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CONSPECTUS: We discuss the origins, motivation, invention, development,
applications, and future of chemical lift-off lithography, in which a specified pattern
of a self-assembled monolayer is removed, ie., lifted off, using a reactive, patterned
stamp that is brought into contact with the monolayer. For Au substrates, this process
produces a supported, patterned monolayer of Au on the stamp in addition to the
negative pattern in the original molecular monolayer. Both the patterned molecular
monolayer on the original substrate and the patterned supported metal monolayer on
the stamp are useful as materials and for further applications in sensing and other areas.
Chemical lift-off lithography effectively lowers the barriers to and costs of high-
resolution, large-area nanopatterning. On the patterned monolayer side, features in the
single-nanometer range can be produced across large (square millimeter or larger)
areas. Patterns smaller than the original stamp feature sizes can be produced by
controlling the degree of contact between the stamp and the lifted-off monolayer. We note that this process is different than
conventional lift-off processes in lithography in that chemical lift-off lithography removes material, whereas conventional lift-off is
a positive-tone patterning method. Chemical lift-off lithography is in some ways similar to microtransfer printing. Chemical lift-
off lithography has critical advantages in the preparation of biocapture surfaces because the molecules left behind are exploited to
space and to orient functional(ized) molecules. On the supported metal monolayer side, a new two-dimensional material has
been produced. The useful important chemical properties of Au (vis-3-vis functionalization with thiols) are retained, but the
electronic and optical properties of bulk Au or even Au nanoparticles are not. These metal monolayers do not quench excitation
and may be useful in optical measurements, particularly in combination with selective binding due to attached molecular
recognition elements. In contrast to materials such as graphene that have bonding confined to two dimensions, these metal
monolayers can be straightforwardly patterned—by patterning the stamp, the initial monolayer, or the initial substrate. Well-
developed thiol—Au and related chemistries can be used on the supported monolayers. As there is little quenching and
photoabsorption, spectroscopic imaging methods can be used on these functionalized materials. We anticipate that the properties
of the metal monolayers can be tuned by varying the chemical, physical, and electronic connections made by and to the
supporting molecular layers. That is, the amount of charge in the layer can be determined by controlling the density of S—Au (or
other) connections and the molecular backbone and functionality, which determine the strength with which the chemical contact
withdraws charge from the metal. This process should work for other coinage-metal substrates and additional systems where the
binding of the outermost layers to the substrate is weaker than the molecule—substrate attachment.

B MOTIVATION AND ORIGINS

In early studies of self-assembled monolayers (SAMs) of thiols
and related molecules on Au{111},'~* the relative strengths of
the molecule—substrate S—Au bond and the Au—Au bond were
compared by saying that if one could somehow mechanically
pull the molecules off the surface, a layer of attached Au atoms
would come off as well (this explanation is attributed to Prof.

been known and used for decades by electrochemists to smooth
coinage-metal electrode surfaces since it mobilizes the top layer
of substrate atoms;” it is also observed in the outward relaxation
of the outermost substrate layer in structural measurements and
shifts in the Debye—Waller factors for the vibrations of the
outermost substrate layer.’

With these concepts in mind, we explored the dynamics that

George Whitesides). This description has the advantage of
incorporating the subtlety that the adsorption and/or attach-
ment of electronegative species to coinage metals has the effect
of reducing the strength of the cohesive energy of the top layer
of substrate atoms with the underlying substrate. This effect has

-4 ACS Publications  © 2016 American Chemical Society
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lead to phase separation in SAMs” and discovered that
molecular motion takes place predominantly at substrate and
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Figure 1. Schematic of chemical lift-off lithography, in which a patterned polymer stamp is activated (oxidized) to be reactive with respect to the
exposed chemical functionality of properly terminated self-assembled monolayers (SAMs). When the patterned regions are removed via contact with
the monolayer, the molecules of the SAM and attached Au atoms are removed, leaving the SAM subtractively patterned and the stamp additively
patterned. Reproduced with permission from ref 34. Copyright 2012 American Association for the Advancement of Science.

