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ABSTRACT OF THE DISSERTATION 

 

Aptamer-Functionalized Field-Effect Transistors 

For Serotonin and Dopamine Sensing 

 

by 

 

Nako Nakatsuka 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2017 

Professor Paul S. Weiss, Chair 

 

My thesis work built on over a decade’s worth of research in the Andrews and Weiss 

groups aimed at discovering high-affinity oligonucleotide-based recognition elements 

called aptamers. Previous work focused on designing and developing solid-phase 

substrates with surface-tethered small-molecule targets that retained their biological 

functionality to enable recognition by receptors. I mastered techniques such as chemical 

lift-off lithography and microfluidics to pattern small-molecules in specific locations to 

facilitate quantification of specific binding relative to background molecules. I 

demonstrated recognition of surface-tethered dopamine by a previously isolated dopamine 

aptamer. Specific binding was validated using competitive displacement experiments, 

which verified that surface-tethered dopamine, despite its reduced degree of freedom, 

could compete with free dopamine in solution. I addressed one of the shortcomings of 
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conventional in vitro aptamer selection by enabling on-chip determination of equilibrium 

dissociation constants (Kd). Using a novel patterning method to create aptamer 

concentration gradients on multiplexed substrates, I resolved multiple Kd values 

simultaneously. I demonstrated that optimized small-molecule-functionalized substrates 

were ready to screen for novel neurotransmitter-specific aptamers.  

 

In parallel, however, our collaborators at Columbia University isolated high-affinity 

(nanomolar Kd) aptamers targeting serotonin and dopamine through the use of a solution-

phase method. Thus, I advanced our research to the next step by integrating these 

aptamers onto the semiconducting channels of thin-film field-effect transistors (FETs). 

Serotonin- and dopamine-functionalized FETs were able to sense target molecules in high 

ionic-strength, undiluted physiological buffers, as well as in complex environments such as 

brain tissue. Traditionally, biological FETs have suffered from Debye length limitations 

under physiological conditions where the effective sensing distance is <1 nm from the 

surface of the semiconducting channels. We hypothesized that the mechanism that enabled 

sensitive detection of neurotransmitter targets even in complex fluids was driven by 

aptamer conformational changes. I read and synthesized every aptamer-FET paper I could 

find in the literature to understand the current status of the field. I found that 

mechanistically, there were two emerging lines of thought. The first asserts that electronic 

signals arise mainly from target-associated charge being brought into close proximity of 

FETS upon aptamer binding. The second postulates that rearrangement of charged 

aptamer backbones contributes to aptamer-FET target detection. 
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I investigated the mechanism of the serotonin and dopamine aptamer-FETs by exploring 

the influence of divalent cations on aptamer binding. I showed that serotonin and 

dopamine signal responses behaved differently based on the presence/absence of divalent 

cations. This meant there were aptamer-specific differences in secondary structure 

rearrangements upon target capture. I conducted circular dichroism and surface-enhanced 

Raman spectroscopy to compare alterations in aptamer secondary structures upon target 

capture, empirically. I demonstrated that these two techniques can be used to track 

aptamer conformational changes and together, they enabled prediction of sensing 

capabilities prior to FET incorporation of aptamers. Sensing of a neutral target (glucose) 

and a zwitterionic species (sphingosine-1-phosphate) further implicated target-induced 

rearrangement of aptamer charge at the surface of FETs as a key mechanism for small 

molecule sensing. This mechanism is advantageous as it is generalizable for any target of 

interest regardless of size or charge.  

 

Finally, inspired by recent literature on polydopamine nanoparticles, I fabricated and 

characterized analogous serotonin-based nanomaterials. I demonstrated that 

polyserotonin nanoparticles had comparable therapeutic properties to polydopamine 

nanoparticles such as drug loading efficiency and photothermal capabilities. However, 

compared to polydopamine, polyserotonin nanoparticles showed reduced protein corona 

formation on the surface and improved biocompatibilities with three stem cell lines, 

suggesting their potential for future clinical applications. 
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I.A. The BRAIN Initiative – Nanotools for Neuroscience 
 

On April 2nd 2013, President Barack Obama announced the Brain Research through 

Advancing Innovative Neurotechnologies (BRAIN) Initiative aimed at revolutionizing our 

understanding of the enigmatic human brain. It was an ambitious call for collaborative 

efforts to accelerate the design and development of novel nanotools to map dynamic brain 

function at high density.1 The capacity to measure brain signaling pathways quantitatively 

at the length and time scales pertinent to information encoding would enable scientists to 

discover novel treatments and preventative approaches for psychiatric and 

neurodegenerative diseases such as depression, post-traumatic stress disorder, and 

Alzheimer’s and Parkinson’s diseases. 

 The complexities of brain function arise from the emergent properties of neural 

circuits and networks. Individual neurons form synaptic and extrasynaptic contacts with 

thousands of other neurons. Thus, information gained by neurophysiological techniques 

such as single-electrode recordings that monitor single to a few neurons do not reflect the 

overall connectivity of neural networks.2 Furthermore, neuronal plasticity results in 

dynamic rearrangements of neural connections and their relative strengths.  

To address the challenges incumbent in the BRAIN Initiative, researchers have 

proposed to record every action potential from every neuron within a circuit, 

simultaneously.3 Ironically, this focus on electrophysiology is reminiscent of the questions 

that defined the War of the Soups and the Sparks4 in the 1930s. The latter was a debate 

between the rapidly advancing fields of neuropharmacology (soups) and electrophysiology 

(sparks) about how neurons communicate across synaptic gaps. While massively parallel 

electrical recordings would presumably map neural circuits to some extent, they will 
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ultimately not represent information processing in brains that occurs via complex synaptic 

chemistries involving signaling molecules called neurotransmitters. Without considering 

the complex information inherent in the chemical diversity residing in interneuronal 

signaling pathways occurring within dynamic changes in neurotransmitter fluxes, we will 

be unable to fully understand brain function.5   

Thus, to map human (and experimental animal) brains fully, both dynamic voltage 

activities associated with neuronal firing and chemical neurotransmission associated with 

numerous neurotransmitters must be considered.6 If mapped in total, this endeavor would 

involve an estimated 85 billion neurons, 100 trillion synapses, and 100 chemical 

neurotransmitters in the human brain.7 Regarding neurochemical mapping, currently, 

there are approaches for in vivo neurochemical sensing. The first is an indirect approach 

largely encompassing microdialysis sampling coupled to analytical methods like high-

performance liquid chromatography or mass spectrometry.8 The second involves direct-

sensing implantable biosensors.9-11 While these methods are powerful for studying 

dynamic neurochemistry, their limitations in terms of temporal and spatial resolution, and 

chemical selectivity, significantly impede progress toward understanding brain function.  

For example, while microdialysis enables multiplexing and dialysate sampling times 

are decreasing,12-16 the spatiotemporal resolution is still not well suited to reveal the 

properties of complex neural circuits. Fast-scan cyclic voltammetry (FSCV), which is a 

direct-measurement method, has been widely successful for the investigation of dopamine 

dynamics.17-20 However, voltammetry is difficult, if not impossible, to generalize to other 

neurotransmitters and to multiplex. Similarly, enzyme-based amperometric microsensors 

have been used to measure glucose21,22 glutamate,23-25 and acetylcholine.26-28 While this 
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approach has enabled much to be learned about neurotransmitter signaling in the context 

of behaviorally relevant stimuli, it is not widely generalizable because highly selective 

redox enzymes are nonexistent for many neuropeptides, neurosteroids, and neurolipids.  

In light of these collective disadvantages, to answer the call of the BRAIN Initiative, 

the next generation of nanotools for neuroscience must address chemical sensors that are 

small to record at the level of synapses or local intracellular spaces (tens of nanometers), 

fast to correspond to ~1 Hz or better time frames to differentiate neurochemical 

release/reuptake, selective to distinguish between structurally similar small molecule 

precursors and metabolites present in the extracellular space, as well as closely structured 

neurotransmitters, and multiplexed to enable recording of multiple neurochemicals 

simultaneously. Our vision is to use aptamer-functionalized field-effect transistor 

biosensors for direct, simultaneous, dynamic, and spatially resolved measurements of a 

wide range of chemical signaling molecules in the highly heterogeneous brain extracellular 

milieu.  
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I.B. Towards Electronic Biosensing in Vivo 
 
To advance the state-of-the-art for in vivo biosensing of neurochemicals, we have 

integrated biomolecular recognition with direct electronic signal detection. Realization of 

in vivo next-generation neurochemical biosensors is built on foundational breakthroughs 

involving several technologies that when combined, will enable researchers to overcome 

current limitations in neurochemical monitoring. 

Biosensors are target detection systems that consist of biomolecule recognition 

elements, such as enzymes, antibodies, or cellular receptors, coupled to transducers that 

convert target recognition into electrochemical, electronic, optical, or other types of 

directly measurable signals. In 1962, Leland Clark reported an “enzyme electrode”, the 

antecedent to today’s widely used blood-glucose analyzer, i.e., glucometer.29 Clark’s 

biosensor relied on recognition and enzymatic degradation of glucose by glucose oxidase, 

coupled to the reduction of oxygen to hydrogen peroxide. Oxygen consumption was 

measured at an oxygen-sensitive electrode.  

When in vivo glucose monitors were first evaluated two decades ago,30,31 the 

surgical procedure to implant these sensors resulted in adverse subcutaneous reactions, 

obscuring glucose signals and causing side effects in patients.32 Barriers that had to be 

overcome for in vivo monitoring of glucose, included lack of sensor accuracy and precision 

over a wide range of target concentrations, short sensor lifetimes, poor calibration, and 

instability, all of which led to problems with reproducible detection.33 Nonetheless, today, 

implantable sensors are used to monitor glucose levels continuously in real time.34 As such, 

glucose biosensors exemplify the challenges of translating in vitro sensors to in vivo 

environments. In vivo sensors are critical to current needs in neuroscience,5,6,35-37 
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microbiome studies, and many areas of basic38-40 and biomedical41-43 research, as well as 

the practice of medicine.44-50  

Biosensors developed for use in vitro are often not amenable for investigating 

biological processes in living organisms.51 In vivo measurements regularly involve 

detecting analytes at lower concentrations and/or over wider ranges than those 

encountered for in vitro applications. Pre-concentration or dilution, as well as clean-up to 

remove interferents can be employed in vitro; these steps are largely infeasible when 

directly sensing in vivo. High temporal resolution is commonly needed in vivo to capture 

dynamic events.52,53 On the whole, the design and implementation of in vivo biosensors 

must address challenges associated with sensitivity, selectivity, temporal and spatial 

resolution, and biofouling.54  

One approach to improving signal transduction for biosensors involves the use of 

field-effect transistors (FETs). In standard FETs, semiconducting n- or p-doped channel 

materials between metal source and drain electrodes are used to sense changes in electric 

fields above channel surfaces, i.e., changes in surface electric fields alter the resistance to 

electron flow through the semiconductor. When semiconducting channels are biased with 

positive or negative voltages, three regimes of surface conductivity may exist. For the case 

of n-type semiconductors, when a positive gate voltage is applied, excess electrons will 

accumulate at the surface, and the bands proximal to the surface are bent downward 

(Figure I.1A). In this accumulation case, band bending makes the surface more n-type than 

the bulk, resulting in a higher majority carrier density. If instead a small negative voltage is 

applied, the energy bands near the surface are bent upward, and electron carrier density is 

decreased, in the so-called depletion case (Figure I.1B). Here, the space-charge per unit area 
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depends on the width of the region of charge depletion. Finally, in the inversion case, if a 

large negative voltage is applied to the channel, the energy bands are bent upward even 

further and the intrinsic level crosses the Fermi level (Figure I.1C). Excess positive carriers 

are then induced at the surface. Thus, the excess surface conductivity, and direction of 

current, depends on the applied surface potential.55 In the case of p-type semiconductors, 

the same three regimes at different surface potentials exist, but band bending occurs in 

opposite directions. Further, the presence of adsorbates on semiconductor surfaces can 

change the conductance, which can be attributed to the effects of band bending.  

 

 

The channels of FETs can be functionalized with molecular recognition elements 

that bind to targets. Target recognition gates channels by shifting surface potentials 

controlling carrier populations in the channels.55-64 Associated changes in 

transconductance serve to amplify target detection significantly, just as transistors are 

used in common electronic amplification circuits with voltage-controlled gates. Thus, 

Figure I.1. Energy level diagrams and charge distributions of an n-type semiconductor showing band 
bending at the surface. Shown from left to right are the three charge transport regimes described by 
the (A) accumulation, (B) depletion, and (C) inversion cases. EC: conduction band energy, EV: valence 
band energy, EF: Fermi energy, EI: intrinsic energy level, UB: bulk potential, US: surface potential. 
Electrons (majority carriers) are illustrated as solid circles and holes, (minority carriers) are illustrated 
as open circles. 
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charge at channel surfaces, as well as in the nearby surrounding medium, is critical to the 

function of FETs.  

In conventional electronic devices, FETs are encapsulated to avoid the effects of 

charged molecules on their surfaces, whereas in biosensors this effect is used 

simultaneously for detection and amplification. Channels constructed of nanometer-thin 

films,65 or one-dimensional66-74 or two-dimensional materials75,76 (vide infra) are 

particularly advantageous because the effects of shifts in surface potential penetrate the 

entire material, increasing device sensitivity. 

The use of FETs in biosensing couples high sensitivity and real-time, label-free 

measurements with electronic output.77,78 This strategy for electronic readout enables 

measurements where dense or opaque tissue precludes or complicates optical 

approaches.2,3,79 The availability of a range of physical and chemical patterning methods 

facilitates FET scaling down to appropriate sizes to match native biological 

compartmentalization (micro- to nanoscale) enabling physiological measurements.80 

Furthermore, FET architectures have prospects for lower-cost production using 

conventional, soft, or hybrid lithographies.81-87  

Surface chemistries employed to tether recognition elements to FET devices are 

critical to reducing nonspecific binding of interferents, which contributes to reduced 

sensitivity and poor concentration responses.88 Detectable changes in FET conductance 

associated with target binding have been reported to occur at femtomolar and even 

attomolar analyte concentrations.89-93 Even low occupancy of tethered recognition 

elements may be sufficient to produce measureable signals since small perturbations due 

to reorganization of the ionic double layer disturbs carrier distributions in semiconducting 
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layers. Consequently, FETs can be used to detect targets at lower and over larger 

concentration ranges compared to equilibrium sensing devices, which are typically limited 

to detection within an order of magnitude in either direction of recognition element 

dissociation constants (Kd).  

To establish a conceptual framework, I briefly discuss the emergence of biological 

field-effect transistors (bioFETs) beginning with the use of enzymes or antibodies as 

molecular recognition elements. Due to limitations of enzyme- and antibody-FETs, 

particularly when translating to in vivo applications, I then focus on nucleic-acid (aptamer) 

recognition motifs and coupling to FETs.  

 

I.B.1. Enzyme- and Antibody-Based Field-Effect Transistors  

Following Clark’s development of a glucose biosensor, others capitalized on native 

enzymes that produce byproducts readily detectable by FETs. The enzyme-FET (enFET) 

concept was proposed in 1976 by Janata and Moss.94 This design was realized in 1980 by 

Caras and Janata who produced an enFET where the conversion of penicillin to penicilloic 

acid by the enzyme penicillinase was monitored via the concomitant generation of protons 

detected at pH-sensitive FETs.95 Other examples of enFETs have been utilized to monitor 

glucose in blood serum96 or urine,97 and urea in serum98,99 or hemodialysis fluids.100 

However, analytes detectable by enFETs are limited because native enzymes that can be 

coupled with FET signal transduction do not exist for many targets. Accordingly, there was 

a need to develop molecular recognition elements for other important targets and broadly 

applicable strategies for doing so. 
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As an alternative, antibodies can be raised to recognize a wide variety of targets. 

This capability has led to the development of biosensors based on known antibody-antigen 

interactions for molecular recognition and FETs for signal transduction, termed 

immunoFETs.101,102 Antibodies are most often available for protein targets with molecular 

weights greater than 5 kD.103 However, cross-reactivities, which cannot be addressed 

during antibody selection, interfere with selective sensing.104 Further, antibody affinities 

are difficult to modify.105 Concentrations of analytes in vivo can vary significantly requiring 

affinities of recognition elements to be tunable. Alternately, multiple recognition elements 

with differing affinities can be used.106-108  

Figure I.2. (Top) Schematic of bioFET device architecture with the source, drain, and gate (channel) 
electrodes shown. (Bottom) Relative size differences of recognition elements for enzyme-
functionalized FETs (enFETs), antibody-functionalized FETs (immunoFETs), and aptamer-
functionalized FETs illustrating the proximity of target binding to FET surfaces in relation to a typical 
Debye length of ~1 nm in physiologically relevant solutions. 
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I.B.2. Challenges of Debye Lengths in High Ionic-Strength Solutions 

Gating semiconducting channels in FET devices in solution is such that only changes in 

charge close to device surfaces are detectable with effective sensing distances dependent 

on the Debye length,109 i.e., the screening length for charge carriers in solution. In the 

context of FETs, the Debye length is the distance from a channel surface beyond which the 

effects of changes in local electric fields decrease rapidly in terms of their ability to shift 

surface potentials and thereby gate charge carriers in the semiconductor channels.110 

Debye lengths become particularly limiting in the presence of biologically relevant salt 

concentrations, i.e., high ionic strength environments encountered in vivo.111  

ImmunoFETs have been hypothesized to detect antibody-antigen interactions due 

to both components, i.e., target and molecular recognition element, being charged.112 

Binding events are theorized to lead to conformational changes in antibodies and also, in 

protein targets. These conformational changes are proposed to drive changes in potentials 

at FET surfaces.113 However, the dimensions of antibodies are tens of nanometers, as 

opposed to physiological Debye lengths, which are ~1 nm (or less), in extracellular or 

intracellular fluids, or blood, serum, or urine (Figure I.2).92,114-116 Consequently, capture (or 

release) of analytes from antibodies has been hypothesized to occur at distances from FET 

surfaces that are significantly greater than biological Debye lengths such that changes in 

semiconductor surface charge are largely shielded by solution counterions.117,118  

Gupta et al. discussed ideas about immunoFET limitations associated with Debye 

lengths, including common misconceptions about antibody structure and surface 

functionalization.109 Antibodies immobilized on substrates via adsorption are not 

uniformly oriented with their binding domains pointing away from substrates but are 
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instead randomly oriented. Antibodies are also flexible, particularly in their hinge regions. 

Moreover, polyclonal antibodies that recognize different epitopes on a single target bind 

target molecules in various orientations resulting in changes in charge at varying distances 

from FET surfaces. Thus, these authors posited that some portion of target binding is 

expected to occur within or near physiological Debye lengths. By way of example, they 

reported detection of clinically relevant levels of a biotinylated inflammatory chemokine in 

physiological salt solution (~150 mM Na+).119 Casal et al. extended this idea by 

demonstrating that immunoFETs can be used to detect both human and murine 

chemokines in physiologically relevant buffers.120  

One approach to address Debye length limitations involves the use of antibody 

binding fragments.121 For instance, while an antibody is ~10-15 nm, Okamoto et al. used a 

3-nm antigen-binding fragment- (Fab) targeting heat-shock protein to conduct sensing in a 

10 mM buffer solution with a Debye length of ~5 nm.122 Similarly, Elnathan et al. used 

antibody fragments to detect cardiac troponin I myocardial infarction biomarker with 

picomolar sensitivity in serum without desalting.123  
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I.C. Aptamer Recognition Elements for Field-Effect Transistors 

Aptamers are single-stranded, short DNA, RNA, or nucleic-acid analog oligomers (typically 

<100 nucleotides) that fold into compact three-dimensional (3D) structures. Aptamers 

targeting viruses,124-126 proteins,127-129 peptides,130-132 small molecules,133-136 and ions137-139 

have been identified. Most, if not all aptamers undergo some form of conformational 

change upon target recognition, i.e., adaptive binding. Compared to antibodies, aptamers 

are smaller and lack large nonbinding fragment crystallizable (Fc) regions (Figure I.2). As 

such, aptamers are hypothesized to undergo binding-induced conformational changes 

closer to sensor surfaces, and potentially, with more significant charge rearrangement 

occurring within physiological Debye lengths. Moreover, because aptamer phosphodiester 

backbones are highly negatively charged, conformational changes lead to larger net charge 

rearrangements in close proximity to semiconductors, even when binding targets that are 

themselves uncharged. 

Aptamers have a number of other potential advantages for bioFET applications and 

may represent a generalizable strategy for molecular recognition when integrated with 

FETs.140-142 Because they are relatively short sequences, aptamers are chemically 

synthesized with minimal batch-to-batch variation.143 They can be chemically stabilized for 

use in vivo.144 Among other methods, aptamers have been modified by conjugation to 

carrier molecules, such as polyethylene glycol, to slow renal clearance145-149 or capped at 

their 3’- and/or 5’ ends to enhance nuclease resistance.150-152 Alternately, nuclease 

recognition can be prevented by introduction of modified bases, including the use of 

enantiomeric nucleic acids, or Spiegelmers, where appropriate.153-155 
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Aptamers are isolated by combinatorial approaches that circumvent de novo design 

and result in diverse pools of candidates to evaluate for unique properties. The process of 

directed evolution, originally termed systematic evolution of ligands through exponential 

enrichment (SELEX; Figure I.3A),156-158 has produced aptamers for a variety of applications 

including in vitro diagnostics and biosensor technologies, biomarker discovery, and 

targeted therapies.159,160 Advances in SELEX, as well as solution-phase selection 

approaches161 have been used to identify aptamers even for challenging targets.162-166 

Aptamers have been demonstrated to have tunable properties when it comes to dynamic 

responses to changes in analyte concentrations over biologically meaningful time 

scales.105,167 As such, aptamers adapted to analytical applications have given rise to 

aptamer-based biosensors.168,169 

Another key feature of in vitro selection methods is that counter-selection (negative 

selection) can be incorporated to exclude nucleotide sequences with high affinity for cross-

reactive agents (Figure I.3B,C).162,170,171 Counter-SELEX improves aptamer selectivity 

towards target molecules vs. structurally similar target analogs including target precursors 

and metabolites, and high concentration matrix constituents.172 Aptamers also provide 

opportunities for tunability where manipulation of primary base sequences controls 

folding kinetics and binding affinities.173,174  
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Figure I.3. Schematics of SELEX and counter-SELEX. (A) Targets immobilized on beads are 
incubated with a DNA library. Beads are then washed to remove unbound DNA sequences. Bound 
sequences are eluted and amplified via PCR for subsequent rounds of more stringent selection. 
(B) Solution-phase selection procedure: (1) Agarose bead addition, (2) Beads are washed with SELEX 
buffer for equilibration. (3) Addition of nucleotide library. The eluent is collected and re-applied to the 
column to maximize capture. (4) The column is washed with SELEX buffer ~10 times to remove low-
affinity library elements. Numbers of washes can be adjusted based on the desired selection 
stringency. (5) Negative/counter selection to remove less specific library elements that bind to 
molecules that compete with the desired target. (6) Additional washes to remove residual sequences 
from negative selection step. (7) Positive selection where incubation occurs with free target molecules 
in solution; the red-labeled fractions are collected. (C) An example illustrating elution profiles. The 
collected eluents are compared through small-scale PCR. Adapted with permission from ref. 162. 
Copyright 2016 Elsevier. 
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I.C.1. Riboswitches and Small-Molecule Aptamers in Vivo 

Naturally occurring riboswitches have been discovered that recognize small molecules and 

ions with remarkably high sensitivity and selectivity.194 Riboswitches are noncoding 

messenger RNA domains that control gene expression via small-molecule effector 

recognition and conformational switching.195-197 A riboswitch for guanine was discovered 

having Kd ≈ 5 nM.198 A thiamine pyrophosphate-sensing riboswitch was identified having 

picomolar target affinity.198,199 The existence of riboswitches suggests substantial potential 

for synthetic aptamers to be identified that recognize small molecules specifically and with 

affinities appropriate for in vivo sensing applications.  

In addition to naturally occurring riboswitches, some synthetic aptamers 

recognizing small molecules exist and have demonstrated capabilities for monitoring 

small-molecule targets in vivo. For example, recognition of adenosine and associated 

changes in aptamer secondary structure have been exploited to induce self-assembly of 

gold nanorods, which in turn, enhanced plasmon resonance for the detection of adenosine 

(4-80 nM) in the brains of rats.200 Graphene oxide, which adsorbs nucleic acids and has 

super fluorescence quenching efficiencies, was coupled to an ATP-specific aptamer-based 

two-photon fluorescent nanoprobe for the detection of intracellular ATP in HeLa cells and 

in vivo in zebrafish.201 Aptamer sensors coupled to fluorescein in proximity to binding 

motifs and immobilized on living cells were used to detect gliotransmitters, which control 

synaptic activity in the brain.202 While these cases show the potential of isolating synthetic 

aptamers and employing them in vivo, they are extremely limited, leading to a discussion of 

the challenges associated with discovering aptamers for diverse physiologically important 

small-molecule targets.  
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I.C.2. Challenges of Discovering Aptamers for Small-Molecule Targets  

Small molecules play important roles in biological signaling pathways throughout the 

body.203 In the brain, numerous small molecules, including neurotransmitters, 

neuromodulators, and neurohormones are critical targets for mapping complex 

extracellular chemistries to understand brain function.5,6 Aptamers for small molecules 

with affinities needed to investigate inter- and intracellular signaling molecules over 

physiologically relevant concentration ranges (pM to M) upon incorporation into 

biosensors, while plausible, have otherwise proven difficult to identify.204 Binding affinities 

of most reported small-molecule aptamers are in the micromolar range.205 Moreover, some 

reported aptamers display cross-reactivity with structurally similar molecules encountered 

in vivo. For example, dopamine aptamers cross-react with norepinephrine, another 

neurotransmitter that differs from dopamine by a single hydroxyl moiety.206-210 The 

scarcity of new high-affinity small-molecule aptamers has been attributed to the 

complexity in targeting molecules with low molecular mass and rotatable bonds.211,212  

I.C.3. Selecting Small-Molecule Aptamers in Solution 

Recent breakthroughs circumvent difficulties associated with solid-phase SELEX,213,214 

specifically those posed by identifying aptamers for small molecules.144,250 Several groups 

have used modified SELEX approaches to identify aptamers for small-molecule, low-

epitope targets that obviate the need to tether targets.166,215-217 Stojanović and co-workers 

have used short DNA strands complementary to one arm of a stem sequence in a stem-loop 

motif for immobilization to a column via biotin-streptavidin linkage.218 A library of DNAs 

having variable nucleotides in key locations in a three-way junction motif was then 
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immobilized via base pairing to the complementary strand. Target molecules in relevant 

buffers were flowed through the column. Sequences with high-affinity target recognition 

were released due to conformational changes associated with target binding. This strategy 

has enabled the discovery of aptamers that undergo substantial target-binding induced 

conformational changes that can serve as candidates for coupling to FET platforms. 

Target association drove stem formation displacing aptamer candidates from the 

complementary sequence and thus, the column. Liberated sequences were then enriched in 

subsequent rounds of selection.140 The critical advantage of this approach involves the use 

of small molecules unmodified and in solution, i.e., as they exist during in vivo signaling.162 

Using untethered small-molecule targets during selection maximizes interactions with 

oligonucleotides increasing the likelihood of identifying aptamers with high target affinity. 

Further, the ability to tune counter-selection protocols minimizes cross-reactivity with 

similarly structured analytes enhancing aptamer selectivity (Figure I.3B).171  

A different solution-phase aptamer discovery strategy involved a method inspired 

by phage display157 that takes advantage of the ability to carry out PCR amplification in 

water/oil emulsions.139 An aptamer library was dispersed such that each droplet in an 

emulsion contained on average, one unique DNA sequence. These droplets, termed 

“aptamer particles”, were sorted by fluorescence-activated cell sorting based on target-

binding affinities. Instead of fluorescently labeling small-molecule targets, which alters 

their structures, two different fluorescently labeled reporter strands were hybridized to 

short constant regions incorporated into each sequence of the DNA library. Upon target 

binding, one reporter was released, reducing its specific fluorescence in an affinity-
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mediated manner. This design enabled direct measurement of metal ion binding to 

individual aptamer particles without labels, solid supports, or modifications.  

 

I.C.4. Solid-Phase Substrates for Small-Molecule Aptamer Discovery  

In parallel to solution-phase selection, solid-phase screening substrates have the potential 

to isolate small-molecule aptamers with the advantage of exerting molecular level control 

of surface parameters to optimize surface environments for biorecognition 

(Figure I.4).36,219-221 Chemical patterning and functionalization approaches have been 

developed to endow biocapture surfaces with recognition and sorting capabilities 

demonstrated using antibodies222 and native G-protein coupled receptors.223 To immobilize 

targets without using their limited functional group moieties for tethering, modified small-

molecule neurotransmitters having an extra functional group have been used for linking 

chemistries.220 This strategy enabled small molecules functionalized to capture substrates 

to mimic free (solution) target molecules. Furthermore, neurotransmitter targets were 

patterned using microfluidics, which enabled multiplexing and interrogation of specific 

binding vs. a reference (nonspecific) background when quantifying dissociation 

constants.224  

Solid substrates for small-molecule aptamer screening will be complementary to 

newer solution-phase selection methods,132,162,163,171 yet with advantages associated with 

spatial target control. For example, the extent of specific binding relative to matrix 

recognition can be investigated using target-patterned substrates (Chapter II).225 Solid 

substrates enable fine-tuning of target surface densities and reduction of nonspecific 

binding by manipulating matrix molecule chemistries (Chapter III).220-223 Multiplexed 
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patterning of similarly structured targets via microfluidics or other types of chemical 

patterning can be used for counter-selection (Chapter IV).226 Furthermore, relative aptamer 

binding affinities can be quantified using small-molecule-functionalized substrates 

(Chapter V).226 

 

Figure I.4. Schematic showing the chemistry, patterning, and use of solid-phase substrates to identify 
aptamers for use as neurotransmitter recognition elements in novel sensing devices to monitor 
chemical neurotransmission. (Left) The chemistry of self-assembled alkanethiols on gold substrates is 
shown. A small fraction of these molecules is functionalized with 5-hydroxytryptophan (or other 
precursors/amino acids) to mimic free serotonin (or other neurotransmitters). (Middle) A substrate 
patterned orthogonally via microfluidics devices is shown. These neurochips can be used to screen 
large libraries of chemically synthesized nucleic acids to identify aptamer sequences that selectively 
recognize neurotransmitters. (Right) Identified aptamers are then coupled to field-effect transistors. 
Reproduced with permission from ref. 36. Copyright 2016 Nature Publishing Group. 
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Prior to isolating high-affinity aptamers that can differentiate similarly structured 

molecules, I immobilized a previously identified dopamine aptamer227 onto the 

semiconducting channels of field-effect transistors to conduct biosensing (Chapter VI).81 

Upon discovery by collaborators of aptamers targeting serotonin and dopamine with high 

specificity and selectivity via solution-phase SELEX,166,171 I was able to sense small-

molecule neurotransmitters with unprecedented detection limits over wide concentration 

ranges even ex vivo in brain tissue (Chapter VII).228 One of my goals was to examine 

potential mechanisms behind highly sensitive aptamer-based field-effect transistor sensing 

by analyzing the existing literature critically (Chapter VIII). Elucidating aptamer-FET target 

recognition mechanisms will enable generalization of sensors designed initially with the 

goal of in vivo neurochemical sensing, to target diverse biomarkers that are difficult to 

detect in physiological conditions.  
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II.A. Introduction 

To produce multiplexed, functional, biocapture platforms for high-throughput screening or 

biosensing applications, surface immobilization and patterning strategies are needed to 

anchor molecules on solid substrates for capturing and sorting respective binding partners 

from complex mixtures in solution or in vivo.1-11 Although, in vivo sensing to date has been 

based largely on electrochemical12-14 or enzymatic detection,15-17 small-molecule 

biocapture strategies provide gateways to new sensing opportunities.18 Immobilization of 

large biomolecules on surfaces requires avoiding denaturation upon surface adsorption 

and favorable orientation for ligand binding.19-24 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.22,25-32 For instance, 

the areal size mismatch on surfaces between small-molecule neurotransmitters or amino 

acids and large antibody or receptor binding partners is >100 fold.33,34 

An important goal of small-molecule chemical patterning is site-specific placement 

of multiple probes on substrates for the interrogation of target binding specificity and 

selectivity.32,35-38 However, achieving this objective has been challenging.39-43 We developed 

additive methods to pattern small molecules to investigate biomolecule capture via relative 

quantification of binding on functionalized vs. unfunctionalized regions of substrates. 

Microcontact insertion printing (CIP) was used to pattern small-molecule 

neurotransmitters and precursors mimicking endogenous neurotransmitters on 

alkanethiol self-assembled monolayer (SAM)-modified Au substrates.44-46 Using this 

approach, molecular tethers are inserted into pre-formed SAMs and tethers are 

subsequently functionalized on-substrate with small-molecule probes. To circumvent 
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problems associated with the sequential surface functionalization chemistries needed for 

multi-functionalized substrates, we used microfluidics to generate multiplexed 

substrates.38 Here, two-component SAMs with low proportions of tether molecules (<10% 

solution concentration) are produced by co-deposition to achieve dilution of surface 

tethers. Individual channels are exposed to different small-molecule targets for multiplexed 

functionalization. 

We also developed a subtractive patterning method called chemical lift-off 

lithography (CLL), where alkanethiol SAM molecules are removed from Au substrates.47,48 

Polydimethylsiloxane (PDMS) stamps are treated with oxygen plasma to generate siloxyl 

groups on stamp surfaces. Activated stamps are brought into conformal contact with 

hydroxyl-terminated alkanethiol SAMs (or other suitably terminated monolayers) on Au 

substrates to produce covalent interactions at stamp/SAM interfaces. Previous studies 

indicated the lability of Au-Au bonds at substrate-SAM interfaces based on evidence for 

mobile Au thiolates within SAMs49-52 and the presence of low-coordination Au adatoms 

beneath SAMs.53-55 Zhang et al. used thiol-derivatized tips and atomic force microscopy 

(AFM) to quantify the strengths of isolated Au-S bonds.56 They showed that Au-S bonds 

were sufficiently strong such that Au-Au bonds at the outermost Au-substrate layers can be 

preferentially disrupted. We have shown that stamp/SAM and SAM/Au interfacial 

interactions in lift-off lithography are stronger than Au-Au substrate bonds as stamp lift-off 

causes alkanethiols and the outermost layer of the underlying Au atoms to be 

simultaneously removed.47,57  

Previously, lift-off regions were patterned with biotin-terminated alkanethiols to 

capture streptavidin.47 Lift-off removes a significant portion of the initial monolayer. Yet, 



 44 

molecules remaining in the contact regions facilitate controlled and favorable insertion of 

new molecules. For example, DNA probes can be inserted into lift-off regions for highly 

efficient and tunable hybridization with complementary oligomers.58 Chemical lift-off 

lithography has also been combined with sol-gel chemistry to print transistors for small-

molecule biosensors.59 

Here, we advance the understanding, use, and applicability of CLL. We expanded the 

feature shapes and sizes patterned by lift-off lithography and extend nanoscale patterning 

by this method to sub-30-nm using a single lift-off step. We produced bifunctional 

substrates to demonstrate biomolecule recognition and sorting. We used lift-off 

lithography to produce patterned substrates that capture native protein targets. In 

addition, alkanethiols with a range of terminal functionalities were investigated to enlarge 

the molecular library that can be patterned by CLL. 
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II.B. Experimental Methods 

II.B.1. Materials 

Silicon substrates with 100-nm Au films over 10-nm Ti adhesive layers were purchased 

from Platypus Technologies (Madison, WI, USA). 6-Mercaptohexanol (MCH), 

1-dodecanethiol (CH3-C11), 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, [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 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). 

(11-Mercaptoundecyl) tri(ethylene glycol) (TEG) and (11-mercaptoundecyl) 

hexa(ethylene glycol)carboxylic acid (COOH-HEG) were purchased from Toronto Research 

Chemicals Inc. (Toronto, ON, Canada). 11-Mercaptoundecyl hexa(ethylene glycol)biotin 

(biotinylated hexa(ethylene glycol)undecanethiol; BEG) was from Nanoscience 

Instruments Inc. (Phoenix, AZ, USA). 11-Bromo-1-undecanethiol (Br-C11) was obtained 

from Assemblon Inc. (Redmond, WA, USA). (11-Mercaptoundecyl) hexa(ethylene 

glycol)amine (AEG), 11-mercaptoundecylphosphonic acid (PO(OH)2-C11), and 

(11-mercaptoundecyl) tri(ethylene glycol)methyl ether (CH3O-TEG) were from Prochimia 

(Sopot, Poland). 
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Streptavidin antibodies (1 mg/mL) and AlexaFluor® 546 goat anti-mouse IgG (H+L) 

highly cross-adsorbed antibodies (2 mg/mL) were purchased from Invitrogen (Carlsbad, 

CA, USA). Mouse polyclonal anti-serotonin1A (5-HT1A) receptor antibodies (whole 

antiserum), rabbit polyclonal anti-dopamine D1 receptor antibodies (whole antiserum), 

mouse monoclonal anti-L-5-HTP antibodies (1 mg/mL), mouse monoclonal anti-L-DOPA 

antibodies (1 mg/mL), and fluorescein isothiocyanate (FITC)-conjugated rabbit polyclonal 

anti-streptavidin antibodies (10 mg/mL) were purchased from Abcam Inc. (Cambridge, 

MA, USA). Human 5-HT1A receptors (0.8 fmol receptor protein/g membrane protein; 

6.4 g/L total protein concentration) from transfected human embryonic kidney 293 

(HEK293) cells and untransfected HEK293 cell membranes (10 g/L total protein 

concentration) were from Perkin Elmer, Inc. (Waltham, MA, USA). All antibodies and 

proteins were used as received and incubated with substrates in 0.01 M PBS pH 7.4 at 

room temperature. Antibodies not labeled with fluorophores and fluorescently labeled 

antibodies were diluted 1:200 and 1:100, respectively, in 0.01 M PBS pH 7.4.  

 

II.B.2. Substrate and Stamp Preparation  

All Au substrates were hydrogen-flame annealed, 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 

polydimethylsiloxane (PDMS) stamps were produced from silicon masters, which were 

fabricated by standard photolithography. The process of stamp fabrication and details of 

oxygen plasma treatment are published elsewhere.38,46,47,58  
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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 plastic Petri dishes, and cured in an 

oven at 70°C overnight. Polymerized stamps were removed from masters, cut into usable 

sizes, and treated with oxygen plasma (Harrick Plasma, power 18 W, and oxygen pressure 

10 psi) for 30 s just prior to use to produce hydrophilic reactive PDMS surfaces.46,47,58 

 

II.B.3. Biotin-Streptavidin Patterns 

Substrates were incubated with ethanolic solutions of 0.5 mM TEG for ~17 h to form SAMs. 

Oxygen plasma-treated PDMS stamps were placed in conformal contact with substrates for 

30 min to enable stamp/substrate contact reactions, which caused SAM molecules and 

underlying Au atoms to be removed from contact areas once stamps were released from 

the substrates (Figure II.1A). Stamps with microscale protruding features (~30 m with 

~30-60 m spacings) or nanoscale protruding or recessed features (200-nm circles with 

2-m pitch or 30-nm lines with 3-m pitch, respectively) were used for patterning. Post-

lift-off substrates were inserted with 80/20 ethanolic solutions of 0.40 mM TEG and 

0.1 mM BEG for 1 h. For nanoscale patterning, 100% ethanolic solutions of 0.5 mM BEG 

were used to maximize BEG insertion into post-lift-off TEG-modified substrates. 

Biotinylated substrates were incubated with 10 mg/mL BSA for 5 min to block 

nonspecific protein adsorption sites, then with 50 g/mL 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 SA.1). Copious amounts of 

deionized water were used to rinse substrates gently after each protein incubation step. 
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An inverted fluorescence microscope (Axio Observer.D1, Carl Zeiss Microscopy, LLC, 

Thornwood, NY, USA) was used to image substrates. A 38 HE/high efficiency filter set with 

excitation and emission wavelengths at 470  20 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 and 605  70 nm, respectively was used to 

visualize antibody binding to L-DOPA or L-5-HTP substrates (vide infra). Fluorescence 

images were collected using 10 or 20 objective lenses for microscale or nanoscale 

patterns, respectively. Exposure times were 100 ms (or longer as needed) to visualize 

differences in fluorescence between the patterned features and the surrounding 

background or between regions patterned with different probes. The same exposure times 

were used to image all test and control samples for each experiment. Auto-optimized 

contrast images were also collected to maximize visualization of nonspecific recognition on 

control substrates (see Supporting Information; Appendix A). 

Fluorescence intensities (arbitrary units) were determined using AxioVs40 version 

4.7.1.0 software (Carl Zeiss MicroImaging, Inc.). Fluorescence line scans were adjusted to 

be approximately the same sizes as patterned features. On average, five line scans were 

acquired per image. Fluorescence intensities for bright vs. dark areas 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 in bright vs. 

dark regions using a histogram function. Fluorescence was quantified from at least three 

different substrates per condition per experiment. 

Streptavidin-biotin nanoscale features were investigated via tapping-mode AFM 

(Dimension 5000, Bruker AXS, Santa Barbara, CA, USA). Topographic AFM images were 
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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).60 

 

II.B.4. Side-by-Side Patterning  

Substrates were incubated with 90/10 ethanolic solutions of 0.45 mM TEG and 0.05 mM 

AEG tethers for ~17 h to create dilute amine-terminated SAMs. Stamps were activated with 

oxygen plasma and brought into conformal contact with SAM-modified substrates for 

30 min to generate stamp/SAM interfacial interactions.  

