reduced 

coordination of the adatoms63-65 and the mobility of Au thiolates within SAMs observed in 

several previous STM studies.29,66,67 Rough estimates of the topographic differences between lift-

off vs. non-lift-off regions on post-lift-off hydroxyl-terminated tri(ethylene glycol)alkanethiol 

SAMs is on average 2.0  0.3 nm.26 The TEG SAM thickness measured by ellipsometry is 1.6  

0.1 nm. Thus, the difference between these two values is roughly the thickness of a single atomic 

Au-atom layer. It will be important to investigate the structures and associated optical, electrical, 

and magnetic properties of these ultrathin Au films because they may represent the next-

generation graphene-like two-dimensional materials.68-71  
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Chart 9-1. A list of lift-able and non-lift-able alkanethiols investigated via X-ray 

photoelectron spectroscopy to detect the presence/absence of Au 4f peaks on 

post-lift-off polydimethylsiloxane stamps 
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