monolayer defects and via molecule—substrate atom com-
plexes.”” Key insights were that SAMs on Au{111} never reach
equilibrium, but (with sufficient film defects) motion continues
in that direction, with domain coalescence, step flow, and other
dynamics.”* Conversely, the more complete and perfect the
monolayer, the less is the molecular motion within the SAM.
Thus, we developed the means to process monolayers to
complete the films, such as when SAMs were annealed in the
presence of alkanethiol (or other adsorbate) vapor.®

As a further step, we isolated single molecules and assemblies
by inserting them into defects in SAMs.”~"” Single, isolated (vs
clustered) molecules can be made the most common species of
those inserted into SAM matrices by processing the films to
make domain boundaries (vs void spaces at substrate step edges
and on terraces) the predominant defects on surfaces. Isolated
molecules can then be studied using scanning probe
microscopy, related spectroscopic imaﬁinlg methods, or
plasmon-enhanced Raman spectroscopy.” >~ "> Further work
enabled the insertion of pairs of proximate molecules by
insertion of disulfides, for which the substrate cleaved the
disulfide bonds of the inserted molecules.'’ By modification of
the processing conditions after codeposition, matrix-isolated
lines or clusters of molecules can also be produced.”"”

We and others have developed such surfaces for
biorecognition. Here, insertion strategies are used to separate
tethered small-biomolecule targets from one another stochas-
tically, but with average separations set by the processing
conditions that determine the types and defect densities in the
SAM matrices.'°"*" In one approach, universal tether
molecules were inserted and thereby isolated into prepared
(i.e,, processed) SAM matrices. These isolated molecules were
then reacted with precursors or derivatives of the biomolecular
targets to yield bioactive surfaces with SAM matrices that
otherwise resist nonspecific binding.'®'”*" This method has the
advantage that the processing and insertion conditions are
generalizable. However, a key issue vis-a-vis reactions of
molecules already in SAMs is that the reaction exothermicity
can mobilize the molecules, annealing and ordering or
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disordering the films.”>™** In contrast, reactions of isolated
molecules do not disrupt the films nor the extant nanostruc-
fures 10172324

Whitesides and co-workers developed microcontact printing
with rubber (polydimethylsiloxane, PDMS) stamps to pattern
down to the scale of tens to hundreds of nanometers.”**~** In
their seminal work, thiol inks were stamped onto bare Au
substrates to create nano- and microscale chemical patterns.
This technique led to widespread availability of chemical
patterning and was expanded to other inks and substrates and
to applications using the patterned inks as resists for nano- and
microlithography. However, for “ink” molecules without
substantial cohesive energy, the patterns blur as the ink
molecules diffuse across the substrate prior to a (typical)
backfilling step. It was also difficult to maintain fine registration
if multiple patterning steps were required, since the stamps are
not rigid. A partial solution to these issues came from
precoating the substrates with sacrificial, labile monolayers,
such as self-assembled adamantanethiol, with low surface—Au
bond density and low intermolecular interaction energies.””*’
The stamped molecules then displace the labile monolayer
where stamp contact is made but do not displace preformed
monolayer molecules by diffusion.

Subsequently, we used insertion into pre-existing monolayer
matrices on surfaces such that relative measurements and
multiplexing could be built into single substrates.'**"%*' 73 As
with displacement printing, the inserted molecules are held in
place by the surrounding matrix; diffusion and pattern
dissolution are minimized. Beyond typical alkanethiols, we
determined that microcontact insertion printing could be used
to print hydrophilic ink molecules by tuning the stamp surface
energy via controlled oxygen plasma exposure to match the
monolayer surface energy.”” A key consequence was the
discovery that oxidized PDMS stamp surfaces lead to reaction
with and lift-off of SAM molecules.*