For functionalization with the first probe, which takes place primarily in the 

unpatterned (non-lifted-off) regions (Figure II.1B), solutions of 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 activates the carboxyl 

groups of L-DOPA or L-5-HTP with NHS esters for subsequent reaction with the amino 

moieties of AEG SAM molecules to form amide bonds (Scheme II.1). Substrates were 

incubated with activated L-DOPA or L-5-HTP solutions for 4 h. To functionalize the second 

probe, substrates were then incubated with 90/10 ethanolic solutions of 0.45 mM TEG and 

0.05 mM BEG for 1 h to insert BEG primarily into the patterned (lifted-off) regions 

(Figure II.1B). 

The Fmoc protecting groups on L-DOPA and L-5-HTP prevented intermolecular 

reactions between these NHS-activated probe molecules. After immobilization on 

substrates, Fmoc protecting groups were removed with 20% 4-methylpiperidine in 

deionized water for 20 min. After rinsing with deionized water and drying with nitrogen 
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gas, functionalized substrates were incubated with 10 mg/mL BSA for 5 min, then with 

mixtures of streptavidin (50 g/mL) and either mouse monoclonal anti-L-DOPA primary 

antibodies or mouse monoclonal anti-L-5-HTP primary antibodies for 20 min, and then 

with mixtures of FITC-conjugated rabbit polyclonal anti-streptavidin antibodies 

(100 g/mL) and AlexaFluor® 546 goat anti-mouse IgG secondary antibodies (20 g/mL) 

for 20 min to visualize multiplexed protein patterns (Table SA.1). Imaging was carried out 

as described above. 

 

II.B.5. Patterning for Membrane-Associated Receptor Capture  

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. Substrates were 

brought into conformal contact for 30 min with the hydrophilic reactive surfaces of oxygen 

plasma-treated PDMS stamps (25 m  25 m square protruding features). Post-lift-off 

substrates were functionalized with activated L-5-HTP and deprotection was carried out 

using the procedures described 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.38,45 The L-5-HTP-modified substrates were 

then incubated with 100 g/L 5-HT1A receptors for 1 h. The receptor-associated cell 

membranes were not solubilized to retain native receptor conformations favorable for 

probe recognition.24,33,38,61 Previously, we found that primary antibodies recognizing 

membrane-associated receptors have weak affinity for surface-tethered probes.38 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 
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nonspecific binding of anti-5-HT1A receptor primary antibodies to surface-tethered 

L-5-HTP. Substrates were incubated with mouse polyclonal anti-5-HT1A receptor primary 

antibodies for 15 min followed by 20 g/mL AlexaFluor® 546 goat anti-mouse secondary 

antibodies for 15 min to visualize 5-HT1A receptor binding (Table SA.1). Substrates were 

rinsed with deionized water between protein incubation steps. The 43 HE fluorescence 

filter set was used to visualize capture of 5-HT1A receptors to patterns of surface-tethered 

L-5-HTP as described above. 

 

II.B.6. X-Ray Photoelectron Spectroscopy 

Featureless PDMS stamps were used for the CLL process. All X-ray photoelectron 

spectroscopy (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) was used.46,47 Spectra were acquired at a pass energy of 

160 eV for survey spectra and 20 eV for high-resolution spectra of Au 4f regions (100 

scans) using a 200-ms dwell time.  

A charge neutralizer (flood gun) was used to obtain XPS signals on PDMS, which is 

an insulator. As a result, peaks are shifted slightly from their expected regions. For 

example, the C 1s peak is 4-5 eV lower than its reference peak 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 peak identification. 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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II.B.7. Statistical Analyses 

Data were analyzed by two-tailed unpaired Student’s t-tests using GraphPad Prism 5.0 

(GraphPad Software Inc., San Diego, USA). Fluorescence intensities were normalized to 

mean values for control regions and are reported as means ± standard errors in relative 

fluorescence units (RFU) with probabilities P<0.05 considered statistically significant. 
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II.C. Results and Discussion 

To explore the flexibility of CLL as a 

patterning method for creating 

functional small-molecule arrays 

beyond initial findings,47,48,62 we 

investigated substrates patterned 

with the small-molecule biotin 

(Figure II.1A) over a wide variety of 

feature shapes and sizes 

(Figure II.2). The use of PDMS 

stamps with different protruding 

microscale features produced 

corresponding bright fluorescent 

patterns (Figure II.2A). Relative 

quantification of the fluorescence in 

bright vs. dark areas of each pattern 

indicated differential recognition of 

surface-tethered biotin by 

streptavidin in the patterned vs. 

unpatterned regions. A lack of 

measurable fluorescence or 

patterning was observed when 

similar substrates were incubated 

Figure II.1. Schematic (not to scale) illustrating single 
and double patterning via CLL. 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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with FITC-labeled anti-

streptavidin antibodies in 

the absence of 

streptavidin indicating 

negligible nonspecific 

antibody binding 

(Figure SA.1).  

A wide-area, 

bright nanodot array is 

shown against a dark TEG 

background in 

Figure II.2B, illustrating a 

streptavidin-biotin 

recognition pattern with 

100-fold smaller features 

than in Figure II.2A. 

Nanodot feature sizes 

measured by tapping-

mode AFM were 215  3 nm in diameter (Figure II.2C). Because AFM images were collected 

under dry conditions, some of the proteins captured on biotin-functionalized dots may 

have been denatured and/or desorbed contributing to the irregular shapes in 

Figure II.2C.63  

Figure II.2. Representative fluorescence and scanning probe 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 a dark surrounding hydroxyl-terminated tri(ethylene 
glycol)alkanethiol (TEG) background. 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. Error bars represent standard errors of the mean [N=3; 
**t<0.01 vs. unpatterned regions] (C) Atomic force microscopy (AFM) 
topography image to quantify sizes of streptavidin-biotin nanodots 
shown in (B). The dots are 215 ± 3 nm in diameter. In (D) and (E), 
AFM topographic images at two different scales are of sub-30 nm 
wide TEG lines on a streptavidin-biotin background. The arrows help 

to visualize the locations of single lines. Scale bars are 60 m, 40 m, 
2 µm, and 3 µm for A, B, C, and D, respectively. The imaged area is 

2 µm × 2 µm in E. 
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Previously, we used CLL to produce features as small as 40 nm using a single lift-off 

step; double lift-off lithography was needed to pattern 20-nm features.47 Here, we achieved 

sub-30-nm feature resolution with single-step lift-off via an inverse patterning strategy, i.e., 

ultra-small features were produced in the noncontact areas. Creating nanoscale features in 

contact areas by conventional additive patterning approaches, e.g., microcontact printing,64 

microdisplacement printing,65,66 microcontact insertion printing,67,68 as well as by 

subtractive CLL is difficult because protruding, ultra-small features on PDMS stamps are 

not mechanically stable during stamp/substrate conformal contact. However, smaller 

features can be created by deliberately manipulating/distorting stamps.48,62,69 Employing 

“hard” PDMS or composite stamp materials and/or hierarchically structured stamps may 

also enable ultra-small features in contact regions.62,70,71 

Tapping-mode AFM was needed to visualize the nanoscale patterns in Figure II.2D,E. 

As shown in Figure II.2D, wide lines (~3 m) with positive-height topographic features 

produced by streptavidin recognition of biotinylated (contact) regions are contrasted with 

narrow TEG features with negative-height topography. Negative features were 26  1 nm 

wide by AFM (Figure II.2E). Since, narrow line widths are similar to Au grain sizes on 

100-nm polycrystalline Au films (~20-50 nm), Au graininess increases line-edge roughness 

and reduces the accuracy of feature size and/or measurement.72,73 This result suggests 

further possibilities of using CLL to produce sub-20-nm or even sub-10-nm features via 

ultra-flat Au films on mica substrates.74-76 

Above and in previous work, CLL was used to remove TEG or other hydroxyl-

terminated undecanethiol SAM molecules.47 Here, we extended the use of CLL to mixed 

TEG/AEG SAMs. To determine whether stamp contact removes AEG, we used flat PDMS 
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stamps to carry out lift-off on 100% AEG SAMs. Post-lift-off PDMS stamps contacted with 

AEG-modified Au substrates showed Au 4f XPS signals (Figure SA.2), indicating that AEG 

molecules are lift-able.  

Scheme II.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) or 
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 probe functionalization on substrates to reveal epitopes 
necessary for recognition by biomolecule partners. 
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The AEG in the noncontact regions, as well as any remaining AEG in the contact 

regions, was functionalized with 3,4-dihydroxy-L-phenylalanine (L-DOPA) or 5-hydroxy-

L-tryptophan (L-5-HTP) (Scheme II.1). Afterwards, insertion of 90/10 TEG/BEG into the 

contact regions was carried out to create side-by-side biotin/L-DOPA or biotin/L-5-HTP 

bifunctional patterns (Figure II.1B). The BEG and AEG molecules were in low abundance 

compared to TEG to ensure dilution of surface-tethered biotin and L-DOPA or L-5-HTP33,38 

in the TEG background matrix for efficient capture of large biomolecule binding 

partners.77-79 Moreover, low abundance of functional molecules, i.e., AEG in the original 

SAM or BEG in the insertion solution, minimized residual cross-contamination of side-by-

side patterns.  

Bifunctionalized substrates were exposed to solutions containing pairs of binding 

partners, i.e., biotin and anti-L-DOPA or anti-L-5-HTP primary antibodies, to investigate 

site-specific sorting of biomolecules. Substrates were then exposed to solutions containing 

FITC-conjugated anti-streptavidin antibodies and AlexaFluor® 546 secondary antibodies 

for sorting and visualization of bound streptavidin or primary L-DOPA or L-5-HTP 

antibodies, respectively. 

In Figure II.3A, at the fluorescence emission wavelength for FITC-conjugated anti-

streptavidin antibodies (519 nm), bright wide channels (~75 m) illustrate streptavidin-

biotin recognition in stamp-contact regions. In contrast, dark narrow channels (~30 m) 

occur where L-DOPA was functionalized in the noncontact areas. Conversely, in 

Figure II.3B, at the fluorescence emission wavelength for AlexaFluor® 546 secondary 

antibodies (573 nm), bright narrow channels represent anti-L-DOPA antibody recognition 
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of surface-functionalized L-DOPA against dark wide channels where biotin-captured 

streptavidin occurred. 

Similarly, juxtaposed biotin-streptavidin and L-5-HTP/anti-L-5-HTP antibody 

patterns are shown in Figure II.3D and II.3E, respectively, corresponding to fluorescence 

wavelengths of FITC-conjugated anti-streptavidin antibodies (519 nm) and 

AlexaFluor® 546 secondary antibodies (573 nm), respectively. Bright “UCLA” letters and 

bright regions surrounding the “CNSI” letters in Figure II.3D indicate biotin-streptavidin 

recognition. The “CNSI” letters and bright areas surrounding the “UCLA” letters in 

Figure II.3E indicate L-5-HTP/anti-L-5HTP-antibody binding on the same substrates shown 

in Figure II.3D. Low levels or lack of fluorescence occurred when substrates were 

incubated with solutions containing FITC-conjugated anti-streptavidin antibodies or 

AlexaFluor® 546 secondary antibodies, respectively, without prior exposure to streptavidin 

and L-DOPA or L-5-HTP primary antibodies (Figure SA.3). These findings indicate 

negligible nonspecific binding of the fluorescently labeled antibodies to bifunctional 

substrates. Importantly, these results demonstrate that bifunctional patterns produced 

using CLL could be used to direct capture of neurotransmitter-related biomolecules 

including receptors (vide infra), transporters, and artificial receptors.6,7,30,33,38 
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Variations in intermolecular interactions in mixed vs. monocomponent monolayers 

may impact lift-off yields. Nonetheless, we estimate that lift-off removes ~70% of AEG 

molecules (similar to the lift-off yield for TEG molecules). If the mixed monolayers used 

here nominally contained 5-10% AEG, then ~1.5-3% of the molecules remaining in the 

contact regions would be AEG and functionalized with L-DOPA or L-5-HTP. As such, a small 

amount of anti-L-DOPA or anti-L-5-HTP antibody binding likely occurs in the lift-off 

regions, which are subsequently functionalized with biotin. Similarly, in mono- and 

Figure II.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). Substrates were then 
imaged at (A,D) 519 nm or (B,E) 573 nm emission wavelengths. In (C, left), significantly higher 
relative 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), significantly higher relative 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 
relative 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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bifunctionalized substrates (Figure II.1), small numbers of BEG molecules insert into native 

SAM defects in the noncontact regions, in addition to insertion in the contact regions. 

Previously, we used quartz crystal microbalance gravimetry to estimate insertion of 

alkanethiol molecules similar to BEG into SAM defects in preformed TEG monolayers.30 We 

determined that the degree of solution-phase insertion constituted ~0.5% of the 

monolayer for 4-h insertion times with 0.2 mM insertion molecules. Here, we inserted BEG 

into TEG SAMs for 1 h using 0.05-0.1 mM BEG. Thus, the extent of “unintentional” BEG 

insertion into noncontact region defects is probably <0.5% of the monolayer. Collectively, 

these effects reduce selective functionalization of contact vs. noncontact regions somewhat. 

However, they appear to have negligible consequences for relative site-specific target 

recognition under dilute deposition and insertion conditions (Figure II.3C,F).  

We have shown through the use of small-molecule probes with an additional 

functional group for linking chemistries that we can retain free functional groups needed 

for native receptor capture and sorting.33,46 Earlier patterning was by microcontact 

insertion printing or microfluidics.33,38,46 Here, lift-off lithography was used to pattern the 

small-molecule serotonin precursor L-5-HTP to investigate capture of native 5-HT1A 

membrane-associated G-protein-coupled receptors. Because 5-HT1A receptors play critical 

roles in regulating serotonin neurotransmission in the central nervous system,80 they are 

targets for developing treatments for neuropsychiatric disorders.81,82 
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Subtractive patterning was carried 

out on 95/5 TEG/AEG mixed SAMs. The 

AEG molecules were then functionalized 

with L-5-HTP, which has an additional 

carboxyl moiety compared to serotonin. 

Anti-5-HT1A receptor primary antibodies 

and AlexaFluor® 546-labeled secondary 

antibodies were used to visualize 

L-5-HTP/5-HT1A receptor recognition. 

Patterns of 5-HT1A receptors appeared in 

fluorescence microscopy images as bright areas surrounding arrays of dark TEG squares 

(Figure II.4A). Relative fluorescence intensities in L-5-HTP-functionalized (noncontact) 

regions were significantly greater than in control (contact) regions (Figure II.4B). 

Additional experiments were carried out where similarly patterned substrates were 

exposed to membranes from cells that do not express 5-HT1A receptors. Substrates were 

incubated with anti-5-HT1A receptor primary antibodies and AlexaFluor® 546-labeled 

secondary antibodies. Fluorescent patterns were not detectable (Figure SA.4) indicating 

negligible nonspecific binding of cell-membranes to patterned L-5-HTP.  

To expand CLL to additional alkanethiols that self-assemble on Au substrates, we 

investigated lift-off chemistries at stamp/SAM interfaces by varying the terminal functional 

groups of SAM molecules (Chart II.1). X-ray photoelectron spectroscopy characterization of 

post-lift-off PDMS stamps (Figure SA.5) and wet chemical etching (Supplemental 

Information; Appendix A) indicated that generally, hydrophilic terminal groups, 

Figure II.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 
relative fluorescence intensities were significantly 
different for stamp-noncontact vs. contact 

regions [t(4)=4,*P<0.05]. Scale bar is 50 m. 
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i.e., -OH, -COOH, -NH2, and -PO(OH)2, are amenable to chemical lift-off, presumably because 

of their abilities to undergo condensation reactions with activated stamp surfaces. By 

contrast, hydrophobic moieties, i.e., -CH3, -OCH3, and –Br, or the small-molecule probe 

biotin showed no evidence of lift-off. Chain lengths and SAM ordering may influence stamp-

SAM reactions and lift-off efficiencies, however, XPS does not have the sensitivity to detect 

potentially subtle differences in lift-off efficiencies.58 In any case, a shortcoming of CLL is 

that not all terminal moieties are amendable to patterning by this method, limiting, to some 

extent, the on-substrate reactions that can be utilized. 

  



 63 

  

Chart II.1. 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. *Ref. 47; †Ref. 56; +investigated by wet chemical etching only. 
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II.D. Conclusions and Prospects 

In summary, we broadened the scope of subtractive patterning via CLL by demonstrating a 

wide variety of feature shapes and sizes, bifunctional substrates, native protein capture, 

and a large library of lift-able molecules. Sub-30-nm biopatterning via a single lift-off step 

was possible using the noncontact areas to advantage. Small-molecule probes were 

spatially encoded side-by-side on the same substrates to create multiplexed platforms such 

that targets were directed to the correct probe locations from solution. Small molecules 

mimicking endogenous neurotransmitters were patterned by lift-off lithography and 

captured native receptor targets.  

One drawback of using CLL or other stamp-based patterning methods to produce 

multiplexed substrates involves successive on-substrate probe functionalization steps. 

Here, we used biotin pre-functionalized molecules, i.e., BEG, to circumvent serial 

functionalization, which can result in unintended reactions and leaves unreacted surface 

tethers to contribute to nonspecific target recognition.83,84 We are investigating the 

synthesis of a variety of small-molecule pre-functionalized alkanethiols (Chapter IV). 

Preformed 100% TEG SAMs could then be used for lift-off, in place of mixed SAMs, which 

would obviate tether molecules remaining in the lift-off regions. Post-lift-off substrates 

could be functionalized via microfluidics to address pre-functionalized molecules to 

different substrate locations.   

Alternately, generating defects by exposing SAM-modified substrates to ultraviolet 

light or electron irradiation followed by solution deposition of ligand-functionalized 

molecular substituents could be used to control specific binding of proteins and to generate 

bifunctional substrates.85,86 These strategies have been combined with electron-beam 
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lithography to pattern DNA probes on biorepulsive SAMs.87,88 Although these approaches 

can be used to create user-defined features, they are limited in terms of sequential 

processing and time-consuming tuning of ultraviolet wavelength or electron irradiation 

doses.85,89,90 

Ongoing efforts to optimize and to understand CLL mechanistically include 

collaborative work to characterize and to quantify lift-off and insertion yields further via 

sum frequency generation spectroscopy.91 Time-of-flight secondary-ion mass spectrometry 

(ToF SIMS) may also be useful in this regard. However, charge exchange with neighboring 

molecules is complicated and without detailed information on the ionization efficiencies of 

each species, quantification, particularly for low abundance species remaining after lift-off 

or insertion, is not possible by ToF SIMS.92 Others and we are investigating the basis of 

variable reactivities of head groups on different substrates (e.g., -SH on Au vs. Ge, 

or -PO(OH)2 on In2O3/SnO293). We are also determining the unique characteristics of PDMS-

supported Au monolayers.48,57 In general, multiplexed patterning capabilities, nanoscale 

biopatterns, as well as the fabrication of thin-film field-effect transistor-based biosensors 

via CLL point to the broad applicability of this patterning method.1,94-96 
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Experiments were carried out to investigate nonspecific binding associated with 

fluorescently tagged antibodies, which may contribute to the total fluorescence signals 

associated with the binding of streptavidin or primary antibodies to biotin-, or 

3,4-dihydroxy-L-phenylalanine- (L-DOPA) or 5-hydroxy-L-tryptophan- (L-5-HTP) 

functionalized substrates, respectively. These experiments were performed using the same 

procedures described in the methods sections in Chapter II with the exception that 

streptavidin or anti-L-DOPA/L-5-HTP antibodies were omitted. The results are shown in 

Figures SA.1 and SA.3. Additionally, control experiments were carried out to investigate 

nonspecific binding of human embryonic kidney 293 (HEK293)-cell membranes to L-5-HTP 

functionalized substrates. These experiments were performed using the same procedures 

described in the methods sections in Chapter II with the exception that HEK293 cell 

membranes from untransfected cells not expressing 5-HT1A receptors were used. The 

results are shown in Figure SA.4. 

X-Ray photoelectron spectroscopy (XPS) experiments were performed to 

investigate removal of (11-mercaptoundecyl) hexa(ethylene glycol)amine (AEG) molecules 

during CLL. Flat, featureless polydimethylsiloxane (PDMS) stamps were used in place of 

patterned stamps to maximize the lift-off areas measured with XPS. Previously, the removal 

of (11-mercaptoundecyl) tri(ethylene glycol) (TEG) SAM molecules via CLL was 

determined from Au 4f XPS signals resulting from Au atoms bound to the lifted-off 

alkanethiols on flat PDMS stamps. Here, a similar procedure was used to determine 

whether AEG molecules are removed by CLL (Figure SA.2). 

To expand on the types of SAM molecules amenable to CLL, XPS experiments were 

carried out to investigate alkanethiols terminated with a variety of functional groups. Flat, 
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featureless, activated PDMS stamps were used to try to remove Au-SAM complexes from Au 

substrates. Figure SA.5 shows representative XPS spectra of post-lift-off PDMS stamps that 

were in contact with 6-mercaptohexanol (MCH), 11-mercaptoundecylphosphonic acid 

(PO(OH)2-C11), (11-mercaptoundecyl) hexa(ethylene glycol)carboxylic acid (COOH-HEG), 

1-dodecanethiol (CH3-C11), (11-mercaptoundecyl) tri(ethylene glycol)methyl ether 

(CH3O-TEG), or (11-mercaptoundecyl) hexa(ethylene glycol)biotin (BEG) SAMs. The 

presence of Au 4f XPS peaks on MCH, PO(OH)2-C11, and COOH-HEG samples (Fig. SA.5a,b,c) 

demonstrates that these molecules participate in lift-off chemistries. In contrast, the 

absence of Au 4f XPS peaks on CH3-C11, CH3O-TEG, or biotinHEG samples (Fig. SA.5d,e,f.) 

shows that these molecules are not amenable to lift-off. The Au 4f XPS peaks associated 

with MCH are not well resolved compared to the other lift-able alkanethiols. Because MCH 

molecules have shorter chain lengths compared to the other molecules tested (Chart II.1, 

Chapter II), intermolecular interactions are weaker leading to more disordered 

orientations and reduced SAM integrity, which could affect the lift-off chemistry and/or 

yield. 

In most cases, we also used wet chemical etching to characterize lift-off. After 

contact with PDMS stamps, patterned SAM-modified Au substrates were exposed to 

aqueous solutions of 20 mM iron nitrate and 30 mM thiourea for 20 min. Post-lift-off 

exposed Au regions were etched, while the non-lift-off regions were protected by intact 

SAMs. Etched substrates were rinsed with deionized water and dried with nitrogen gas. If 

substrates showed clearly visible (by eye) Au patterns, then the SAM molecules were 

determined to be amenable to lift-off. Otherwise, SAM molecules were deemed not lift-able. 
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The conclusions reached by wet etching were in agreement with those obtained from XPS 

experiments. 

In one case, i.e., 11-bromo-1-undecanethiol (Br-C11), wet etching was the only 

method used to test the lift-off chemistry. Since the etched substrates for Br-C11 molecules 

did not show visible Au patterns, we concluded that this molecule was not lift-able. 
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Table SA.1. Strategies for visualizing biotin, antibody, and membrane-associated receptor binding to bioselective 
substrates. 
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Figure SA.1. Control experiments corresponding to Figure II.2 in Chapter II. 
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. 
Images were acquired at an emission wavelength of 519 nm. Imaging contrast was 
maximized to try to detect fluorescent (c) microscale and (d) nanoscale patterns. 
Patterns were not detectable in all cases suggesting negligible nonspecific binding of 
FITC-conjugated anti-streptavidin antibodies to the substrate chemistries. Scale bars 

are 60 µm in (a,c) and 40 µm in (b,d). 

Same Contrast as Figure II.2 
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Figure SA.2. Representative X-ray photoelectron spectroscopy (XPS) 
spectra of Au 4f peaks on flat, featureless PDMS stamps used for 
chemical lift-off on (11-mercaptoundecyl) hexa(ethylene glycol)amine 
(AEG) self-assembled monolayers (SAMs). The presence of Au 4f XPS 
peaks at ~80 eV and 84 eV indicates that AEG molecules are 
amenable to chemical lift-off. 
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Figure SA.3. Control experiments corresponding to Figure II.3 in Chapter II. 
Fluorescence images of nonspecific binding resulting from substrate exposure to 
solutions of fluorescein isothiocyanate (FITC)-conjugated anti-streptavidin antibodies 
(excitation at 495 nm) and AlexaFluor 546® secondary antibodies (excitation at 
556 nm) in the absence of streptavidin, and anti-L-DOPA or 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). 
Imaging contrast was maximized to try to detect fluorescence patterns in (e,f) 
biotin/L-DOPA and (g,h) biotin/L-5-HTP patterned surfaces. Patterns were not 
observed in (f,h) indicating no detectable nonspecific binding of anti-L-DOPA or anti-
L-5-HTP primary antibodies. Recognizable patterns were observed in (e,h) indicating 
that at high constrast, a small amount of nonspecific binding of FITC-conjugated anti-
streptavidin antibodies to the substrates is observed. Scale bars are 60 µm in 

(a,c,e,g) and 40 µm in (b,d,f,h).  

Same Contrast as Figure II.3 
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Figure SA.4. Control experiments corresponding to Figure II.4 in Chapter II. The lack 
of observable fluorescence at both levels of contrast suggests negligible nonspecific 
binding of primary and secondary antibodies to L-5-HTP 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 were tested. 
Scale bars are 50 µm. 

Same Contrast as Figure II.4 



 75 

 
 
 
 
  

Figure SA.5. Representative X-ray photoelectron spectroscopy (XPS) spectra of 
Au 4f peaks on flat, featureless PDMS stamps subjected to chemical lift-off on (a) 6-
mercaptohexanol (MCH), (b) 11-mercaptoundecylphosphonic acid (PO(OH)2-C11), (c) 
(11-mercaptoundecyl) hexa(ethylene glycol)carboxylic acid (COOH-HEG), (d) 1-
dodecanethiol (CH3-C11),  (e) (11-mercaptoundecyl) tri(ethylene glycol)methyl ether 
(CH3O-TEG), and (f) (11-mercaptoundecyl) hexy(ethylene glycol)biotin (BEG) self-
assembled monolayers (SAMs).The presence of a broad Au 4f XPS peak in (a) at 
~87 eV and well-resolved Au 4f XPS peaks in (b and c) at ~81 eV and 84 eV indicate 
that MCH, PO(OH)2-C11, and COOH-HEG molecules are amenable to chemical lift-
off. In contrast, the absence of Au 4f XPS peaks in (d, e, and f) show that lift-off of 
CH3-C11, CH3O-TEG, and BEG molecules is negligible.  
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III.A. 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 improved hybridization by providing better access for target DNA but 

it enabled 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 μCIP 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 μCIP 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 CLL.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 hydroxylterminated alkanethiol 

SAMs. Boxer and co-workers have used similar strategies to remove molecules from lipid 
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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 III.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 effects 

that limit DNA-probe access to Au surfaces. As such, we varied hydroxyl-/oligo(ethylene 

glycol)-terminated alkanethiol SAM ratios via co-deposition prior to lift-off to tune the 

amounts of inserted tethered DNA. Ultimately, CLL, 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  

Scheme III.1. Abbreviations, names, and molecular 
structures of the alkanethiols used in these studies. 
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III.B. Experimental Methods 

III.B.1. 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’-/5-thioMC6-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 
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noncomplementary, scrambled, single-stranded DNA sequences (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). 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. 

 

III.B.2. 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. 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 
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exposed to oxygen plasma (Harrick Plasma, power 18 W, and oxygen pressure 10 psi) for 

30 s, yielding hydrophilic, reactive PDMS surfaces. After lift-off, PDMS 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. 

 

III.B.3. Patterning Alkanethiol Self-Assembled Monolayer-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.  

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 
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processed in pairs for MCU and TEG SAMs. One substrate was incubated with target DNA 

and the other with 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. 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 version 

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).  
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Backfilling experiments following CLL were performed using the same procedures 

as those described above with the exception that after DNA probe incubation, 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. 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 

CLL. 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 CLL process. All 

XPS data were collected using an AXIS Ultra DLD instrument (Kratos Analytical Inc., 

Chestnut Ridge, NY, USA). A monochromatic Al KR 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. 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 
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on the difficulty of identifying each peak vs. background, ranging from 20 scans for C 1s to 

100 for 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 CLL process for infrared 

spectroscopy experiments. Polarization modulation infrared reflection-absorption 

spectroscopy (PMIRRAS) 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 

glycols) in TEG, TEG-C6, HEG, and CH3O-TEG alkanethiols. 
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III.B.4. 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 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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III.C. Results and Discussion 

III.C.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. 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 CLL process is illustrated in Figure III.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 SB.1). 

 A representative fluorescence image of a DNA array formed on a patterned MCU 

SAM following hybridization with complementary DNA is shown in Figure III.2A. Specificity 
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of target DNA hybridization is indicated by 

the lack of a fluorescence pattern when a 

similar substrate was challenged with 

noncomplementary target DNA (Figure 

III.2B). The DNA arrays on post-lift-off 

TEG- SAMs showed faint yet discernible 

fluorescent patterns compared to MCU 

SAMs (Figure III.2C) and similarly lacked 

detectable fluorescence when hybridized 

with noncomplementary target DNA 

(Figure III.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% liftoff 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 

Figure III.1. Schematic illustration of CLL/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 CLL. (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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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 III.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 III.2F) or noncomplementary (Figure III.2G) fluorescently labeled target DNA. 

Figure III.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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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 III.2E). Patterned fluorescence intensities after double lift-off lithography were 

twice those following single lift-off (Figure III.2E) and notably, are the differences between 

DNA hybridization in post-double-lift-off regions vs. the single-lift-off background. 

 

III.C.2. Oligo(Ethylene Glycol)-Terminated Alkanethiols Reduce DNA Insertion 

The findings in Figure III.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 MCU vs. 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 III.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 III.3C), indicating that DNA had been inserted. Significantly smaller 
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height increases were observed for DNA inserted on TEG SAMs (0.34 ± 0.02 nm, [t(8)=19; 

***P<0.001], Figure III.3D) suggesting that fewer DNA probe molecules had been inserted 

compared to MCU SAMs. 

 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, 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 the 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 III.3E). Observable, yet smaller height increases were found for post-

lift-off TEG SAMs (0.78 ± 0.05 nm, Figure III.3F). Mean topographic heights of MCU/DNA 

SAMs were significantly different from TEG/DNA SAMs [t(6) = 16; P<0.001]. 

The apparent height differences between the patterned and unpatterned regions in 

Figure III.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 III.3E) vs. TEG SAMs (Figure III.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 III.3C-F) are substantially smaller than the extended DNA 
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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 

protrude beyond the matrices were unlikely to be fully extended. Thus, the relative height 

differences observed on post-lift-off MCU vs. TEG 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. 

Figure III.3. Atomic force microscopy images before and after insertion with short or long DNA. 
Negative SAM features resulting from CLL 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 MCU SAMs (C,E), while lower-contrast DNA features appeared on TEG 
SAMs (D,F). 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. Dimensions are 20 μm × 20 μm. 
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III.C.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 CLL 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, Appendix B (Table SB.1). The bottom 

curves in Figure III.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 PBS), as 

expected. Both N 1s and P 2p peaks corresponding to 6.9 atomic % and 2.0 atomic %, 

respectively (Table III.1), were observed for thiolated DNA inserted into post-lift-off MCU 

SAMs (lower-middle curves, Figure III.4A,C). By contrast, these peaks were not detected for 

DNA inserted into post-lift-off TEG SAMs (middle curves, Figure III.4B,D). 

Table III.1. X-ray Photoelectron Spectroscopy Atomic 
Percentages. Predicted 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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 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 III.2C) and AFM 

topographies (Figure III.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 III.4A) arises from nitrogen peaks associated with 

heteroaromatic DNA nitrogen at 399.8 eV, and C(=O)–N, N–C(=O)–N and C(=O)–N–C(=O) 

moieties at 401.6 eV.50 These nitrogen peaks were at higher binding energies (∼1 eV) 

Figure III.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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compared to undiluted tethered DNA monolayers (top vs. lower middle curves in 

Figure III.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 III.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 III.4A,C). 

Backfilling 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.  

 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 
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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 III.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 III.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 III.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 III.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 III.1 and Figure III.4A,C), these results indicate improved DNA 

hybridization efficiency associated with the CLL-DNA insertion approach (Figure III.5B), in 

agreement with studies using other insertion methods.34,35 Notably, the coefficients of 
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variation (%CV) for hybridization were significantly lower for the lift-off-insertion 

approach signifying improved reproducibility (Figure III.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 probes and targets, we examined relative relationships 

via correlation analysis (Figure III.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.  

 

Figure III.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)=16; ***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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III.C.4. Backfilling Reduces Inserted DNA on Post-Lift-Off Alkanethiol Self-Assembled  

 Monolayers 

Backfilling with MCU or TEG 

has been shown to increase 

target DNA hybridization for 

Au substrates functionalized 

first with thiolated probe DNA 

(Figure III.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 

Figure III.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 III.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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surface hybridization. On the contrary, we observed decreases in the fluorescence 

intensities of patterns on both post-lift-off MCU (Figure III.6A,B) and TEG (Figure III.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 III.1, 

Figure III.4A vs. III.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 III.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 CLL. 
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III.C.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 a greater influence on alkanethiol-DNA 

insertion. To differentiate these possibilities, molecules longer than MCU and TEG, namely 

MCHD and HEG were investigated (Scheme III.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 CLL 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 SB.2a,b) indicating that MCHD and HEG are liftable molecules. 

While intense fluorescent patterns were observed for MCHD/DNA SAMs (Figure SB.3a), 

such patterns were indiscernible for HEG/DNA SAMs (Figure SB.3b). 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 important finding is that differences in physical lengths between 
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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. 

 

III.C.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, PM-IRRAS was used to monitor the characteristic 

vibrational feature of ethylene glycol moieties, namely the C-O-C vibrational stretch, before 

and after CLL. Similar to the XPS experiments above, featureless PDMS stamps were used to 

maximize lift-off areas. For alkanethiols with (ethylene glycol)n (n≤4), the C-O-C vibrational 

band is the dominant IR feature characterizing ethylene glycol moieties.58 As shown in 

Figure III.7A, the C-O-C 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 C-O-C peak was shifted to ∼1132 cm-1 

and the peak area was decreased (Figure III.7A, bottom curve). Infrared absorption spectra 

are affected by surface coverage and molecular conformations.59 While the reduced peak 

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 

C-O-C band at ∼1140 cm-1 is attributable to a predominantly all-trans conformation, 
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whereas red shifts in the C-O-

C 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 III.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 III.8B). 

 As an additional test 

that CLL induces 

conformational changes in oligo(ethylene glycol) moieties, we investigated TEG-C6 SAMs 

using infrared spectroscopy before and after lift-off. The TEG-C6 molecules are similar to 

Figure III.7. Representative polarization modulation infrared 
reflection–absorption spectra of (A) tri(ethylene glycol) 
undecane-thiol (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 
C–O–C 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-C6SAMs prior to lift-off, 
respectively. (C) A broad C–O–C 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 C–O–C 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 
C–O–C stretch of CH3O-TEG SAMs remains the same before 
and after lift-off. The post-lift-off C–O–C 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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TEG except their aliphatic backbones consist of 6 vs. 11 carbons (Scheme III.1). As shown in 

Figure III.7B, a C-O-C 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 C-O-C 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 C-O-C stretch for pre-lift-off SAMs (Figure III.7C, top 

curve) was observed at ∼1127 cm-1, which indicates initial predominantly disordered 

helical conformations for alkanethiols with six or greater ethylene glycol units, in 

agreement with previous studies.60,61 After lift-off, the C-O-C peak area decreased due to 

removal of SAM molecules (Figure III.7C, bottom curve). Notably, the C-O-C 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 restricted DNA insertion (Figure SB.3b).  

 To investigate whether PDMS contact with oligo(ethylene glycol)-terminated SAMs 

itself produces disordered ethylene glycol conformations, we monitored the C-O-C stretch 

arising from 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 III.1), 

which prevents subtractive patterning.42 A sharp C-O-C band was observed at ∼1130 cm-1 

for pristine CH3O-TEG SAMs, suggestive of initial helical conformations60 (top curve, 
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Figure III.7D). Neither the peak position nor the peak area changed post-lift-off (bottom 

curve, Figure III.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 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 CLL 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 liftoff. 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 glycol) 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 
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patterning by lift-off lithography. Conversely, increased DNA insertion and/or 

hybridization can be achieved on TEG SAMs via double-lift-off lithography (Figure III.2F). 

 

III.C.7. Mixed Self-Assembled Monolayers 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 

Figure III.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 III.7 suggests that ethylene glycol moieties of TEG SAMs undergo 
conformational changes from ordered all-trans conformations prior to CLL 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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composition SAMs have been used to create dilute surface coverages wherein surface 

tethers are separated and exposed for subsequent chemical modifications, instead of phase 

segregated.10,23,39,41,62 As shown in Figure III.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 CLL-induced conformational changes in oligo(ethylene glycol) can be used 

judiciously to control DNA probe surface coverages. 

 Fluorescence in Figure III.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. 

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.63 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 III.8C indicate the dependence and general trends of DNA hybridization on mixed 

SAM compositions.  
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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-liftoff MCU or MCHD 

SAMs are below the upper limit determined for backfilling. Estimations using volume 

fractions in AFM measurements (shown in Figure III.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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III.D. Conclusions and Prospects 

Subtractive patterning by CLL 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 oligonucleotide 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 terminal 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 
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densities, surface coverage, and storage conditions.59,65-67 Our findings show that ethylene-

glycol-terminated alkanethiol conformational changes in SAMs can also be induced by the 

CLL 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 CLL, in combination with tunable 

mixed SAM compositions, provide 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 back-filled 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 CLL, 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 CLL 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 
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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 

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 CLL, and the ability to fabricate high-

performance field-effect transistor-based biosensors also via lift-off lithography 

(Chapter VI) will render single-molecule DNA nanoarrays feasible for bioelectronics and 

other applications.78-82  
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Experiments were carried out to determine optimal DNA insertion times. Similar to the 

conditions in the experimental procedures in Chapter III, 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 complimentary DNA. Normalized fluorescence intensities for DNA 

hybridization vs. DNA insertion times are shown in Figure SB.1. 

 Atomic percentages determined from XPS peak areas for carbon, oxygen, sulfur, 

nitrogen, and phosphorus are shown in Table SB.1. 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 the XPS signals. Thus, while 

reported in Table SB.1 for completeness, these peak areas are not suitable for determining 

relative suraface 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 SB.2a (MCHD) and SB.2b (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, as shown in Figure SB.2c. Similar to other XPS experiments 

in this study, featureless PDMS stamps were used for these experiments. 
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 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 CLL 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. Therfore, 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 Chapter III experimental procedures, CLL 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 

SB.3a (MCHD/DNA SAMs) and SB.3b (HEG/DNA SAMs). 
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Figure SB.1. 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 SB.1. 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 SB.2. Representative X-ray photoelectron 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 SB.3. 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 (SAMs). 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 518 nm. Scale bars are 50 μm. 
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Chapter IV 
 
 

Multiplexed Small-Molecule Patterning  
via Pre-Functionalized Alkanethiols 
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IV.A. Introduction 

For over a decade, we have investigated general design rules for small-molecule surface 

functionalization to improve recognition by biomolecules.1-6 In parallel, we have developed 

readily adoptable small-molecule patterning methods.2,3,7-10 Patterning enables relative 

molecular recognition, between functionalized (patterned) and unfunctionalized 

(unpatterned) regions, to be quantified on the same substrate. We discovered that 

molecular level patterning via insertion-directed self-assembly11-13 is advantageous for 

spacing small molecules so that large biomolecule partners have ample access for 

recognition with minimal steric hindrance.1,4,6 Controlling surface chemistries to reduce 

nonspecific substrate interactions is another critical factor that we and others have 

addressed.1,3,4,14,15 We demonstrated that linking chemistries employing small molecules 

where an extra functional group is used for surface-tethering, preserves biomolecule 

functionality and is essential for recognition.2,4  

We previously used multiplexed substrates produced using chemical lift-off 

lithography and microfluidics to sort antibodies or native membrane-associated receptors 

from mixtures to their cognate small-molecule partners.2,16 However, the on-substrate 

conjugation chemistries employed, e.g., NHS-EDC coupling, suffer from incomplete 

functionalization and possible by-product formation, which likely contribute to surface-to-

surface variations and nonspecific recognition.17-19 On-substrate functionalization is 

difficult to control and to bring to completion with high yields. The extent of reaction 

differs with specific probes, contributing to variable specific and greater nonspecific target 

recognition.2 Moreover, monodisperse surface-functionalization is challenging due to the 



136 
 

formation of clusters or domains of molecules arising from phase separation of mixed 

monolayers.20-22  

In light of these and other shortcomings, we decided to investigate multiplexed and 

patterned small-molecule substrates using a “pre-functionalized” synthesis approach. 

Small-molecule oligo(ethylene glycol)-terminated alkanethiols are not generally 

commercially available. Moreover, synthesis of this type of molecule requires 

heterobifunctionalization and orthogonal chemistries to couple different small-molecule 

tail groups. To address these challenges, we developed a novel synthetic route to a library 

of monodisperse hepta(ethylene glycol)undecyl pyridyl disulfide (7EG-PDS) molecules pre-

functionalized with neurotransmitter mimics, i.e., 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) (Figure IV.1A).  

The small-molecule probes investigated are naturally occurring proximal 

precursors to biogenic monoamine neurotransmitters, i.e., histamine, dopamine, 

norepinephrine, and serotonin, respectively. The exception is L-tryptophan from which 

serotonin is synthesized in two enzymatic steps by way of L-5-HTP in vivo. By using 

neurotransmitter amino acid precursors, as depicted in Figure IV.1A, we introduced an 

additional carboxyl moiety for tethering, thereby preserving amino groups for 

biorecognition.4,23,24 Substrates functionalized with neurotransmitter precursors mimic 

biologically active (free) neurotransmitters in terms of selective molecular recognition of 

the corresponding native membrane-associated receptors.2,4  
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Herein, we refer to mimicking precursors as neurotransmitters (unless otherwise 

noted). We refer to tethers 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. Substrates 

modified with pre-functionalized vs. post-functionalized molecules were patterned via 

chemical lift-off lithography9,10 (Figure IV.1B,C). Since 7EG-PDS molecules were conjugated 

with small-molecule probes prior to surface assembly and patterning, the need to devise 

compatible serial functionalization chemistries and to optimize reaction conditions for 

coupling each neurotransmitter was obviated. We hypothesized that the use of pre-

functionalized molecules would improve specific molecular recognition compared to post-

functionalization.  
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IV.B. Experimental Methods 

IV.B.1. Materials 

Silicon substrates with Au films (100-nm-thick overlaying 10-nm-thick titanium 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-Mercaptoundecyl) hexa(ethylene glycol)amine 

(AEG) was obtained 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 

from Oakwood Products (West Columbia, SC, USA). Sodium carbonate (Na2CO3) was 

purchased from Fisher Scientific. Dichloromethane (DCM) was obtained from Fisher 

Scientific and 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 from 

AnaSpec-Eurogentec (Fremont, CA, USA). The N-α-(9-fluorenylmethyloxycarbonyl)-N-in-

tert-butyloxycarbonyl-L-tryptophan (Fmoc-L-Trp(Boc)-OH) and hexa(ethylene glycol) 

molecules were 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). 

The NHS, EDC, DMF, 4-methylpiperidine, BSA, 0.01 M PBS (138 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), and azobisisobutyronitrile (AIBN) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).  



139 
 

4-Toluenesulfonyl chloride (TsCl), 2,2’-dithiodipyridine (2-PDS), ammonia (7 N in 

MeOH), and trifluoroacetic acid (TFA) were from Acros Organics (Geel, Belgium). 

Anhydrous tetrahydrofurane (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. 
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IV.B.2. Chemical Synthesis 

IV.B.2.a. 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/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. The THF 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: DCM/ethyl acetate 9:1 to 1:9 and DCM/MeOH 19:1) to 

give 344 mg of a light brown solid (79%). 1H NMR (300 MHz, DMSO-d6, 25 °C): d (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). 

 

IV.B.2.b. Undec-1-en-11-ylhepta(ethylene glycol) (1) 

Undec-1-en-11-ylhepta(ethylene glycol) was synthesized as previously described.25 

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-
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functionalized molecule, then DCM/MeOH 19:1 to obtain the mono-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, deuterated chloroform (CDCl3), 25 °C): d (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). 

 

IV.B.2.c. [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.25 Compound 1 (587.2 mg, 1.23 mmol, 1 eq.) 

was dissolved in 4 mL of anhydrous MeOH. Thioacetic acid (351 mL, 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-watt, 365 nm) for 24 h. 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): d (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).  
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IV.B.2.d. [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 mL, 4.64 mmol, 2 eq.) was added. The solution was cooled to 0 °C in an 

ice bath and TsCl (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 

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): d (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). 

 

IV.B.2.e. [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), NaN3 

(230 mg, 3.54 mmol, 2 eq.) was added. 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 
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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): d (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). 

 

IV.B.2.f. [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 
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rotovapped to dryness. The compound was dissolved in water, washed with hexane (4 

times) and lyophilized. Then 474 mg of compound 5 (45%) were obtained as a colorless oil. 

1H NMR (500 MHz, CDCl3, 25 °C): d (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). 

 

IV.B.2.g. Fmoc-L-DOPA-7EG-PDS (6a) 

Fmoc-L-DOPA-OH (88 mg, 0.21 mmol, 1.1 eq.) was coupled to 7EG-PDS compound (5) 

(120 mg, 0.19 mmol, 1 eq.) according to the general procedure described above. Then 

81 mg of compound 6a (42%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 

25 °C): d (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). 

 

IV.B.2.h. Fmoc-L-5-HTP-7EG-PDS (6b) 

Fmoc-L-5-HTP-OH (140.7 mg, 0.32 mmol, 1.1 eq.) was coupled to 7EG-PDS compound (5) 

(179.5 mg, 0.29 mmol, 1 eq.) according to the general procedure described above. Then 

133 mg of compound 6b (44%) were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 

25 °C): d (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 
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(m, 1 H), 6.23 (br s, 1 H), 6.14 (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). 

 

IV.B.2.i. Fmoc-L-His-7EG-PDS (6c) 

Fmoc-L-His(Trt)-OH (105.3 mg, 0.17 mmol, 1.1 eq.) was coupled to 7EG-PDS 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 6c (37%) were obtained as a colorless 

oil. 1H NMR (300 MHz, CDCl3, 25 °C): d (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). 
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IV.B.2.j. Fmoc-L-DOPS-7EG-PDS (6d) 

Fmoc-L-DOPS-OH (94.4 mg, 0.22 mmol, 1.1 eq.) was coupled to 7EG-PDS (5) (122.6 mg, 

0.21 mmol, 1 eq.) according to the general procedure described above. Then 76 mg of 

compound 6d (37%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C): d 

(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). 

 

IV.B.2.k. Fmoc-L-Trp-7EG-PDS (6e) 

Fmoc-L-Trp(Boc)-OH (106 mg, 0.20 mmol, 1 eq.) was coupled to 7EG-PDS 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% TFA 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 6e (63%) were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 

25 °C): d (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 (m, 2 H), 4.23 (t, 1 H, J = 7.4 Hz), 3.45-3.75 (m, 28 H), 3.44 
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(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). 

 

IV.B.3. General Procedure for the Coupling of Fmoc-Protected Neurotransmitter  

 (Fmoc-R) to 7EG-PDS Compound (6) 

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 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).  

 

IV.B.4. Substrate Preparation and Chemical Lift-Off Lithography  

The Au substrates were hydrogen-flame annealed and then immersed in ethanolic 

solutions of 0.5 mM TEG for ~18 h for initial SAM formation. After self-assembly, substrates 

were rinsed with ethanol and blown dry with nitrogen gas. The polydimethylsiloxane 

(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 to remove bubbles and cast onto photolithographically fabricated 

silicon master substrates situated in plastic Petri dishes. Elastomeric mixtures and silicon 
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masters were baked at 70 C in an oven for ~20 h. Polymerized PDMS stamps were 

removed from the masters and cut into smaller sizes for easy handling. 

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 stamp surfaces.9 Activated stamps were brought immediately into 

conformal contact with TEG-modified Au substrates for ~17 h. After stamp removal, post-

lift-off substrates were rinsed thoroughly with ethanol. Preliminary experiments were 

carried out to investigate the effects of varying incubation (insertion) times (0.25 h-24 h) 

using L-DOPA pre-functionalized thiols (Figure SC.1). Since fluorescence intensities were 

maximal and did not differ between the 3 h and 24 h time points, patterned substrates 

were submerged in ethanolic solutions of 0.5 mM pre-functionalized thiols for 3 h for the 

remainder of the experiments in the study.  

For post-functionalization, post-lift-off substrates were submerged in ethanolic 

solutions of 0.5 mM AEG for 3 h followed by on-substrate neurotransmitter conjugation. To 

vary the amounts of inserted pre-functionalized thiols or AEG, each was co-incubated in 

varying proportions with TEG such that total solution concentrations were 1.0 mM. After 

insertion, substrates were rinsed with ethanol and blown dry with nitrogen gas. Substrates 

with AEG tethers were incubated with 60/40 DMF/deionized water solutions of 35 mM 

Fmoc-protected neurotransmitter/NHS/EDC for 3 h. After post-functionalization, 

substrates were rinsed with ethanol and dried with nitrogen gas. 

To generate patterns having two different surface-tethered neurotransmitters, 

PDMS stamps were used to lift-off TEG SAM molecules twice.9,10 After the first lift-off step, 

substrates were inserted with either AEG tethers or pre-functionalized molecules. For the 
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second lift-off step, PDMS stamps were used to lift-off TEG SAM molecules from spatially 

non-overlapping regions adjacent to previously patterned regions on the same substrates. 

The post-double-lift-off substrates were then inserted with either pre-functionalized 

molecules or AEG tethers, respectively. For post-patterning functionalization, AEG was co-

deposited with TEG at a 75%/25% ratio for L-5-HTP and 100%/0% AEG/TEG for L-DOPA. 

In both cases, neurotransmitter conjugation was carried out immediately following the AEG 

insertion steps.  

The Fmoc groups used to protect amino moieties during chemical synthesis of pre-

functionalized molecules were removed after surface deposition by immersing substrates 

in 20% 4-methylpiperidine in deionized water for 15 min. Amino moieties of 

neurotransmitter precursors were also protected by Fmoc to provide protection from 

competing reactions during post-functionalization. After rinsing with deionized water, all 

neurotransmitter-modified substrates were incubated with 10 mg/mL BSA for 5 min to 

reduce nonspecific adsorption of target proteins.2 Substrates were then completely 

submerged in deionized water in plastic Petri dishes and gently agitated. This step was 

repeated using fresh deionized water prior to exposing substrates to antibody solutions. 

Substrates were always covered with deionized water or antibody solutions. Keeping the 

substrates wet reduced the likelihood for captured antibodies to denature or to dissociate 

from substrates. 
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IV.B.5. Antibody Binding 

Primary and secondary antibodies (Table S1) were diluted 1:200 and 1:100, respectively in 

0.01 M PBS. Primary antibodies were incubated with substrates for 20 min, followed by 

incubation with fluorescently labeled secondary antibodies for 20 min at room 

temperature.2 Substrates in plastic Petri dishes were incubated in the dark to reduce 

photobleaching of dye-labeled secondary 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 of 

470 ± 20 nm and 525 ± 25 nm, respectively, and 43 HE/high efficiency with excitation and 

emission wavelengths of 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 using AxioVs40 version 4.7.1.0 software (Carl Zeiss MicroImaging, Inc., 

Thornwood, NY, USA). On average, five line scans were acquired per substrate. All 

substrates from the same experiment were imaged using the same exposure times to 

standardize contrast and brightness. Fluorescence intensities were normalized to values 

for control (unpatterned) regions for each substrate and are reported in relative 

fluorescence units (RFU) for multiple substrates (N=3 per condition). Fluorescence images 

shown in the figures are those that most closely represented mean fluorescence intensities. 

For control experiments where primary antibodies were omitted, representative images 

were acquired using maximum exposure times to facilitate visualization. 
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IV.B.6. Statistics 

Differences in relative fluorescence data were evaluated by one-way analysis of variance 

followed by Tukey’s post hoc tests (multiple group comparisons) or Student’s t-tests (two-

group comparisons) using Prism Version 5.02 (GraphPad Software Inc., San Diego, USA). 

Relative fluorescence intensities are reported as means ± standard errors of the means 

with probabilities P<0.05 considered statistically significant. 
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IV.C. Results and Discussion 

IV.C.1. Synthesis of Pre-Functionalized Molecules 

The availability of functional oligo(ethylene glycol)-terminated alkanethiols is limited and 

none of the molecules needed for this study were commercially available. Thus, we devised 

a novel synthetic route as shown in Scheme IV.1. Hepta(ethylene glycol) was 

monoetherified with 11-bromo-1-undecene. A large excess of hepta(ethylene glycol) was 

used to favor monosubstitution,26 whereas a stoichiometric equivalent of both reagents 

generally yielded a statistical proportion of unmodified, mono-, and disubstituted 

molecules. Monoetherification was achieved according to an established protocol25 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. The terminal 

olefin then underwent a photoinitiated thiol-ene reaction with thioacetic acid in the 

presence of AIBN to give compound 2 in good yield (91%). The terminal alcohol was 

converted to a tosylate leaving group (compound 3), which was subsequently reacted with 

sodium azide to provide compound 4 with a yield of 94%.  
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Figure IV.1. (A) Chemical structures of oligo(ethylene glycol)alkanethiol tethers (TEG and AEG) and 
neurotransmitter pre-functionalized molecules (Fmoc-R-7EG-PDS). Pre-functionalized molecules 
consisted of pyridyl disulfide (PDS) head groups for self-assembly on Au surfaces, hepta(ethylene 
glycol)undecyl backbones (7EG) to resist nonspecific binding of biomolecule targets, neurotransmitter 
precursors (R) tail groups for biomolecule capture, and 9-fluorenylmethyloxycarbonyl groups (Fmoc) to 
protect amino moieties during synthesis and self-assembly. The carboxyl groups of the neurotransmitter 
precursors were linked to 7EG backbones via amide bonds. (B) 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 
removed ~70% of TEG molecules and associated underlying Au atoms in the contacted areas.34 
(C) Schematics (not to scale) of general patterning and functionalization strategies. Pre-functionalized 
tethers or tethers amenable to neurotransmitter post-functionalization were inserted into post-lift-off 
regions. 
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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 (2-PDS) to give compound 5 with an overall yield of 

45%. The pyridyl disulfide (PDS) moieties protected thiols from dimerization and other 

side reactions during the neurotransmitter coupling procedures. The PDS protecting 

Scheme IV.1. Synthesis of Fmoc-neurotransmitter-hepta(ethylene glycol)-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, NH3 (7 N in MeOH), 72 h, room temperature; g) Fmoc-R, 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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groups were selected because of their selectivity toward thiols and their reactivity with Au 

surfaces.27 Finally, the terminal amine was coupled to Fmoc-R to form an amide bond using 

standard coupling agents (HOBt and EDC in the presence of DIEA). The side-chain 

protecting groups of L-His and L-Trp, trityl (Trt) and tert-butyloxycarbonyl (Boc) groups, 

respectively, were removed with 20% TFA in DCM. The final pre-functionalized molecules 

(Fmoc-R-7EG-PDS) were obtained in 37-63% yields depending on the neurotransmitter 

R-group.  

Although there are literature reports of the synthesis of oligo(ethylene glycol)-

terminated alkanethiols,25,26,28,29 few studies have reported on pre-functionalization of 

these tethers with biologically active small molecules.30-33 To the best of our knowledge, 

pre-functionalization with neurotransmitters or their precursors has not been reported. 

 

IV.C.2. Patterning Pre- vs. Post-Functionalized Molecules with Lift-Off Lithography 

Chemical lift-off lithography was used to pattern TEG SAMs, which functioned as 

biomolecule-resistant background matrices (Figure IV.1B). Following lithography, which 

removes ~70% of TEG in the contact regions,9,16,34,35 pre-functionalized molecules were 

inserted into the post-lift-off regions (Figure IV.1C). For post-functionalization, AEG tethers 

were inserted into the post-lift-off regions. Functionalization with Fmoc-protected 

neurotransmitters (Fmoc-R) via amide bond formation was then carried out directly on 

substrates.1,2 Prior to biomolecule binding, Fmoc protecting groups were removed from 

pre- and post-functionalized molecules to reveal epitopes needed for molecular 

recognition. 
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Oxygen plasma-treated PDMS stamps patterned with 25 × 25 m2 square-shaped 

protruding features separated by 25 m spacings were used for lift-off lithography.9,10 

Because SAM molecules are removed only in the stamp-contact regions, patterns of 

negative, recessed squares were created on Au surfaces. Post-lift-off surfaces were exposed 

to varying ratios of TEG and pre-functionalized molecules, or TEG and AEG tether 

molecules followed by post-functionalization. The goal of these experiments was to 

determine insertion compositions resulting in maximal biomolecule/antibody recognition.  

Following patterning, insertion, and surface functionalization (post-functionalized 

molecules), primary antibodies against each probe were captured on substrates. Primary 

antibody binding was visualized via additional capture of fluorescently labeled secondary 

antibodies (Table SC.1). Fluorescent square patterns against dark biomolecule-resistant 

TEG backgrounds resulted from antibody capture (Figure IV.2). As nominal solution ratios 

of L-DOPA or L-5-HTP pre-functionalized molecules were increased relative to TEG, 

fluorescence intensities also increased (Figure IV.2A,B left to right). For pre-functionalized 

molecules, maximal fluorescence intensities were observed at 100% pre-functionalized 

molecule ratios for L-DOPA and L-5-HTP. Substrates exposed to fluorescently labeled 

secondary antibodies in the absence of primary antibodies showed negligible fluorescence 

indicating minimal secondary antibody recognition of L-DOPA or L-5-HTP pre-

functionalized molecules (Figure SC.2a,b). 

Fluorescence intensities were hypothesized to increase proportionally with 

increasing fractions of pre-functionalized molecules, assuming equal probabilities of TEG 

vs. pre-functionalized molecule insertion on post-lift-off substrates. This hypothesis also 

assumes that primary antibody-probe binding follows a 1:1 stoichiometry such that 
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fluorescence intensities in Figure IV.2 are representative of surface densities of probe 

molecules. However, as quantified in Figure IV.3A,B, fluorescence signals were not linearly 

proportional to increasing fractions of pre-functionalized molecules.  

A number of factors likely contributed to this behavior, including differences in the 

rates of diffusion of the respective molecules to surfaces, steric hindrance arising as the 

larger pre-functionalized molecules approach surfaces, and differences in miscibility (i.e., 

pre-functionalized molecules may be less miscible with TEG remaining in the lift-off 

regions).16 Additionally, pyridyl disulfides are bulkier and require disulfide cleavage upon 

adsorption on Au substrates.27,36 Previous studies of competitive adsorption have shown 

that adsorption of thiols is about two orders of magnitude faster than adsorption of 

disulfides.37,38 In any case, these results demonstrate that co-incubation with TEG is not 

necessary for maximal insertion and recognition of pre-functionalized molecules; the TEG 

molecules remaining in the post-lift-off regions appear to provide the dilution needed to 

achieve maximal antibody binding.   
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Figure IV.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) or L-5-hydroxytryptophan (L-5-HTP)) pre-functionalized molecules or (C,D) inserted tethers 
with post-functionalized neurotransmitters. Solution ratios of inserted pre-functionalized molecules or 
amine-terminated hexa(ethylene glycol)alkanethiol (AEG) tethers vs. hydroxyl-terminated tri(ethylene 
glycol)alkanethiol (TEG) are shown above each image. 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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Figure IV.3. Relative fluorescence intensities (RFU) vs. solution 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 marginally 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 standard errors for the data in (A,B) suggest 
reproducible insertion and antibody recognition of pre-functionalized molecules. By contrast, relative 
fluorescence intensities for post-functionalized molecules rose less steeply and at lower fractions of 
tether molecules during self-assembly in (C) for L-DOPA and (D) for L-5-HTP, where maximal 
fluorescence intensities were observed at <100% amine-terminated hexa(ethylene glycol)alkanethiol 
(AEG)/TEG ratios for L-DOPA/L-5-HTP functionalization. Error bars for replicate samples were 
comparatively larger for post-functionalized vs. pre-functionalized approaches suggesting greater 
variability across substrates for post-functionalization. Error bars are standard errors of the means with 
N=3 samples per datum and are too small to be visualized in some cases. 
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Similar patterning and antibody capture procedures were carried out in conjunction 

with post-functionalization (Figure IV.2C,D). Behavior with respect to nominal AEG 

tether/TEG ratios was different from that observed with pre-functionalized molecules 

(Figure IV.2A,B). As seen in Figure IV.3C, fluorescence intensities increased at low AEG 

proportions, approaching a plateau at 50% L-DOPA. For L-5-HTP (Figure IV.3D), 

fluorescence intensities peaked at the 25% ratio and reached a plateau. Similar to pre-

functionalized substrates, negligible secondary antibody recognition of substrates post-

functionalized with L-DOPA or L-5-HTP was observed (Figure SC.2c,d). 

For post-functionalized molecules, neurotransmitters were conjugated to surface 

tethers after the latter were inserted into post-lift-off regions. As such, antibody binding 

depends on surface tether densities and the efficiency of the NHS/EDC coupling chemistry 

in attaching L-DOPA or L-5-HTP to substrates. While we cannot differentiate the 

contributions of these two factors here, we hypothesize that incomplete on-substrate 

functionalization is the major contributor to differences in the functionalization strategies 

for two reasons. First, unlike pre-functionalized molecules, AEG tethers do not possess 

bulky Fmoc-protected neurotransmitters or pyridyl disulfides. As such, they resemble TEG 

molecules more closely than do pre-functionalized molecules (Figure IV.1A). Therefore, 

insertion of AEG was expected to follow solution ratios more closely.  

Second, for NHS/EDC surface-coupling, specific conditions including pH, solvents, 

reagent concentrations, and incubation times must be optimized for individual probes.19 

Side reactions and hydrolysis of NHS esters can result in lower probe conjugation.17,18 

Notably, maximal post-functionalized L-DOPA relative fluorescence was only half that 

observed for pre-functionalized L-DOPA. The comparative situation was more striking for 
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post- vs. pre-functionalized L-5-HTP. Together, these observations lead us to tentatively 

conclude that submaximal functionalization of tethers occurs for post-functionalized 

substrates. Greater variabilities in post-functionalization efficiencies might also to the 

larger error terms for post-functionalized substrates (Figure IV.3C,D) vs. pre-functionalized 

substrates (Figure IV.3A,B).  

 

IV.C.3. Side-by-Side Comparisons of Pre- vs. Post-functionalized Approaches 

A key hypothesis in this study was that pre-functionalizing neurotransmitters to surface 

tethers prior to self-assembly improves specific recognition by biomolecule targets. To test 

this idea in a different way, we compared pre- vs. post-functionalization approaches on the 

same substrates. Lift-off lithography was carried out twice, side-by-side on each substrate, 

resulting in two possible patterning routes. For the first route, neurotransmitter pre-

functionalized molecules were inserted into post-lift-off regions first, followed by a second 

lift-off step in an adjacent region, insertion of AEG tethers, and post-functionalization 

(Figure IV.4A). The second route involved inserting AEG tethers into post-lift-off substrates 

followed by probe conjugation. Another lift-off step was performed in an adjacent region 

on each substrate and neurotransmitter pre-functionalized molecules were inserted into 

the newly generated post-lift-off areas, i.e., post-functionalization followed by pre-

functionalization (Figure SC.3A).  

For the first patterning route, L-DOPA relative fluorescence intensities were similar 

for pre- vs. post-functionalization, while L-5-HTP relative fluorescence intensites were 

higher for pre- vs. post-functionalization (Figure IV.4B-D). By contrast, for the reverse, 

similar relative fluorescence intensities were observed for both neurotransmitters, 
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regardless of tethering strategy. Capture surfaces exposed to secondary antibodies alone 

showed negligible fluorescence patterns regardless of patterning order (Figure SC.4). 

For the most part, neurotransmitter pre-functionalized molecules displayed 

consistent levels of antibody binding independent of patterning order. However, while 

recognition of post-functionalized L-DOPA was similar between patterning routes, antibody 

recognition of L-5-HTP post-functionalized molecules was reduced compared to pre-

functionalized molecules when the latter were patterned first. (There was a trend toward 

reduced fluorescence intensity for L-5-HTP post-functionalized molecules for the reverse 

patterning order (P<0.08)). These findings support the hypothesis that pre-functionalized 

molecules can be used to improve/increase specific biomolecule recognition of tethered 

small molecules. However, they also suggest that improvements depend on specific probes. 

For example, NHS/EDC coupling chemistry may be more efficient for L-DOPA than for 

L-5-HTP. Thus, the levels of antibody binding for L-DOPA post-functionalized substrates 

could not be further improved using pre-functionalized molecules.  
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Figure IV.4. (A) Schematic illustrating double lift-off patterning of post- followed by 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,C) Representative fluorescence images and (D) relative fluorescence intensities for antibody 
binding on double patterns of L-3,4-dihydroxyphenylalanine (L-DOPA) and L-5-hydroxytryptophan 
(L-5-HTP). (D) Similar relative fluorescence intensities were observed for L-DOPA in pre-
functionalized regions compared to post-functionalized regions. By contrast, lower relative 
fluorescence intensities were observed for L-5-HTP in post-functionalized regions compared to 
L-5-HTP in pre-functionalized regions. Substrates were imaged at an emission wavelength of 525 nm 
(AlexaFluor® 488 with excitation at 490 nm). Error bars are 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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IV.C.4. Multiplexed Pre-Functionalized Substrates 

Pre-functionalized molecules circumvent the need for sequential and compatible on-

substrate coupling chemistries. Thus, we investigated the use of pre-functionalized 

molecules to create multiplexed neurotransmitter-modified substrates. Side-by-side double 

lift-off lithography was used to pattern L-DOPA and L-5-HTP pre-functionalized molecules 

on the same substrates. Substrates were exposed to primary antibody solutions containing 

both mouse anti-L-DOPA monoclonal antibodies and rabbit anti-L-5-HTP polyclonal 

antibodies. Primary antibody binding was visualized via exposure to solutions containing 

AlexaFluor® 488 (peak emission at 519 nm; “green”) anti-mouse and AlexaFluor® 546 

(peak emission at 573 nm; “red”) anti-rabbit secondary antibodies. We hypothesized that 

primary and secondary antibodies would sort to their respective binding partners so that 

L-DOPA patterned regions would be labeled with green fluorescence and L-5-HTP 

patterned regions labeled with red fluorescence. 

Anti-L-DOPA antibodies were selective in terms of their recognition of surface-

tethered L-DOPA vs. L-5-HTP (Figure IV.5A-C). By contrast, anti-L-5-HTP antibodies 

recognized surface-tethered L-5-HTP and L-DOPA similarly (Figure IV.5D-F). Substrates 

exposed to fluorescently labeled secondary antibodies alone displayed negligible 

fluorescence (Figure SC.5a-d) leading to the conclusion that anti-L-5-HTP primary 

antibodies cross-react with L-DOPA pre-functionalized molecules. Because variabilities in 

probe functionalization, which affect specific antibody binding, were avoided by using pre-

functionalized molecules, the cross-reactivity of polyclonal anti-L-5-HTP antibodies likely 

results from properties of the antibodies themselves.39,40 Monoclonal antibodies are 

identical and recognize the same epitope on an antigen. Polyclonal antibodies are 
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polydisperse recognizing different epitopes on antigens.41 As such, polyclonal antibodies 

are known to be more susceptible to cross-reactivity with structurally related epitopes.22 

 

 

Figure IV.5. Representative fluorescence images and relative fluorescence intensity graphs for 
antibody binding on double lift-off lithography patterns of L-3,4-dihydroxyphenylalanine (L-DOPA) and 
L-5-hydroxytryptophan (L-5-HTP) pre-functionalized molecules. Substrates were imaged at two 
different 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-5-HTP vs. 
L-DOPA 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)=6 **P<0.01. Scale bars are 50 m. 
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The trend for reduced specificity for polyclonal vs. monoclonal antibodies was 

evident for other pairs of neurotransmitter pre-functionalized molecules on doubly 

patterned substrates. For example, anti-L-DOPA monoclonal antibodies showed selectivity 

in terms of recognizing L-DOPA vs. L-His (Figure IV.6A-C) or L-Trp (Figure IV.6D-F). By 

contrast, both anti-L-His and anti-L-Trp polyclonal antibodies failed to display selective 

recognition of L-His vs. L-DOPA (Figure SC.6a-c) and L-Trp vs. L-DOPA (Figure SC.6d-f), 

respectively. In fact, these polyclonal antibodies showed greater fluorescence intensities 

for the wrong target i.e., L-DOPA. Anti-L-DOPA monoclonal antibodies were not able to 

distinguish L-DOPA vs. L-DOPS (Figure IV.6G-I). This pair of probes is the most difficult to 

differentiate of the substrate pairs investigated here; L-DOPA and L-DOPS differ by only a 

single hydroxyl group (Figure IV.1A).42 In all cases, negligible fluorescence was associated 

with secondary antibody binding in the absence of primary antibodies (Figure SC.7a-j). We 

could not identify commercially available antibodies for L-DOPS so selectivity experiments 

focused on differentiating L-DOPS from L-DOPA could not be carried out.  
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Figure IV.6. Representative fluorescence images and intensity graphs for antibody binding on double 
lift-off lithography 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 relative fluorescence intensities were observed for monoclonal anti-L-DOPA 
antibody binding to surface tethered L-DOPA vs. (C) L-His and (F) L-Trp, but not (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)=10 *P<0.05 and (F) t(4)=10 ***P<0.001. Scale bars are 50 m. 
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Together, the results presented herein demonstrate that the pre-functionalized 

small-molecule tethers are biologically active and have the ability to recognize antibody 

binding partners. The findings highlight differences in cross-reactivities between 

monoclonal and polyclonal antibodies, which we used as a test system. Ideally, additional 

monoclonal antibodies beyond the anti-L-DOPA antibody used here could be employed to 

investigate the hypothesis further that pre-functionalized molecules mimic free 

neurotransmitters and improve specific and selective recognition. Nonetheless, there are 

few commercially available monoclonal antibodies for small molecules. We showed that the 

use of pre-functionalized molecules reduced variability in probe recognition across 

individual substrates and in some cases, when paired with more selective antibodies, 

enabled multiplexing. We envision that pre-functionalized molecules bearing probes of 

interest, in conjunction with capabilities to multiplex substrates via facile chemical 

patterning methods, will enable the identification of novel highly specific and selective 

biomolecule binding partners targeting neurotransmitters or other critical small-molecule 

targets.  
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IV.D. Conclusions and Prospects 

We have described the synthesis of monodisperse oligo(ethylene glycol)-terminated 

alkanethiol tethers pre-functionalized with neurotransmitter precursors. The novel 

synthetic route offers several advantages. First, it enables heterobifunctional tethers to be 

produced that are otherwise not commercially available. Second, the synthetic routes used 

here permitted orthogonal coupling chemistries that preserved the integrity of small-

molecule probe functional groups. Third, conjugation of a number of different 

neurotransmitter precursors demonstrated the versatility of this strategy, which should be 

applicable to other small molecules probes. 

We demonstrated that small molecules pre-functionalized to surface tethers 

displayed more consistent antibody recognition compared to post-patterning 

functionalization. Pre-functionalized molecules withstood subsequent conditions 

associated with additional functionalization chemistries. Although multiplexed substrates 

were indiscriminately recognized by polyclonal antibodies for all neurotransmitter pre-

functionalized molecules tested, monoclonal antibodies showed selective recognition of 

L-DOPA vs. other neurotransmitters tested, with the exception of L-DOPS, which differs 

from L-DOPA by a single hydroxyl moiety. 

When it comes to finding a solution to cross-reactivity problems associated with 

biomolecule targets, the ability to reduce nonspecific binding while improving specific 

binding via careful control of surface chemistries appears to be insufficient. That is, the 

present findings demonstrate that a remaining fundamental limitation lies with the 

biomolecule receptors themselves; in this case, antibodies that failed to discriminate 

between small molecule binding partners on chemically defined surfaces. Synthetic 



170 
 

oligonucleotides (aptamers) may have advantages over antibodies.43-46 Notably, because 

aptamers are chemically synthesized, their structures are identical and affinities can be 

tuned by modifying oligonucleotide sequences and thus, binding conformations.47 

Neurotransmitter pre-functionalized molecules and the multiplexing strategy presented 

here will facilitate the generation of improved substrates for identifying high-affinity 

aptamers targeting small-molecule neurotransmitters for incorporation into biosensing 

platforms for neurosensing applications.43,46,48,49 
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APPENDIX C 
 
 

Multiplexed Small-Molecule 
Patterning via Pre-Functionalized 

Alkanethiols 

 

 

Supplementary Information 
  



172 
 

  

Figure SC.1 Antibody recognition as a function of insertion time. Patterned substrates were 
imaged at an emission wavelength of 525 nm (AlexaFluor 488-labeled secondary antibodies; 
excitation at 490 nm) to visualize secondary antibody binding to anti-L-DOPA primary 
antibodies captured on L-DOPA functionalized substrates. Error bars are standard errors of 
the means with N=3 substrates per time point. Fluorescence intensities of captured 
antibodies were significantly different with respect to insertion times [F(4,10)=31.4; P<0.001]. 
**P<0.01 and ***P<0.001 vs. 0.25 h, 0.5 h, and 1 h time points. The 3 h time point (purple 
outline) did not differ from the 24 h time point, thus the former was used for the remainder of 
the experiments. 
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Table SC.1. Primary antibodies used for molecular recognition of surface-tethered 
neurotransmitters and fluorescently labeled secondary antibodies for visualization. 
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Figure SC.2. Representative fluorescence images for control experiments corresponding to 
Figure IV.2 (Chapter IV). (a) L-3,4-Dihydroxyphenylalanine (L-DOPA) and 
(b) L-5-hydroxytryptophan (L-5-HTP) pre-functionalized molecules; (c) L-DOPA and 
(d) L-5-HTP post-patterning functionalization. Patterned substrates were exposed to 
fluorescently labeled secondary antibodies in the absence of primary antibodies. Imaging 
contrast was maximized to try to detect fluorescent patterns at an emission wavelength of 
525 nm (AlexaFluor 488; excitation at 490 nm). Patterns either were not observed or were 
faint indicating negligible recognition of surface tethered neurotransmitters by secondary 
antibodies. Scale bars are 50 µm. 
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Figure SC.3. (a) Schematic illustrating double lift-off patterning of post- followed by pre-
functionalized molecules. (b,c) Representative fluorescence images for antibody binding on 
double patterns of L-3,4-dihydroxyphenylalanine (L-DOPA) and  L-5-hydroxytryptophan 
(L-5-HTP). (d) Relative fluorescence intensity graphs showed similar fluorescence signals 
resulting from antibody binding on L-DOPA and L-5-HTP post- vs. pre-functionalized 
substrates. Patterned substrates were imaged at an 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. 
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Figure SC.4. Control experiments corresponding to Figure IV.4 (Chapter IV) and Figure 
SC.3. Schematic illustrating double lift-off patterning of (a) post-functionalization followed by 
pre-functionalization and (b) pre-functionalization followed by post-functionalization. 
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- or (g,i) pre- followed 
by (h,j) post-functionalization. Substrates were exposed to fluorescently labeled secondary 
antibodies in the absence of primary antibodies. Fluorescent patterns were not observed 
even at maximal exposure times at an emission wavelength of 525 nm (AlexaFluor 488; 
excitation at 490 nm) indicating negligible binding of fluorescently labeled secondary 

antibodies on patterned substrates. Scale bars are 50 m. 
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Figure SC.5. Control experiments for Figure IV.5 (Chapter IV). Representative fluorescence 
images for substrates doubly patterned with (a,c) L-3,4-dihydroxyphenylalanine (L-DOPA) 
and (b,d) L-5-hydroxytryptophan (L-5-HTP) pre-functionalized molecules. Patterned 
substrates were exposed to solutions containing fluorescently labeled secondary antibodies. 
Negligible fluorescence was observed at each emission wavelength; (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 SC.6. Complementary experiments for Figure IV.6 (Chapter IV). Representative 
fluorescence images for substrates doubly 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 antibody solutions followed 
by mixed fluorescently labeled secondary antibody solutions. Substrates were imaged at 
605 nm (AlexaFluor 546; excitation 556 nm) to visualize primary antibodies captured on 
(a,b) L-DOPA/L-His patterns and at 605 nm (AlexaFluor 568 with excitation at 578 nm) to 
visualize primary antibodies captured on (d,e) L-DOPA/L-Trp patterns. Images shown here 
are for red fluorescence to visualize binding of (a,b) anti-L-His and (d,e) anti-L-Trp primary 
antibodies. Corresponding images for green fluorescence are shown in Figure IV.6 in 
Chapter IV. (c,f) Relative 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 high levels of cross-reactivity of polyclonal antibodies. Error bars are 
standard errors of the means with N=3 substrates per group. Mean intensities are 

significantly different in (c) t(4)=4 *P<0.05 and (F) t(4)=5 **P<0.01. Scale bars are 50 m. 
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Figure SC.7. Control experiments for Figure IV.6 (Chapter IV) and Figure SC.6. 
Representative fluorescence images for substrates doubly 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 exposed to fluorescently labeled secondary antibodies in (i,j) and with mixed 
fluorescently labeled secondary antibodies in (a-h). Negligible fluorescence was observed at 
(a,b) 525 nm (AlexaFluor 488; excitation at 490 nm) or (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 patterns 
occurred at (e,f) 525 nm (AlexaFluor 488; excitation at 490 nm), (g,h) 605 nm 
(AlexaFluor 568; excitation at 578 nm) and (i,j) 525 nm (AlexaFluor 488; excitation at 
490 nm) indicating 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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V.A. Introduction 

Aptamers are single-stranded oligonucleotides that recognize a wide range of targets, 

including viruses,1,2 proteins,3-6 peptides,7-9 small molecules,10-17 and ions.18-20 Isolation of 

aptamer sequences has most often been carried out through the use of an in vitro selection 

method called the systematic evolution of ligands by exponential enrichment (SELEX).21,22 

In its most commonly used form, SELEX involves covalent modification of solid-phase 

materials, e.g., sepharose, with target molecules.21-24 Target-modified substrates are then 

exposed to combinatorial libraries of large numbers of nucleic acid sequences having 

variable regions. Only a relatively small number of sequences that bind to targets are 

isolated. 

Compared to antibodies or other biomolecule recognition elements, aptamers 

possess advantages including the ability to be chemically synthesized and engineered for 

stability in biological environments.25,26 Aptamer affinities can be tuned by evolving or 

mutating recognition sequences.27-31 As such, aptamers have emerged as candidates for 

integration into diverse biosensor platforms as recognition elements.32-35 Understanding 

relationships between aptamer affinities (Kd), conformational dynamics, and binding 

kinetics (kon/koff) will be critical to realizing the potential of aptamers as recognition 

elements in device architectures, particularly for neurochemical sensing in vivo.36-38  

Once isolated, thermodynamic dissociation constants characterizing aptamer-target 

binding are typically determined in solution by fluorescence measurements.16,39-42 Since 

dissociation constants are directly related to binding kinetics, determining aptamer binding 

affinities in environments that better mimic those in which sensing is conducted (i.e., on-

substrate) is important. Thus, our goal was to develop the capability to determine Kd values 
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for aptamers on solid-phase substrates with optimized surface chemistries to enable 

comparisons of relative aptamer-target binding affinities on multiplexed surfaces.  

We have developed and characterized neurotransmitter-functionalized substrates. 

These substrates selectively capture and sort binding partners, including antibodies43 and 

native serotonin G-protein-coupled receptors,44,45 from mixtures to their respective 

surface-tethered neurotransmitter targets. We have developed patterning methods via soft 

lithography46 to create regions of high target contrast and to enable visualization and 

quantification of specific binding of fluorophore-labeled binding partners relative to 

nonspecific binding on the same substrates via fluorescence microscopy. The capability to 

recognize and to sort multiple G-protein-coupled receptors from mixtures with minimal 

nonspecific binding suggested that these substrates have the potential to recognize 

artificial receptors in the form of aptamers, while mimicking target-receptor binding in 

solution.  

Here, we used a previously identified DNA aptamer that recognizes the 

neurotransmitter dopamine.13 We investigate whether surface-tethered dopamine can be 

recognized by this dopamine aptamer and determine binding affinities on-substrate. Using 

pre-functionalized neurotransmitter-conjugated oligoethylene alkanethiols previously 

designed and synthesized by us,47 we produced multiplexed substrates with similarly 

structured neurotransmitters tethered parallel to one another on the same substrate. 

Multiplexed substrates enabled the simultaneous determination of in situ binding affinities 

of all surface-tethered small molecules to the dopamine aptamer.  
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V.B. Experimental Methods 

V.B.1. Materials 

Gold films (100 nm) overlaying titanium (10 nm) on Si substrates were purchased from 

Platypus Technologies (Madison, WI). Hydroxyl tri(ethylene glycol)-terminated 

undecanethiol (TEG) and carboxyl hexa(ethylene glycol)-terminated undecanethiol (HEG) 

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

N-Hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′ethylcarbodiimide 

hydrochloride (EDC), 4-methylpiperidine, and dopamine hydrochloride were purchased 

from Sigma-Aldrich (St. Louis, MO). SYLGARD® 184 silicone elastomer kits were purchased 

from Ellsworth Adhesives (Germantown, WI). Absolute, 200-proof ethanol was purchased 

from Decon Laboratories, Inc. (King of Prussia, PA). Deionized water (~18 M) was 

obtained from a Millipore water purifier (Billerica, MA).  

The following fluorescently labeled aptamer sequences were purchased from 

Integrated DNA Technologies, Inc. (Coralville, IA): AlexaFluor® 546-conjugated single-

stranded correct dopamine aptamer: 5’/5Alex546N/-GTC TCT GTG TGC GCC AGA GAC ACT 

GGG GCA GAT ATG GGC CAG CAC AGA ATG AGG CCC 3’ with molecular weight 

18,790.9 g/mol and melting point 74.1°C (250 nmol), AlexaFluor® 546-conjugated single-

stranded mutated dopamine aptamer (additional base underlined): 5’/5Alex546N/-GTC 

TCT GTG TGC GCC AGA GAA CAC TGG GGC AGA TAT GGG CCA GCA CAG AAT GAG GCC C 3’ 

with molecular weight 18,926.0 g/mol and melting point 74.2 °C (250 nmol), 

AlexaFluor® 546-conjugated single-stranded scrambled dopamine aptamer: 

5’/5Alex546N/-TGG GTA ACA ATG CGA GCA CTG CGG ACT ATG CAG GAA CTG TGC TGA GCG 

CGC CAC CGG 3’ with molecular weight 18,790.9 g/mol and melting temperature 75.0 °C 
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(250 nmol), and AlexaFluor® 488-conjugated single-stranded L-tryptophan aptamer: 

5’/5Alex488N/-AGC ACG TTG GTT AGG TCA GGT TTG GGT TTC GTG C 3’ with molecular 

weight 11,262.5 g/mol and melting point 67.2 °C (250 nmol). Aptamer solutions (100 M in 

TE buffer (10mM Tris; 0.1 mM EDTA; pH 8.0) as received from Integrated DNA 

Technologies, Inc.) were stored at -20 °C and diluted to specific concentrations as needed 

for each experiment. 