DOI: 10.1021/acs.accounts.6b00034
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Figure 2. Fluorescence and atomic force microscopy (AFM) images of chemical lift-off lithography used to create micro- and nanoscale features
across millimeter areas. (A) Self-assembled tris(ethylene glycol)alkanethiol on Au was subjected to the lift-off process using a polydimethylsiloxane
(PDMS) stamp with “UCLA” characters as positive (protruding) features and “CNSI” characters as negative (depressed) features. After the initial
patterning step, a new mixed monolayer was deposited into the exposed Au regions (“UCLA” characters and areas surrounding the “CNSI”
characters). Bright areas indicate fluorescence associated with fluorescein isothiocyanate-labeled antistreptavidin antibody recognition of streptavidin
bound to biotin. The dark areas have minimal fluorescence due to the protein-resistant ethylene glycol-terminated matrix SAM. The sharp
fluorescence pattern extends over the entire substrate area (>3 mm?). The scale bar is 250 um. (B) Au-coated substrates with SAMs were lifted off
using a PDMS stamp with 90 nm diameter holes. After patterning, a SAM of biotin-terminated oligo(ethylene glycol)alkanethiol was deposited and
self-assembled into the exposed Au regions (areas surrounding the resulting pillar features). The scale bar is 400 nm. (C) AFM images display
biotin—streptavidin recognition separated by narrow line features. The inset shows a line feature made using a stamp with 40 nm channels with 40
2 nm width. The scale bar is 1 gm. Reproduced with permission from ref 34. Copyright 2012 American Association for the Advancement of Science.

B CHEMICAL LIFT-OFF LITHOGRAPHY

When plasma-oxidized PDMS stamps are brought into contact
with monolayers (or portions of monolayers) terminated with
hydroxyl or amine (or other reactive) groups, the activated
stamps react with the monolayers, and upon removal of the
stamp(s), contacted molecules are lifted off. As such, we coined
the term “chemical lift-off lithography” for this patterning
method (Figure 1).>* Early measurements showed that Au
atoms were indeed lifted off with monolayers, as indicated by
the presence of Au on stamp surfaces. The depths of the
subtractively patterned monolayer features were the thickness
of the SAMs plus 2 A (+0.5 A). This additional depth is
consistent with a monolayer of Au being removed. Importantly,
when stamps are brought into contact with methyl-terminated
(, ester-terminated, or other unreactive) monolayers, there is no
reaction with the stamp, and Au monolayers are not removed.
Notably, the Boxer group at Stanford University had previously
used reactive stamps to remove and to pattern supported lipid
bilayer membranes and even complex mixtures in mem-
branes.*>*® Corn used streptavidin-modified PDMS stamp
surfaces to lift biotinylated DNA oft of gold nanowire arrays to
create large-area nanoscale patterns of DNA.”

The resolution of patterning by lift-off lithography was
initially limited by the feature sizes of the stamps then available
(40 nm); however, the observed precision of 2 nm indicated
that the ultimate limits would be much finer (Figure 2).**
Multiple stamping steps produced features with sizes of
<20 nm, but registration offsets in stamping steps are difficult
to control at these scales (vide supra). Soon thereafter,
manipulating the polymer stamp produced 20 nm and
ultimately even S nm features (unpublished). Such strategies
are limited in terms of the shapes and pitches that can be
produced at these small scales. Nonetheless, just as conven-
tional semiconductor nanolithographic methods use reverse
engineering of targeted structures taking into account
resolution loss, line-edge roughness, and other aspects of the
fabrication process, one could use analogous strategies here.*®

A key conclusion of the discovery of chemical lift-off
lithography was that both the subtractively patterned monolayer
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and the additively patterned supported metal layer lifted off
onto the stamp can be used to advantage.

B HYBRID LITHOGRAPHIES

As a result of the subtractive patterning process associated with
lift-off lithography, lateral diffusion, which reduces resolution
and blurs borders, is avoided. Chemical lift-oft lithography
effectively lowers the requirements and costs of nanopatterning.
Higher-resolution patterning is also achievable by manipulating
the stamp and controlling the contacted areas between the
substrate and the stamp, eliminating the need to perform
multiple lift-off steps with precisely controlled stamp
registration between steps. With this strategy, feature resolution
less than one-tenth the size of the stamp features can be
fabricated over large (square centimeter) areas with relative
ease compared with conventional nanolithographic techniques.

Recently, we used lift-off lithography in combination with
sol—gel processing to print high-quality field-effect transistors
(FETs) and biosensor arrays based on chemical functionaliza-
tion of these FETs (Figure 3).”” We have also shown that high-
quality transistor arrays fabricated via such sol—gel processing
can be made into versatile, flexible, conformal biosensor
arrays.”” Changes in surface charge distribution in molecular
recognition elements, ie., aptamers, upon small-molecule
neurotransmitter binding were used to gate the devices and
to detect subnanomolar dopamine concentrations (Figure 4).
Previous transistor-based chemical measurements using ap-
tamers have employed carbon nanotube devices,*"*
not easily fabricated individually or into arrays. Thus, the
demonstration of chemically functionalized semiconductor
transistors sensitive to charge via biorecognition in devices
that can be fabricated simply, reproducibly, and in parallel is an
important step toward the multiplexed biomolecular detection
needed in many fields.'”>° We anticipate that this method will
be generalizable via the straightforward attachment of
molecular recognition elements to transistors in biosensor
arrays; others and we are now proceeding to do so.

2 .
which are

DOI: 10.1021/acs.accounts.6b00034
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Figure 3. Field-effect transistor (FET) array fabrication using chemical lift-off lithography. (a) Schematic showing the FET fabrication steps. First,
PDMS stamps with arrays of device patterns were activated by oxygen plasma and brought into conformal contact with Au surfaces covered with
SAMs of hydroxyl-terminated alkanethiols (step 1). The reaction between activated PDMS stamp surfaces and the SAMs resulted in selective
removal of molecules in the regions of contact (step 2), leaving patterns that served as masks during the subsequent wet etching of Au and Ti (step
3). After the metals were removed from the unprotected areas, the remaining SAMs were removed using an oxygen plasma (step 4), and ultrathin
In,O; layers were deposited via sol—gel processing (step S). After annealing, In,O, films outside the channel areas were removed by wet etching
using photolithographically patterned masks (step 6). (b) Photograph of an FET device array produced by lift-off lithography on a SiO, layer on Si.
(¢, d) Optical microscopy images of the device patterns over large areas showing (c) well-defined source and drain electrodes with channel gaps
measuring a few microns and (d) a transmission-line measurement (TLM) pattern with varying channel lengths. (e) Transfer and (f) output
characteristics of the ultrathin In,O; FETs showing good device performance with pig = 11.5 + 1.3 cm® V™! s7" and Ion/Iops ~ 107. (g) The R
between In,O; and the Au electrodes was ~75 k<, using the TLM pattern shown in (d). Reproduced from ref 39. Copyright 2015 American
Chemical Society.

B THE PATTERNED MONOLAYER biomolecule sensing, ultimately targeting in vivo measurements,
and binding-kinetics investigations.'”””*” Gold surfaces are
commonly used as supporting substrates because of advantages
such as robust molecular monolayer immobilization, high
conductivity, and air stability.'” However, nonspecific binding
of sensing probes to gold surfaces dramatically decreases the
efficiency of microarrays. A number of methods of anchoring
surface probes have been demonstrated. For example, Herne

Chemical lift-off lithography has great potential for producing
micro- and nanoscale patterns on surfaces, and these patterns
can be further modified to control the chemical, physical, and
biological properties of the substrates (Figure S). These
capabilities derive predominantly from three key features of
the technique: the fabrication of nanoscale patterns over large
areas, the definition of border regions with distinct properties,

and the extent to which molecules are left on the substrate after and Tarlov'® developed a two-step procedure of backfilling
lift-off for subsequent use in isolating and orienting molecules water-soluble “co-thiols” to reduce nonspecific biomolecular
added to these regions.*** interacgions and binding. Insertion methods, described
The spatially encoded chemical environments of substrates above,”***” can be used to provide diluted environments for
created by lift-off provide a variety of opportunities. For enhanced specific biomolecule recognition. As noted, the
example, selective deposition or passivation is possible when matrix can be optimized to minimize nonspecific binding and
electroplating is combined with lift-off lithography, depending to separate tethered biomolecular probes at desired distances
on the backbone and terminal group composition of the (stochastically). Recent advances in masked adsorption may