 

V.B.2. Microfluidic Device Fabrication 

Polydimethylsiloxane (PDMS) microfluidic devices were prepared by first mixing a 10:1 

mass ratio of SYLGARD® 184 silicone elastomer base and curing agent. The mixture was 

then degassed under vacuum until bubbles were no longer visible. The PDMS mixture was 

cast onto a silicon master substrate with twelve 30 m wide channels patterned by 

photolithography. The elastomeric mixture was cured at 60 °C for ~20 h. Polymerized 

PDMS microfluidic devices were removed from the silicon master and soaked in fresh 95% 

hexane for 1.5 h three times. These soaking steps removed unpolymerized residues on 

devices and prevented them from being deposited on substrates, thereby decreasing 

nonspecific binding.48 Devices were then rinsed in 50/50 deionized H2O/ethanol for 15 min 

and dried with nitrogen gas. 
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V.B.3. Self-Assembled Monolayer Preparation and Patterning 

Gold substrates were annealed with a hydrogen flame and submerged in 0.5 mM TEG and 

0.125 mM HEG (80:20 ratio) in ethanol for ~16 h to produce mixed self-assembled 

monolayers.44 The use of TEG in monolayers minimizes non-specific binding of 

biomolecules.43-45,49-51 Substrates were then rinsed thoroughly with ethanol and blown dry 

with nitrogen gas. For post-self-assembly functionalization and patterning, TEG/HEG SAM-

modified gold substrates were incubated for 1 h with an aqueous solution of 35 mM NHS 

and 35 mM EDC. Substrates were then rinsed thoroughly with deionized H2O and blown 

dry. This step converts the terminal carboxyl groups of HEG to NHS-ester-activated 

moieties in preparation for amide bond formation with dopamine (Scheme V.1A).45  

To pattern surface-tethered dopamine molecules, hexane-treated microfluidic 

devices were sealed to substrates and 35 mM dopamine solutions were injected into all 

twelve microfluidic channels and incubated for 3 h (Scheme V.1B). Dopamine solutions 

were prepared in phosphate buffer (10 mM KH2PO4, 40 mM K2HPO4, pH 6.7). Following 

surface conjugation, microfluidic devices were immediately removed from the substrates 

while submerged in H2O to minimize exposure of unfunctionalized substrate regions to 

dopamine. Substrates were then immersed in fresh deionized H2O for 10 min to hydrolyze 

unreacted NHS-activated carboxyl groups on HEG molecules.52,53 Post-functionalization, 

substrates were thoroughly washed in deionized H2O and blown dry in preparation for 

aptamer capture. 
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V.B.4. Aptamer Capture on Small-Molecule-Patterned Substrates 

Aptamers were diluted 1:100 in binding buffer (10 mM Na2HPO4, 2 mM KH2PO4, 2.7 mM 

KCl, 5 mM MgCl2, 500 mM NaCl, pH 7.4) followed by heating at 95 °C in a water bath for 

5 min.54 Post-heat treatment, aptamer solutions were cooled in an ice bath for 20 s before 

equilibration at room temperature for 10 min. This standard procedure of heating and 

cooling removes misfolds in aptamer structures and maximizes correctly folded secondary 

structures. Substrates were then incubated with aptamers for 1 h at room temperature in 

the dark to prevent fluorophore photobleaching.  

For binding affinity measurements, different concentrations of dopamine aptamers 

(1 μM - 50 μM) were incubated in different channels of microfluidic devices. For 

competitive displacement assays, microfluidic devices were sealed on dopamine-

functionalized substrates and in each channel, the dopamine aptamer (20 μM) was co-

incubated with different concentrations of free dopamine (0.1 μM - 50 μM). Solutions of 

dopamine and the dopamine aptamer were mixed and vortexed for 10 s before injection 

into microfluidic channels, followed by a 1 h incubation.  

For multiplexed patterning, solutions of dopamine or L-tryptophan were injected 

into alternating microfluidic channels and incubated for 3 h. L-Tryptophan was dissolved in 

phosphate buffer (0.73 mM KH2PO4, 499 mM K2HPO4, pH 9.5). After microfluidic device 

removal, functionalized substrates were washed with H2O and incubated with a heat-

treated mixture of the dopamine and L-tryptophan aptamers for 1 h at room temperature. 

Alternatively, we used oligoethyleneglycol alkanethiols pre-functionalized with 

neurotransmitters.47 Here, gold surfaces were flame-annealed and hexane-treated PDMS 

devices were sealed to substrates. Solutions of 0.5 mM oligoethyleneglycol alkanethiols 
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pre-functionalized with L-3,4-dihydroxyphenylalanine, L-threo-3,4-dihydroxyphenylserine, 

or L-5-hydroxytryptophan were injected into separate channels and incubated for 15 min. 

Use of 100% pre-functionalized molecule ratios was based on maximal fluorescence 

intensities observed in our previous work.47  

Microfluidic devices were removed and substrates were rapidly rinsed with ethanol 

to minimize exposure to incubating chemicals. Substrates were then incubated with 

0.5 mM TEG to insert TEG into the areas surrounding the pre-functionalized molecules to 

minimize nonspecific binding.55 Following completion of self-assembly, Fmoc groups used 

to protect amino moieties during the chemical synthesis of pre-functionalized molecules 

were removed by immersing substrates in 20% 4-methylpiperidine in deionized H2O for 

15 min. After rinsing with fresh deionized H2O, new hexane-treated microfluidic devices 

were placed on substrates at 90° to original device orientations and aptamer concentration 

gradients (1 μM - 30 μM) were injected sequentially into channels and incubated for 1 h.  

 

V.B.5. Image Analysis and Statistics 

Immediately after aptamer binding (and microfluidic device removal where applicable), all 

substrates were completely submerged in deionized H2O and rinsed three times with fresh 

deionized water. Substrates were carefully removed from the last wash so as to keep their 

surfaces wet while glass coverslips were mounted. An inverted fluorescence microscope 

(Axio Observer.D1) with an AxioCam MRm charged-coupled device camera (Carl Zeiss 

MicroImaging, Inc., Thornwood, NY) was used to visualize aptamer binding on substrates. 

The microscope was equipped with two fluorescence filter sets, in which one (38 HE/high 

efficiency) has excitation and emission wavelengths at 470 ± 20 nm and 525 ± 25 nm, 
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respectively, and the other (43 HE/high efficiency) has excitation and emission 

wavelengths at 550 ± 25 nm and 605 ± 70 nm. Substrates were imaged using a 10 

objective lens.  

Fluorescence intensities were determined by performing line scans of 30-pixel 

scanning widths using AxioVs40 Version 4.7.1.0 software (Carl Zeiss MicroImaging, Inc., 

Thornwood, NY, USA). On average, five line scans were acquired per substrate. 

Fluorescence intensities were averaged for each line scan and then for each image in 

patterned (small-molecule-functionalized) and unpatterned (background TEG) areas. All 

substrates from the same experiment were imaged using the same exposure times to 

standardize contrast and brightness. Relative fluorescence (units, RFU) were quantified in 

the patterned vs. unpatterned regions for multiple substrates (ranging from N=2 for 

controls and N=4-6 for specific experimental conditions). Fluorescence intensities were 

normalized to mean fluorescence values for background regions.56 Mean fluorescence 

intensities of the patterned and unpatterned regions were obtained by normalizing 𝑥patterned 

and 𝑥unpatterned to the average 𝑥unpatterned value. Relative fluorescence intensities of the 

patterned regions were calculated by  𝑥patterned/𝑥unpatterned. Fluorescence images shown in 

the figures are those that most closely represented mean fluorescence intensities.  

Relative fluorescence intensity data were evaluated by one-way analysis of variance 

followed by Tukey’s multiple group comparisons. All statistics were carried out using 

GraphPad Prism (GraphPad Software Inc., San Diego). Data are reported as means ± 

standard errors of the means with probabilities P<0.05 considered statistically significant. 
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V.C. Results and Discussion 

V.C.1. Dopamine Aptamers Recognize Surface-Tethered Dopamine  

Initially, dopamine-

functionalized substrates 

were used to investigate 

recognition by nucleic-

acid aptamers.13,57-59 The 

strategy for dilute 

neurotransmitter-

substrate 

functionalization is 

shown in Scheme 

V.1A.43,60 Recognition of 

dopamine by this 

particular aptamer is 

thought to involve the 

catechol moiety.59 As such, we hypothesized that immobilizing dopamine via its primary 

amine would permit aptamer binding. Microfluidic devices were used to pattern substrates 

so that each substrate would have functionalized and unfunctionalized regions to enable 

relative fluorescence quantification56,61 (Scheme V.1B). Nonspecific binding was minimized 

by TEG moieties.46,62,63  

 

 Scheme V.1. Schematics (not to scale) of functionalization and 
patterning strategies. (A) Gold substrates were incubated in ethanolic 
solutions of 80% hydroxyl tri(ethylene glycol)-terminated undecanethiol 
(TEG) and 20% carboxyl hexa(ethylene glycol)-terminated 
undecanethiol (HEG). Following NHS/EDC activation, HEG carboxyl 
groups were conjugated with small molecules such as dopamine, and 
tested for recognition with aptamers. (B) Microfluidics were used to 
pattern regions with tethered small molecules. Microfluidic devices 
were sealed onto gold substrates and target solutions (purple) were 
injected into the channels. After device removal, substrates were 
incubated with additional TEG (blue) to minimize non-specific binding 
in non-functionalized regions. Aptamer recognition was evaluated on 
patterned substrates. 
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Aptamer binding was investigated using 5’-fluorphore-tagged nucleic acids 

(Figure V.1). The “correct” dopamine aptamer sequence was the 57-base DNA homolog of 

an RNA aptamer originally isolated by in vitro selection using dopamine-functionalized 

agarose affinity columns and a library of 3.4 x 1014 (nominal) RNA sequences by Mannironi 

and co-workers (Figure V.1A).59 We also investigated a “mutated” 58-base sequence with 

an additional adenine at position 21. This added base lies in a recognition loop of the 

“correct” dopamine aptamer. This mutated sequence was first reported by Walsh and 

deRosa describing the DNA homolog of an RNA dopamine aptamer (Figure V.1B).13 We also 

designed a “scrambled” aptamer sequence, where the same numbers of each nucleotide 

were retained from the correct 57-base sequence but the primary sequence was changed to 

generate a significantly different secondary structure (Figure V.1C). Two-dimensional 

secondary structures shown in Figure V.1 were obtained using the mfold program©, which 

generates thermodynamically favorable conformations contingent on base-sequences and 

external constraints, such as temperature and ionic conditions.64 

Using dopamine-patterned surfaces, the correct aptamer sequence displayed the 

highest binding to surface-tethered dopamine (Figure V.1A). By contrast, the mutated 

sequence showed a large reduction in dopamine-binding-associated fluorescence 

(Figure V.1B), while the scrambled sequence showed minimal recognition and no 

detectable pattern (Figure V.1C). Patterning the substrates using microfluidics enabled 

quantification of relative fluorescence intensities between the dopamine-functionalized 

and unfunctionalized regions (i.e., background or matrix molecules).  
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Figure V.1. (Top) Dopamine aptamer specificity investigated using microfluidics to 
pattern dopamine in specified regions on substrates. Representative fluorescence 
images from N=3 substrates per sequence: (A) 57-base correct dopamine-specific 
aptamer sequence, (B) a mutated sequence with an extra adenine (red) in a 
recognition loop, and (C) a scrambled sequence with the same nucleotides as the 
correct sequence but a different primary sequence to generate a different secondary 
structure. Substrates were imaged at an emission wavelength of 605 nm for 
AlexaFluor® 546 (excitation at 556 nm). (D) Relative fluorescence intensities for 
nucleic acid binding to patterned dopamine substrates. Error bars are standard errors 
of the means with N=3 samples per group. Means are significantly different for the 
correct vs. mutated vs. scrambled sequences. The inset shows a representative 
fluorescence image of all three aptamer sequences captured on the same substrate 
Differences in aptamer sequence binding were essentially the same as those 
determined on separate substrates above. [F(2,15)=719 ***P < 0.0001 vs. scrambled, 
†††P < 0.0001 vs. mutated by one-way analysis of variance]. 



 197 

To illustrate that differences in 

relative fluorescence intensities between 

surfaces incubated with different aptamer 

sequences were not dominated by surface-

to-surface variations, we captured the 

correct, mutated, and scrambled sequences 

side-by-side on dopamine–functionalized 

channels on the same substrates 

(Figure V.1D, inset). Relative differences in 

aptamer sequence binding were similar to 

those determined on separate substrates. 

These results highlight a key advantage of 

working with target-patterned substrates—

binding of different biomolecules can be 

compared on the same substrates. These 

results further exemplify that a single base 

change (addition) in an important target-

recognition region alters aptamer-target 

recognition.29   

In addition to single aptamer 

concentrations, we carried out dopamine-

binding measurements on substrates where each channel was exposed to a different 

aptamer concentration (1-50 μM) to determine on-substrate thermodynamic dissociation 

Figure V.2. Extracting dopamine aptamer 
dissociation constant for surface-tethered 
dopamine. (A) Representative fluorescence 
image from N=6 substrates imaged at 
florescence emission wavelength 605 nm for 
AlexaFluor® 546 (excitation at 556 nm). 
Dopamine aptamer recognition was visualized at 
increasing concentrations of incubated aptamer 
(1-50 μM). (B) 3-dimensional surface plot of 
fluorescence image shown in (A). (C) The 
surface binding affinity was obtained (~7 μM) by 
plotting relative fluorescence intensities at 
increasing aptamer concentrations. Error bars 
represent standard errors of the means.  
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constants (Kd) (Figure V.2A,B). A Langmuir isotherm (saturation curve) was generated by 

plotting increasing aptamer concentrations vs. relative fluorescence intensities (normalized 

to the background fluorescence of each of six substrates tested). The half-saturation point 

corresponded to Kd value of 7 μM (Figure V.2C).  

This Kd value determined for aptamer binding to surface-tethered dopamine was 

one order of magnitude greater than the Kd previously reported for this aptamer 

associating with dopamine in solution (0.7 μM).13 Differences in the Kd values determined 

on-chip vs. in solution suggest that while surface-functionalized dopamine mimics free 

dopamine in terms of specificity of biomolecule binding partner capture,45,65 steric 

hindrance of surface-bound target capture and/or restricted diffusion may result in a 

reductions in apparent dissociation constants determined for tethered small-molecule 

targets. Nonetheless, these results suggest that small-molecule-functionalized and 

patterned substrates might be used to screen multiple aptamer candidates quickly for 

relative difference in binding affinities. 
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V.C.2. Competitive Displacement 

Next, we investigated reversible binding of aptamers to surface-tethered dopamine in the 

presence of dopamine in solution. We designed competitive assays using substrates 

patterned with dopamine via microfluidics. Substrates were co-incubated with the 

dopamine aptamer (20 μM), a concentration at which dopamine binding was saturated 

(vide supra; Figure V.2C), and different concentrations of free dopamine to vary the degree 

of competition (Scheme V.2). The concentration range of free dopamine was selected based 

on the on-chip Kd value and spanned approximately an order of magnitude above and 

below this dissociation constant. 

Scheme V.2. Schematics (not to scale) of competitive displacement in microfluidic channels. 
(A) Dopamine was functionalized on substrates using sequential surface chemistry. Microfluidic 
devices were sealed on the substrates and a different concentration of dopamine (DA) in solution was 
co-incubated with a constant concentration of the dopamine aptamer in each channel. (B) Within each 
microfluidics channel, we created competitive environments for surface-tethered dopamine vs. free 

dopamine for aptamer recognition. 
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Representative fluorescence images 

for competitive displacement experiments 

are shown in Figure SD.1. Sigmoidal 

behavior of the competitive target-

response curves was observed when 

increasing concentrations of solution 

dopamine were co-incubated with the 

dopamine aptamer and surface-tethered 

dopamine (Figure V.3A). The inhibitory 

constant, Ki (i.e., concentration of inhibitor 

required for 50% inhibition) was 

calculated to be ~1 μM using the on-

substrate Kd=7 μM and a fixed aptamer 

concentration of 20 μM.66 This indicates 

that at a concentration of ~1 μM, free 

dopamine produces half maximal 

inhibition of the dopamine-aptamer 

binding to the surface-tethered dopamine.  

We carried out further experiments 

using positive and negative controls. For the negative control condition (Figure V.3B), 

L-tryptophan was surface-tethered instead of dopamine and free dopamine was co-

incubated with the dopamine aptamer. We observed negligible fluorescence indicating that 

Figure V.3. Competitive displacement indicates 
reversible recognition of surface-tethered 
dopamine by the dopamine aptamer. 
(A) Inhibitory dose-response curve for surface-
tethered dopamine vs. free dopamine. Error bars 
are standard errors of the means with N=4 
substrates for tethered vs. in solution dopamine 
and N=2 for control conditions. Schematics (not to 
scale) for the negative control with the incorrect 
tethered target, L-tryptophan (B) and positive 
control with L-tryptophan in solution (C) are 
shown. 
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the dopamine aptamer preferentially bound to free dopamine and was removed during 

wash post-incubation wash steps from L-tryptophan-functionalized substrates.  

For the positive control condition (Figure V.3C), we functionalized substrates with 

dopamine but co-incubated with free L-tryptophan in the presence of the dopamine 

aptamer. In this case, we observed maximal fluorescence across the entire range of 

L-tryptophan concentrations, suggesting negligible competition of L-tryptophan with 

substrate-bound dopamine for dopamine aptamer binding. Together, these data indicate 

the selectivity of the dopamine aptamer to differentiate two endogenous small molecules. 

 

V.C.3. Multiplexed Substrates to Investigate Aptamer Selectivities  

We investigated selectivity of the dopamine aptamer by tethering L-tryptophan and 

dopamine molecules on the same substrates in alternating channels (Figure V.4A). Yang 

and co-workers evolved the DNA aptamer into an aptamer that recognizes L-tryptophan 

(Kd=1.8 μM) using L-tryptophan immobilized via the amino group on epoxy-activated 

Sepharose beads.12 Thus, we hypothesized that tethering L-tryptophan via the same 

functional group chemistry should enable comparable recognition of the L-tryptophan 

aptamer on our substrates. The L-tryptophan aptamer was tagged with Alexa 488, while 

the dopamine aptamer was tagged with Alexa 546. Using aptamers labeled with different 

fluorophores allowed us to distinguish binding of each aptamer by visualizing relative 

fluorescence intensities at different wavelengths.  

After incubation of substrates with a mixture of the L-tryptophan and dopamine 

aptamers fluorescence excitation of the dopamine aptamer fluorophore was carried out by 

excitation at 556 nm. Here, we observed fluorescence only in the dopamine-functionalized 
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lanes. This suggests that the dopamine aptamer recognizes dopamine-patterned channels 

with minimal recognition of L-tryptophan-functionalized channels (Figure V.4B). However, 

excitation at 525 nm and imaging at the emission wavelength for the L-tryptophan aptamer 

did not result in detectable fluorescence in regions where L-tryptophan was tethered to 

substrates (Figure V.4C).  

 

Figure V.4. Side-by-side patterning of dopamine and L-tryptophan (A) Schematic (not to scale) for 
incubation of multiplexed substrates with a mixture of dopamine and L-tryptophan aptamers. 
Representative fluorescence images (N=3) at (B) an emission wavelength of 605 nm for 
AlexaFluor® 546 (excitation at 556 nm) to image bound dopamine aptamers and (C) at an emission 
wavelength of 525 nm for AlexaFluor® 488 (excitation at 490 nm) to visualize bound L-tryptophan 
aptamers. Selective binding was observed for the dopamine aptamer while negligible binding was 
detected for the L-tryptophan aptamer. 
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Visualization of sorting and capture of the dopamine aptamer from aptamer 

mixtures but not the L-tryptophan aptamer might result from one of two possibilities. First, 

the L-tryptophan aptamer may be unable to recognize L-tryptophan under our specific 

functionalization conditions. However, prior to investigating multiplexed substrates, 

recognition of surface-tethered L-tryptophan the L-tryptophan aptamer in our hands was 

confirmed (Figure SD.2). Nonetheless, the L-tryptophan aptamer yielded significantly lower 

contrast between regions of functionalized vs. unfunctionalized regions compared to the 

dopamine aptamer.  

The surface functionalization strategy for multiplexing small molecules on 

substrates via microfluidics may cause insufficient L-tryptophan to be functionalized for 

recognition. L-Tryptophan typically requires reaction for ~48 h at basic pH for optimal 

functionalization.12 By contrast, dopamine has been shown to self-polymerize after only 3 h 

in solution, coating substrates with dopamine-polymer layers that are tens of nanometers 

thick.67 The dopamine used in our experiments was dissolved in pH 6.7 buffer solutions, 

which slows down but does not completely prevent the process of polymerization.   

Thus, multiplexed on-surface functionalization chemistries present challenges for 

tethering multiple neurotransmitters due to requirements for different incubation times on 

the same substrate. Above, both small molecules were incubated in the microfluidic 

channels for 3 h (maximum dopamine incubation time to avoid polymerization), which 

may have resulted in insufficient L-tryptophan functionalization and negligible 

fluorescence in regions where the L-tryptophan aptamer was captured. Nevertheless, 

aptamer sorting to correctly functionalized substrate regions was demonstrated using the 

dopamine aptamer.  
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 To tackle the 

challenge of multiplexed 

functionalization of 

structurally similar small 

molecules and to enable 

the determination of on-

chip Kd values for 

multiple targets 

simultaneously, we 

investigated pre-

functionalized 

neurotransmitter-

conjugated oligoethylene 

alkanethiols, which we 

previously designed and 

synthesized to enable more precise multiplexed patterning of multiple small molecules.47 

The use of pre-functionalized tethers circumvents the need to meet diverse requirements 

for incubation times and conditions for attaching different small molecules to precise 

locations on substrates. Pre-functionalized molecules address limitations associated with 

incomplete functionalization and side-product formation, and aptamer recognition and 

binding was hypothesized not to rely on the efficiency of on-substrate coupling chemistries 

used above (Scheme V.1A). 

Scheme V.3. Schematics (not to scale) of multiplexed patterning of 
three pre-functionalized molecules (L-DOPA, L-DOPS, and L-5-HTP) 
on substrates. A new microfluidic device was sealed over all three 
molecules at a 90° angle to the initial microfluidics device orientation 
and an aptamer concentration gradient was incubated across 
different channels. This enabled simultaneous Kd determinations for 
all three tethered molecules. The structures of pre-functionalized 
L-DOPA, L-DOPS, and L-5-HTP are shown on the top right. 
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 As shown in Scheme V.3, we devised 

a method to first pattern multiple 

pre-functionalized molecules using 

microfluidics, and then to create an 

aptamer concentration gradient orthogonal 

to the original patterns to obtain 

simultaneous Kd values for each target 

neurotransmitter in situ. We patterned the 

tethers pre-functionalized with 

L-3,4-dihydroxyphenylalanine (L-DOPA), 

L-threo-dihydroxyphenylserine (L-DOPS), 

and L-5-hydroxytryptophan (L-5-HTP), 

which are precursors to the 

neurotransmitters dopamine, 

norepinephrine, and serotonin, respectively 

(Figure V.5A). By tethering the precursors 

of the neurotransmitters via their extra 

carboxyl groups, the amino and catechol 

moieties needed for aptamer recognition 

were preserved. Comparable fluorescence intensities were observed at different 

concentrations of the dopamine aptamer incubated with the L-DOPA and L-DOPS. The 

calculate Kd values were 6 µM and 8 µM, respectively (Figure V.5C).  

Figure V.5. Representative fluorescence image 
at an emission wavelength of 605 nm for 
AlexaFluor® 546 (excitation at 556 nm) tested 
against three pre-functionalized molecules 
(L-DOPA, L-DOPS, and L-5-HTP). 
(B) 3-dimensional surface plot of fluorescence 
image shown in (A). (C) The surface binding 
affinity was obtained simultaneously for all three 
molecules by plotting fluorescence intensities at 
increasing aptamer concentrations. Error bars 
represent standard errors of the means with N=4 

samples. 
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Cross-reactivity of the dopamine aptamer towards norepinephrine, which is 

structurally related to L-DOPS, has been reported previously, presumably due to aptamer 

recognition largely involving the catechol groups present in both norepinephrine and 

dopamine.59 Minimal relative fluorescence was observed for the structurally dissimilar 

L-5-HTP. The dopamine aptamer cross-reactivity indicates the difficulty for small molecule 

aptamers to differentiate between target molecules that differ by a single functional group 

(in this case, a hydroxyl group).68 It emphasizes the importance of discovering aptamers 

that have the capacity to distinguish between physiologically important, structurally 

similar small molecules. The capacity to measure multiple Kd values simultaneously on the 

same substrate allows us to compare relative dissociation constants for aptamer binding to 

specific vs. nonspecific or cross-reactive targets in a facile manner.  

 

V.C.4. Aptamer Elution from Multiplexed Neurochips 

Commonly in SELEX, bound nucleic acid sequences are eluted and amplified by the 

polymerase chain reaction prior to subsequent rounds of selection.69 Solid phase selection 

methods use high pH buffer solutions to elute adsorbed DNA.70,71 The pKas of guanine and 

thymine are 9-10. Under highly basic conditions (pH>10), the tertiary amines on these 

bases become deprotonated to form the negatively charged conjugate bases.72 Upon 

deprotonation, intramolecular G/C and A/T hydrogen bonding networks are disrupted, 

which disrupts nucleic acid secondary structure enabling the elution of sequences that are 

bound to surface-tethered targets.73  
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Figure V.6. Elution of aptamers after capture on neurochips (A) Schematic (not to scale) of incubation 
of dopamine-functionalized surfaces with a mixture of dopamine and L-tryptophan aptamers. Unbound 
sequences are rinsed from the substrates. Following KOH treatment, captured aptamers were 
collected. (B) Representative UV-vis spectra (N=3) tracking the concentration of aptamers collected 
after KOH treatment based at AlexaFluor® 546 and AlexaFluor® 488 wavelengths for dopamine and 
L-tryptophan aptamers, respectively. Control experiments with the scrambled dopamine and 
L-tryptophan aptamer sequences showed negligible nucleic acid collection. (C) Representative UV-vis 
spectra (N=3) for selective elution of dopamine aptamers from a mixture. 
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We eluted bound aptamers from substrates using a strong base, potassium 

hydroxide (KOH) (Figure V.6A). Dopamine-functionalized surfaces were incubated with the 

dopamine aptamer and the initial aptamer concentration was compared to the amount 

present in post-KOH eluent. Compared to the initial dopamine aptamer concentration of 

20  0.42 μM, the eluent concentration was 2.6   0.12 μM (Figure V.6B). The captured and 

eluted dopamine aptamer concentration was an order of magnitude lower than the initial 

concentration, likely due to low concentrations of substrate-tethered dopamine under 

dilute self-assembly conditions with TEG needed to minimize steric hindrance. To validate 

that eluted aptamer concentrations were the result of specific target recognition, we 

conducted two negative control experiments using the scrambled dopamine aptamer and 

the L-tryptophan aptamer. When dopamine-functionalized substrates were incubated with 

either of these sequences, we were unable to elute quantifiable amounts of fluorescently 

labeled nucleic acids (Figure V.6B). 

To identify novel aptamers that recognize neurotransmitters of interest, it will be 

necessary to elute aptamer candidate selectively from mixtures. We performed elutions 

using mixtures of L-tryptophan and dopamine aptamers incubated on dopamine-

functionalized substrates, as shown in Figure V.6A. The concentrations of the L-tryptophan 

vs. the dopamine aptamers were distinguished because each aptamer was tagged with 

different fluorophores that emitted at different wavelengths. Dopamine-functionalized 

substrates were incubated with 1:1 mixtures of the two aptamers and KOH treatment was 

used to elute the captured sequences. Only 0.2  0.02 μM of L-tryptophan aptamer was 

eluted, while 2.4  0.13 μM of the dopamine aptamer was eluted (Figure V.6C). This latter 

concentration was comparable to the concentration of the dopamine aptamer recovered 
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from dopamine-functionalized substrates when the aptamer was incubated by itself 

(Figure V.6B). The ability to capture neurotransmitter-specific aptamers and to recover 

them from our neurotransmitter-functionalized substrates illustrates the potential of these 

substrates for future use in the selection of novel neurotransmitter-specific aptamers. 
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V.D. Conclusions and Prospects 

Biosensing with aptamers as recognition elements has not reached its full potential due, in 

part, to a lack of understanding fundamental relationships between aptamer binding 

affinities (Kd) and device sensitivities. Dissociation constants determined in solution differ 

somewhat from on-substrate aptamer Kd calculations. We developed solid-phase 

substrates with highly controlled surface chemistries to tether small molecules mimicking 

free targets in solution for recognition by aptamers. Our results using dopamine and 

L-tryptophan-specific DNA aptamers showed that surface-tethered small molecules were 

functional for biorecognition by these aptamers. Pre-functionalized molecules, previously 

shown to display more consistent biomolecule target recognition, were utilized to create 

multiplexed substrates. The use of pre-functionalized molecules allowed simultaneous 

determination of on-substrate Kd values for multiple targets in situ, while investigating 

selectivity for structurally similar small molecules.  

The neurotransmitter-functionalized substrates studied here offer the possibility of 

identifying high affinity neurotransmitter-specific aptamers that have been challenging to 

isolate via conventional solid-phase SELEX. Promising candidate libraries isolated through 

SELEX can be tested on multiplexed substrates to determine relative Kd values in the 

presence of nonspecific, similarly structured targets (e.g. dopamine vs. norepinephrine). 

Once high-affinity aptamers are discovered and their Kd values determined in situ, our on-

going work will be focused on immobilizing specific aptamers onto biosensors towards the 

real-time measurement of neurotransmitters in localized brain regions.  
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Figure SD.1. Representative fluorescence images for competitive displacement to test 
specific binding between surface-tethered dopamine and the dopamine aptamer. Increasing 
concentrations of free dopamine was added from 0.1 to 50 μM and quantified in Figure V.3, 
Chapter V. Alternative channel incubation orders was used for the N=4 trials for unbiased 
surface patterning and recognition quantification. 
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Figure SD.2. L-Tryptophan aptamer capture on patterned surfaces. (a) Schematic (not to 
scale) of patterning and functionalization of L-Tryptophan molecules (b) The 34-base 
L-Tryptophan-specific aptamer sequence and (c) a scrambled sequence with the same 
nucleotides conserved as the correct sequence but randomized to generate a different 
secondary structure. The secondary structures of the aptamers were modeled using mfold. 
Substrates were imaged at an emission wavelength of 525 nm for AlexaFluor® 488 
(excitation at 490 nm).  
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VI.A. 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 DNA,6,17 viruses,18 and neurotransmitters.7,10,19 More recently, two-

dimensional (2D) nanomaterials such as graphene20-24 and molybdenum disulfide 

(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 
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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 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 MoS237,38 are typically grown by CVD as well. After 

growth, transfer steps are required that can leave undesirable polymer residues on 

surfaces that degrade 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 

electronbeam 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 
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CLL43 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 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 CLL, 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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VI.B. Experimental Methods 

VI.B.1. Materials 

The DNA aptamer for dopamine was synthesized by Integrated DNA Technologies, Inc. 

(Coralville, IA). The SYLGARD 184 was from Dow Corning Corporation and was used to 

make PDMS stamps throughout this work. All other chemicals were purchased from Sigma-

Aldrich and used as received. Water was deionized before use (~18.2 MΩ) using a Milli-Q 

system (Millipore, Billerica, MA). 

 

VI.B.2. 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 areas 

where the SAMs were removed. The Ti was removed from exposed areas using a 1:2 (v/v) 

solution of ammonium hydroxide and hydrogen peroxide. The substrates were rinsed with 

deionized water and dried under N2 before use. 
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VI.B.3. 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 indium (III) nitrate hydrate (In(NO3)3·xH2O, 99.99%) 

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, indium oxide (In2O3) layers and Au thin films were deposited 

successively by spin-coating and electron-beam evaporation, respectively, and CLL was 

performed to pattern source and drain electrodes. To make biosensors, a DNA aptamer that 

recognizes dopamine was immobilized on In2O3 layers with a top-contact device 

configuration.  

 Briefly, CLL was used to pattern interdigitated Au source and drain electrodes atop 

the In2O3 layer deposited on SiO2/Si substrates. Substrate were then briefly exposed to 

oxygen plasma to remove the hydroxyl-terminated alkanethiols from the Au, followed by 

incubation in a 1 mM ethanolic solution of 1-dodecanethiol for 1 h. After thorough rinsing 

with ethanol, (3-aminopropyl)trimethoxysilane (APTMS) and trimethoxy(propyl)silane 

(PTMS) (1:9, v/v) were thermally evaporated onto the In2O3 surface at 40 °C for 1 h, and 

substrates were immersed in a 1 mM solution of 3-maleimidobenzoic acid 

N-hydroxysuccinimide ester (MBS) dissolved in 1:9 (v/v) mixture of dimethyl sulfoxide 

(DMSO) and 1× PBS for 30 min. To anchor the DNA aptamer, substrates were 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 dry with N2.  
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VI.B.4. Characterization  

Optical microscopy images were taken with an Olympus BX51M microscope. Atomic force 

microscopy imaging was performed on a Bruker Dimension Icon system using tapping 

mode. X-ray diffraction (XRD) and X-ray reflectivity (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 an Ag/AgCl 

electrode, a platinum foil, and a platinum wire as a reference electrode, a counter electrode, 

and a working electrode, respectively. Measurements were performed in 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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VI.C. Results and Discussion 

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 lower temperature processing.47 We dissolved varying amounts of an indium 

precursor, indium (III) nitrate hydrate in water and spin-coated the solutions onto heavily 

doped Si substrates covered with 100 nm-thick, thermally grown SiO2 dielectric layers. 

As the indium precursor concentrations were increased, the color of the coated 

substrates changed from blue to light blue suggesting that the thickness 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 VI.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 VI.1A). Figure VI.1B and VI.1C show AFM images of the resulting thin films. Even 

though the apparent thickness of these films were only ∼4 nm (Figure VI.1B), they showed 

high uniformity over large areas (30 μm × 30 μm in Figure VI.1C), and the root-mean-

square roughness was calculated to be 0.4 nm.  
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We further 

examined these 

In2O3 films using 

nondestructive 

X-ray metrology. 

Figure VI.1D 

shows an 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 XRR 

curves to a standard model (Figure VI.1E). Film thicknesses were determined to be 

∼3.8 nm, which agrees well with the apparent thickness measured by AFM (Figure VI.1B). 

The mass density of the films was estimated to be 5.90 g cm-3, which is equivalent to 82.2% 

Figure VI.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 thickness 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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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 VI.1F shows the O 1s 

spectrum of the annealed In2O3 films obtained by 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 

concluded that the aqueous-medium-based sol-gel process can produce, at relatively low 

temperatures, high-density amorphous In2O3 ultrathin films that are suitable for electronic 

applications. 

 To construct FET devices using the sol-gel-processed In2O3 films, we employed CLL 

as a high-throughput, large-scale tool to pattern Au source and drain contacts on SiO2/Si 

substrates.43 Figure VI.2A shows a schematic diagram depicting the CLL 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 of 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 
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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 hydrochloric acid 

using photolithography-patterned masks (step 6). 

 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 CLL.50,51 Thus, CLL produces high 

spatial precision, high-fidelity molecular masks that can be used to pattern underlying 

metal substrates. Figure VI.2B shows a photograph of 72 pairs of FET source-drain 

electrodes patterned over an area of 0.25 cm2 using CLL. An optical microscope image of 

the Au patterns (Figure VI.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 



 231 

processing times for the same spatial precision (Figure SE.1). 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 VI.2D). Scanning electron microscope 

(SEM) images of the channel regions are shown in Figure SE.2. 

Figure VI.2E and VI.2F show representative transfer and output characteristics of 

bottom-gate bottom-contact (BGBC) In2O3 FET devices fabricated using CLL-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 annealing conditions were tested and optimized device performance was 

obtained after the In2O3 thin films were annealed at 250 °C for 1 h (Figure SE.3). 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 (Table SE1).  
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Figure VI.2. Field-effect transistor (FET) fabrication using chemical lift-off lithography. (A) Schematic 
illustration of FET fabrication steps using CLL. First, PDMS stamps with arrays of source and drain 
patterns were activated by oxygen plasma and brought into conformal contact with Au surfaces 
covered with 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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The output characteristics of the FET devices (Figure VI.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 VI.2G) using the pattern with 

varying channel lengths created by CLL (Figure VI.2D). Contact resistance was determined 

to be ∼75 kΩ. We also fabricated bottom-gate top-contact (BGTC) In2O3 FETs by 

performing CLL on Au/Ti deposited on top of the semiconducting layers (Figure SE.4). 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 the 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 SE2. 

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 common laboratory settings, 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 
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Figure VI.3A shows 12 Au source-drain electrode pairs with sub-micrometer 

channel lengths produced by CLL 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 VI.3B and VI.3C 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 SE.5. 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 VI.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 VI.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 long-channel devices (Figure VI.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 VI.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 
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employing advanced device architectures including lightly doped drains48 or structures 

with double active layers. 58 

 

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.  

Figure VI.3. Fabrication of submicrometer-channel field-effect transistors using chemical lift-off 
lithography. (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 VI.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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To test the ultrathin In2O3 FETs fabricated by CLL for biosensing applications, we 

investigated molecular recognition of the neurotransmitter dopamine using a previously 

identified dopamine aptamer (Figure VI.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.  

 To construct dopamine biosensors, we employed the BGTC structure that showed 

more favorable device characteristics (Table SE2). 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 depositions using electron-beam evaporation. The Au/Ti films were then patterned 

into interdigitated source and drain electrodes using CLL (Figure VI.4B). Subsequently, the 

hydroxyl-terminated alkanethiol SAMs used for CLL 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 VI.4A),59-61 was immobilized 
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on In2O3 surfaces using APTMS and MBS as linkers to complete the biosensor fabrication. 

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, PTMS was co-deposited on In2O3 

surfaces and used as a spacer to optimize the surface density of aptamers for effective 

biosensing (see the Experimental Methods section). 

 Figure VI.4B shows a schematic illustration of the electrical measurement setup 

used for dopamine sensing experiments. 0.1× PBS (pH 7.4) was used as a liquid gate to 

detect signals effectively without severe Debye screening (Debye length ∼2.3 nm). The gate 

bias (VGS) was applied through a Pt wire. Specific amounts of dopamine in 0.1× PBS were 

injected into the electrolyte solution to set the 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 VI.4C). We found that the attachment of aptamers to the 

channel surfaces caused >10× decreases in the drain currents and positive shifts in the 

turn-on voltages (from −19 to −15 V). We attributed these effects to the electrostatic gating 

effects of negatively charged DNA on the channel surfaces that result in decreases in carrier 

concentrations of the n-type In2O3 layer. Upon incubation of these 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. 
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 Many, though not all, aptamers undergo significant conformational changes upon 

target binding, which should affect the conductance modulation of underlying channel 

layers substantially.71-75 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 suggested 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 mechanisms of our dopamine aptamer-

FET-based sensors, which will be critical to generalizing chemical sensing with these 

arrays. 
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Figure VI.4D shows the transfer characteristics of liquid-gated aptamer-In2O3 

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 VI.4C), exposure of the 

biosensors to dopamine in a liquid-gate setup resulted in increased drain current. As CDA 

Figure VI.4. Aptamer–In2O3 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 aptamer–In2O3 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 aptamer–In2O3 biosensors was determined to be 10-11–10-7 M (inset, ΔVcal: 
calibrated response). (E) Calibrated responses of the aptamer–In2O3 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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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 (Figure SE.6), and the leakage current through the 0.1× PBS 

electrolyte was confirmed to be negligible (Figure SE.7). 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 SE.8). To reduce device-to-device 

variations in sensor responses, the change in drain current was converted to a change in 

gate voltage (calibrated response, ΔVcal),46 and the linear working range of the aptamer-

In2O3 biosensor was determined to be 10-11−10-7 M, as shown in the inset of Figure VI.4D. 

 We also constructed devices using an aptamer with mutations at identified 

dopamine binding sites (mut-dopamine-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 devices functionalized with either of these aptamers 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 (Figure SE.9). These 

results strongly suggest that sensor responses are based on specific interactions between 

dopamine and its cognate aptamer. 

 To test the selectivity of the aptamer-In2O3 biosensors, we exposed devices to 1 nM 

solutions of other similarly structured small molecules found in the brain extracellular 
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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 VI.4E). 

Although NE caused significant ΔVcal that reached 58 ± 2% of the responses 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 NE 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 aptamer-In2O3 device was continuously monitored at VDS = 10 mV and 

VGS = 100 mV while dopamine was introduced into the buffer solution. Figure VI.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). 