SAMs.'%*** Other factors, including stamp contact time, ultimately enable more precise isolation and separation.*®
applied potential, efc,, all contribute to the ultimate deposition, Although the use of specific SAM molecules can reduce
allowing the resultant properties to be tuned. nonspecific biomolecule interactions and improve specific
Initial applications of chemical lift-off lithography processing binding efficiency, immobilizing probe molecules into micro-
were to create biosensor arrays as high-throughput tools for arrays remains challenging. Backfilled functionalized molecules
1452 DOI: 10.1021/acs.accounts.6b00034
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Figure 4. Once In,0; transistor surfaces were functionalized with a
DNA aptamer selected for the small-molecule neurotransmitter
dopamine, the biosensors were used for subnanomolar dopamine
detection. The addition of dopamine to the liquid electrolyte led to
increased drain current; the linear working range of the aptamer—
In,0; biosensors was found to cover 107"'~10~7 M dopamine (inset,
AV calibrated response). Reproduced from ref 39. Copyright 2015
American Chemical Society.

may not be able to compete with matrix molecules, and
microcontact insertion printing requires well-tuned stamp
surface conditions.”> Chemical lift-off lithography is an
alternative strategy that readily provides diluted matrix
environments for probe insertion. We investigated the use of
lift-off lithography to prepare tethered DNA arrays (Figure 6).
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Figure 6. Using chemical lift-off lithography to facilitate insertion of
single-stranded DNA probes into monolayer matrices on Au substrates
increases the efficiency of subsequent DNA hybridization relative to
backfilling and codeposition strategies. The degree of insertion of
DNA probe molecules into the stamp-contacted regions depends on
the initial matrix composition. The DNA probes are isolated in post-
lift-off matrices to improve complementary DNA hybridization.
Reproduced from ref 43. Copyright 2015 American Chemical Society.

During the lift-off process, the choice of initial SAM molecule
composition can be used to control DNA surface densities and
hybridization efficiencies. Compared with conventional meth-
ods, while fewer DNA probe molecules are inserted on
substrates prepared by lift-off lithography, more complementary

Figure 5. Optical and scanning probe micrographs of Au features patterned by chemical lift-off lithography. Chemical lift-off lithography via activated
PDMS stamps was used to produce a variety of patterns in SAMs of hydroxyl-terminated tris(ethylene glycol)undecanethiol on Au. After patterning,
the substrates were chemically etched (Fe®*/thiourea) to remove remaining SAM molecules and additional underlying Au in the exposed (lifted-off)
regions. The SAM molecular resists in the uncontacted areas remained intact. (A—C) Bright-field microscopy and (D—F) atomic force microscopy,
with topographic heights shown, of patterns of (A, D) pillars, (B, E) wells, and (C, F) channels. The scale bars are 18, 130, 1325, 5, 15, and 17.5 ym
in (A—F), respectively. Reproduced with permission from ref 34. Copyright 2012 American Association for the Advancement of Science.
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DNA is ultimately hybridized (see Figure Sb in ref 43)."> We
attribute this advantage, in part, to the molecules remaining in
the stamp-contacted regions (~30% in refs 34 and 43), which
form a dilute matrix to separate tethered DNA, making
individual probe strands more accessible for hybridization. Lift-
off lithography can provide advantageous, straightforward
routes for fabricating biosensors and biosensor arrays. Tethered
small-molecule target arrays are also being developed using
these methods.*

B THE SUPPORTED METAL MONOLAYER

Preliminary measurements indicate that the PDMS-stamp-
supported Au removed by lift-off lithography retains chemical
properties of Au surfaces. For example, we have used thiol—Au
chemistry to attach biomolecules and confirmed their presence,
where patterned, with fluorophores tied to thiolated molecular
recognition elements, such as aptamers and DNA. It should be
noted that although we refer to the ultrathin supported metal
layer as a “monolayer” on the basis of indirect evidence such as
how much Au is removed and our understanding of the effects
of electronegative species on coinage-metal surfaces, further
characterization is required to determine the structure of the
supported metal. Nonetheless, the lifted-off Au is so thin that
its electronic and optical properties do not match those of bulk
Au or nanoparticles, and thus, we do not observe quenching of
captured fluorophores (quenching is known to be limited even
up to tens of atomic layers, e.g, in 10-nm-thick gold films*).
Such lifted-off metal monolayers can thus be used as substrates
for fluorescence and other optical studies while exploiting the
well-developed functionalization chemistries of Au and other
surfaces.

We have not yet been able to measure electrical conductivity
in these supported metal layers. As with other low-dimensional
and ultrathin materials,””>" a small amount of optical
absorption occurs. We anticipate that both the electronic and
optical properties of these supported metal monolayers will be
tunable by selection of the attachment(s) and interactions with
the supporting organic monolayer (vide infra). For example,
both thiols and selenols bind Au in SAMs. Molecular
backbones can also be used to adjust the electronic structure
of the chemical and physical attachment to metal mono-
layers.>>™> In two dimensions, metals are known to adopt
alternate structural arrangements,”*°~* 5o it will be important
to understand the atomic-scale structures formed. Theorists
have begun to investigate these questions,” and we are working
together to elucidate important details of these new materials.

While graphene and other two-dimensional (2D) materials
maintain key and extraordinary materials properties because of
bonding in 2D or quasi-2D arrangements, the electronic and
optical properties of the supported lifted-off Au are not well
developed. As new supports are developed, we anticipate using
the retained, well-established chemistry of Au to apply these
materials as substrates, in combination with molecular
recognition elements, for transmission electron microscopy.60
While Au substrates are typically difficult to use because of poor
electron transmission, a single layer of Au atoms would
circumvent this difficulty.

Lifted-off metal monolayers can be patterned in three ways
(and in combinations). As in any microcontact printin%
method, stamp contact determines the patterns produced.”””
Likewise, the monolayers themselves can be patterned 7}arior to
stamp contact using any of a number of techniques.zs’ ® Since
only reactive terminal SAM functional groups are lifted off,
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patterned mixtures of reactive and unreactive groups can be
placed on surfaces by any chemical patterning method. Finally,
the substrate itself can be patterned, as Zheng et al. did with
focused ion beams to create nanohole arrays as substrates for
enhanced Raman spectroscopy.'* All of these approaches have
been demonstrated and can be used in combination. Thus,
whereas graphene and other 2D materials can be difficult to
pattern but are relatively straightforward to grow or to exfoliate
because of their 2D bonding,48’51’m_64 supported 2D Au layers
produced by lift-off lithography appear to be easily patterned
(but may not be as easily removed from their supports).

B CONCLUSIONS AND PROSPECTS

Chemical lift-oft lithography provides a simple means of
chemical patterning across large areas (i.e., square millimeters)
at high resolution (down to nanometers). Lift-off lithography
can be used in combination with other lithographic processes
and chemical patterning methods.”® Lift-off lithography has
critical advantages in the preparation of biocapture surfaces
because the molecules left behind are exploited to space and to
orient the functional(ized) molecules.” Additional substrates,
particularly coinage metals with bonding and cohesive energies
analogous to those of Au, should also be amenable to chemical
lift-off lithography.

Intriguing avenues for exploration include determining the
properties and uses of the supported Au monolayers that result
from lift-off. These monolayers retain important chemical
properties of Au (vis-d-vis functionalization with thiols) but not
the electronic and optical properties (of bulk Au or even Au
nanoparticles). One result is that excitation quenching is
minimized. These supported films may find uses as nearly
transparent supports in optical and electron microscopies.

By changing the composition, and thus the chemical and
electronic interactions of the supporting molecules, we
anticipate that the properties of the supported Au can be
shifted and/or tailored.”*~>> Whereas linear mercaptoalkanoic
acids and related molecules relax conformationally, cage
molecules have rigid backbones and can be functionalized to
have multivalent interactions on one or both sides of the
cage.” "% Likewise, the electronic properties of the contacts
can be tuned by selecting the molecular contact(s) and cage
molecule (e.g, carborane) isomer(s).””*>% Increasing the
molecular support rigidity should help to maintain the planarity
of the supported Au (and other metal) monolayers. Additional
interactions, e.g.,, hydrogen bonding5 or cross-links,’” can be
built into the supporting molecular backbones to promote
planarity.