  



 242 

VI.D. Conclusions and Prospects 

A high-throughput and high spatial precision soft lithography technique, CLL, 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 demonstrated that 

ultrathin In2O3 layers, produced by simple aqueous sol-gel processing, can be used as 

semiconducting active layers to produce 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 CLL-patterned, sol-gel-processed metal-oxide FETs 

will enable platforms for the construction of both biological and non-biological sensors that 

can detect subtle yet important chemical perturbations at interfaces. 
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Figure SE.1. 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 time)  
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Figure SE.2. 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. 
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Figure SE.3. 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 SE.1. Device performance of previously reported In2O3 field-effect transistors. 
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Figure SE.4. Bottom-gate top-contact field-effect transistor (a) transfer and (b) output 
characteristics of ultrathin In2O3 layers. 
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Table SE.2. Summary of In2O3 field-effect transistor device performance. 
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Figure SE.5. Scanning electron microscope images of sub-micrometer-

channel devices with gap lengths measuring (a) 300 nm and (b) 150 nm. 
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Figure SE.6. 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 SE.7. 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 SE.8. 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 SE.9. 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. 



 255 

References 

1.  Schoning, M. J.; Poghossian, A. Recent Advances in Biologically Sensitive Field-Effect 
Transistors (BioFETs). Analyst 2002, 127, 1137-1151. 

2.  Patolsky, F.; Lieber, C. M. Nanowire Nanosensors. Mater. Today 2005, 8, 20-28. 

3.  Allen, B. L.; Kichambare, P. D.; Star, A. Carbon Nanotube Field-Effect-Transistor-
Based Biosensors. Adv. Mater. 2007, 19, 1439-1451. 

4.  Curreli, M.; Zhang, R.; Ishikawa, F. N.; Chang, H. K.; Cote, R. J.; Zhou, C.; Thompson, 
M. E. Real-Time, Label-Free Detection of Biological Entities Using Nanowire-Based 
FETs. IEEE Trans. Nanotechnol. 2008, 7, 651-667. 

5.  Cui, Y.; Wei, Q. Q.; Park, H. K.; Lieber, C. M. Nanowire Nanosensors for Highly 
Sensitive and Selective Detection of Biological and Chemical Species. Science 2001, 
293, 1289-1292. 

6.  Hahm, J.; Lieber, C. M. Direct Ultrasensitive Electrical Detection of DNA and DNA 
Sequence Variations Using Nanowire Nanosensors. Nano Lett. 2004, 4, 51-54. 

7.  Wang, W. U.; Chen, C.; Lin, K. H.; Fang, Y.; Lieber, C. M. Label-Free Detection of 
Small-Molecule-Protein Interactions by Using Nanowire Nanosensors. Proc. Natl. 
Acad. Sci. U. S. A 2005, 102, 3208-3212. 

8.  Zheng, G. F.; Patolsky, F.; Cui, Y.; Wang, W. U.; Lieber, C. M. Multiplexed Electrical 
Detection of Cancer Markers with Nanowire Sensor Arrays. Nat. Biotechnol. 2005, 
23, 1294-1301. 

9.  Stern, E.; Klemic, J. F.; Routenberg, D. A.; Wyrembak, P. N.; Turner-Evans, D. B.; 
Hamilton, A. D.; LaVan, D. A.; Fahmy, T. M.; Reed, M. A. Label-Free Immunodetection 
with CMOS-Compatible Semiconducting Nanowires. Nature 2007, 445, 519-522. 

10.  Li, B. R.; Hsieh, Y. J.; Chen, Y. X.; Chung, Y. T.; Pan, C. Y.; Chen, Y. T. An Ultrasensitive 
Nanowire-Transistor Biosensor for Detecting Dopamine Release from Living PC12 
Cells under Hypoxic Stimulation. J. Am. Chem. Soc. 2013, 135, 16034-16037. 

11.  Besteman, K.; Lee, J. O.; Wiertz, F. G. M.; Heering, H. A.; Dekker, C. Enzyme-Coated 
Carbon Nanotubes as Single-Molecule Biosensors. Nano Lett. 2003, 3, 727-730. 

12.  Chen, R. J.; Bangsaruntip, S.; Drouvalakis, K. A.; Kam, N. W. S.; Shim, M.; Li, Y. M.; 
Kim, W.; Utz, P. J.; Dai, H. J. Noncovalent Functionalization of Carbon Nanotubes for 
Highly Specific Electronic Biosensors. Proc. Natl. Acad. Sci. U. S. A 2003, 100, 4984-
4989. 



 256 

13.  So, H. M.; Won, K.; Kim, Y. H.; Kim, B. K.; Ryu, B. H.; Na, P. S.; Kim, H.; Lee, J. O. Single-
Walled Carbon Nanotube Biosensors Using Aptamers as Molecular Recognition 
Elements. J. Am. Chem. Soc. 2005, 127, 11906-11907. 

14.  Tang, T.; Liu, X. L.; Li, C.; Lei, B.; Zhang, D. H.; Rouhanizadeh, M.; Hsiai, T.; Zhou, C. W. 
Complementary Response of In2O3 Nanowires and Carbon Nanotubes to Low-
Density Lipoprotein Chemical Gating. Appl. Phys. Lett. 2005, 86. 

15.  Maehashi, K.; Katsura, T.; Kerman, K.; Takamura, Y.; Matsumoto, K.; Tamiya, E. 
Label-Free Protein Biosensor Based on Aptamer-Modified Carbon Nanotube Field-
Effect Transistors. Anal. Chem. 2007, 79, 782-787. 

16.  Kim, S. N.; Rusling, J. F.; Papadimitrakopoulos, F. Carbon Nanotubes for Electronic 
and Electrochemical Detection of Biomolecules. Adv. Mater. 2007, 19, 3214-3228. 

17.  Martinez, M. T.; Tseng, Y. C.; Ormategui, N.; Loinaz, I.; Eritja, R.; Bokor, J. Label-Free 
DNA Biosensors Based on Functionalized Carbon Nanotube Field Effect Transistors. 
Nano Lett. 2009, 9, 530-536. 

18.  Patolsky, F.; Zheng, G. F.; Hayden, O.; Lakadamyali, M.; Zhuang, X. W.; Lieber, C. M. 
Electrical Detection of Single Viruses. Proc. Natl. Acad. Sci. U. S. A 2004, 101, 14017-
14022. 

19.  Alivisatos, A. P.; Andrews, A. M.; Boyden, E. S.; Chun, M.; Church, G. M.; Deisseroth, 
K.; Donoghue, J. P.; Fraser, S. E.; Lippincott-Schwartz, J.; Looger, L. L.; Masmanidis, 
S.; McEuen, P. L.; Nurmikko, A. V.; Park, H.; Peterka, D. S.; Reid, C.; Roukes, M. L.; 
Scherer, A.; Schnitzer, M.; Sejnowski, T. J.; Shepard, K. L.; Tsao, D.; Turrigiano, G.; 
Weiss, P. S.; Xu, C.; Yuste, R.; Zhuang, X. W. Nanotools for Neuroscience and Brain 
Activity Mapping. ACS Nano 2013, 7, 1850-1866. 

20.  Ohno, Y.; Maehashi, K.; Matsumoto, K. Label-Free Biosensors Based on Aptamer-
Modified Graphene Field-Effect Transistors. J. Am. Chem. Soc. 2010, 132, 18012-
18013. 

21.  Huang, Y. X.; Dong, X. C.; Shi, Y. M.; Li, C. M.; Li, L. J.; Chen, P. Nanoelectronic 
Biosensors Based on CVD Grown Graphene. Nanoscale 2010, 2, 1485-1488. 

22.  Yang, W. R.; Ratinac, K. R.; Ringer, S. P.; Thordarson, P.; Gooding, J. J.; Braet, F. 
Carbon Nanomaterials in Biosensors: Should You Use Nanotubes or Graphene? 
Angew. Chem. 2010, 49, 2114-2138. 

23.  Pumera, M. Graphene in Biosensing. Mater. Today 2011, 14, 308-315. 

24.  He, Q. Y.; Sudibya, H. G.; Yin, Z. Y.; Wu, S. X.; Li, H.; Boey, F.; Huang, W.; Chen, P.; 
Zhang, H. Centimeter-Long and Large-Scale Micropatterns of Reduced Graphene 
Oxide Films: Fabrication and Sensing Applications. ACS Nano 2010, 4, 3201-3208. 



 257 

25.  Sarkar, D.; Liu, W.; Xie, X. J.; Anselmo, A. C.; Mitragotri, S.; Banerjee, K. MoS2 Field-
Effect Transistor for Next-Generation Label-Free Biosensors. ACS Nano 2014, 8, 
3992-4003. 

26.  Wang, L.; Wang, Y.; Wong, J. I.; Palacios, T.; Kong, J.; Yang, H. Y. Functionalized MoS2 
Nanosheet-Based Field-Effect Biosensor for Label-Free Sensitive Detection of 
Cancer Marker Proteins in Solution. Small 2014, 10, 1101-1105. 

27.  Morales, A. M.; Lieber, C. M. A Laser Ablation Method for the Synthesis of Crystalline 
Semiconductor Nanowires. Science 1998, 279, 208-211. 

28.  Hochbaum, A. I.; Fan, R.; He, R. R.; Yang, P. D. Controlled Growth of Si Nanowire 
Arrays for Device Integration. Nano Lett. 2005, 5, 457-460. 

29.  Fan, S. S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.; Cassell, A. M.; Dai, H. J. Self-
Oriented Regular Arrays of Carbon Nanotubes and Their Field Emission Properties. 
Science 1999, 283, 512-514. 

30.  Hata, K.; Futaba, D. N.; Mizuno, K.; Namai, T.; Yumura, M.; Iijima, S. Water-Assisted 
Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes. 
Science 2004, 306, 1362-1364. 

31.  Hersam, M. C. Progress Towards Monodisperse Single-Walled Carbon Nanotubes. 
Nat. Nanotechnol. 2008, 3, 387-394. 

32.  Arnold, M. S.; Green, A. A.; Hulvat, J. F.; Stupp, S. I.; Hersam, M. C. Sorting Carbon 
Nanotubes by Electronic Structure Using Density Differentiation. Nat. Nanotechnol. 
2006, 1, 60-65. 

33.  Zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou, S. G.; Diner, B. A.; 
Dresselhaus, M. S.; McLean, R. S.; Onoa, G. B.; Samsonidze, G. G.; Semke, E. D.; Usrey, 
M.; Walls, D. J. Structure-Based Carbon Nanotube Sorting by Sequence-Dependent 
DNA Assembly. Science 2003, 302, 1545-1548. 

34.  Sun, Z. Z.; Yan, Z.; Yao, J.; Beitler, E.; Zhu, Y.; Tour, J. M. Growth of Graphene from 
Solid Carbon Sources. Nature 2010, 468, 549-552. 

35.  Li, X. S.; Cai, W. W.; An, J. H.; Kim, S.; Nah, J.; Yang, D. X.; Piner, R.; Velamakanni, A.; 
Jung, I.; Tutuc, E.; Banerjee, S. K.; Colombo, L.; Ruoff, R. S. Large-Area Synthesis of 
High-Quality and Uniform Graphene Films on Copper Foils. Science 2009, 324, 
1312-1314. 

36.  Bai, J. W.; Liao, L.; Zhou, H. L.; Cheng, R.; Liu, L. X.; Huang, Y.; Duan, X. F. Top-Gated 
Chemical Vapor Deposition Grown Graphene Transistors with Current Saturation. 
Nano Lett. 2011, 11, 2555-2559. 



 258 

37.  Lee, Y. H.; Zhang, X. Q.; Zhang, W. J.; Chang, M. T.; Lin, C. T.; Chang, K. D.; Yu, Y. C.; 
Wang, J. T. W.; Chang, C. S.; Li, L. J.; Lin, T. W. Synthesis of Large-Area MoS2 Atomic 
Layers with Chemical Vapor Deposition. Adv. Mater. 2012, 24, 2320-2325. 

38.  Lee, Y. H.; Yu, L. L.; Wang, H.; Fang, W. J.; Ling, X.; Shi, Y. M.; Lin, C. T.; Huang, J. K.; 
Chang, M. T.; Chang, C. S.; Dresselhaus, M.; Palacios, T.; Li, L. J.; Kong, J. Synthesis 
and Transfer of Single-Layer Transition Metal Disulfides on Diverse Surfaces. Nano 
Lett. 2013, 13, 1852-1857. 

39.  Li, X. S.; Zhu, Y. W.; Cai, W. W.; Borysiak, M.; Han, B. Y.; Chen, D.; Piner, R. D.; 
Colombo, L.; Ruoff, R. S. Transfer of Large-Area Graphene Films for High-
Performance Transparent Conductive Electrodes. Nano Lett. 2009, 9, 4359-4363. 

40.  Lee, Y.; Bae, S.; Jang, H.; Jang, S.; Zhu, S. E.; Sim, S. H.; Song, Y. I.; Hong, B. H.; Ahn, J. 
H. Wafer-Scale Synthesis and Transfer of Graphene Films. Nano Lett. 2010, 10, 490-
493. 

41.  Lin, Y. C.; Lu, C. C.; Yeh, C. H.; Jin, C. H.; Suenaga, K.; Chiu, P. W. Graphene Annealing: 
How Clean Can It Be? Nano Lett. 2012, 12, 414-419. 

42.  Pirkle, A.; Chan, J.; Venugopal, A.; Hinojos, D.; Magnuson, C. W.; McDonnell, S.; 
Colombo, L.; Vogel, E. M.; Ruoff, R. S.; Wallace, R. M. The Effect of Chemical Residues 
on the Physical and Electrical Properties of Chemical Vapor Deposited Graphene 
Transferred to SiO2. Appl. Phys. Lett. 2011, 99. 

43.  Liao, W. S.; Cheunkar, S.; Cao, H. H.; Bednar, H. R.; Weiss, P. S.; Andrews, A. M. 
Subtractive Patterning via Chemical Lift-Off Lithography. Science 2012, 337, 1517-
1521. 

44.  Ishikawa, F. N.; Chang, H. K.; Curreli, M.; Liao, H. I.; Olson, C. A.; Chen, P. C.; Zhang, R.; 
Roberts, R. W.; Sun, R.; Cote, R. J.; Thompson, M. E.; Zhou, C. W. Label-Free, 
Electrical Detection of the SARS Virus N-Protein with Nanowire Biosensors 
Utilizing Antibody Mimics as Capture Probes. ACS Nano 2009, 3, 1219-1224. 

45.  Curreli, M.; Li, C.; Sun, Y. H.; Lei, B.; Gundersen, M. A.; Thompson, M. E.; Zhou, C. W. 
Selective Functionalization of In2O3 Nanowire Mat Devices for Biosensing 
Applications. J. Am. Chem. Soc. 2005, 127, 6922-6923. 

46.  Ishikawa, F. N.; Curreli, M.; Chang, H. K.; Chen, P. C.; Zhang, R.; Cote, R. J.; Thompson, 
M. E.; Zhou, C. W. A Calibration Method for Nanowire Biosensors to Suppress 
Device-to-Device Variation. ACS Nano 2009, 3, 3969-3976. 

47.  Hwang, Y. H.; Seo, J. S.; Yun, J. M.; Park, H.; Yang, S.; Park, S. H. K.; Bae, B. S. An 
'Aqueous Route' for the Fabrication of Low-Temperature-Processable Oxide 
Flexible Transparent Thin-Film Transistors on Plastic Substrates. NPG Asia Mater. 
2013, 5, 1-8. 



 259 

48.  Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices; Wiley-Interscience: Hoboken, 
JK, 2007. 

49.  Kumar, A.; Whitesides, G. M. Features of Gold Having Micrometer to Centimeter 
Dimensions Can Be Formed through a Combination of Stamping with an 
Elastomeric Stamp and an Alkanethiol Ink Followed by Chemical Etching. Appl. 
Phys. Lett. 1993, 63, 2002-2004. 

50.  Srinivasan, C.; Mullen, T. J.; Hohman, J. N.; Anderson, M. E.; Dameron, A. A.; 
Andrews, A. M.; Dickey, E. C.; Horn, M. W.; Weiss, P. S. Scanning Electron Microscopy 
of Nanoscale Chemical Patterns. ACS Nano 2007, 1, 191-201. 

51.  Braunschweig, A. B.; Huo, F. W.; Mirkin, C. A. Molecular Printing. Nat. Chem. 2009, 1, 
353-358. 

52.  Kim, H. S.; Byrne, P. D.; Facchetti, A.; Marks, T. J. High Performance Solution-
Processed Indium Oxide Thin-Film Transistors. J. Am. Chem. Soc. 2008, 130, 12580-
12581. 

53.  Rim, Y. S.; Lim, H. S.; Kim, H. J. Low-Temperature Metal-Oxide Thin-Film Transistors 
Formed by Directly Photopatternable and Combustible Solution Synthesis. ACS 
Appl. Mater. Inter. 2013, 5, 3565-3571. 

54.  Choi, C. H.; Han, S. Y.; Su, Y. W.; Fang, Z.; Lin, L. Y.; Cheng, C. C.; Chang, C. H. 
Fabrication of High-Performance, Low-Temperature Solution Processed 
Amorphous Indium Oxide Thin-Film Transistors Using a Volatile Nitrate Precursor. 
J. Mater. Chem. C 2015, 3, 854-860. 

55.  Kim, M. G.; Kanatzidis, M. G.; Facchetti, A.; Marks, T. J. Low-Temperature Fabrication 
of High-Performance Metal Oxide Thin-Film Electronics via Combustion Processing. 
Nat. Mater. 2011, 10, 382-388. 

56.  Noh, J. H.; Ryu, S. Y.; Jo, S. J.; Kim, C. S.; Sohn, S. W.; Rack, P. D.; Kim, D. J.; Baik, H. K. 
Indium Oxide Thin-Film Transistors Fabricated by RF Sputtering at Room 
Temperature. IEEE Electr. Device Lett. 2010, 31, 567-569. 

57.  Jiao, Y.; Zhang, X. N.; Zhai, J. X.; Yu, X. K.; Ding, L. H.; Zhang, W. F. Bottom-Gate 
Amorphous In2O3 Thin Film Transistors Fabricated by Magnetron Sputtering. 
Electron. Mater. Lett. 2013, 9, 279-282. 

58.  Rim, Y. S.; Chen, H. J.; Kou, X. L.; Duan, H. S.; Zhou, H. P.; Cai, M.; Kim, H. J.; Yang, Y. 
Boost up Mobility of Solution-Processed Metal Oxide Thin-Film Transistors via 
Confining Structure on Electron Pathways. Adv. Mater. 2014, 26, 4273-4278. 

59.  Mannironi, C.; DiNardo, A.; Fruscoloni, P.; Tocchini Valentini, G. P. In Vitro Selection 
of Dopamine RNA Ligands. Biochemistry 1997, 36, 9726-9734. 



 260 

60.  Walsh, R.; DeRosa, M. C. Retention of Function in the DNA Homolog of the RNA 
Dopamine Aptamer. Biochem. Bioph. Res. Co. 2009, 388, 732-735. 

61.  Farjami, E.; Campos, R.; Nielsen, J. S.; Gothelf, K. V.; Kjems, J.; Ferapontova, E. E. RNA 
Aptamer-Based Electrochemical Biosensor for Selective and Label-Free Analysis of 
Dopamine. Anal. Chem. 2013, 85, 121-128. 

62.  Giros, B.; Jaber, M.; Jones, S. R.; Wightman, R. M.; Caron, M. G. Hyperlocomotion and 
Indifference to Cocaine and Amphetamine in Mice Lacking the Dopamine 
Transporter. Nature 1996, 379, 606-612. 

63.  Kim, J. H.; Auerbach, J. M.; Rodriguez-Gomez, J. A.; Velasco, I.; Gavin, D.; Lumelsky, 
N.; Lee, S. H.; Nguyen, J.; Sanchez-Pernaute, R.; Bankiewicz, K.; McKay, R. Dopamine 
Neurons Derived from Embryonic Stem Cells Function in an Animal Model of 
Parkinson's Disease. Nature 2002, 418, 50-56. 

64.  Phillips, P. E. M.; Stuber, G. D.; Heien, M. L. A. V.; Wightman, R. M.; Carelli, R. M. 
Subsecond Dopamine Release Promotes Cocaine Seeking. Nature 2003, 422, 614-
618. 

65.  Unger, E. L.; Eve, D. J.; Perez, X. A.; Reichenbach, D. K.; Xu, Y. Q.; Lee, M. K.; Andrews, 
A. M. Locomotor Hyperactivity and Alterations in Dopamine Neurotransmission 
Are Associated with Overexpression of A53T Mutant Human Alpha-Synuclein in 
Mice. Neurobiol. Dis. 2006, 21, 431-443. 

66.  Aswal, D. K.; Lenfant, S.; Guerin, D.; Yakhmi, J. V.; Vuillaume, D. Self Assembled 
Monolayers on Silicon for Molecular Electronics. Anal. Chim. Acta 2006, 568, 84-
108. 

67.  Helmy, R.; Fadeev, A. Y. Self-Assembled Monolayers Supported on TiO2: 
Comparison of C18H37SiX3 (X = H, Cl, OCH3), C18H37Si(CH3)2Cl, and C18H37PO(OH)2. 
Langmuir 2002, 18, 8924-8928. 

68.  Kim, J. S.; Park, J. H.; Lee, J. H.; Jo, J.; Kim, D. Y.; Cho, K. Control of the Electrode Work 
Function and Active Layer Morphology via Surface Modification of Indium Tin 
Oxide for High Efficiency Organic Photovoltaics. Appl. Phys. Lett. 2007, 91. 

69.  Chung, Y.; Verploegen, E.; Vailionis, A.; Sun, Y.; Nishi, Y.; Murmann, B.; Bao, Z. A. 
Controlling Electric Dipoles in Nanodielectrics and Its Applications for Enabling 
Air-Stable N-Channel Organic Transistors. Nano Lett. 2011, 11, 1161-1165. 

70.  Song, C. K.; Luck, K. A.; Zhou, N.; Zeng, L.; Heitzer, H. M.; Manley, E. F.; Goldman, S.; 
Chen, L. X.; Ratner, M. A.; Bedzyk, M. J.; Chang, R. P.; Hersam, M. C.; Marks, T. J. 
"Supersaturated" Self-Assembled Charge-Selective Interfacial Layers for Organic 
Solar Cells. J. Am. Chem. Soc. 2014, 136, 17762-17773. 



 261 

71.  Baker, B. R.; Lai, R. Y.; Wood, M. S.; Doctor, E. H.; Heeger, A. J.; Plaxco, K. W. An 
Electronic, Aptamer-Based Small-Molecule Sensor for the Rapid, Label-Free 
Detection of Cocaine in Adulterated Samples and Biological Fluids. J. Am. Chem. Soc. 
2006, 128, 3138-3139. 

72.  Ferapontova, E. E.; Olsen, E. M.; Gothelf, K. V. An RNA Aptamer-Based 
Electrochemical Biosensor for Detection of Theophylline in Serum. J. Am. Chem. Soc. 
2008, 130, 4256-4258. 

73.  Fan, C.; Plaxco, K. W.; Heeger, A. J. Electrochemical Interrogation of Conformational 
Changes as a Reagentless Method for the Sequence-Specific Detection of DNA. Proc. 
Natl. Acad. Sci. U. S. A. 2003, 100, 9134-9137. 

74.  Zuo, X.; Song, S.; Zhang, J.; Pan, D.; Wang, L.; Fan, C. A Target-Responsive 
Electrochemical Aptamer Switch (TREAS) for Reagentless Detection of Nanomolar 
ATP. J. Am. Chem. Soc. 2007, 129, 1042-1043. 

75.  Farjami, E.; Clima, L.; Gothelf, K.; Ferapontova, E. E. "Off-On" Electrochemical 
Hairpin-DNA-Based Genosensor for Cancer Diagnostics. Anal. Chem. 2011, 83, 
1594-1602. 

76.  Singh, Y. S.; Sawarynski, L. E.; Dabiri, P. D.; Choi, W. R.; Andrews, A. M. Head-to-Head 
Comparisons of Carbon Fiber Microelectrode Coatings for Sensitive and Selective 
Neurotransmitter Detection by Voltammetry. Anal. Chem. 2011, 83, 6658-6666. 

77.  Zheng, Y.; Wang, Y.; Yang, X. R. Aptamer-Based Colorimetric Biosensing of 
Dopamine Using Unmodified Gold Nanoparticles. Sensor Actuat. B-Chem 2011, 156, 
95-99. 

78.  Mathews, T. A.; Fedele, D. E.; Coppelli, F. M.; Avila, A. M.; Murphy, D. L.; Andrews, 
A. M. Gene Dose-Dependent Alterations in Extraneuronal Serotonin but Not 
Dopamine in Mice with Reduced Serotonin Transporter Expression. J. Neurosci. 
Methods 2004, 140, 169-181. 

 

 



 262 

Chapter VII 
 

 

Aptamer-Field-Effect Transistors  
Overcome Debye Length Limitations and 

Enable Small-Molecule Sensing 
  

The information in this chapter  
is in preparation for Science  

and has been reproduced here. 
 

Authors: Nakatsuka, N.; Yang, K. -A.; Xu, X.; Abendroth, J. M.;  
Zhao, C.; Cheung, K. M.; Zhu, B.; Rim, Y. S.; Yang, Y.;  

Weiss, P. S.; Stojanovic, M. N.; Andrews A. M. 



 263 

VII.A. Introduction 

Field-effect transistors (FETs) modified with target-specific receptors provide means for 

direct electronic target detection.1,2 Signal transduction and amplification in FET-based 

sensors are based on electrostatic gating of semiconductor channels by target-receptor 

complexes to produce changes in transconductance.3 Two fundamental limitations have 

prevented widespread adoption of receptor-modified FETs. First, in solutions containing 

ions, the electric double layer shields semiconductor charge carriers limiting gating in 

response to recognition events. The extent of shielding, i.e., the effective sensing distance, is 

characterized by the Debye length, which in physiological fluids, is <1 nm (Table SF.1).4 

Second, small target molecules with few or no charges have minimal impact on 

semiconductor transconductance, unless they trigger conformational changes in their 

receptors within or near the Debye length, or otherwise affect surface potentials.5   

We overcome both of these obstacles by combining highly sensitive FETs with a 

specific type of oligonucleotide stem-loop receptor selected for adaptive target recognition 

(Figure VII.1A). Nanometer-thin In2O3 FETs are produced by methods that facilitate nano- 

or microscale patterning and are scalable with respect to fabrication at high densities and 

for large numbers of devices.2,6 Sensing via FETs is inherently nonlinear,5 enabling target 

detection over larger and lower concentration ranges compared to equilibrium-based 

sensors.7 Ultrathin metal-oxide FETs can be fabricated on flexible substrates for wearable8,9 

or chronically implantable devices. While others and we have previously used aptamers as 

receptors for FET devices, it is the unique combination of ligand-induced stem-loop 

conformational rearrangements involving negatively charged phosphodiester backbones 

together with associated counterions and close proximity to the surfaces of quasi-two-
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dimensional FETs that enable signal transduction and amplification under biologically 

relevant conditions and for low-charge and neutral target molecules.  
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Figure VII.1. (A) Schematic of a field-effect transistor (FET), its fabrication, and surface chemistry to attach aptamers on 
In2O3 semiconductor channels. (B) Oligonucleotide libraries (Nm, with random regions m=30-36 nucleotides, flanked by 

constant regions and primer regions for PCR amplification) were attached to agarose-streptavidin columns via biotinylated 

(B) complementary oligonucleotides. Exposure to targets (red sphere) causes elution of aptamers in which stems are 
stabilized. These sequences are preferentially amplified. Exposure to counter-targets (alternate shapes) eliminates cross-
reactive sequences. (C) Dopamine (Kd=150 nM), (D) serotonin (Kd=30 nM), (E) glucose (Kd=10 mM), and (F) sphingosine-

1-phosphate (S1P) (Kd=190 nM) aptamers were isolated. One advantage of solution-phase SELEX is that the resulting 

aptamers are directly turned into sensors. The complementary oligonucleotide is labeled with a quencher instead of biotin, 
while the aptamer is labeled with a fluorophore, leading to ‘structure-switching’-like sensors with responses shown in (G-
J). Fluorescence responses indicate selectivities of dopamine, serotonin, and glucose aptamers in the presence of specific 

vs. nonspecific targets. Fluorescence-concentration curves were obtained via competition with complementary strands and 
are the result of triplicate measurements with standard deviations too small to be visualized on the plots shown.  
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VII.B. Experimental Methods 

VII.B.1. Materials 

All chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO), unless otherwise 

noted below. Oligonucleotides were obtained from Integrated DNA Technologies 

(Coralville, IA). The SYLGARD 184 for fabricating PDMS wells was from Dow Corning 

Corporation (Midland, MI). Water was deionized before use (18.2 MΩ) via a Milli-Q system 

(Millipore, Billerica, MA).  

 

VII.B.2. Aptamer Selection 

Solution-phase selection of aptamer candidates was carried out using the following 

procedures and as previously described,10 with modifications in oligonucleotides and PCR 

conditions as follows. (1) Random (N30) library 5’-GGA GGC TCT CGG GAC GAC-(N30)-GTC 

GTC CCG ATG CTG CAA TCG TAA-3’, (2) Random (N36) library  

5’-GGA GGC TCT CGG GAC GAC-(N36)-GTC GTC CCG CCT TTA GGA TTT ACA G-3’, (3) 

forward-primer: 5’-GGA GGC TCT CGG GAC GAC-3’, (4) reverse-primer for N30  TTA CGA 

TTG CAG CAT CGG GAC G, (5) biotinylated reverse-primer for N30  

5’-biotin- TTA CGA TTG CAG CAT CGG GAC G -3’, (6) reverse-primer for N36  

5’-CTG TAA ATC CTA AAG GCG GGA CGA C-3’, (7) biotinylated reverse-primer for N36 

5’-biotin-CTG TAA ATC CTA AAG GCG GGA CGA C-3’, and (5) biotinylated column-

immobilizing capture strand 5’-GTC GTC CCG AGA GCC ATA-BioTEG-3’.  

Standard desalted oligonucleotides were used for the libraries, primers, and 

complementary strands. Modified oligonucleotides, e.g., biotinylated, fluorophore-

conjugated, were purified by reverse-phase high-performance liquid chromatography 
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(HPLC). All oligonucleotides were dissolved in nuclease-free water and stored at -20 °C. 

The PCR reactions were run with one cycle at 95 °C for 2 min, N cycles of [95 °C, 15 s  

60 °C, 30 s  72 °C, 45 s], and one cycle at 72 °C for 2 min. Specific selection/counter-

selection conditions are described below (Tables SF.2,3). Aptamers for serotonin, glucose, 

and S1P were selected in HEPES buffer at pH 7.5 while the dopamine aptamer was selected 

in PBS buffer with 2 mM MgCl2 (Table SF.6). After adjusting the pH, HEPES buffer was 

filtered under vacuum using 0.22 µm filters (EMD Millipore Corp., Billerica, MA). 

Phosphate-buffered saline (PBS) was from Corning Inc. (Corning, NY), pH 7.4, with 2 mM 

MgCl2 added. 

 

VII.B.3. Aptamer Fluorescence Assays 

Aptamer candidates were modified with fluorescein at their 5’ ends (Figure SF.1a). 

Complementary strands were modified with dabcyl for quenching at the 3’ ends. The 

concentrations of aptamers and complementary strands (Table SF.4) were determined 

empirically as per previous protocols.11 Aptamer Kd values were determined as per 

previously published methods.12  

 

VII.B.4. Aptamer-Functionalized Field-Effect Transistors 

To maximize channel surface-to-volume ratios, field-effect transistors (FETs) were 

fabricated with ultrathin (~4 nm) In2O3 semiconductor films.2 Aqueous solutions of 

indium(III) nitrate hydrate (In(NO3)3 • xH2O, 99.999%) were spin-coated at 3000 rpm for 

30 s onto heavily doped silicon wafers (University Wafer, Boston, MA) each having a 

100- or 200 nm-thick thermally grown SiO2 layer. Substrates were prebaked at 100°C for 
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5 min followed by thermal annealing at 350 °C for 3 h.13 Interdigitated source and drain 

electrodes (width 1500 μm/length 80 μm, Figure SF.6) produced from 30 nm layers of Au 

over 10 nm Ti layers were patterned by standard photolithography. The Ti/Au layers were 

deposited by electron-beam evaporation on top of In2O3 to obtain large transconductances 

and uniform current distributions.  

To fabricate sensors, aptamers were immobilized on In2O3-exposed regions using a 

top-gate device configuration. Briefly, APTMS and PTMS (1:9 v/v ratio) were thermally 

evaporated using vapor-phase deposition onto In2O3 surfaces at 40 °C for 1 h followed by 

incubation in 1 mM ethanolic solutions of 1-dodecanethiol for 1 h to passivate Au 

electrodes.  

After rinsing with ethanol, substrates were immersed in 1 mM solutions of MBS 

dissolved in a 1:9 (v/v) mixture of DMSO and PBS for 30 min. The MBS crosslinks amine-

terminated silanes to thiolated DNA aptamers. Aptamers were prepared for attachment to 

substrates by heating for 5 min at 95 °C in nuclease-free water followed by rapid cooling in 

an ice bath. Substrates were rinsed with deionized water and immersed in 1 μM solutions 

of thiolated DNA aptamers for 1 h, rinsed again with deionized water, and blown dry with 

N2 gas.  

Scrambled sequences with the same numbers and types of nucleotides as correct 

aptamer sequences but with pseudo-random orders were designed to investigate specific 

aptamer-target recognition via FETs (Table SF.5). Scrambled sequences were selected 

based on modeling (Mfold; http://unafold.rna.albany.edu/?q=mfold) to adopt significantly 

different secondary structures compared to the correct sequences. 
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VII.B.5. Aptamer-Field-Effect Transistor Measurements 

Soft-polymer PDMS wells were sealed on top of individual FETs to hold physiological 

buffers and targets. Phosphate-buffered saline (0.1 or 1 PBS), artificial cerebrospinal 

fluid (1 aCSF), HEPES buffer (1 HEPES), or Ringers solution (1 Ringers) were used as 

electrolyte solutions (Table SF.6). Commercially available Ag/AgCl reference electrodes 

(World Precision Instruments, Inc., Sarasota, FL) were placed in the solutions above the 

FETs. All FET measurements were performed on manual analytical probe stations 

(Signatone, Gilroy, CA) equipped with either an Agilent 4155C (Agilent Technologies, Santa 

Clara, CA) or Keithley 4200A (Tektronix, Beaverton, OR) semiconductor analyzer.  

Source-drain current (IDS) transfer curves were obtained by sweeping the gate-bias 

voltage (VGS) from 0 to 400 mV while maintaining the drain voltage (VD) at 10 mV. Five 

consecutive sweeps were averaged for each transfer curve determined at each target or 

nontarget concentration. Calibrated responses were calculated to minimize device-to-

device variation.14 Briefly, the absolute sensor response (ΔI) that takes into account 

baseline subtraction was divided by the change in source-drain current with voltage sweep 

(ΔIDS/ΔVG). This method relies on a correlation between absolute sensor responses and 

gate dependence in liquid-gate sensing set-ups. 

 

 

 

 

 

 



 270 

VII.B.6. Ex Vivo Sensing 

Brains lacking serotonin were from Tph2 knockout mice provided by the laboratory of 

Donald Kuhn (Wayne State University, Detroit, MI). All procedures involving mice were 

pre-approved by the Wayne State University Institutional Animal Care and Use Committee. 

Mice were deeply anesthetized with pentobarbital and exsanguinated during cardiac 

perfusion with PBS. Brains were removed from the skulls and frozen at -70 °C, shipped to 

the University of California, Los Angeles on dry ice, and stored at -70 °C until use.  

On the day of use, brains were thawed on ice and sectioned into quarters in the 

sagittal and rostrocaudal planes to facilitate homogenization. Each quarter was weighed 

and transferred to a 1.7-mL Eppendorf tube on ice. Ice-cold 1 aCSF was added to each 

tube (2 μL/mg tissue). Tissues were sonicated on ice using a VirTis Virsonic 600 ultrasonic 

cell disruptor (Gardiner, NY) with the microtip set at 4 and 50% duty, using 30-40 1-sec 

pulses. Homogenates were subdivided into aliquots (40 μL) for FET measurements. 

Serotonin was added to individual aliquots (10 fM-100 μM final concentrations). Aliquots 

were briefly vortexed prior to aptamer-FET measurements, which were carried out on six 

replicate samples per concentration. 

 

VII.B.7. Surface-Enhanced Raman Spectroscopy 

Localized surface-plasmon resonances, i.e., hot spots, occurring in plasmonic 

nanostructures, significantly enhance Raman signals from adsorbed molecules. As such, 

surface-enhanced Raman spectroscopy (SERS) has been used to detect ultra-low target 

concentrations and even single molecules.15-17 Additionally, SERS is sensitive to 

conformational changes associated with DNA-base interactions or molecular orientations 
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resulting in shifts in SERS spectra.18,19 Halas and co-workers exploited SERS to monitor 

DNA aptamer interactions with target molecules and observed the appearance of unique 

peaks after specific binding.20   

The Au nanoshells in surfactant (poly(4-vinylpyridine) had silica cores with 

diameter 83 ± 5 nm, Au-shell thickness 30 ± 7 nm, and peak absorption at 660 nm in water, 

and were purchased from Nanocomposix Inc. (product number GSPN 660-25M, 

0.05 mg/ml; San Diego, CA). The Au nanoshells were dispersed and centrifuged in acetone 

twice to remove surfactant. They were then washed with ethanol twice and re-dispersed in 

deionized water. Aliquots (40 µl) of Au nanoshell dispersions were drop-cast onto clean 

glass slides and dried on a hotplate at 40 °C to form red ring-shaped films.21 These “coffee” 

rings consisted of close-packed monolayers of Au nanoshells, as determined by SEM 

(Figure SF.3). Images were taken using a Zeiss Supra 40VP scanning electron microscope. 

The SERS substrates were made conductive by sputtering several nm of Au/Pt for SEM 

imaging. 

Thiolated aptamers (5 μM in nuclease-free water) were heated at 95 °C for 5 min 

and rapidly cooled in an ice bath to relax molecules into extended conformations.20,22 

Aptamers were then incubated overnight with Au nanoshell monolayers for self-assembly. 

A Ranishaw inVia confocal Raman microscope was used to collect SERS spectra. A HeNe 

laser operating at 632.8 nm, in resonance with the absorption peak of Au nanoshells, was 

used for Raman excitation. The laser intensity was set at 25 µW (0.5% of total power) to 

avoid damaging DNA. A 50× objective was used to collect high-resolution spectra. Each 

spectrum was collected using a 20-s integration time, which was the accumulation of 10 
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spectra each with a 2-s exposure. A total of 20 spectra were collected for each sample and 

two replicate samples were tested for each condition. 

 

VII.B.8. Circular Dichroism Spectroscopy 

Spectral circular dichroism (CD) signatures are dominated by exciton interactions induced 

by stacking of hydrophobic bases in asymmetric helices. Therefore, the intensities and 

positions of the positive and negative peaks for oligonucleotides in sigmoidal CD spectra 

are sensitive to the extent of base stacking and orientations of dipole moments.23 

Aptamer and target concentrations were 2 μM20 in 1 PBS, 1 aCSF, 1 aCSF without 

Mg2+ and Ca2+, or 1 HEPES. To maintain the same overall ionic strength of 1 aCSF sans 

divalent cations, we adjusted the ionic strength using NaCl for CD and FET measurements. 

Aptamers were thermally treated as described above for SERS spectroscopy. Spectra were 

collected on a JASCO J-715 circular dichroism spectrophotometer at room temperature. 

Four scans were acquired per sample with 0.5 nm resolution, 1.0 nm bandwidth, a 4-s 

response time, and a 20 nm/min scan rate. Scans shown in the figures are average scans. 

Scans without targets were subtracted as background. 

 

VII.B.9. Statistics 

Data for fluorescence assays and FET calibrated responses are reported as means ± 

standard deviations and were analyzed using GraphPad Prism 7.0 (GraphPad Software Inc., 

San Diego, CA). Concentration-dependent FET responses were analyzed by two-way 

analysis of variance (ANOVA) with concentration (repeated measure) and buffer/target 

condition as the independent variables. Omnibus statistics are in Table SF.7. Data for 
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counter-target selectivities were normalized to mean responses for correct targets and are 

reported as % calibrated responses. These data were analyzed by one-way ANOVA with 

omnibus statistics reported in Table SF.8. Post hoc comparisons were by Tukey’s multiple 

comparisons. In all cases, P<0.05 was considered statistically significant. 
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VII.C. Results and Discussion 

Solution-phase selections that circumvent target tethering and are based on stem-loop 

closing were used to isolate receptors (Figure VII.1B),10,11 with appropriate counter-

selections (Tables SF.2,3). This protocol yields aptamers characterized by adaptive-loop 

binding. We isolated original receptors for dopamine, serotonin, glucose, and sphingosine-

1-phosphate (S1P) (Figure VII.1C-F, Table SF.4). Dopamine was targeted because we had 

constructed devices using a previously reported dopamine aptamer24 that required dilute 

ionic concentrations for FET sensing.2 Serotonin was pursued as another important 

neurotransmitter target25 having no publicly reported aptamers; we ultimately aim to 

distinguish serotonin from dopamine and other similarly structured molecules in 

measurements of brain intercellular signaling.26-28 Glucose was selected as an example of 

an important small, neutral hydrophilic target with minimal associated companion ions. 

Aptamers interacting directly with glucose have not been reported (cf. aptamers for 

glucose sensors).11 Additionally, S1P, which prevents chemotherapy associated apoptosis,29 

was chosen as a zwitterionic target. This endogenous lipid has good solubility (critical 

micelle concentration <10 μM). 