Combinations of lift-off lithography, chemical functionaliza-
tion, and other lithographic processes are poised to make key
contributions in nanobiosensing. These applications include the
development of general nanoelectronic sensor platforms®” and
ultimately multiplexed biosensor arrays for in vivo use and to
elucidate the spatiochemical dynamics of the brain, the
microbiome, and other complex biological systems.'”*’

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: psw@cnsi.ucla.edu (P.S.W.).
*E-mail: wsliaochem@ntu.edu.tw (W.-S.L.).
*E-mail: aandrews@mednet.ucla.edu (A.M.A.).

DOI: 10.1021/acs.accounts.6b00034
Acc. Chem. Res. 2016, 49, 14491457


mailto:psw@cnsi.ucla.edu
mailto:wsliaochem@ntu.edu.tw
mailto:aandrews@mednet.ucla.edu
http://dx.doi.org/10.1021/acs.accounts.6b00034

Accounts of Chemical Research

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.
Biographies

Anne M. Andrews is a Professor of Psychiatry & Biobehavioral
Sciences and Chemistry & Biochemistry at UCLA. She leads efforts in
basic and translational research on anxiety and depression at the nexus
of nanoscience and neuroscience, focusing on how the serotonin
system and particularly the serotonin transporter modulate neuro-
transmission to influence complex behaviors including anxiety, mood,
stress responsiveness, and learning and memory. She is an associate
editor of ACS Chemical Neuroscience and Vice President of the
International Society for Serotonin Research.

Wei-Ssu Liao is an Assistant Professor of Chemistry at National
Taiwan University. His research focuses on the fabrication and
understanding of nanomaterials, chemical patterning, the control of
surface properties, and nanobiosensor design. He is a member of the
ACS Taiwan Chapter Committee.

Paul S. Weiss is a UC Presidential Chair and Distinguished Professor
of Chemistry & Biochemistry and of Materials Science & Engineering
at UCLA. He is the founding Editor-in-Chief of ACS Nano. His
research focuses on the ultimate limits of miniaturization, under-
standing and controlling single-molecule/assembly structure, function,
and spectra, precisely assembled materials, chemical patterning at all
scales, and developing and applying nanoscale analysis tools.

B ACKNOWLEDGMENTS

This work was supported by the U.S. Department of Energy
(DE-SC0005025) for the patterning and measurements
described, the Cal-BRAIN Neurotechnology Program, and
the UCLA Weil Endowment Fund for Research. We thank the
students and postdoctoral fellows who invented and developed
chemical lift-off lithography for their important insights, notably
Drs. Sarawut Cheunkar, Huan Cao, Nate Hohman, and Liane
Slaughter, and Kevin Cheung, Nako Nakatsuka, and Qing Yang.
We thank Dr. Alex Liddle and Profs. David Allara, Steven
Boxer, Andrea Kasko, John Rogers, H. R. Tseng, George
Whitesides, and Yang Yang for helpful discussions.

B REFERENCES

(1) Nuzzo, R. G; Allara, D. L. Adsorption of Bifunctional Organic
Disulfides on Gold Surfaces. . Am. Chem. Soc. 1983, 105, 4481—4483.

(2) Trevor, D. J; Chidsey, C. E. D.; Loiacono, D. N. In Situ
Scanning-Tunneling-Microscope Observation of Roughening, Anneal-
ing, and Dissolution of Au{111} in an Electrochemical-Cell. Phys. Rev.
Lett. 1989, 62, 929—932.

(3) Stranick, S. J.; Parikh, A. N; Tao, Y.-T.; Allara, D. L.; Weiss, P. S.
Phase Separation of Mixed-Composition Self-Assembled Monolayers
into Nanometer Scale Molecular Domains. J. Phys. Chem. 1994, 98,
7636—7646.

(4) Smith, R. K; Lewis, P. A;; Weiss, P. S. Patterning Self-Assembled
Monolayers. Prog. Surf. Sci. 2004, 75, 1—68.