Fluorescence assays were used to characterize aptamer-target dissociation 

constants (Kd) (Figure SF.1a). Selections led to high affinity aptamers for dopamine 

(150 nM) and serotonin (30 nM) (Figure SF.1b,c). Counter-selections eliminated 

interactions with similarly structured molecules (Figure VII.1G,H). Notably, the new 

dopamine aptamer does not recognize norepinephrine, in contrast to cross-reactivity 

encountered with the previously reported dopamine aptamer.2,24 Poor selectivity is 

problematic for fast-scan cyclic voltammetry, the most common method for sensing 
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dopamine.26,30 The affinity of the glucose aptamer (10 mM) (Figure SF.1d) and selectivity 

with respect to analogs (Figure VII.1I) were consistent with the hydrophobicity of the 

receptor.31 The affinity of the S1P aptamer (180 nM) (Figure VII.1J, SF.1e) was not as high 

as that of a reported spiegelmer (4 nM).32 However, our method of determining Kd12 gives 

upper bounds, i.e., affinities may be higher because additional conformations upon stem 

opening are not considered.  

We initially functionalized FETs with dopamine or serotonin aptamers to investigate 

electronic small-molecule detection (Figure VII.1A). Despite sub-nanometer Debye 

screening lengths, aptamer-FETs responded to a wide range of target concentrations 

(10-14-10-9 M) in PBS (Figure VII.2A, SF.2a) or artificial cerebrospinal fluid (aCSF) 

(Figure VII.2B,C). Scrambled aptamer sequences (Table SF.5) produced negligible 

responses (Figure VII.2A-C, SF.2a). Even at physiological ionic concentrations (1 PBS) and 

hence, a significantly smaller Debye length, FET responses for the new dopamine aptamer 

were more sensitive by three orders of magnitude compared to the previously reported 

dopamine aptamer in 0.1 PBS24 (Figure VII.2A), due to improved molecular recognition 

associated with solution- vs. solid-phase selection approaches33 and by-design adaptive 

aptamer conformational changes. 
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Figure VII.2. (A) Responses of field-effect transistor (FET) sensors functionalized with a new dopamine 

aptamer (Kd=150 nM, 1 PBS) or its scrambled sequence, compared to FET responses with a previously 

reported dopamine aptamer (Kd=1 μM,24 0.1 PBS).2 (B) FET responses to dopamine in artificial 

cerebrospinal fluid (aCSF) with or without divalent cations led to concentration-dependent responses for 
dopamine-aptamer-FETs. Negligible changes in calibrated responses occurred for scrambled dopamine 
sequences. (C) For serotonin-aptamer-FETs, serotonin in aCSF led to concentration-dependent 

responses, while scrambled serotonin sequences showed negligible responses. In contrast to dopamine-
aptamer-FETs, divalent cations in aCSF did not affect serotonin responses. (D) Dopamine-aptamer-FET 

responses upon exposure to 100 µM L-3,4-dihydroxyphenylalanine (L-DOPA), norepinephrine (NE), 
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 3-methoxytyramine (3-MT), or 
tyramine were negligible compared to dopamine (10 nM). (E) Responses of serotonin-aptamer-FETs 

upon exposure to 100 µM L-tryptophan (L-Trp), 5-hydroxytryptophan (L-5-HTP), or 
5-hydroxyindoleacetic acid (5-HIAA) were negligible compared to serotonin (10 nM). (F) Concentration-

dependent responses for serotonin-aptamer-functionalized FETs after exposure to brain tissue with 
increasing concentrations of serotonin. Responses were the same 12 h later. (G) Glucose sensing was 

carried out in HEPES buffer. Responses for glucose-aptamer-FETs were minimal or negligible for 
galactose or fructose, respectively. (H) Sphingosine-1-phosphate (S1P) aptamer-FETs showed 

concentration-dependent responses to S1P but not a phospholipid with similar epitopes. Error bars 
represent standard errors of the means with N=6 (A-C, F-H) or N=3 samples per group (D,E). 

***P<0.001 vs. counter-targets. 
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Aptamer-FETs were selective for dopamine vs. structurally similar catecholamines, 

including L-DOPA, DOPAC, HVA, 3-methoxytyramine (3-MT), NE, and tyramine 

(Figure VII.2D). Serotonin-aptamer functionalized FETs showed high selectivity vs. 

indoleamines, i.e., L-Trp, L-5-HTP, or 5-hydroxyindoleacetic acid (5-HIAA) (Figure VII.2E). 

Serotonin was also distinguished from other monoamine neurotransmitters (Figure SF.2b). 

To investigate the potential for sensing in native environments, increasing concentrations 

of serotonin were added to brain tissue homogenates lacking serotonin (Figure VII.2F).34 

Sensor performance was retested 12 h later in tissue; comparable responses were obtained 

indicating stable device performance. Electronic FET responses occurred over 

physiologically relevant serotonin concentrations (10 pM-100 nM),27 suggesting the initial 

high sensitivity of aptamer-FETs can be used to offset losses often encountered in the 

presence of biological macromolecules. 

Glucose-aptamer-FETs produced concentration-dependent responses to glucose 

(10 pM-10 nM) in HEPES buffer (Table SF.6), while responses to other six-carbon sugars 

were minimal (Figure VII.2G). The zwitterionic lipid S1P was detected from 10 pM-100 nM, 

with negligible responses to a nontarget lipid (1-myristoyl-2-hydroxy-sn-glycero-3-

phosphoethanolamine) having similar epitopes (Figure VII.2H).  

Aptamer-FET sensing enabled observations indicative of mechanisms. Transfer-

curve characteristics, i.e., source-drain current (IDS) vs. source-gate voltage (VGS), for 

dopamine- vs. serotonin-aptamer-FETs changed in opposite directions with increasing 

target concentrations in aCSF (Figure VII.3A,B). We hypothesize that upon dopamine 

capture, aptamer reorientation occurs such that a significant portion of the negatively 

charged backbone moves closer to the n-type semiconductor channel, increasing 
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electrostatic repulsion of charge carriers and decreasing transconductance, measured as 

target-related current responses (Figure VII.3C). In contrast, serotonin aptamers move 

predominantly away from channel surfaces upon target capture increasing 

transconductance (Figure VII.3D). Since dopamine and serotonin each have a single 

positive charge at physiological pH, these observations argue against signal transduction 

mechanisms based exclusively on target charge, as has been proposed,35 and which would 

preclude detecting neutral targets (vide infra). Consistent with our mechanistic picture, 

increasing the distance from semiconductor surfaces by increasing stem lengths, led to 

decreases in FET-calibrated responses for glucose-aptamer-FETs (Figure VII.3E,F).  
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Figure VII.3. Mechanisms of aptamer-functionalized field-effect transistors (FETs). (A,C) Exposure of 
dopamine-aptamer-FETs to dopamine (1x aCSF) led to concentration-dependent reductions in source-drain 

currents, presumably associated with aptamer stem-loop structures folding in close proximity to semiconductor 
channels within or near the Debye length to deplete channels electrostatically. (B,D) For serotonin-aptamer-
FETs, increasing concentrations of serotonin (1x aCSF) led to increases in source-drain currents. Here, target-
mediated aptamer conformational changes are hypothesized to reorient serotonin aptamers away from FET 
semiconductor channels increasing transconductance. (E) For glucose-aptamer-FETs (left), increasing the 
distance from semiconductor surfaces by increasing the stem length (stem variants; right) resulted in (F) 
length-dependent decreases in FET calibrated responses (1x Ringers solution to mimic blood plasma ionic 
composition). 
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To investigate aptamer conformational changes further, we carried out SERS. 

Surface selection rules governing Raman enhancement modes predict that changes in the 

orientations of aptamers will be reflected in SERS spectra.20 However, Raman signatures 

are enhanced only in close proximity to metal surfaces due to the short range of evanescent 

fields, with the strongest enhancements within 1 nm of surfaces.36 We employed Au 

nanoshells as SERS substrates due to uniform and large hot spots (Figure SF.3), and high 

spectral reproducibility.37,38 After dopamine, serotonin, glucose, or S1P were introduced, 

SERS spectra for the respective thiol-aptamer self-assembled monolayers exhibited 

complex pattern changes (Figure VII.4A-D). For all aptamers, SERS spectra were unchanged 

in the presence of nontarget compounds. Along with FET transconductances, changes in 

SERS spectra in response to aptamer-target association reflected large aptamer 

conformational changes, contractions or expansions of backbones, and/or rearrangements 

in the relative positions of aptamer stems in close proximity to semiconductors. 

We carried out CD spectroscopy39,40 to investigate specific conformational changes. 

Large changes in CD peak positions and relative intensities indicated formation of new 

structural motifs for dopamine and serotonin aptamers upon recognition of targets 

(Figure VII.4E,F) vs. nontargets (Figure SF.4a,b). A parallel G-quadruplex was indicated for 

dopamine-aptamer-target complexes (maxima shifted to 260 nm).23 Spectral signatures 

consistent with the formation of an antiparallel G-quadruplex were observed for serotonin-

aptamer-target complexes (minima shifted to 260 nm; maxima shifted to 290 nm). For 

glucose and S1P aptamers, target-induced changes in FET transconductances and SERS 

spectra, in the absence of large CD spectral shifts (Figure SF.4c,d), are consistent with all 

major DNA domains, i.e., helices and single-stranded regions, being formed prior to target 
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binding. Here, adaptive binding occurs mostly through spatial rearrangement of existing 

secondary structures and companion ions.41  

Mechanistic insight arose from another key observation. When sensing was carried 

out in the presence of Mg2+ and Ca2+ normally present in aCSF, FET responses were 

potentiated for dopamine but not serotonin, compared to sans divalent cations 

(Figure VII.2B,C). Similarly, large CD spectral shifts were observed for dopamine- but not 

serotonin-aptamer-target interactions in aCSF with Mg2+ and Ca2+ compared to their 

absence (Figure SF.4e,f). Some, though not all, stem-loop receptors require divalent 

cations42 to adopt new target-induced secondary structures, which ultimately influence 

FET responses. Interestingly, FET transfer-curve characteristics changed in opposite 

directions with vs. without divalent cations for dopamine but not serotonin 

(Figure SF.5a,b,e,f). These findings further substantiate the hypothesis that divalent cations 

facilitate dopamine-aptamer target-induced conformational changes that orient 

phosphodiesterase backbones closer to FET surfaces (Figure VII.3C). Transfer-curve 

characteristics for glucose-aptamer-FET sensing in HEPES or Ringers indicate that 

predominant reorganizations upon target binding reorient aptamers away from 

semiconductor channels, similar to serotonin- and S1P-aptamers (Figure SF.5i-k). 
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Figure VII.4. Surface-enhanced Raman spectra of (A) dopamine-, (B) serotonin-, (C) glucose-, or (D) S1P-

aptamer-thiol monolayers on Au-nanoshells prior to exposure to targets, after correct target exposure, and 
following counter-target exposure. Spectral changes indicate aptamer conformational changes only in the 
presence of the matched targets. (E,F) Changes in secondary structures of aptamers upon target capture were 

investigated using circular dichroism spectroscopy. The dopamine aptamer showed significant shifts in the 
presence of dopamine indicating formation of a compact parallel G-quadruplex. By contrast, the serotonin aptamer 
showed a shift in peak positions upon serotonin addition indicating formation of an antiparallel G-quadruplex.  
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VII.D. Conclusions and Prospects 

Ultrathin metal-oxide FETs coupled to conformationally mobile aptamers selectively detect 

low-charge and electroneutral targets over large, physiologically relevant concentration 

ranges, and where direct (and massively parallel) measurements preclude sample dilution 

or other sample manipulation.28,43 Targets were detected orders of magnitude below 

aptamer Kd’s due to reorientation of negatively charged oligonucleotide receptors close to 

semiconductor surfaces. Aptamer affinities on FETs might be higher than measured by 

fluorescence assay because fluorophores and quenchers are not needed for target 

detection. However, even low receptor occupancy significantly and measurably affects 

transconductance in thin-film semiconductors such that target-receptor interactions are 

amplified.44 Sensing under biologically relevant conditions occurred without the use of 

additional surface chemistries.45 Unlike protein receptors (e.g., antibodies), highly selective 

chemically synthesized nucleic acid receptors can be identified through in vitro 

selections/counter selections. Aptamer-receptors further enable fine tuning of binding 

affinities46,47 and targeting of a wide variety of small (and large) molecules for electronic 

FET sensing.35 
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Aptamer-Field-Effect Transistors  
Overcome Debye Length Limitations and 

Enable Small-Molecule Sensing 
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Table SF.1. Debye lengths and hence, the ranges over which targets can be 

detected, increase substantially when physiological buffers (1.0) buffers, 
such as phosphate-buffered saline (PBS) or artificial cerebrospinal fluid 

(aCSF), are diluted ten-fold (0.1) or one-hundredfold (0.01).  

λ
D
 is the Debye length                      

ε
0
 is the permittivity of free space 

ε
r
 is the dielectric constant      

K
B
 is Boltzmann’s constant 

T is temperature (Kelvin) 

N
a
 is Avogadro’s number 

e is elementary charge 

I is the electrolyte ionic strength 
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Table SF.2. The SELEX/counter-SELEX processes used to identify the dopamine and 
serotonin aptamers investigated herein. Numbers of rounds of SELEX were determined 
empirically. Each elution was with 250 µL selection buffer. 
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Table SF.3. The SELEX/counter-SELEX processes for the glucose and sphingosine-1-
phosphate (S1P) aptamers investigated herein. Numbers of rounds of SELEX were 
determined empirically. Each elution was with 250 µL selection buffer. 
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Table SF.4. Sequences of aptamers and complementary (capture) strands, and 
concentrations and buffers for fluorescence assays. 
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Figure SF.1. (a) Aptamers were incubated with increasing concentrations of complementary 
(capture) strands. Fluorescence quenching was used to determine K

d
1. Upon target binding, 

aptamers fold inducing conformational changes that lead to dissociation from capture strands. 
Fluorescence in the presence of increasing target concentrations was used to determine K

d
2. 

Fluorescence curves for (b) dopamine, (c) serotonin, (d) glucose, and (e) S1P aptamers. 
Dotted lines indicate half-maximal responses. Apparent dissociation constants (K

d
) were 

calculated as the ratio of K
d
1/K

d
2. Curves are the result of triplicate measurements with 

standard deviations too small to be visualized at the scales of these plots.  
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Table SF.5. Scrambled serotonin and dopamine aptamer sequences were determined after 
secondary structures were energy-minimized using Mfold, generating thermodynamically 
stable conformations contingent on base-sequence and external constraints, such as 
temperature and ionic conditions. 
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Figure SF.2. (a) Responses of FET sensors functionalized with the new dopamine aptamer 
(K

d
=150 nM, 1x PBS) or its scrambled sequence from Fig. 2A are replotted to visualize more 

clearly response magnitudes and to compare with previously reported FET responses 
obtained with the old dopamine aptamer (K

d
=1 µM, 0.1x PBS). (b) Responses for serotonin-

aptamer-FETs in 0.1x PBS were greatly increased over those in 1x PBS due to the increase 
in Debye length. Negligible changes in calibrated responses occurred for FETs functionalized 
with the scrambled serotonin sequence. (c) Serotonin-aptamer-FETs distinguished serotonin 
from other monoamine neurotransmitters. Error bars represent standard deviations for N=6 

(a,b) or N=3 (c) FETs per condition. ***P<0.001 vs. counter-targets. 

A B 
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Table SF.6. Ionic contents for phosphate-buffered saline (PBS), 
artificial cerebrospinal fluid (aCSF), HEPES, and Ringers buffers. The 
PBS and aCSF buffers were at pH 7.4. The HEPES buffer was 
adjusted to pH 7.5. Ringers solution was used as-purchased at pH 7.4.  
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Figure SF.3.  Exposure of (a) S1P- or (b) glucose-aptamer-FETs to S1P or glucose, 
respectively, led to concentration-dependent increases in source-drain currents. Target-
mediated aptamer conformational changes are hypothesized to reorient glucose and 
S1P aptamers away from FET semiconductor channels facilitating transconductance. 
Exposure of (c) glucose-aptamer-FETs to glucose in Ringers solution with albumin, led 
to decreasing transfer curves as a function of increasing target concentration. The 
negatively charged albumin protein is hypothesized to increase electrostatic repulsion at 
the surface of the semiconducting channels. (d) Serotonin-aptamer-FET sensing of 
serotonin in brain tissue led to increases in source-drain currents, (e-h) as did exposure 
of serotonin-aptamer-FETs to serotonin under all buffer conditions. In constrast, 
exposure of dopamine-aptamer-FETs to dopamine (i) in 1.0x aCSF led to a decrease in 
source-drain current, (j-l) whereas, under all other buffer conditions, source-drain 
currents increased from baseline. (m) Regarding the previously reported dopamine 
aptamer on FETs, the source-drain current direction of change was the same as the new 
dopamine aptamer when both were measured in 0.1x PBS. This graph was reprinted 
with permission from reference 2. Copyright American Chemical Society, 2015. 
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100 nm 

Figure SF.4. (Left) Schematic of thiolated aptamer self-assembled monolayers on Au 
nanoshells. Surface-enhanced Raman spectroscopy (SERS) was used for target detection. 
Conformational changes in aptamers induced by target molecule interactions altered aptamer 
vibrational modes within the hot spots of Au nanoshells. (Right) Scanning electron microscopy 
image of uniformly packed Au nanoshells used as SERS substrates. 
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Figure SF.5. (a) Circular dichroism (CD) spectra showed 
minimal changes for the new dopamine aptamer in the 
presence of nonspecific targets. (b) Similarly, the serotonin 
aptamer showed minimal changes in CD spectra for nonspecific 
targets. (c,d) The CD spectra for glucose or S1P aptamers 
were unchanged upon target exposure suggesting that aptamer 
major secondary structural motifs are preformed and not 
dependent on the presence of targets for formation. 
(e,f) Changes in dopamine and serotonin aptamer secondary 
structures upon target capture in the presence or absence of 

divalent cations (Mg
2+ 

and Ca
2+

) were investigated using CD 
spectroscopy. The serotonin aptamer showed similar spectra 
regardless of the presence of divalent cations suggesting little 
to no conformational dependence on these ions. By contrast, 
the new dopamine aptamer showed target-mediated 
amplification of its spectral shifts when divalent cations were 
included in artificial cerebral spinal fluid (aCSF). These findings 
illustrate that the secondary structure of this dopamine aptamer 

is influenced by the presence of Mg
2+ 

and Ca
2+

. For y-axes, θ is 
ellipticity in millidegrees. 
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Table SF.7. Concentration-dependent FET data were analyzed by two-way analysis 
of variance (ANOVA) with concentration (repeated measure) and buffer/target 
condition as the independent variables. In all cases, the omnibus statistics for the 
interaction terms and main effects were highly significant. 
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Table S8. Dopamine- and serotonin-aptamer-FET 
responses to targets vs. counter-targets were 
significantly different as indicated by one-way 
ANOVAs.  
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VIII.A. Introduction 

The field of aptamer-FET sensing is a relatively new field. As such, there is, at present, a 

lack of unifying principles describing aptamer-FET sensing mechanisms. Potential 

mechanisms underlying bioFET sensing generally include signal contributions from 

substrates, recognition elements, and targets. Contributions from each of these sources 

have not been thoroughly deconvoluted and therefore, are incompletely understood and 

poorly exploited. As a result, I examine the current aptamer-FET literature from an 

agnostic viewpoint with the goal of extracting common themes and principles. In doing so, I 

acknowledge that some experimental designs and findings are not as strong as others, and 

some studies are not particularly well controlled or straightforwardly interpreted in the 

context of the broader literature.  

Nonetheless, work described in previous chapters indicate the capabilities of 

aptamer FETs to detect small charged molecules, such as the neurotransmitters serotonin 

and dopamine, as well as neutral targets such as glucose. Measurable signals from 

aptamers binding neutral targets supports the hypothesis that negatively charged 

phosphodiester aptamer backbone rearrangements upon target recognition is a critical 

factor for FET signal responses. Future findings and time will eventually clarify 

understanding of each proposed mechanism and specific advantages and disadvantages of 

aptamer-FETs.  

Reports on the use of aptamer-coupled FET sensors have been increasing over the 

last decade (Table VIII.1), although until now, only a limited number of target molecules 

have been detected using this approach. Two reviews highlight developments in materials 

design and fabrication of aptamer-FETs. The first, by Khung and Narducci focuses on 
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aptamer use with FETs based on 1D nanostructures.1 The second, by Green and Norton 

evaluates insights into the nature of DNA-graphene interactions, and effects on sensors for 

detecting DNA, small molecules, and proteins.2 In addition to 1D and 2D channel materials, 

diamond,3-5 semiconductor,6-8 and polymer9,10 FETs have been coupled to aptamers.  

One of the critical questions I try to answer below is how do aptamer-FETs detect 

analytes at concentrations that are orders of magnitude lower than aptamer-target 

dissociation constant (Kd) values?7 Fundamentally, target detection is expected to be 

related to aptamer-target affinity. In the simplest sense, higher aptamer binding affinities, 

i.e., lower Kd’s, should be associated with lower detection limits. Yet, detection limits are 

also hypothesized to be associated with probe and target charges, which are related to 

molecular size, as more highly charged probes and targets will influence FET 

transconductance to a greater extent upon aptamer capture.  
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Table VIII.1. 
Literature reports on aptamer field-effect transistor sensors as of September 2017. 

Target Size (kDa) RNA/DNA Aptamer Kd Ref Detection limit FET type Ref 

Potassium ion 0.04 DNA 500 nM 11,12 ~1 nM Silicon nanowires 11 

Dopamine 0.15 DNA 1.7 μM 13 10 pM Silicon nanowires 14 

Dopamine 0.15 DNA 1.7 μM 13 10 pM Indium oxide semiconductor 7 

Mercury ions 0.2 DNA ~30 μM 15 1.2 μM Graphene oxide on aluminum oxide gates 16 

Mercury ions 0.2 DNA 470 nM 17 1 nM Graphene oxide with gold nanoparticles 18,19 

Bisphenol A 0.23 DNA 8.3 nM 20 10 fM Aptamer sandwich-based carbon nanotubes 21 

Bisphenol A 0.23 DNA 8.3 nM 20 1 fM Multichannel carbon nanofibers 22 

Tenofovir 0.29 DNA ~10 nM 23 1.2 nM Metal-oxide semiconductor 24 

Riboflavin 0.38 DNA 1.2 μM 25 1 pM Zinc oxide semiconductor 8 

ATP 0.51 DNA 6 μM 26 1 nM Self-assembled monolayers on extended gate 27 

ATP 0.51 DNA 6 μM 26 10 pM Graphene 28 

Neuropeptide Y 4.27 DNA ~300 nM 29 10 nM Silicon nanowires 30 

HIV-1 Tat 11.5 RNA 120 pM 31 1 nM Diamond 3 

Lysozyme 14.3 DNA 31 nM 32 12 nM Self-assembled monolayers on extended gate 33 

Interferon-gamma 16.8 DNA 4 nM 34 83 pM Graphene monolayers 35 

PDGF 24.6 DNA 90 pM 36 1 nM Diamond 4 

PDGF 24.6 DNA 90 pM 36 5 fM Polypyrrole-coated carbon nanofibers 37 

Prostate-specific antigen 33 DNA ~30 nM 38 1 nM Poly(ethylene glycol)-modified graphene 39 

Thrombin 37.4 DNA 100 nM 40 10 nM Single-walled carbon nanotubes 41 

Thrombin 37.4 DNA 100 nM 40 50 nM (buffer), 170 nM 
(blood) 

Polypyrrole nanotubes 9 

Thrombin 37.4 DNA 100 nM 40 330 pM Silicon nanowires 42 

Thrombin 37.4 DNA 100 nM 40 20 pM Carbon nanotubes 43 

Thrombin 37.4 DNA 100 nM 40 6.7 nM Self-assembled monolayers on extended gate 33 

Thrombin 37.4 DNA 100 nM 40 10 nM Graphene 44 

VEGF 38.2 RNA 87 nM 45 100 pM Silicon nanowires 45 

VEGF 38.2 RNA 200 pM 46 400 fM Polypyrrole nanotubes 10 

VEGF 38.2 RNA 200 pM 46 100 fM Polypyrrole-converted nitrogen-doped graphene 47 

Insulin 58 DNA 35 nM 48 35 pM Graphene 48 

Protective antigen toxin 63 DNA 110 nM 49 1 nM Single-walled carbon nanotubes 49 

Protective antigen 83 DNA 8 nM 50 1.2 aM Graphene 51 

Carcinoembryonic antigen ~180 DNA 690 pM 52 ~6 aM Polypyrrole multi-dimensional nanotubes 53 

Immunoglobin E 190 DNA 3.6 nM 54 250 pM Carbon nanotubes 55,56 

Immunoglobin E 190 DNA 3.6 nM 54 Not tested Graphene 57 

Escherichia coli Cell ~1pg RNA N/A N/A 3.1 x 103 CFU/mL Single-walled carbon nanotubes 58 
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I first examine relationships between aptamer dissociation constants, target sizes, 

and aptamer-FET detection limits. I divided the existing literature, summarized in 

Table VIII.1, into two categories of targets consisting of small (<1 kD) vs. large (>1 kD) 

targets (Figure VIII.1). Targets were separately analyzed based on size due to 

(1) limitations in identifying high affinity aptamers for small molecules59,60 and 

(2) observations of target charge influencing biosensor detection limits for larger targets 

with higher charge densities. We excluded the last four targets in Table VIII.1 due to very 

large sizes (>100 kDa for carcinoembryonic antigen and immunoglobin E) or unreported Kd 

(Escherichia coli). The trends were the same regardless of whether all data were included. 

Thus, I chose to visualize trends without extreme data points appearing to drive 

relationships.  

Figure VIII.1. Relationships between target sizes, aptamer dissociation constants (Kd), and detection 
limits. The graph on the left shows data for targets <1 kDa. Targets >1 kDa are plotted on the right 
graph. The planes are best fits to the data (nonlinear surface fit, plane model, using the Levenberg 
Marquardt iteration algorithm in MatLab). Each plane correlates the three aptamer-FET parameters 
and is meant to guide the eye in visualizing relationships between these parameters.  
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I found that general trends for both classes of targets, regardless of FET platform, 

associated larger targets sizes with lower aptamer dissociation constants and thus, lower 

aptamer-FET limits of detection (Figure VIII.1). In many, though not all cases, detection 

limits were well below what was expected based on an equilibrium sensing model. As 

hypothesized generally for FET biosensors, aptamer-FETs appeared to have capabilities to 

detect target molecules at concentrations much lower than one order of magnitude below 

the aptamer dissociation constants. Aptamer dissociation constants determined in solution 

could differ from those characterizing aptamer-target binding when aptamers are 

immobilized on FETs. Also, aptamer dissociation constants reported for the same target 

varied across publications, depending on the technique used to determine Kd values. 
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VIII.B. Other Detection Mechanisms of Aptamer Field-Effect Transistors  

Beyond aptamer-target affinities and target charge/size, two additional factors emerge 

from the literature that appear to impact aptamer-FET feasibility and to influence detection 

sensitivity (particularly relative to translation to in vivo sensing). First, the smaller sizes of 

aptamers compared to antibodies have been hypothesized to facilitate capture of targets 

within or nearer to physiological Debye lengths. Since FET sensing mechanisms involve 

detecting changes in gate-electrode surface field potentials, it follows that the magnitude of 

target charge contributes to detectability, particularly for large targets such as proteins 

with high surface-charge densities. However, this does not explain the capacity of aptamer-

FETs to detect small molecules or neutral targets, e.g., potassium11 and mercury ions,16,18,61 

dopamine,7,62 and bisphenol A.22,63 As such, a second hypothesized mechanism of aptamer-

FETs involves conformational changes of the aptamers themselves upon target capture, 

whereby rearrangement of highly negatively charged aptamer phosphodiester backbones 

alters electric fields at the surfaces of FETs.8,37,48  

 

VIII.B.1. Effects of Target Charge in Aptamer-Field-Effect Transistor Sensing 

Sensing via aptamer-FETs has been attributed to target binding occurring partly or wholly 

within Debye lengths at channel-surface/liquid interfaces, thereby bringing charged targets 

into close proximity of FET surfaces.33,64 Matsumoto et al. posited that typical Debye 

lengths in low ionic strength (dilute) buffers at room temperature are ~5 nm.64 We 

calculate the Debye length in dilute (0.1 or 1 mM) PBS (1.0 mM Na2HPO4, 0.18 mM 

KH2PO4, 0.27 mM KCl, 13.7 mM NaCl, pH 7.4 at 25 °C) to be 2.4 nm (Figure VIII.2A). This is 

in agreement with Kim et al., who used a slightly higher concentration of NaCl in the 



310 
 

phosphate-buffered saline (15 mM versus 13.7 mM in our calculations) (Figure VIII.2B).51 

The smaller sizes of aptamers result in their partial confinement within Debye lengths 

when target capture occurs, making them advantageous compared to larger protein-based 

recognition motifs where target binding may occur considerably outside of the Debye 

screening distance. Aptamer-target binding having the potential to occur closer to FET 

surfaces gives rise to the idea that target charge may be important in aptamer-FET sensing.  

 

Figure VIII.2. Debye lengths in ionic solutions. (A) Debye length equation and typical lengths 
calculated for phosphate-buffered saline (PBS). ε0 = permittivity of free space, εr = water dielectric 
permittivity, kB = Boltzmann constant, T = temperature (K), NA = Avogadro's number, e = electron 
charge, and I = ionic strength of electrolyte (B) Schematic representation of Debye length and target 
capture from the work of Kim et al. Adapted with permission from ref. 51. Copyright 2013 Wiley.   
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In support of this hypothesis, Maehashi et al. tested biosensors targeting 

immunoglobulin E based on aptamer- vs. monoclonal antibody-modified carbon nanotube 

FETs.55 The aptamer and antibody were reported to have similar Kd’s, yet an order of 

magnitude greater response was observed upon target binding for aptamer-modified 

FETs.55 These results suggested that part of the large positively charged target protein was 

bound to the negatively charged aptamer in close proximity to the FET surface, resulting in 

a net positive charge change associated with the target-aptamer complex gating the 

semiconductor channel. Since the size of the antibody was ~10 nm,65 it was inferred that 

the target-antibody complex size would significantly exceed the Debye length and thus gate 

FETs to a lesser extent compared to the smaller aptamer. Below, we examine in greater 

detail the correlation between aptamer-FET detection limits and characteristics of targets, 

specifically size and charge.  
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VIII.B.2. Detection of Large Charged Targets by Aptamer-Field-Effect Transistors 

High molecular weight, highly charged protein targets are the common thread across the 

literature attributing aptamer-FET sensing to a mechanism involving target charge. In 

general, the larger the molecular weight of the target, the lower the detection limit for 

aptamer-FET devices (Figure VIII.1). Using aptamer-diamond-FETs, the smallest target 

protein sensed, the human immunodeficiency virus type 1 transactivator transcription 

factor (HIV-1 Tat; 12 kDa), was associated with a detection limit of 1 nM.3 Sensing was 

conducted in 0.1 phosphate buffer saline at pH 7.4, where the Tat protein possesses a 

large number of positive charges associated with its rich arginine content.66 Thus, Tat 

protein-associated charge in the accumulation layer of FET devices was postulated to result 

in changes in surface potential and thus, channel charge carrier densities.5  

Thrombin, a popular target protein for testing bioFET functionality, has a molecular 

weight of 37 kDa—three times larger than HIV-1 Tat. Thrombin was detected via anti-

thrombin aptamer-functionalized silicon-nanowire FETs at concentrations as low as 

330 pM (Figure VIII.3A,B).42 The isoelectric point of thrombin is 7.0-7.6 and the acetate 

buffer used for sensing had a pH of 5.4. Thus, thrombin was positively charged during 

capture.67 The authors proposed that positively charged thrombin molecules effectively 

screen the negative charges of the anti-thrombin aptamer backbone, while also acting as 

concentrated sources of positive charge near FET surfaces to alter conductance in silicon-

nanowire FETs. 

A similar mechanism was suggested for a vascular endothelial growth factor (VEGF), 

a protein with a molecular weight of 38 kDa, which is upregulated in many tumors. The 

detection limit for VEGF was 400 fM using an anti-VEGF aptamer coupled to polypyrrole-
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nanotube-FETs (Figure VIII.3C,D).10 The isoelectric point of VEGF is 9.5 resulting in its 

being positively charged in the pH 7.5, 1 PBS used in this study. Although VEGF and 

thrombin have comparable molecular weights, VEGF was detected with 1000-fold greater 

sensitivity. This difference may be influenced by differences in VEGF vs. thrombin aptamer 

affinities (200 pM46 vs. 100 nM,40 respectively). Differences in surface charge densities 

between the two protein targets and in the inherent sensitivities of the FETs themselves 

(nanotubes vs. nanowires) may also contribute to varying sensitivities. Further, the buffer 

conditions differed for the two studies, which alters Debye lengths directly affecting high 

sensitivity sensing regimes. Despite problems associated with dissociating sensing 

modalities, increasing molecular mass of target proteins generally correlates with 

increased charge and thus, limits of detection (Figure VIII.1). 
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Protective antigen (PA) (molecular weight 83 kDa), the cell-binding portion of 

anthrax toxin was detected at concentrations as low as 12 aM using graphene-based 

aptamer-FETs (Figure VIII.4A).51 The PA was negatively charged in pH 7.4 PBS due to an 

isoelectric point of 5.6. Protective antigen is estimated to have overall dimensions of 

10 nm  5 nm  3 nm and four domains,68 each of which are highly negatively charged 

Figure VIII.3. Detection of large protein targets (thrombin and VEGF) using aptamer FETs. (A) An 
optical microscope image of anti-thrombin aptamers functionalized on silicon nanowires strung 
between gold electrodes in a FET biosensor. Magnified schematic representation on the right. 
(B) Real-time detection of thrombin and thrombin in blood. Inset shows FET responses without 
aptamers. (C) Illustration of carbon polypyrrole nanotube FETs functionalized with an anti-VEGF 
aptamer. (D) Real-time responses to various concentrations of VEGF with a ~400 fM detection limit. 
Reproduced with permission from ref. 42 (A,B) and 10 (C,D). Copyright 2009 IOP Publishing and 2010 
Elsevier respectively. 
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compared to the 29-nucleotide PA-specific aptamer sequence. The phosphate buffer was 

10 µM for an estimated Debye length of ~24 nm (Figure VIII.2B).69 Instead of shielding the 

negative charge of the aptamer backbone, bound PA molecules increased net negative 

charge near FET surfaces, especially when unhindered by a large Debye length.  

The use of a dilute buffer facilitated comparison of sensing characteristics of 

aptamers vs. antibodies. The limit of detection of PA antibody-FETs was 12 fM compared to 

a 12 aM detection limit for PA aptamer-FETs. Moreover, the detection range of the 

antibody-FETs was three orders of magnitude compared to five orders of magnitude for the 

aptamer-FET configuration. The authors attributed improvements in aptamer-FET 

sensitivity to the higher affinity of the aptamer for its target, which they determined on 

FETs via Langmuir isotherms (antibody Kd=130 nM vs. aptamer Kd=2.3 fM).70 Interestingly, 

the Kd for the same aptamer determined in solution via fluorophotometry with Cy3 dye-

functionalized aptamers was ~8 nM.50 This comparison emphasizes the dependence of Kd 

on the method of determination. The reasons for dissociation constants being orders of 

magnitude lower at the surface of FETs vs. in solution (a phenomenon that we also 

observe) have not been yet elucidated. While this comparative study of antibodies vs. 

aptamers as recognition elements is important, conducting comparisons in dilute ionic 

buffers leaves some questions unanswered. Whether lower concentrations of solution ions 

influences molecular recognition and binding conformations of biological molecular 

recognition elements on FET surfaces remains to be understood. 
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To investigate PA-aptamer-FET 

specificity, transfer characteristics upon 

exposure to dilute PBS containing a 

nontarget, carcinoembryonic antigen, were 

measured.51 Lack of change in these current 

responses was interpreted as confirming 

aptamer specificity for PA. To test 

nonspecific binding, transfer characteristics 

of devices functionalized with linker 

molecules and without aptamers were 

tested. Here again, minimal responses were 

detected for PA in dilute PBS. The detection 

limit of PA-aptamer-FET sensing could be 

reduced another order of magnitude to 

1.2 aM by the conjugation of gold 

nanoparticles with secondary aptamers to sandwich PA molecules (Figure VIII.4B).51 The 

authors ventured that further increases in net negative charge at FET surfaces due to 

secondary aptamer/gold nanoparticle capture contributed to improvements in the limit of 

detection.  

This paper by Kim et al. exemplifies a number of key points.51 Compared to 

antibodies, aptamers appeared to confer improved sensitivity and detection ranges. 

However, from this study, it was not clear whether lower detection limits were strictly due 

to higher aptamer affinity for target or the smaller size and high density of aptamer charge 

Figure VIII.4. Charge accumulation detection via 
graphene aptamer-FETs. (A) Schematic 
illustration of aptamers immobilized on graphene-
FETs for the detection of protective antigen. 
(B) Changes in the minimum source-drain current 
when comparing the sizes of target molecules. 
Reproduced with permission from ref. 51. 
Copyright 2013 Wiley. 
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redistribution, as hypothesized above. Regarding affinity, it is curious why the dissociation 

constant for aptamer-target binding is lower on FETs vs. in solution. Nonetheless, the 

literature pertaining to large target detection strongly supports that negatively, as well as 

positively charged protein targets can be sensed via aptamer FETs.  
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VIII.B.3. Small-Molecule Sensing via Aptamer-Field-Effect Transistors 

Unlike protein targets having large 

charge densities, small molecules 

have few/single charges or are 

neutral at physiological pH. Thus, 

target charge cannot affect charge 

accumulation to a large extent at 

FET surfaces when sensing small 

molecules. Small target molecules 

offer the opportunity to explore 

mechanisms of aptamer-FET sensing 

focused on the importance of 

aptamer conformational changes, 

which would enable small molecule 

detection via aptamer-FETs.  

Anand et al. monitored 

potassium ion (0.04 kDa) efflux from 

α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-

stimulated cultured cortical neurons 

in real time using potassium-specific 

DNA aptamers tethered to silicon 

Figure VIII.5. Sensing the small-molecule 
neurotransmitter dopamine. (A) Illustration of the 
experimental setup for dopamine-aptamer modified 
silicon nanowire FETs for detecting exocytotic dopamine 
resulting from hypoxic stimulation of PC12 cells. An 
optical microscopy image of the device is shown on the 
top right and the immobilization strategy is below. (B) The 
dopamine aptamer used for both aptamer FET studies 
and the schematic for using thin film In2O3 FETs are 
shown. (C) For liquid-gate sensing experiments, the 
addition of dopamine to the liquid electrolyte solution led 
to increases in the drain current; the linear working range 
was 10-11 to 10-7 M (inset shows the calibrated 
responses)(d) Selectivity is shown via calibrated 
responses of dopamine-aptamer In2O3 sensors upon 
exposure to 1 nM each of ascorbic acid (AA), tyramine 
(TY), homovanillic acid (HVA), 3,4-dihydroxyphenylacetic 
acid (DOPAC), and norepinephrine (NE). Reprinted with 
permission from refs. 14 and 7. Copyright 2013 and 2015 
American Chemical Society. 
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nanowire FETs.11 The binding of AMPA to glutamate receptors activated associated ion 

channels facilitating sodium and potassium ion movement across cell membranes. By 

pretreating neurons with competitive AMPA-antagonists, AMPA-induced conductances 

were suppressed. Aptamer FETs showed 17-fold potassium selectivity vs. sodium, enabling 

sensing of potassium in mixtures with sodium in the background.  

The small-molecule dopamine (0.15 kDa) has been detected by aptamer-FETs. Li 

and coworkers carried out in vitro studies using Si-nanowire-FETs to detect the release of 

dopamine from PC12 cells in response to hypoxic stimulation (Figure VIII.5A).14 We have 

conducted dopamine sensing with a linear sensing range of 10 pM-100 nM in 0.1× PBS 

using In2O3 thin-film-FETs7 patterned using chemical lift-off lithography71 

(Figure VIII.5B-D). In both cases, a 57-base DNA aptamer13 recognizing dopamine with a Kd 

of 0.7 μM determined in solution via fluorescence anisotropy, was used for molecular 

recognition. Detection of dopamine, which has a single positive charge at physiological pH, 

by aptamer sequences each having 57 negative charges suggests that aptamer 

rearrangement is the predominant mechanism of sensing in this case. 

For continuous, point-of-care, label-free therapeutic drug monitoring, DNA 

aptamers coupled to n-type metal-oxide semiconductor FET devices were used to monitor 

the small-molecule drug, tenofovir (0.29 kDa), with a detection limit of 1.2 nM over a linear 

range between 1 nM and 100 nM.24 Tenofovir is an antiretroviral drug approved by the 

United States Food and Drug Administration for the treatment of patients with HIV 

infection or hepatitis B.72 The authors demonstrated the capacity to monitor selective 

concentration changes in tenofovir in real time. These examples of detection of ions or 

small molecules using aptamer-FETs suggest that aptamer conformational rearrangements 
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are important for FET sensing, particularly for small/neutral targets. This mechanism 

further highlights a significant advantage of aptamers for molecular recognition compared 

to antibodies.73 
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VIII.C. Aptamer Conformational Changes 

Aptamers possess negatively charged phosphodiester backbones that can undergo target-

induced secondary structural changes or backbone movements, with at least part of these 

rearrangements occurring in close proximity to FET surfaces. We hypothesize that a 

related mechanism of aptamer-FET sensing involves the concerted movement of solution 

electrolytes electrostatically associated with aptamer backbones and/or FET surfaces.74 

Uncharged targets that rearrange charged aptamers and displace electrolyte charge in 

near-surface regions upon recognition are hypothesized to be detectable by aptamer-FETs 

(a notion we recently tested).74 

 

VIII.C.1. Flexibility of Aptamer Backbones 

Hagen and co-workers explored the flexibility of a small-molecule riboflavin (0.38 kDa) 

aptamer25 in the context of zinc-oxide-FET sensing.8 The mfold program75 had been used to 

model the secondary structure of riboflavin aptamers. Target molecule capture was 

predicted to result in more compact, looped structures bringing negatively charged 

aptamer backbones closer to sensor surfaces upon riboflavin recognition. This 

conformational change was hypothesized to result in a negative top-gating effect (termed 

the OFF-state in Figure VIII.6A).8 The direction of electrical response was switched upon 

addition of ferrocene to the 5’ end of the aptamer, which allowed injection of electrons 

from the ferrocene into the semiconductor (termed as the ON state in Figure VIII.6B). One 

note is that while mfold is a useful tool to predict aptamer secondary structures, this tool 

does not capture the target binding-induced conformational changes that aptamers 
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undergo when tethered to FET surfaces 

(where there are presumably fewer 

degrees of freedom). 

Contributions to sensing 

mechanisms associated with 

rearrangement of aptamer backbones has 

also been suggested for large target 

molecules. Although platelet-derived 

growth factor (PDGF) is a 25 kDA positively 

charged protein at physiological pH, Jun 

and co-workers attributed highly sensitive 

(5 fM) detection of PDGF to structural 

rearrangements of aptamers upon specific 

binding when coupled to polypyrrole-functionalized carbon nanotubes.37 The change in 

negative charge density at the aptamer-FET interface was hypothesized to be responsible 

for changes in FET currents. Similarly, Hao et al. highlighted the folding of negatively 

charged aptamer backbones into compact and stable antiparallel or parallel G-quadruplex 

conformations upon binding the target molecule, insulin (58 kDa).48 In their work, 

graphene-based conducting channels were functionalized with guanine-rich insulin-

specific aptamers. Insulin binding promoted G-quadruplex conformation-switching that 

was hypothesized to bring negatively charged insulin and DNA strands into close proximity 

with the graphene surface. These changes were hypothesized to cause disturbances in 

carrier concentrations in bulk graphene.  

Figure VIII.6. When some aptamers bind their 
targets, they adopt new secondary structural 
motifs, which in many cases involve looped and 
more compact structures, as shown in this 
schematic for a riboflavin aptamer. (A) The 
secondary structure of the riboflavin aptamer 
brings the negative charges of the DNA 
backbone closer to the surface of the 
semiconductor and has a negative top-gating 
effect on the device resulting in a decrease in 
current (OFF state). (B) The addition of an 
electron-donating molecule such as ferrocene to 
the 5’ end of the DNA enables the injection of 
electrons into the semiconductor resulting in 
increases in current upon riboflavin binding (ON 
state). Reproduced with permission from ref. 8. 
Copyright 2011 Multidisciplinary Digital 
Publishing Institute. 



323 
 

The literature reviewed (vide supra) highlights the ability of aptamer-FETs to exploit 

target-induced aptamer conformational changes within close proximity to sensor surfaces. 

Aptamer backbone rearrangements enable substantial charge redistribution for detectable 

responses even for small molecules such as riboflavin.8 However, when sensing larger 

targets such as PDGF or insulin, it is difficult to deconvolute whether highly charged targets 

or negatively-charged aptamer backbone rearrangement, or a combination of both, is 

responsible for rearrangement of charge distribution. 

 

VIII.C.2. Extent of Aptamer Conformational Changes  

An aptamer folding-based mechanism and the predictability of nucleic acid secondary 

structure suggest the possibility of manipulating binding interactions between aptamers 

and their targets to advantage.76 With this strategy in mind, an additional contribution to 

the observed trends in detection with respect to target size involves the extent of 

conformational changes that aptamers undergo upon target recognition. As discussed, 

detection sensitivity is expected to correlate with intrinsic binding affinities between 

aptamers and their targets. For aptamers to have high affinities, they often require large 

target surface areas for recognition.77 Thus, for protein targets having large surface areas, 

even aptamers with relatively rigid secondary structures should be amenable for sensing.  

A thrombin-binding aptamer that has been studied extensively78-80 serves as an 

example of FET sensing using an aptamer with a rigid secondary structure. This thrombin 

aptamer structure has been well characterized via NMR81-84 and X-ray crystallography,85-87 

showing that it folds into an anti-antiparallel chair-like quadruplex structure in the absence 

of target.88,89 The minimal conformational change that occurs when the anti-thrombin 
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aptamer binds positively charged thrombin in solution supports the idea that sensing 

mechanisms relying on high target affinity and/or charge can predominate with aptamers 

having limited conformational rearrangements upon target binding. The detection limits of 

anti-thrombin aptamer functionalized FETs are in the high picomolar to nanomolar range 

(Table VIII.1), which may be due to the limited rearrangement of this aptamer backbone.  

For small target-molecule FET sensing, larger conformational changes associated 

with aptamer backbone rearrangement may be more critical compared to sensing of larger 

and more highly charged protein targets. As an example, a mercury-binding aptamer 

captures mercury ions between mismatched thymine residues in hybridized DNA, resulting 

in a folded hairpin structure (Figure VIII.7A).61 This conformational change was exploited 

for mercury ion sensing using p-type semiconductor aptamer-FETs by two different 

groups.18,61  

Bao and co-workers used organic thin-film transistors with 5,5’-bis-(7-dodecyl-9H-

fluoren-2-yl)-2,2’-bithiophene as the semiconductor modified with gold nanoparticles to 

provide modular attachment points for functionalization with the mercury-specific 

aptamer. Using this system, they observed increases in current upon target binding, which 

they attributed to aptamer folding associated with mercury-ion capture.168 These authors 

posited that increased negative charge density at FET surfaces due to rearrangement of the 

aptamer backbone induces a field effect in which excess holes in the semiconducting 

channel accumulate at the surface. The upward band bending makes the surface more 

p-type than the bulk, leading to a higher majority charge carrier density and an increase in 

conductance.  

https://mail.google.com/mail/u/0/#m_2464734244697602906__ENREF_168
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Alternatively, using reduced graphene oxide FETs coated with gold nanoparticles 

for mercury aptamer functionalization, Chang et al. explained increases in currents upon 

exposure to mercury ions instead to accumulation of Hg2+ on device surfaces upon target 

capture (Figure VIII.7B).61 Interestingly, the sign of the source-drain current change was 

opposite with the incorporation of a passivation layer consisting of a 2 nm aluminum oxide 

(Al2O3) film on the graphene oxide surface (Figure VIII.7C).61 This layer was incorporated 

to prevent free ions as charge carriers in solution from contacting FET surfaces and 

contributing to conductivity changes, while also minimizing semiconductor degradation. 

Coating with a passivation layer was suggested to minimize conductivity changes due to 

conduction effects of solution ions and doping effects. Thus, the Al2O3 layer was 

hypothesized to enable deconvolution of direct electrostatic gating effects from the 

accumulation of positively charged Hg2+ at the surface. 
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These findings emphasize the importance of systematic interrogation of aptamer-

FET sensing mechanisms associated with FET materials and functionalization/passivation 

chemistries, as well as the other parameters discussed above and below, to formulate 

more encompassing and unified theories of sensing mechanisms and understanding of the 

relative contributions of different (and sometimes competing) mechanisms. 

Figure VIII.7. (A) Schematic illustration of the Al2O3 passivation layer on the reduced 
graphene oxide (RGO) transistor functionalized with Hg2+-specific aptamers functionalized 
on Au nanoparticles (left). Schematic of the interaction between Hg2+ and the DNA aptamer 
resulting in a hairpin conformation (right). (B) Doping effect and ionic conduction on the 
RGO FET sensor without a passivation layer, which resulted in an increase in source-drain 
current upon target exposure. (C) Gating effect of the RGO FET sensor with Al2O3 
passivation layer, resulting in a decrease in source-drain current upon Hg2+ recognition. 

Reproduced with permission from ref. 61 Copyright 2015 Elsevier. 
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VIII.C.3. Detecting Aptamer-Target Conformational Changes 

Investigation of aptamer conformational changes more specifically support the likelihood 

of structural rearrangements as influencing detection mechanisms and limits of detection 

in FET sensing. Modifications of aptamers with fluorophores have been used to detect 

aptamer conformational changes via fluorescence quenching or Förster-resonance energy 

transfer (FRET) between two tethered fluorescent reporters.90 For example, cocaine was 

detected quantitatively by fluorescence quenching upon aptamer conformational changes 

associated with cocaine recognition (Figure VIII.8A).91 In this work, shortening one stem of 

the three-way junction of a cocaine-binding aptamer resulted in junction destabilization. 

Cocaine binding closes the aptamer stem resulting in stabilization of the three-way 

junction. Thus, labeling one stem with the fluorophore, fluorescein, and the other with the 

quencher, dabcyl, the cocaine aptamer conformational change upon target binding enabled 

fluorescence quenching measurements.  

Aptamers functioning as molecular switches to transduce binding events have 

enabled real-time monitoring in complex biological environments.92,93 Using the same 

cocaine aptamer described above,91 reversible cocaine binding was detected 

electrochemically at gold electrodes (Figure VIII.8B).94 One aptamer end was thiolated to 

enable self-assembly on gold. The other (free) aptamer end was modified with a methylene 

blue redox indicator. Binding-induced aptamer conformational changes increased the 

proximity of methylene blue moieties with the gold electrode producing an increase in 

electrode current due to increased electron transfer.92 For electrochemical sensors, 

aptamer sequences designed to undergo large conformational changes in the presence of 

targets have been shown to improve sensitivity and limits of detection.95-97 
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Halas and colleagues used label-free SERS to investigate aptamer interactions with 

target molecules in the context of aptamer structural rearrangements (Figure VIII.8C,D).98 

This technique utilizes localized surface plasmon resonance to significantly enhance Raman 

signals of molecules adsorbed on plasmonic nanostructures.99 Conformational changes of 

biomolecules can be tracked by SERS via significant changes in the spectra caused by 

various DNA-base interactions or orientation changes of the molecules.100,101 Nanoshell-

based substrates with high densities of uniformly distributed hotspots for SERS field 

enhancement were used due to spot-to-spot and sample-to-sample spectral 

reproducibility.102 Spectral responses arising from cocaine aptamer91 binding to cocaine 

were discriminated from weaker responses associated with aptamer binding to nonspecific 

targets benzocaine or caffeine.  

Further evidence that changes in SERS spectra result from aptamer conformational 

changes has been obtained using CD spectroscopy, which detects changes in biomolecule 

secondary structure, including that of aptamers.103-105 The CD spectra of the anti-cocaine 

aptamer before and after target introduction (Figure VIII.8E) showed that thermal 

treatment eliminates misfolds in the aptamer secondary structure, while target molecule 

interactions induce aptamer refolding, consistent with the SERS results.98  
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Figure VIII.8. Alternate detection strategies for aptamer-target capture. (A) Sensor F7-9D signals the presence 
of cocaine in solution by aptamer conformational changes that change the proximity of the 5′ and 3′ ends 
(F=fluorescein, D=dabcyl). The open structure of the aptamer is also predicted by secondary structure 
prediction programs. (B) Electrochemical aptamer-beacons undergo binding-induced “folding” of RNA or DNA 
olignucleotides, which can be monitored electrochemically via changes in electron transfer between an attached 
redox tag and a supporting electrode. (C) Thermal treatment is used to eliminate aptamer secondary structure 
prior to monolayer formation on nanoshell substrates. Conformational changes in the aptamer induced by target 
molecule interactions are monitored by surface-enhanced Raman spectroscopy (SERS). (D) SERS spectra of 
an anticocaine aptamer (i) alone, (ii) with cocaine, (iii) with benzocaine, and (iv) with caffeine. Inset: cross-
correlation SERS spectra demonstrate that differential target binding induces spectral variation by reintroducing 
aptamer hairpin structure. Error bars represent one standard deviation. (E) The CD spectra of an anticocaine 
aptamer showing a structural transition from a folded state (red) or hairpin state (blue) to an extended single-
stranded state (black). (F) Schematic representation of electrochemical detection of mercury ions using 
Faradaic impedance. Reproduced with permission from refs. 91, 94, 98, 107. Copyright 2001 American 
Chemical Society, 2011 Elsevier, 2009 American Chemical Society, and 2009 Elsevier, respectively. 
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Similarly, Perlin and co-workers used CD spectroscopy to analyze the folding of 

azole-specific aptamers functionalized to graphene-based FETs for monitoring antifungal 

drugs.106 In particular, CD spectroscopy was performed in the presence of targets and salts, 

such as magnesium chloride, which are known to affect DNA secondary structure. The 

formation of G-quadruplexes was hypothesized based on multiple stretches of guanine 

residues present in the aptamer sequence. Spectra with maxima at 260 nm and minima at 

240 nm characteristic of G-quadruplexes were observed. Furthermore, the intensities of 

the spectral peaks changed upon addition of magnesium chloride indicative of secondary 

structure stabilization via divalent cation association.  

Electrochemical impedance spectroscopy, which can be used to monitor changes in 

molecular charge densities, has been used to investigate conformational changes of a 

mercury-binding DNA aptamer composed solely of thymine bases and assembled on gold 

electrodes (Figure VIII.8F).107 Coordination between mercury ions and thymines in DNA 

results in the folding of linear aptamers into hairpin-like structures.108,109 These 

conformational changes increase steric (base stacking) and coulombic (repulsion of 

phosphodiester backbone) forces between adjacent sequences,110 changing DNA charge 

densities on the electrode surfaces. Concentrations of mercury ions were quantitatively 

determined by following interfacial changes using impedance spectroscopy. The ability to 

design aptamer sequences that undergo large conformational changes to enhance signal 

detection emphasizes a critical advantage of aptamers as recognition elements.  
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VIII.D. Solution Ion Displacement at Transistor Surfaces  

In addition to gating effects 

associated with rearrangements of 

negatively charged oligonucleotide 

backbones, we hypothesize that 

interactions between solution ions 

and FET semiconductor surfaces 

are an important aspect of 

aptamer-FET sensing mechanisms. 

While this mechanism has not 

been specifically investigated in 

the context of aptamer-FETs, it is 

suggested by microcantilever 

sensors, which are nanoscale 

systems that transduce charge 

rearrangement at surfaces.111-114 

Here, a microcantilever is the 

working electrode in a three-

electrode electrochemical system 

(Figure VIII.9A).115 Cantilever 

deflection, monitored by reflection 

of a laser spot, is measured as a 

Figure VIII.9. Charge detection via surface-functionalized 
microcantilevers (A) Schematic illustration of an alkanethiol 
self-assembled monolayer (SAM) on a gold-coated 
microcantilever. Inset: close-up view of hexanethiol 
molecules adsorbed on the gold surface, highlighting the 
redistribution of the electronic structure of the gold surface 
due to the creation of the Au–S bond. (B) Changes in the 
surface stress as a function of electrode potential in 100 
mM NaCl of (a) a SAM-modified Au-coated cantilever, (b) 
defective SAM, (c) base Au in 100 mM HClO4, and (d) bare 
Au in 100 mM NaCl. Reproduced with permission from ref. 
115. Copyright 2010 IOP Publishing. 

A 

B 
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function of the applied potential, which causes redistribution of ions at the cantilever-

solution interface. Changes in surface stress are dependent on electrochemically controlled 

adsorption/desorption of species onto the cantilever gold-coated surfaces.  

Surface stress depends not only on the adsorbed molecules, but on solution ions 

present at the gold surface (Figure VIII.9B).115 When comparing a defect-containing self-

assembled monolayer to a defect-free tightly-packed monolayer, stress increased in the 

former due to exposure of the underlying gold surface to chloride or other ions in 

solution.115,116 Furthermore, stress is modulated by the strength of adsorption based on 

anion identity. For a given potential change, the change in charge density at the gold 

surface for particular electrolyte concentrations determines the capacitance of the 

metal/solution interface and the resulting surface stress.117 Ion adsorption and desorption 

can be controlled via electrochemical potential or blocked by surface passivation.116 

Aptamers as receptors were incorporated into cantilever-based sensors by Savran 

and co-workers.118 Their system consisted of two cantilevers, the first was the sensor 

cantilever functionalized with aptamers for Thermus aquaticus (Taq) DNA polymerase, an 

enzyme frequently used in the polymerase chain reaction. The second was the reference 

cantilever functionalized with a nonspecific sequence. The difference in deflection between 

the two cantilevers was used to quantify specific binding.  

A decade later, Lennox, Grutter, and co-workers used aptamers targeting 

L-argininamide tethered to microcantilevers in a systematic study of competition between 

charged species for surface sites.119 Cantilever deflections, measured optically, were 

induced by changes in surface charge densities mediated by adsorption and desorption of 

ions in response to changes in the applied potential. Electrochemical control of chloride 
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ions (Cl-) adsorbed onto gold sensing surfaces in a potential-dependent manner120,121 was 

used to manipulate the density of ions close to and at the cantilever surface. The 

L-argininamide aptamer undergoes a conformational change to a more compact state upon 

binding to its cognate ligand.122 Compared to the relaxed state, the compact aptamer-target 

complex produces additional areas on the gold surface for Cl- adsorption. Thus, stress-

induced changes observed upon changing the applied potential likely derive from 

competition between different charged adsorbates, including Cl-, surface-bound aptamers, 

and buffer components.119 Since surface-stress change at cantilevers is proportional to the 

available and accessible gold surface area, optimal densities of surface-tethered recognition 

elements were needed for large signal responses. Covering the surface with a densely 

packed monolayer of thiolated single-stranded oligonucleotides prevented ions from 

reaching the surface and as a consequence, large changes in surface stress were not 

observed.115  

Cantilever-based systems illustrate that solution ions redistribute at sensing 

surfaces in response to aptamer conformational changes and applied potentials. They also 

point to the complexity of the mechanisms at work. To optimize FET sensor design, three-

dimensional mathematical modeling and simulations can allow calculations of physically 

relevant quantities, such as electrostatic potential, and electron and hole densities in 

devices.123-125 Reed and co-workers have calculated charge concentrations in the 

biofunctionalized boundary at semiconductor-electrolyte interfaces using the PROPKA 

algorithm.126 The simulation models the screening of biomolecules by free ions in liquid 

using a sensitivity factor. These authors calculated the charge state of the target molecule, 

PSA, using a screening factor and computed effective surface-charge densities.127,128 
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Simulations that take into account each of the different surface-charge contributors, 

including oligonucleotide recognition elements and their conformational changes, ions in 

solution, and Debye length screening effects, will be beneficial for quantifying the 

contributions of the various charged species to aptamer-FET mechanisms.  

For sensing large protein targets with high surface-charge densities, changes in 

surface field potentials are likely detectable with high sensitivity due to a combination of 

target charge, recognition element-target affinity, recognition element conformational 

changes, and changes in the densities of associated solution ions. For small-molecule 

targets, only the latter three mechanisms are hypothesized to contribute substantially to 

target detection. The capacity of aptamers, having preformed and stable secondary 

structures and/or lacking large conformational rearrangements upon target recognition, to 

transduce signals from small molecule binding led to our hypothesis that highly negatively 

charged aptamer backbones and their associated counterions may be sufficient to amplify 

minimal conformational changes via solution ion redistribution. 
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VIII.E. Conclusions and Prospects 

There are critical areas where systematic investigation is anticipated to advance aptamer-

FET sensing in general, and specifically for in vivo applications. Additional studies involving 

structural and electronic modeling will be useful for deconvoluting the relative 

contributions of each of the mechanisms discussed to sensing via aptamer-FETs, i.e., 

aptamer-target affinity, target charge, aptamer conformational changes, solution ion 

displacement, and combinations thereof. I hypothesize that when detecting large, highly 

charged protein targets, which are orders of magnitude larger than aptamer recognition 

elements, that aptamer affinity and target charge predominate transconductance 

mechanisms. By contrast, aptamer-FET sensing of small molecules or ions with few or no 

charges, which by themselves do not significantly impact overall charge distributions at 

FET surfaces, suggests that aptamer affinity and conformational changes can predominate, 

in combination with solution ion displacement/rearrangement, particularly in high ionic 

strength environments.  

Rationally designed experiments that deconvolute individual mechanisms will be 

key to improving fundamental understanding, as well as improving and exploiting 

aptamer-FETs to advantage. Conformational changes of aptamers upon target binding can 

be investigated by spectroscopic methods, such as circular dichroism, surface-enhanced 

Raman spectroscopy, impedance spectroscopy, electrochemistry, and fluorescence 

measurements, the latter using aptamers modified with fluorophores and/or quenchers. 

Specific aptamer-target combinations can be developed129 and used to improve predictive 

understanding of aptamer-FET sensing mechanisms and to optimize aptamer-FETs for 
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specific targets, target concentration ranges, and sensing milieus, including in vivo 

environments.  

Another area of importance involves carrying out in vitro experiments under 

conditions that better simulate important aspects of complex in vivo environments. I note 

that of the aptamer-FET papers reviewed, most involve sensing in dilute buffers that are 

not representative of the high ionic strength conditions to which sensors are exposed in 

vivo. While FET-based biosensors are generally promising, their implementation in vivo and 

in clinical diagnostics has been largely prevented by fundamental limitations related to 

Debye length issues. The use of aptamers offers a generalizable solution to this 

longstanding and well-recognized problem.74  

To realize biological and biomedical applications, including those in vivo, aptamer 

selectivity will need to be improved to detect targets in the presence of structurally similar 

molecules and high-concentration interferents present in physiological fluids. Multiple 

controls for targets and recognition elements will be essential for verifying the 

functionality and specificity of aptamer-FETs. To investigate specific recognition, single-

point-mutation sequences known to abrogate target recognition (or scrambled aptamers) 

can be used as controls and on devices destined for in vivo implantation (for 

subtractive/on-device referenced sensing). For target selectivity, investigation of sensor 

responses to similarly structured target precursors and/or metabolites and high-

concentration matrix molecules, e.g., ascorbate, uric acid, will enable interference and 

nonspecific recognition to be understood and mitigated.  

Although I did not focus on the influence of FET materials and designs, it will also be 

necessary to carry out rationally designed studies using different types of FETs to 
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understand and to exploit mechanisms of aptamer-FET sensing fully, as device design 

contributes to detection limits and other performance characteristics of importance for in 

vivo applications. Combining intelligent aptamer design and state-of-the-art materials for 

FET fabrication have significant potential for in vivo sensing of difficult targets, including 

many physiologically important small molecules involved in signaling pathways. 

Systematic delineation of the mechanistic aspects of interactions between aptamers and 

their targets, both small and large, will enable rational optimization of aptamer-FET 

biosensors for implementation in vivo. 
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IX.A. Introduction 

Challenges associated with implementing nanoparticles in vivo arise from poor 

understanding and control of surface interactions at the nano-bio interface.1 Immediately 

following dispersion within physiological fluids, nanoparticles are coated with proteins to 

form a protein corona,2,3 which then determines particle physicochemical properties.4,5 The 

corona defines the biological identity of the nanoparticles, which directly manifest in 

interactions with cells and thus, influences critical parameters including cytotoxicity6,7 and 

endocytosis into specific cells.8-11 Therefore, the protein corona of nanoparticles must be 

optimized prior to implementation for specific biomedical applications.12-14  

Polydopamine (PDA) nanoparticles15 have been used for a variety of biomedical 

applications in drug delivery,16-18 cancer therapeutics,19-21 antimicrobial applications,22,23 

bone and tissue engineering,24-26 and cell adhesion and patterning.27,28 Despite these 

demonstrations in vitro for biomedical applications, most have failed to be translated 

successfully in vivo.29 This challenge may arise from the protein corona surrounding PDA 

nanoparticles, which remains to be thoroughly characterized, resulting in nanoparticle-

protein interactions with undesired effects. The high adhesive properties of PDA that are 

permissive of the coating of any material,30 may in fact lead to promiscuous protein 

coatings that cause delivery and uptake issues depending on specific targets. While drug 

delivery capabilities of PDA-based nanoparticles have been shown,16,17,21,31,32 the structure 

and mechanism of dopamine polymerization have not yet been elucidated and thus, surface 

interactions between adsorbed drug molecules and the nanoparticle surface remains to be 

investigated.33  
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Inspired by PDA-based nanoparticles, we designed and developed novel 

nanoparticles based on the autoxidation of serotonin monomers. Serotonin, when left in 

basic pH conditions, self-assembles into nanoparticles. In addition to facile synthesis, 

oxidized serotonin showed reduced adhesive properties compared to PDA. We compare 

the protein corona that adheres to the surface of polyserotonin vs. PDA nanoparticles to 

investigate how different protein-nanoparticle interactions may lead to unique in vivo 

applications. We explore the potential of polyserotonin nanoparticles as multifunctional 

nanomaterials for use in cancer therapeutics by testing photothermal properties, drug 

loading and release, and biocompatibility with stem cell lines. To improve understanding of 

molecular interactions at nano-bio interfaces, we employed molecular and quantum 

dynamic simulations to model the loading of a chemotherapeutic drug doxorubicin (DOX). 

This work suggests that serotonin-based nanoplatforms can serve as versatile scaffolds for 

combined, synergistic chemo- and photothermal cancer therapeutics, while exhibiting 

reduced nonspecific adhesion of proteins encountered in vivo. 
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IX.B. Experimental Methods 

IX.B.1. Materials  

Gold films (100 nm) overlaying titanium (10 nm) on Si substrates (Au/Si) were purchased 

from Platypus Technologies (Madison, WI). Serotonin hydrochloride, dopamine 

hydrochloride, doxorubicin hydrochloride, Tris-HCl, KH2PO4, and K2HPO4 (phosphate 

buffer components) were purchased from Sigma-Aldrich (St. Louis, MO). Dulbecco's 

Modified Eagle Medium (DMEM) and Pierce bicinchoninic acid (BCA) Protein Assay Kit 

were purchased from Thermo Fisher Scientific (Canoga Park, CA). Deionized water 

(~18 M) was obtained from a Millipore water purifier (Billerica, MA).  

Young (18–25 years old) healthy male individuals undergoing third molar 

extractions were selected for extraction of gingival and dental pulp tissues. All procedures 

involving human tissues were pre-approved by the Institutional Review Boards for 

protection of human subjects’ research (IRB # BUA6510). Gingival mesenchymal stem cells 

(GMSCs) and dental pulp stem cells (DPSCs) were isolated and cultured according to 

published protocols.34,35 Human bone marrow mesenchymal stem cells (hBMMSCs) were 

purchased from Lonza Inc. (Walkersville, MD). Flow cytometry (BD Biosciences, San Jose, 

CA) was used to determine stem cell surface markers STRO-1 and CD146. Cells from 

passage four were used in all the experiments. 

 

IX.B.2. Serotonin and Dopamine Nanoparticle Synthesis 

Serotonin hydrochloride (2 mg/mL) was incubated in phosphate buffer (0.70 mM KH2PO4, 

500 mM K2HPO4, pH 9.5) for 5 days to produce polyserotonin nanoparticles. Polydopamine 

nanoparticles were synthesized via an oxidation and self-polymerization dispersion 
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polymerization procedure.17,19,32 Briefly, dopamine hydrochloride was dissolved in Tris-HCl 

buffer (10mM, pH 8.5) and the mixture was stirred in the dark for 16 h to polymerize 

dopamine at room temperature. 

 

IX.B.3. Characterization 

IX.B.3.a. UV-visible Spectroscopy 

Absorbance measurements were performed using an Evolution 600 UV-visible 

spectrophotometer (Thermo Scientific).  

 

IX.B.3.b. Dynamic Light Scattering and Zeta Potential 

Dynamic light scattering (DLS) and Zeta potential measurements were performed at 

pH 7.4 using a Zetasizer (Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK). 

Measurements were conducted in backscattering mode at an angle of 173° for diluted 

polyserotonin nanoparticle suspensions in water at 37 °C. 

 

IX.B.3.c. Scanning Electron Microscopy  

Polyserotonin nanoparticles were centrifuged and washed three times in deionized water, 

drop-cast onto Au/Si substrates, and incubated overnight. The substrates were rinsed with 

deionized water and blown dry with nitrogen gas prior to imaging. Samples were imaged 

with a JEOL JSM-6700F field emission scanning electron microscope with a 3 kV 

accelerating potential. 
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IX.B.3.d. Atomic Force Microscopy  

Particles were imaged by AFM using a Bruker Dimension Icon Scanning Probe Microscope 

(SPM). The topography and mechanical properties of these particles were simultaneously 

measured using the PeakForce Quantitative Nanomechanical Property Mapping (PeakForce 

QNM) mode. ScanAsyst-Air cantilevers (Bruker, spring constant = 0.4 +/- 0.1 N/m) were 

used for all of the measurements. The peak force set point was chosen and adjusted 

automatically through the ScanAsyst® imaging mode.  

 

IX.B.3.e. X-ray Photoelectron Spectroscopy  

An AXIS Ultra DLD X-ray photoelectron spectrometer (Kratos Analytical Inc., Chestnut 

Ridge, NY, USA) was used for elemental surface analysis. The spectrometer uses a 

monochromatic Al KR X-ray source with a 200 μm circular spot size and ultrahigh vacuum 

(10-9 Torr). 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, and N 1s, regions using a 300 ms dwell time. For 

both scan types, 15 kV was applied with an emission of 10 mA. Three scans were 

performed for survey spectra and 10 scans for each of the high-resolution spectra. 

 

IX.B.3.f. Protein Corona  

Protein corona experiments were performed as reported previously.36,37 Briefly, venous 

blood was obtained from ten healthy donors. Plasma was separated, and protein 

aggregates were removed by ultracentrifugation. Nanoparticles were incubated with 

human plasma under gentle shaking for 3 h, separated using ultracentrifugation at 

20,000x g for 1 h, and then washed three times. Proteins were then eluted after dissolving 
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nanoparticles by reducing the pH to 3.0 and shaking the solution for 30 min. Protein 

concentration was assessed via micro BCA protein assays.  

 Afterwards, proteins were digested following reported protocols.38 Quantitative 

analysis of protein samples was performed by liquid-chromatography mass-spectrometry 

(LC-MS). A LTQ Orbitrap XL Mass Spectrometer (Thermo Fisher Scientific) coupled with 

Eksigent NanoLC-2D HPLC and autosampler was used after 10-fold dilution of digested 

protein samples in 0.1% formic acid. The experimental details were as reported by 

Schöttler et al.36 Mass spectra were collected over a m/z range of 300-2000 Da. All samples 

were analyzed in triplicate to quantify the amounts of each protein adsorbed on 

nanoparticle surfaces.  

 

IX.B.3.g. Cell Viability 

Standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

colorimetric assays were conducted using human bone-marrow mesenchymal stem cells, 

hBMMSCs, GMSCs, DPSCs, and a cervical cancer cell line, HeLa cells, to examine the 

cytotoxicity of the fabricated nanoparticles. To determine cell cytotoxicity/viability, the 

cells were plated at densities of 10,000 cells per well in 96-well plates and incubated 

overnight at 37°C in an incubator maintained at 5% CO2. Cells were then incubated with 

nanoparticles over a concentration range of 1–400 μg/mL. The culture medium was 

discarded after 24 or 48 h and cells were washed with PBS (pH 7.4) followed by incubation 

for 2 h with 100 μL of MTT solution in DMEM (500 μg/mL in phosphate buffer pH 7.4). The 

medium containing MTT was replaced with 150 μL of dimethyl sulfoxide (DMSO) in each 

well. 
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After shaking the plates for 10 min, the absorbance values of the wells were 

recorded with a microplate reader (Bio-Tek Synergy HT, Winooski, VT, USA) at a 

wavelength of 570 nm. The control culture medium contained no nanoparticles. All 

measurements were performed at room temperature. The spectrophotometer was 

calibrated to zero absorbance using control culture medium containing no cells. The 

relative cell viability (%) related to the control wells, containing cell culture medium 

without nanoparticles, was calculated as:  

[A]test/[A]control × 100, 

where [A]test was absorbance of the test sample and [A]control was absorbance of the control 

sample.  

 

IX.B.3.h. In Vitro Drug Release 

To determine in vitro drug release profiles, lyophilized DOX-loaded polyserotonin 

nanoparticles (1 mg) were dispersed in 1 mL of 1× PBS (pH 7.4). The solutions were placed 

in a 3500 Da MWCO dialysis cartridge (Thermo Scientific, Waltham, MA, USA). Cartridges 

were then immersed in 1 L of PBS and gently shaken at 37 °C in a water bath. At 

predetermined intervals, buffered solutions were collected and replaced with equivalent 

volumes of fresh PBS. The DOX concentrations were measured by UV spectrophotometry at 

430 nm.  

 Concentrations were evaluated over a linear concentration range. In this range, the 

percent deviation from theoretical value was found to be less than 5% and coefficients of 

linearity remained greater than 0.96 using clean DOX standards. The DOX concentrations 

were corrected for sampling effects according to the following equation:  
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Cnl = Cn[VT/(VT-VS)](Cn-1l/Cn-1) 

where Cnl is the corrected concentration of the nth sample, Cn is the measured concentration 

of DOX in the nth sample, Cn-1 is the measured concentration of the (n-1)th sample, VT is the 

volume of receiver fluid, VS represents the volume of the sample drawn (1 mL), and Cn-1l is 

the corrected concentration of the (n-1)th sample. Loading efficiencies of the nanoparticles 

were determined by applying the following equation:   

DOX Loading efficiency = (DOX adsorbed to nanoparticles/initial amount of DOX) × 100%. 

 

IX.B.3.i. Photothermal Therapy 

A thermal imaging camera (FLIR Systems; Nashua, NH, USA) was used to record near-

infrared laser irradiation-induced increases in temperature (808 nm; 1.5 W·cm-2). For 

photothermal ablation of cancer cells, HeLa cells were seeded in tissue culture dishes at a 

density of 40,000 cells/cm2 and were cultured for 24 h at 37 °C in an incubator maintained 

at 5% CO2 until 80% confluence. Next, the medium was replaced with nanoparticle-

containing medium (25-400 mg/ml). After incubation for 4 h, the cells were rinsed three 

times with PBS to remove free nanostructures. Fresh medium was added and then laser 

light at 808 nm; 1.5 W·cm-2 with a 250-nm diameter spot-size was irradiated for 6 min. Cell 

viability was characterized by using the live/dead assay and MTT assay as described above.  
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IX.B.4. Theoretical Details  

IX.B.4.a. Quantum Mechanics Computations  

To explore DOX affinity for polyserotonin nanoparticles, ab initio quantum mechanics (QM) 

computations employing density functional theory (DFT) methods were applied. The 

molecular structures of DOX and serotonin are displayed in Scheme IX.1. As illustrated, a 

number of oxygenated and nitrogenous moieties are present in DOX and serotonin. 

Accordingly, to examine interactions between the functional groups of DOX and serotonin, 

five different starting DOX-serotonin clusters were constructed. These hybrid clusters were 

subjected to geometry optimization based on DFT calculations. Within DFT computations, 

the electronic exchange-correlation interactions were taken into account using two 

different levels of M06-2X39 and B3LYP in conjunction with the 6-311G(d,p) basis 

function.40-42 Lowest energy geometries were utilized to determine the partial atomic 

charges of DOX and serotonin, and their binding energies. The electrostatic potential (ESP) 

based method, ChelpG, was adopted to analyze the partial charges of geometry-optimized 

DOX and serotonin for subsequent use in classical atomistic molecular dynamics (MD) 

simulations.43 All QM computations were done using the Gaussian 09 suite of programs.44 
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IX.B.4.b. Construction of Serotonin Surfaces 

Besides first-principles QM computations, classical MD simulations were applied to 

examine DOX-polyserotonin affinity at a larger atomic scale. As the structure of 

polyserotonin is not understood, in addition to serotonin, two different dimers (designated 

as dimer-1 and dimer-2) and two different tetramers (called tetramer-1 and tetramer-2) 

based on the serotonin structure were built to represent polyserotonin. The minimum 

Scheme IX.1. The B3LYP/6-311G(d,p) optimized geometries of DOX and serotonin and its 
constructed two dimers and two tetramers chosen for theoretical QM calculations and MD simulations. 
The atomic color code is: carbon gray, oxygen red, hydrogen white, and nitrogen blue.   
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energy structures of these dimers and tetramers resulting from DFT/B3LYP/6-311G(d,p) 

are demonstrated in Scheme IX.1.  

To construct surfaces of serotonin, serotonin dimers, and serotonin tetramers, their 

corresponding energy-minimized structures derived from QM calculations were utilized. 

First, a serotonin cell consisting of 100 serotonin molecules, two serotonin dimer cells each 

containing 50 molecules of respective dimer, and two amorphous cells for serotonin 

tetramers including 25 serotonin tetramers were generated at a lower density of 0.5 g·cm-3 

using Materials Studio software.45 These five simulation cells were energy minimized by 

Smart minimizer algorithm for 2000 steps and then subjected to NPT MD simulations 

performed for 250 ps at 1 atm and 300 K. Afterwards, a vacuum space of approximately 

30 Å was placed above all equilibrated cells in a direction normal to the surface, that is the 

z-axis.  

 

IX.B.4.c. Molecular Dynamics Simulations 

To conduct MD simulations, the DFT-optimized DOX geometry was first placed over all five 

simulation cells at larger distances from each surface. The cells containing serotonin-based 

adsorbent and DOX adsorbate are depicted in Figure SG.1 Before MD simulations, the 

potential energy of these cells was minimized by applying the Smart minimizer algorithm 

for 2000 steps. Subsequently, MD simulations were executed on optimized cells in the NVT 

ensemble (N is the number of particles in the system; V is the system volume; T is the 

absolute temperature) for 300 ps at room temperature. Both optimization and dynamics 

simulations were carried out using the Forcite module, as available in the Materials Studio 

software.45  
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Except for the partial atomic charges elucidated from ab initio QM computations, all 

other potential energy parameters required for the calculations of bonded and non-bonded 

interactions of DOX and serotonin (i.e., monomer, dimers, and tetramers) were taken from 

the COMPASS (condensed-phase optimized molecular potentials for atomistic simulation 

studies) force field.46,47 During MD simulations, both van der Waals and electrostatic 

interactions were modeled by the Ewald summation scheme. The velocity Verlet method 

with a time step of 1 fs was applied for the integration of Newton’s equation of motion.48 
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IX.C. Results and Discussion 

IX.C.1. Synthesis and Characterization of Polyserotonin Nanoparticles 

For the synthesis of polyserotonin nanoparticles, we incubated serotonin monomers under 

alkaline conditions (2 mg/mL in phosphate buffer, pH 9.5) for one to five days (Figure 

IX.1A). While this method did not require the addition of a catalyst, the kinetics of 

polyserotonin nanoparticle formation appeared substantially slower than dopamine 

polymerization, which has been reported to be on the order of minutes.49 Conventionally, 

dopamine nanoparticles are synthesized by the oxidation and self-polymerization of 

dopamine in a mixture containing water, ethanol, and ammonia at room temperature.20 

Similarly to PDA formation,50 the oxidation process of serotonin can be monitored via the 

appearance of a UV absorption peak with time, coupled with a color change of the solution 

from colorless to dark brown (Figure IX.1B). Serotonin incubated under mildly acidic 

conditions (pH 6) did not show additional absorption peaks or solution color change even 

after 5 days.  

The size distribution of polyserotonin nanoparticles was visualized by SEM (Figure 

IX.1C). The average particle size was ~440 nm after 5 days of incubation determined by 

DLS measurements (Figure IX.1D). A polydispersity index of 0.06 indicated single size 

modes with minimal aggregates.51 The zeta potential of the serotonin nanoparticles 

showed a sharp peak at approximately -45 mV, indicative of an overall negative surface 

charge (Figure IX.1E). Serotonin monomers have two protonation sites, an aliphatic amino 

group and an aromatic hydroxyl moiety with pKa values of 9.97 and 10.73 respectively.52,53 

Since the serotonin nanoparticles were synthesized at a pH of 9.5, which is close to the pKa 

of the amino group of serotonin, we predicted these particles to be composed of a mixture 
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of cationic (protonated amino group) and neutral (deprotonated amino group) serotonin. 

However, we observed a negative surface charge for these serotonin nanoparticles. 

The zeta-potential of dopamine-melanin films has been shown to -40 mV similar to 

the polyserotonin nanoparticles.54 Dopamine has similar pKa values as serotonin – two 

phenolic hydroxyl groups with pKa values of 9.44 and 12.8 and a primary amine with pKa 

10.75.55 The negative zeta-potential for dopamine-melanin films is hypothesized to 

originate from the dissociation of the quinone imine and catechol groups at a pH of 

8.5.54,56,57 Thus, while the mechanism by which serotonin monomers cluster to form 

spherical nanoparticles is not clear, we hypothesize that serotonin undergoes a similar 

polymerization process to rationalize the resulting negative surface charge. 

Figure IX.1. (A) Schematic illustration of the synthesis process of polyserotonin nanoparticles (not to 
scale). (B) UV-vis spectra for aqueous solutions of serotonin incubated at either pH 6 or pH 9.5 over 5 
days with a photograph of cuvettes containing samples at each time point under basic conditions. (C) 
SEM images of polyserotonin nanoparticles. (D) Average sizes of polyserotonin nanoparticles 
determined to be 440 nm via dynamic light scattering with a polydispersity index of 0.06. (E) Zeta-
potential of polyserotonin nanoparticles. 
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X-ray photoelectron spectroscopy was performed to identify the composition and 

chemical bonding of the polyserotonin nanoparticles. Serotonin hydrochloride incubated in 

acidic buffer (phosphate buffer, pH 6.5) to hinder polymerization-preceding oxidation, was 

used to investigate the differences in the chemical bonding characteristics of monomeric 

serotonin vs. oxidized serotonin that form nanoparticles. The lack of serotonin nanoparticle 

formation at mildly acidic pH, even after five days was confirmed via SEM (Figure SG.2). 

The elements present in monomeric serotonin, (carbon, oxygen, and nitrogen), appear in 

the respective spectra for the base-treated nanoparticles (Figure IX.2A,B).  

The C 1s regions for both the serotonin monomers and nanoparticles can be fit with 

four peaks corresponding to C–H/C–NH2 (285 eV), C–O/C–N (286 eV), C=O/C=N (288 eV), 

and π → π* (291 eV) species.49,58 While the basic peak shapes for both these spectra are 

similar, the peak intensities corresponding to oxygen functional groups are more dominant 

in the nanoparticle case, suggesting that serotonin was indeed oxidized. The O 1s regions 

for both samples can be fit with two peaks corresponding to O=C (531 eV) and O–C (533 

eV) species.49,58 It should be noted that the additional peak at 535 eV, seen in Figure IX.2E, 

is an overlap from the Na KLL auger peak.58 While the N 1s regions for both the serotonin 

monomers and nanoparticles have peaks corresponding to R–NH2 (402 eV) and R–NH–R 

(400 eV), there are additional peaks corresponding to =N–R (399 eV) and oxidized nitrogen 

functionalities (403 eV) for the polyserotonin nanoparticles.58-60 Together, these additional 

peaks show that serotonin is oxidized and likely polymerizes to form nanoparticles.  
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Additionally, we visualized the polyserotonin nanoparticles using peak-force atomic 

force microscopy (PF-AFM), an intermittent contact mode used to measure the topography 

and nanomechanical properties of materials. The AFM topography map in Figure IX.2C 

shows polyserotonin nanoparticles having approximately 500 nm diameters. These 

measured diameters are consistent with those measured via SEM and DLS. We also used 

PF-AFM to measure the adhesion force, the force required to retract an AFM tip from a 

surface, of the polyserotonin nanoparticles in comparison to PDA nanoparticles. As shown 

in the adhesion maps of polyserotonin nanoparticles (Figure IX.2C) and PDA nanoparticles 

Figure IX.2. Characterization of polyserotonin nanoparticles. (A) XPS spectra for the C 1s, O 1s, and 
N 1s peak for serotonin incubated at acidic pH to prevent nanoparticle formation. (B) XPS spectra for 
the C 1s, O 1s, and N 1s peaks for serotonin incubated at basic pH to induce polymerization and 
nanoparticle formation. Fitted curves are labeled with corresponding species. The dashed line in the 
spectra represents the global envelopes corresponding to the sum of the Gaussian-Lorentzian peaks 
used to fit the spectra. (C) Atomic force microscopy of serotonin nanoparticles showing height, 
adhesion, and deformation. 
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(Figure SG.3), the difference in adhesion, between the nanoparticles and the Au substrate is 

approximately four times greater for PDA compared to that of the polyserotonin 

nanoparticles. Thus, these adhesion maps suggest that PDA is significantly more adhesive 

than the polyserotonin nanoparticles. The greater adhesion for PDA is likely due to the 

availability of functional groups, such as the catechol, post-polymerization. 

 

IX.C.2. Protein Corona 

One of the main criteria in selecting nanoparticles for biomedical applications is their level 

of interaction with proteins in biological environments. Interfacial interactions of 

nanoparticles with various blood proteins alters therapeutic functionality in an 

unpredictable manner.61 In 2007, the term “protein corona” emerged to depict the 

spontaneous self-assembly and layering of proteins onto nanoparticle surfaces.3 Despite 

nanoparticle surface functionalization strategies aimed at reducing protein adsorption, 

there is currently no strategy to fully eliminate protein corona formation.62 We 

hypothesized that the reduced adhesive properties of polyserotonin nanoparticles 

compared to dopamine nanoparticles would influence protein corona formation on the 

surfaces of these nanoparticles.  

 To assess differences in adhesive properties between PDA vs. polyserotonin 

nanoparticles and to investigate whether surface adhesion influences protein adsorption 

directly, we analyzed the adsorption of over 100 proteins using LC-MS. Depending on the 

nature of each protein and the nanoparticle surfaces, some proteins associated weakly and 

quickly dissociated (soft corona), while others bound strongly and irreversibly (hard 

corona).3,63 Polyserotonin nanoparticles adsorbed about 60% less identified plasma 
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proteins in comparison to PDA nanoparticles, possibly due to the lower surface adhesion as 

determined by the AFM results (Figure IX.2G and SG1). 

 Fibrinogen, a coagulation protein, was found to be the major plasma component in 

the hard corona for both serotonin and dopamine-based nanoparticles (Figure IX.3). High 

adsorption levels of fibrinogen have been reported for hydrophilic nanoparticle surfaces 

and amine-modified quantum dots,64 at significantly higher quantities than other adhesion 

proteins.65 Fibrinogen surface adhesion is problematic for in vivo delivery because it 

triggers activation of the immune system via hemostasis and leukocyte activation.66,67  

 Serum albumin was the protein with the second highest surface adsorption for both 

serotonin and PDA-based nanoparticles. Bovine serum albumin has been used to coat the 

surfaces of drug delivery carriers to form “stealth” nanoparticles with prolonged blood 

circulation times.68 Preformed albumin coronas have also been shown to be a strategic way 

to decrease nonspecific adsorption of other immune-triggering proteins and to decrease 

the clearance rate of nanoparticles.69,70 Thus, having a high surface coverage of serum 

albumin may in fact be advantageous for the nanoparticles. The complement system is the 

first line of defense against foreign materials that causes inflammation and damage to the 

host.71,72 Relatively low levels of complement proteins adsorbed on the surface of both 

polyserotonin and PDA nanoparticles, which may result in longer blood circulation times 

for these nanoparticles.73  

 Coating nanoparticles with the hydrophilic polymer, polyethylene glycol (PEG), has 

been shown to impart steric stabilization and to reduce surface adhesion of blood proteins, 

thereby prolonging circulation half-lives in vivo.74 To this end, we coated polyserotonin 

nanoparticles with PEG via incubation of nanoparticles with PEG-SH at basic pH (~8.5) for 
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24 h. As shown in Figure IX.3, PEGylation of polyserotonin nanoparticles reduced total 

protein adsorption levels by a factor of three. Post PEGylation, fibrinogen adhesion was 

reduced by ~85%, which suggests that PEGylated polyserotonin nanoparticles may evoke 

reduced immunological responses when exposed to in vivo environments.  

 Clusterin, a lipoprotein, was found to be the major protein in the hard corona of 

PEGylated polyserotonin nanoparticles. High levels of clusterin adsorption were previously 

reported for other PEGylated36,75, silica38- and lipid-based76 nanoparticles. It has been 

reported that clusterin adhesion on the surface of PEGylated nanoparticles induced the 

stealth effect and inhibited nanoparticle uptake by phagocytes.77 Thus immunotoxicity can 

be mitigated or augmented depending on the type of nanoparticle and adsorbed plasma 

proteins.78 Analyzing the protein corona of three different nanoparticle compositions 

demonstrated the importance of investigating nano-bio interfaces at nanoparticle surfaces, 

which will enable choices of delivery vehicles depending on the targeting application and 

experimental design. 
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IX.C.3. Cell Viability 

Polyserotonin nanoparticles were incubated with three different types of human-derived 

stem cells (i.e., hBMMSCs, GMSCs, and DPSCs) to assess the biocompatibility. Stem cells 

were incubated with nanoparticles at different concentrations, ranging from 1 to 

400 μg.ml-1 to investigate polyserotonin nanoparticle cytotoxicity. A standard MTT assay 

was used to measure cell viability at two different time points, 24 h and 48 h. As shown in 

Figure IX.4, even after 72 h of culturing, a viability of >90% was achieved at lower 

concentrations (1-25 μg.ml-1) of polyserotonin nanoparticles. At elevated concentrations 

(>25 μg.ml-1), reduced viability was observed after 72 h of culture. However, even at this 

time point, polyserotonin nanoparticles displayed lower cytotoxicity (P<0.01) than their 

dopamine counterparts (~90% cell viability for polyserotonin nanoparticles vs. ~80% 

viability for PDA nanoparticles at high concentrations (100 mg/mL; Figure SG.4)). 

Figure IX.3. Schematic of presumptive interactions with plasma proteins and polyserotonin (PST) 
nanoparticles (left). Heat map of the adsorbed proteins on PDA, PST, and PEGylated PST 
nanoparticles, evaluated by proteomic mass spectrometry and ordered based on their abundances 
(right). Average from triplicate measurements are illustrated in femtomoles. Percentages of identified 
proteins are grouped according to biological class. 
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IX.C.4. In Vitro Drug Release and Photothermal Therapy 

Mild photothermal heating (~45°C) has been shown to improve treatment efficacy by 

enhancing cellular uptake of chemotherapeutics or triggering intracellular drug release 

from nanocarriers without causing cell necrosis.79,80 Near-Infrared (NIR)-triggered nano-

drug carriers have been extensively explored for cancer combination therapy.81 It has been 

reported that PDA-based nanoparticles can kill cancerous cells and suppress tumor growth 

via photothermal effects by NIR irradiation.20 We investigated whether polyserotonin 

nanoparticles display a similar effect.  

Figure IX.5A shows the change in the temperature of the DMEM media over time 

during laser irradiation at different polyserotonin nanoparticle concentrations. The 

maximum temperature change for the PBS media was less than 5°C for samples without 

polyserotonin nanoparticles. Samples with polyserotonin nanoparticles (>100 μg.ml-1) 

showed temperature increases of more than 20 °C after NIR irradiation, as shown in Figure 

IX.5B. We observed that the temperature increase was higher for PDA nanoparticles 

Figure IX.4. Cellular viability of human bone-marrow mesenchymal stem cell, (hBMMSCs), gingival-
derived mesenchymal stem cell (GMSCs), and human dental pulp stem cells (DPSCs) after incubation 
with different concentrations of serotonin-based nanoparticles after 24 h (left) and 72 h (right). 
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(Figure SG.5) compared to polyserotonin nanoparticles. This may be due to the higher 

degree of polymerization in the case of PDA nanoparticles.  

 In addition to targeted heat therapy, we explored the drug loading and delivery 

capabilities of polyserotonin nanoparticles. Doxorubicin is an anticancer chemotherapeutic 

drug, extensively used for the treatment of solid tumors and acute leukemias.82 Akin to PDA 

nanoparticles, polyserotonin nanoparticles can be used for DOX loading by means of 

surface adsorption via π-π stacking and hydrophobic interactions (Figure IX.5C).19,32,83 

Comparative studies of the loading efficiencies of PDA vs. polyserotonin nanoparticles are 

shown in Figure SG.6. The in vitro drug release profiles of DOX-loaded polyserotonin 

nanoparticles in PBS (37 °C) at different pHs are shown in Figure IX.5D. At pH 7.4, 

polyserotonin nanoparticles exhibited slow DOX release over a time span of 100 h. 

 However, polyserotonin nanoparticles exhibited high sensitivity to changes in pH. 

At pH 6.5 (mimicking tumor microenvironments) and at pH 5.5 (mimicking intracellular 

lysosomal pH) polyserotonin nanoparticles showed significantly faster release profiles 

compared to pH 7.4. This result is promising for localized cancer therapy delivery where 

the loaded drug will not be fully released from the surface of the polyserotonin 

nanoparticles while in circulation, but can be liberated upon reaching acidic tumor 

microenvironments. 

 Polyserotonin nanoparticles thus have the potential to be used as combination 

cancer therapeutic agents via photothermal effects, as well as efficient loading and release 

of the anticancer drug DOX. A critical requirement for an improved cancer therapeutic is 

the ability to maximize lethal effects at tumor cell sites. We examined the toxicity of 

unloaded vs. DOX-loaded polyserotonin nanoparticles with and without laser irradiation. 
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Similar to cell viability results previously performed with stem cells lines (Figure IX.4), 

polyserotonin nanoparticles alone showed no cytotoxic effects for HeLa cells, even at high 

concentrations (200 μg/mL). However, DOX-loaded polyserotonin nanoparticles reduced 

cellular viability significantly in a concentration-dependent manner (Figure IX.5E).  

 Laser irradiation of PDA nanoparticles has been shown to ablate tumors completely 

via localized increases in temperature.84 Upon irradiation with the NIR laser, the death rate 

of cancer cells significantly increased and was dependent on polyserotonin nanoparticle 

concentrations. Effects were more highly pronounced at higher polyserotonin nanoparticle 

concentrations and were more notable for DOX-loaded polyserotonin nanoparticles, which 

showed about 80% cytotoxicity at a concentration of 50 μg.ml-1 of nanoparticles. 

Figure IX.5F shows the estimated half maximal inhibitory concentrations (IC50) for 

serotonin-based nanotherapeutics. While polyserotonin nanoparticles alone were nontoxic, 

a synergistic cytotoxic effect of DOX-loaded nanoparticles post-laser exposure was found to 

reduce the required doses of the nanotherapeutic by 40% and 100% compared to DOX or 

laser treatment alone, respectively.  
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Figure IX.5. (A) In vitro heat generation in PBS suspensions containing various concentrations of 
serotonin-based nanoparticles after NIR-irradiation (808 nm laser; 3 W·cm-2; 10 min). (B) Temperature 
change (ΔT) over a period of 10 min for various concentrations of serotonin-based nanoparticles (NPs) 
after NIR-irradiation. (C) Loading efficiently of DOX (DOX) on the surface of PST nanoparticles at 
different initial drug contents. (D) Cumulative in vitro release profiles of DOX from serotonin-based 
nanoparticles in PBS solution at different pH values mimicking tumor microenvironments (pH 6.5) and 
intracellular lysosomal environments (pH 5.5). (E) MTT-based cell viability assay of HeLa cells after 
24 h of exposure to DOX-loaded and unloaded polyserotonin nanoparticles as a function of 
concentration at 37 °C. The effect of laser exposure and combinatorial treatment (DOX-loaded 
nanoparticles + laser exposure) on cellular viability of HeLa cells is also demonstrated. (F) Estimated 
half maximal inhibitory concentrations (IC50) for serotonin-based nanotherapeutics. 
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IX.C.5. Molecular and Quantum Dynamics 

To obtain electronic-/atomic-level details regarding the interactions responsible for DOX 

adsorption to serotonin-based nanostructures, theoretical electronic QM computations and 

all-atom MD simulations were performed. Figure IX.6A depicts the final geometry-

optimized DOX-serotonin clusters extracted from DFT computations at the M06-2X/6-

311G(d,p) level. According to these lowest energy geometries, it is evident that different 

DOX functional groups, including hydroxyl (-OH), carbonyl (-C=O), and amine (-NH2), were 

involved in intermolecular hydrogen bonding interactions with the hydroxyl and primary 

amine groups of serotonin. This theoretical outcome substantiates the central role of 

hydrogen bonding interactions in DOX adhesion to polyserotonin nanoparticle surfaces. 

Furthermore, it can be seen that in one of the hybrid clusters, the aromatic backbone of 

serotonin is aligned with a parallel orientation relative to the aromatic heterocycles of DOX, 

implying the presence of π-π interactions between DOX and serotonin.  

In addition to visualized interactions, the DOX-serotonin binding affinity was probed 

quantitatively by computing the binding energy term (ΔEbinding), expressed as follows: 

ΔEbinding = Ecluster – (EDOX + Eserotonin). In this expression, Ecluster is the potential energy of the 

optimized DOX-serotonin clusters, and EDOX and Eserotonin represent the potential energies of 

the isolated DOX and serotonin molecules respectively. The computed ΔEbinding for all 

hybrid clusters, as well as the binding energies determined from the B3LYP/6-311(d,p) 

theory level are presented in Figure IX.6A. All ΔEbinding energies were found to be negative, 

which validates DOX-serotonin interactions.  
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To examine the adsorption tendency of DOX to the serotonin clusters, atomistic MD 

simulations were also performed. Figure IX.6B visualizes the final structures of DOX over 

the surfaces of serotonin and its dimers and tetramers, which were obtained from the last 

step of the MD simulations. When these snapshots were compared with corresponding 

Figure IX.6. Investigation of molecular interactions between serotonin-based clusters and the drug 
molecule, doxorubicin (DOX). (A) The DFT/M06-2X/6-311G(d,p) optimized geometries of different 
DOX-serotonin clusters. The hydrogen-bonds are shown as green dashed line and their lengths are in 
angstroms (Å). The computed binding energies are in kcal/mol. The data in parentheses indicate the 
binding energies derived from DFT/B3LYP/6-311G(d,p) theory level. (B) The side views of final 
snapshots of a DOX molecule on the surface of monomeric serotonin and its two dimers and two 
tetramers were obtained from molecular dynamic simulations. The DOX molecule is displayed in CPK 
style. The hydrogen-bonding interactions of surface-bound DOX with serotonin molecules are shown 
as green dashed line. Radial distribution functions of oxygen atoms in DOX with (C) oxygen and (D) 
nitrogen atoms in serotonin and its two dimers and two tetramers are shown.   
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initial cells (Figure SG.1), it was noted that the DOX distance relative to all serotonin 

substrates was significantly reduced, which suggests the tendency of DOX molecules to 

adsorb on all of the investigated surfaces. Adsorption of DOX on serotonin and serotonin 

cluster (dimer and tetramer) surfaces was also confirmed by the computed negative 

binding energy values, as listed in the Figure IX.6B. Based on the ΔEbinding data, the strongest 

adhesion occurred over the serotonin surface, and the adhesion level of DOX bound to the 

serotonin dimers and tetramers were in the same level. To gain in-depth insight into DOX 

interaction behavior at the interface, the simulation snapshot for the serotonin surface was 

further inspected and the results are displayed in Figure IX.6. From this closer examination, 

it was observed that the serotonin molecules surrounding the DOX contributed to 

hydrogen bonding interactions, which, in line with the QM results, further point to the 

major role of hydrogen bonding interactions upon DOX adsorption on serotonin and 

polyserotonin surfaces.  

Radial distribution functions (RDFs, also called pair correlation functions g (r)) were 

analyzed85 to understand DOX interactions with polyserotonin nanoparticle surfaces. The 

RDF analysis was done for oxygen atoms in DOX with regards to oxygen and nitrogen 

heteroatoms in serotonin monomers, dimers, and tetramers (Figure IX.6C,D). As shown in 

Figure IX.6C, the RDFs of DOX oxygen atoms towards the serotonin monomer, dimer, and 

tetramer O atoms showed a heightened first peak, particularly for the serotonin and 

dimer-1 at 2.62-2.97 Å. These peak positions are within the distances required for 

hydrogen-bonding interactions85 between oxygenated sites in DOX and serotonin species.  

Similarly, the DOX O atom RDFs relative to nitrogen atoms of serotonin and its 

dimers and tetramers possessed a high peak but of lower intensity at larger distances. As a 
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result, the oxygenated DOX fragments are also involved in interfacial H-bonds with 

nitrogenous groups of serotonin-based species. These RDF results are in agreement with 

geometry-optimized DOX-serotonin clusters achieved from QM computations. Visualized 

MD snapshots further suggest DOX loading on polyserotonin nanoparticle surfaces through 

H-bonding interactions. 

The theoretical computations that propose that H-bonding interactions are the 

primary mechanism of DOX loading, rationalize differences in the rates of DOX release from 

the polyserotonin nanoparticles at lower pH values mimicking tumor and intracellular 

lysosomal microenvironments (pH 6.5 and 5.5, respectively). Disruption of hydrogen 

bonding networks at acidic pH may be the cause behind faster drug release, advantageous 

for targeted delivery of DOX.86 Investigating molecular interactions between available 

surface functional groups of polyserotonin nanoparticles and drug molecules such as DOX, 

will determine what classes of drugs can be loaded on the polyserotonin nanoparticle 

surfaces for targeted drug delivery applications.   

  



 378 

IX.D. Conclusions and Prospects 

Polyserotonin nanoparticles were discovered as a new multifunctional nanomaterial with 

potential for combined photothermal and chemotherapy in cancer treatment. Therapeutic 

properties of polyserotonin nanoparticles, such as drug loading efficiency and 

photothermal capabilities, are comparable in some aspects to PDA-based nanoparticles. 

However, by conducting protein corona measurements to investigate the nano-bio 

interface of polyserotonin nanoparticles with serum proteins, we observed significantly 

reduced (~80%) overall protein adsorption compared to PDA-based nanoparticles after 

functionalizing the surface of polyserotonin nanoparticles with poly(ethylene) glycol 

molecules. In particular, the adsorption of immune triggering serum proteins such as 

fibrinogen was significantly reduced. Further, polyserotonin nanoparticles showed 

improved biocompatibilities with three stem cell lines over longer time periods. These are 

critical properties making small-molecule polymerized nanoparticles viable candidates as 

novel cancer therapeutics and suggesting the potential of polyserotonin nanoparticles for 

future clinical applications.  
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Figure SG.1. The side views of initial snapshots of doxorubicin over surfaces of 
serotonin and its two dimers and two tetramers. The doxorubicin molecule is shown 
in CPK style. The atomic color code is: carbon gray, oxygen red, hydrogen white, and 
nitrogen blue.   
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10 µm 

Figure SG.2. Scanning electron microscope 
image of serotonin hydrochloride incubated 
in acidic buffer (pH 6.5) to hinder 
polymerization. Lack of serotonin 
nanoparticle formation was confirmed after 
five days. 
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Figure SG.3. Atomic force microscopy images of polymerized 
dopamine for comparison of adhesive properties with serotonin 
nanoparticles. 
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Figure SG.4. Cellular viability of human bone-marrow mesenchymal 
stem cell, (hBMMSCs), gingival-derived mesenchymal stem cell 
(GMSCs), human dental pulp stem cells (DPSCs) after incubation with 
two concentrations of serotonin- (left) and dopamine- (right) based 

nanoparticles after 24 h (upper panels) and 72 h (lower panels). 
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Figure SG.5. In vial heat generation in PBS suspensions containing PST and PDA 
nanoparticles at 200 μg.ml-1 after NIR-irradiation (808-nm laser; 3 W·cm-2) for 10 min. 
(Left) Temperature change (ΔT) over a period of 10 min for PST and PDA-based 

nanoparticles after NIR-irradiation at constant concentration of 200 μg.ml-1 (Right). 
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Figure SG.6. Loading efficiently of Doxorubicin on surface of PST and 
PDA nanoparticles at different initial drug contents.  
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X.A. Introduction 

My thesis work began with the overarching goal to develop, to fabricate, and to 

validate next-generation in vivo sensors for monitoring neurotransmitters to 

investigate central nervous system interneuronal signaling in the brain. 

Neurotransmitter sensing at the spatiotemporal resolution pertinent to intrinsically 

encoded information will transform our fundamental understanding of brain 

function. These breakthroughs will elucidate how neurotransmitter flux relate to 

complex behavior and brain disorders for discovering new treatments and 

prevention strategies. The biosensing I conducted by coupling serotonin and 

dopamine-specific aptamers to FET platforms showed excellent sensing 

characteristics, and I believe we are now on a strong path towards realizing in vivo 

neurochemical sensors based on aptamer-FETs.  

Continuous, real-time tracking of neurotransmitters in vivo would enhance 

our capacity to detect, to monitor, and to devise treatment strategies in a patient-

specific manner. To understand the connection between physiological processes, 

pharmacokinetics, and toxicology, aptamer-FET platforms will need to function in 

living animals (and humans) performing behavioral tasks. However, several 

challenges have impeded continuous in vivo monitoring of biomolecules. First, for 

continuous measurements, sensors cannot rely on batch processing that includes 

wash or separation steps.1 Second, for in vivo measurements, sensors must remain 

stable under prolonged exposure to diverse, high-salt, complex matrices, such as 

urine or blood.2 In vivo conditions can reduce specific binding of targets due to 

nonspecific adsorption of proteins, lipids, and cells.3,4 Finally, under in vivo 
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conditions, sensors must achieve sufficient sensitivity, selectivity, and dynamic 

range over physiologically meaningful concentrations and time scales.5 

With the aforementioned challenges that accompany continuous real-time 

monitoring of biomolecules in an environment as complex as the brain, answering 

the call of the BRAIN Initiative to revolutionize the next generation of neuroscience 

tools is an ambitious endeavor. While serotonin and dopamine sensing using 

macroscopic transistors in a milieu that mimic in vivo environments is highly 

promising, there are still many obstacles that we must overcome. The work 

presented here has built on over a decade of research conducted in our groups by 

many postdoctoral fellows and graduate students, myself included.  

Our work began with a vision to isolate artificial receptors with enhanced 

selectivities and tunable binding affinities that could remain stable under 

physiological conditions for long periods of time. Our aim to discover artificial 

receptors in the form of aptamers inspired the birth of the “neurochip” project. At 

the time, neurochips were necessary to identify high-affinity neurotransmitter-

specific aptamers, which did not exist due to shortcomings of conventional SELEX 

methods.6,7 Many steps formed the foundation for the design rules we now employ. 

Our groups pioneered chemical patterning tools to enable multiplexed patterning of 

small molecules on planar substrates.8,9 To design and to develop functional 

screening platforms, optimization of surface chemistries to tether small-molecule 

neurotransmitters to substrates while mimicking endogenous molecules in 

biological milieu was critical.10,11  
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Our collaboration with the Stojanović group at Columbia University, which 

provided us with novel high-affinity serotonin and dopamine aptamers, enabled me 

to apply what I had learned about surface chemistry optimization to functionalize 

novel aptamers onto the semiconducting surfaces of In2O3 thin-film FETs. The 

current aim of this project involves the fabrication of miniaturized arrays with 

multiplexed aptamer-FET sensors on the surface of silicon microprobes to measure 

multiple analytes simultaneously in vivo. Multiplexed aptamer FETs have the 

potential for the comprehensive mapping of many signaling molecules that are 

released, taken-up, or degraded during brain activity. Future work will focus on 

targeting neurochemicals chosen to embody structural diversity as shown in 

Figure X.1. With the exception of dopamine, glutamate, and acetylcholine, there are 

no methods currently to measure these diverse neurochemical targets in real time, 

in vivo.  
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As an initial design, we imagine prototype, micron-scale aptamer-FET arrays 

coupled to implantable, micromachined, multi-electrode array (MEA) silicon 

microprobes designed by Wassum, Monbouquette, Maidment, and co-workers, with 

optimal spatiotemporal resolution (Figure X.2A).12-14 Their enzyme-based silicon 

microprobes have been used to detect cortically evoked glutamate in ventral 

striatum in anesthetized rats14 and stress-induced glutamate release in awake 

rats.13 Multiplexing has been demonstrated by incorporating enzymatic glutamate 

electrodes and amperometric sensors for dopamine onto the same microprobe.15  

Once we optimize the initial design with microscale FETs replacing planar 

metal electrodes previously used on the microprobes, our preliminary goal will be 

to obtain measurements from three aptamer-FETs on the surface of a microprobe 

Figure X.1. Names, abbreviations, and structures for neurochemical targets. Chemical 
classes are nucleic acid (yellow), lipid (pink), steroid (green), aromatic amine (blue), peptide 
(purple), and amio acid (grey). 
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with one solid-state reference electrode (Figure X.2B). Two aptamer-FETs will be 

functionalized with target-specific aptamers, and one will be functionalized with a 

scrambled sequence as a background reference for the target-specific aptamer-

FETs. Ultimately, we envision scaling up to ~100 aptamer-FET device arrays per 

probe, with which we anticipate sensing up to ten analytes simultaneously, each 

with their own self-reference controls. Device wiring from >1000 electrodes via 

external connections to electronics has already been demonstrated 

(Figure X.2C).16-18 

Arrays of aptamer FETs on the surface of microprobes for in vivo 

measurements will complement other efforts to measure action potentials or 

intracellular Ca2+ concentrations, associated with synaptic signaling, from large 

numbers of neurons. Thus, aptamer-FET arrays will contribute to cumulative data, 

that will be computationally deciphered in expectation of uncovering emergent 

properties of information coding within neural circuitry.  

I conclude by discussing the current state of aptamer in vivo demonstrations, 

which is promising for the realization of future aptamer-FET-array microprobes. 

Then, I will examine the challenges to translate aptamer-FETs for in vivo sensing. 

Device architectures must be first optimized in scaling down the dimensions of the 

transistors, as device performance depends on channel width and shape, electrode 

contact to the semiconducting channel, and passivation of electrode surfaces.19-21  

To approach the spatiotemporal resolution needed to reveal information 

encoding, it will be crucial to obtain the kinetic parameters of aptamer-target 

binding that will be one limiting factor in real-time measurements. The capacity to 
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select aptamers with various dissociation constants suggests the capacity to 

engineer appropriate koff values for fast sensing. Once aptamer sequences are 

isolated for multiple targets of interest, they will need to be multiplexed at specific 

locations on the surfaces of implantable microprobes with microscale precision. 

Finally, for biosensors to function in vivo for long periods of time to extract 

extensive information, sensor stability and biocompatibility in complex 

environments must be considered. 
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Figure X.2. (A) Fabrication of silicon microprobes on 150 μm thick 4”-silicon wafers to produce 150 
probes/wafer. Variable shaft lengths (2, 6, 9 mm) enable brain implantation at various depths. 
Prototype microelectrode sites are 40 μm x 120 μm. (B) Schematic of aptamer FET-microprobe 
device. Initial devices will be produced with two active FETs functionalized with correct sequence 
aptamers, one inactive FET for self-referencing with a scrambled sequence aptamer, and one solid-
state reference electrode. (C) Multi-site electrodes fabricated lithographically for high-density 
electrophysiological recordings that can be adapted for neurochemical measurements. Each recording 
site is 100 μm2. Electrodes can be replaced with FETs and functionalized with aptamers for 
multiplexed sensing. Reproduced with permission from refs. 14 and 18. Copyright 2008 
Multidisciplinary Digital Publishing Institute and 2011 PLoS ONE respectively. 



 402 

X.B. Aptamers in Vivo  

An example of aptamers for in vivo monitoring involves electrochemical aptamer-

based sensors.22 Plaxco and coworkers fabricated electrodes with biocompatible 

polysulfone membranes to limit surface biofouling. These electrodes were inserted 

via a catheter into the jugular veins of anesthetized rats.23 Real-time concentrations 

of doxorubicin and several aminoglycoside antibiotics were monitored over 5 h in 

ambulatory animals enabling pharmacokinetic analyses. The aptamers cross-

reacted with the different drugs, which was less of an issue for therapeutic 

monitoring where specific drugs are administered. However, cross-reactivity will be 

problematic for monitoring endogenous substances, emphasizing the importance of 

negative selections in the SELEX process to produce selective aptamers.24,25  

Langer and Kohane reported strategies for the light-triggered control of 

aptamer activity and biodistribution in vivo.26 The capacity of an AS1411 aptamer 

that binds with high affinity and selectivity to nucleolin,27-29 which is overexpressed 

on cell membranes of several types of cancer cells, was blocked via hybridization 

with a photo-cleavable complementary oligonucleotide. Nude mice bearing 4T1 

tumors were administered nucleoin-targeting fluorophore-labeled aptamers 

intravenously. Irradiation at the tumor site liberated the aptamer from the duplex, 

leading to binding. Within 2 h of injection, fluorescence was detected specifically at 

tumor sites.  

In another in vivo demonstration, Shi et al. designed a switch-based 

fluorescence-activated aptamer probe for detecting leukemia cell lines where 

aptamer recognition of lymphoblastic leukemia cells was associated with an 
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increase in fluorescence, allowing for the sensitive and specific detection of cancer 

cells.30 Furthermore, aptamers that bind to PDGF have been covalently attached to 

mesenchymal stem cell membranes.31 Using intravital microscopy, PDGF added to 

cell cultures or secreted by neighboring cells was detected quantitatively at the 

single-cell level using these aptamers.  

Similarly, single protein detection has been achieved in vivo in live cell 

samples using non-covalent conjugation of aptamers to near-infrared emissive 

single-walled carbon nanotubes.32 Aptamer-tethered nanotubes were used to detect 

the proteins RAP-1, a small GTPase, and HIV-1 integrase from Escherichia coli 

(bacteria) and Pichia pastoris (yeast), respectively. Protein binding to the aptamers 

produced an optical signal in the near-infrared optical window where photo-

scattering in biological samples is low, enabling detection of single proteins.33 This 

setup allowed real-time monitoring of protein export on a single-cell level from 

living cells.  

Aptamers as receptors for in vivo sensing are advantageous because of their 

inherent biocompatibility. In 2004, the U.S. Food and Drug Administration approved 

pegaptanib sodium, clinically known as Macugen, an anti-vascular endothelial 

growth factor RNA aptamer for the treatment of neovascular age-related macular 

degeneration that causes vision loss.34 The approval of Macugen demonstrated that 

aptamers have significant potential for therapeutic applications.35 Today, 

therapeutic aptamers appear increasingly promising with several candidates 

currently undergoing clinical trials for diseases ranging from cancer and heart 

disease to type II diabetes,36 and many more candidates in the pipeline.37 
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X.C. Resolution, Kinetic Measurements, and Multiplexing 

For biosensors to detect transient, in vivo events occurring on second to millisecond 

time scales, it will be critical to consider the temporal resolution of aptamer-target 

recognition and signal transduction.38 Typically, a temporal resolution of 1-15 s for 

multi-cell domains and millisecond timescales for single-cell signaling events are 

needed.39,40 These temporal considerations will require engineering aptamers that 

have fast (~0.05-1 s-1) koff rates41,42 to enable rapid, real-time monitoring of analyte 

fluxes.  

Regarding spatial resolution, in the brain, communication occurs at 

nanometer distances for synaptic release events,43 but over longer distances and via 

multi-cellular circuits for volume transmission and neurohormone signaling. Spatial 

considerations will require scaling FETs to the small sizes associated with the 

biological compartments where sampling will occur. Hence, we aim to miniaturize 

aptamer-FET arrays on implantable microprobes to approach the spatial resolution 

needed to investigate localized neurotransmitter fluxes in the brain. Newly sized 

transistor geometries will be optimized for high transconductance (increased 

output current) via three parameters: the intrinsic mobility of the semiconductor 

material, the capacitance in physiological environments, and channel width. 

Precise temporal measurements are challenging with the current aptamer-

FET system using static fluid on the surfaces of the aptamer-FETs. In unstirred 

solutions for high-affinity target-binding interactions, such as enzyme-linked 

immunosorbent assays (ELISA), the signal is not simply an indicator of the chemical 

processes of association and dissociation of the target binding to the surface-
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tethered receptor.44 The generated signal is also the result of these chemical 

processes combined with convection and diffusion of bulk analyte flow.45 Therefore, 

response times increase due to the formation of a boundary diffusion layer that 

hinders analyte binding to the surface-tethered receptors.  

In the past decade, several developments in microfluidic-based 

immunosorbent assays have been reported to circumvent problems associated with 

extracting rate constants from conventional immunoassays.46-51 Nevertheless, these 

methods still require incubation and are unable to measure dynamic changes in 

analyte concentrations in real time. One strategy to improve analyte capture and 

detection is to incorporate mixing elements (e.g., ultrasonic transducers that 

generate acoustic waves, embedded microelectrodes for electrophoretic mixing) to 

accelerate the diffusion process in microfluidic devices.52-54 Integrating 

microfluidics with mixing elements that have been validated for enzymatic systems 

may allow the measurement of precise kinetic rate constants to optimize aptamer-

FET real-time measurements.  

Aptamer-FET biosensors have shown highly sensitive responses four to six 

orders of magnitude lower than the dissociation constants of the recognition 

elements calculated in-solution via fluorescence quenching.55 These expansive 

sensing ranges were unexpected based on equilibrium sensing that has the greatest 

sensitivity an order of magnitude on each side of the Kd. The high sensitivity 

achieved with current high-affinity aptamers allows us to investigate aptamers with 

higher Kd values (lower affinities) and with increased rates of target dissociation 

(koff), so as to improve temporal resolution.  
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For simultaneous analyte detection in real time, biosensors will need to be 

multiplexed, also necessitating FET miniaturization.56 Nanoscale surface patterning 

techniques will be useful in terms of achieving high feature resolution for side-by-

side interrogation of multiple targets or the same target at multiple locations.9,57 An 

important issue in multiplexing is addressing different recognition elements upon 

integration into electronic devices.  

As an example, Mayer, Keating, and co-workers used off-chip 

functionalization and confined electric fields to assemble different populations of 

DNA-functionalized nanowires to specific on-chip locations while maintaining DNA 

hybridization capacities (Figure X.3).58 We have used microfluidics for independent 

functionalization of different parts of substrates.11,59 Other nanopatterning 

techniques, such as chemical lift-off lithography,9,60 dip-pen nanolithography,61 

polymer-pen lithography,62 and nano-pipetting,63,64 can be used for patterned 

surface functionalization.65-68  
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Figure X.3. Fabrication of multi-sequence DNA-coated nanowire device arrays. (A) Assembly 
process. Suspensions of nanowires functionalized with different DNA sequences were 
injected sequentially, and directed to microwells in specific columns. (B) Simulated spatial 
electrical-field gradient during assembly. Contour plots show ∇ |E|2 measured at the surface of 
the microwells; scale is 1010 (blue) to 1018 (red) V2/m3. (Inset) Cross-sectional view of one 
microwell (C) Schematic for post-assembly device integration. (D) (left) Scanning electron 
microscope, (center) optical reflectance, and (right) fluorescence images after incubation with 
labeled complementary targets. Scale bar indicates 5 mm. Reproduced with permission from 
ref. 58. Copyright 2009 The American Association for the Advancement of Science. 



 408 

X.D. In Vivo Device Stability and Biocompatibility 

Biocompatibility and biostability need to be addressed for sensors to perform 

reliably and reproducibly in research animals or humans over days to weeks to 

months, and even years.69-71 Sensors should minimally perturb the in vivo 

environment, and the in vivo environment should not adversely affect sensor 

performance.72 Three specific aspects encompass requirements associated with 

chronic sensing paradigms. The first involves the effects of implanted aptamer-FET 

devices on local host responses.73 Second, and related, is the degradation of 

biosensor components by inflammatory responses.74,75 The third aspect is 

biofouling, i.e., the adhesion of biological molecules on sensor surfaces resulting in 

poor sensor performance or failure.76  

A review by Kozai et al. highlights the limitations of implantable biosensors 

for probing neurochemical processes and general difficulties associated with 

maintaining long-term biosensor performance (Figure X.4).77 The physical insertion 

of a probe into brain (or other) tissue causes local penetration injury, which initiates 

progressive inflammatory responses.78 Inflammation alters the physiochemical 

environment in which sensing occurs, leading to sensor inaccuracy, instability, and 

often, failure. The authors emphasize that understanding the biological processes 

underlying tissue responses to implanted devices at the cellular and molecular 

levels will enable strategies for improving signal sensitivity and longevity.79-82 

Similarly, Gunasekera et al. outlined challenges for chronic recordings using 

intracortical recording interfaces, which are critical components of brain computer 

interfaces.69 In addition to inflammation upon device insertion, these authors 
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identified critical issues including glial scarring, neurodegeneration, neurotoxicity, 

and neural cell death.83,84  

 

Therefore, in addition to device failure, it will be important to consider tissue 

damage that measurement devices cause. A design that has been envisioned 

incorporates wireless technology to enable reductions in the sizes of implanted 

devices minimizing tissue strain and damage.85 Furthermore, simultaneous damage 

monitoring of surrounding tissue, such as by two-photon microscopy, magnetic 

resonance imaging (MRI), or computerized tomography (CT), will be advantageous 

for prolonging chronic recordings in vivo and evoking timely therapeutic 

interventions.86,87  

Figure X.4. Limitations of implantable biosensors—microglia activation after electrode 
implantation. Microglia (green), blood-brain barrier (red), and devices (gray). (A−C) Z-
stack projections, as well as front and side view reconstructions of the dashed boxed 
regions are shown for: (A) parylene insulated carbon fiber electrodes, (B) planar 
silicon electrodes, and (C) microdialysis probes. (D) Ramified (normal) microglia show 
radial projections or processes indicated by blue traces. (E) Microglia adjacent to a 
microdiaylsis probe edge (gray) can be seen to retract processes that are oriented 
away from the probe, and to extend processes oriented toward the probe surface. 
Reproduced with permission from ref. 77. Copyright 2015 American Chemical Society. 
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Progress has been made in the area of “transient” electronics for in vivo 

sensors and therapeutic devices.88-92 Biodegradable power sources for in vivo 

biomechanical energy harvesting93 and brain sensors that enable wireless data 

collection, including measurements of pressure, temperature, motion, and pH with 

bioresorbable platforms have been developed.94 Designing and engineering these 

characteristics into in vivo aptamer-FET sensors could improve prospects for long-

term monitoring and human use. For example, it may be possible to use aptamer-

FETs in closed-loop monitoring configurations in vivo to guide refinement of deep-

brain stimulation parameters and localization for treating advanced/refractory 

neurodegenerative or neuropsychiatric disorders. 
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X.E. Conclusions and Prospects 

While the primary goal is to realize aptamer-FET biosensors to elucidate brain 

function, we are striving to demonstrate, in parallel, the applicability of aptamer-

FETs for a wide range of chemical targets regardless of size, charge, or chemical 

functionalities for future sensing in vivo. The capacity to sense small-molecule 

targets ranging from neurotransmitters (dopamine and serotonin) to neutral 

molecules (glucose) and zwitterionic species (sphingosine-1-phosphate) in complex 

environments (i.e. brain tissue and serum) indicate that aptamer-FETs may be a 

universal platform for producing electronic biosensors specialized for virtually any 

small molecule. With improved solution-phase in vitro selection techniques, high-

affinity DNA aptamers can be isolated for diverse targets of clinical importance. As 

such, aptamer-FETs generalized for clinically relevant biomarkers can be foreseen 

to revolutionize biomedicine. 
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