(5) Smith, R. K; Reed, S. M.; Monnell, J. D.; Lewis, P. A;; Clegg, R.
S;; Kelly, K. F,; Bumm, L. A,; Hutchison, J. E.; Weiss, P. S. Phase
Separation within a Binary Self-Assembled Monolayer on Au{111}
Driven by an Amide-Containing Alkanethiol. J. Phys. Chem. B 2001,
10§, 1119—1122.

1455

(6) Stranick, S. J.; Parikh, A. N.; Allara, D. L.; Weiss, P. S. A New
Mechanism for Surface Diffusion: Motion of a Substrate-Adsorbate
Complex. J. Phys. Chem. 1994, 98, 11136—11142.

(7) Maksymovych, P.; Voznyy, O.; Dougherty, D. B.; Sorescu, D. C.;
Yates, J. T., Jr. Gold Adatom as a Key Structural Component in Self-
Assembled Monolayers of Organosulfur Molecules on Au(111). Prog.
Surf. Sci. 2010, 85, 206—240.

(8) Donhauser, Z. J.; Price, D. W,, Jr.; Tour, J. M,; Weiss, P. S.
Control of Alkanethiolate Monolayer Structure Using Vapor-Phase
Annealing. ]. Am. Chem. Soc. 2003, 125, 11462—11463.

(9) Bumm, L. A;; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin,
T. P.; Jones, L.; Allara, D. L.; Tour, J. M;; Weiss, P. S. Are Single
Molecular Wires Conducting? Science 1996, 271, 1705—1707.

(10) Claridge, S. A; Liao, W.-S.; Thomas, J. C.; Zhao, Y.; Cao, H. H;
Cheunkar, S.; Serino, A. C.; Andrews, A. M.; Weiss, P. S. From the
Bottom Up: Dimensional Control and Characterization in Molecular
Monolayers. Chem. Soc. Rev. 2013, 42, 2725—2745.

(11) Kim, M.; Hohman, J. N; Cao, Y.; Houk, K. N.; Ma, H.; Jen, A.
K.; Weiss, P. S. Creating Favorable Geometries for Directing Organic
Photoreactions in Alkanethiolate Monolayers. Science 2011, 331,
1312—1318S.

(12) Zheng, Y. B.; Pathem, B. K.; Hohman, J. N.; Thomas, J. C.; Kim,
M. H; Weiss, P. S. Photoresponsive Molecules in Well-Defined
Nanoscale Environments. Adv. Mater. 2013, 25, 302—312.

(13) Weiss, P. S. Functional Molecules and Assemblies in Controlled
Environments: Formation and Measurements. Acc. Chem. Res. 2008,
41, 1772—1781.

(14) Zheng, Y. B.; Payton, J. L; Chung, C.-H. H; Liu, R.; Cheunkar,
S.; Pathem, B. K;; Yang, Y.; Jensen, L.; Weiss, P. S. Surface-Enhanced
Raman Spectroscopy To Probe Reversibly Photoswitchable Azoben-
zene in Controlled Nanoscale Environments. Nano Lett. 2011, 11,
3447—-3452.

(15) Walker, A. V. Toward a New World of Molecular Devices:
Making Metallic Contacts to Molecules. J. Vac. Sci. Technol, A 2013,
31, 050816.

(16) Shuster, M. J.; Vaish, A.; Szapacs, M. E.; Anderson, M. E.; Weiss,
P. S; Andrews, A. M. Biospecific Recognition of Tethered Small
Molecules Diluted in Self-Assembled Monolayers. Adv. Mater. 2008,
20, 164—167.

(17) Vaish, A.; Shuster, M. J.; Cheunkar, S.; Singh, Y. S.; Weiss, P. S.;
Andrews, A. M. Native Serotonin Membrane Receptors Recognize
S-Hydroxytryptophan-Functionalized Substrates: Enabling Small-Mol-
ecule Recognition. ACS Chem. Neurosci. 2010, 1, 495—504.

(18) Liu, K; Wang, X; Wang, F. Probing Charge Transport of
Ruthenium-Complex-Based Molecular Wires at the Single-Molecule
Level. ACS Nano 2008, 2, 2315—2323.

(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. J; 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. Nanotools
for Neuroscience and Brain Activity Mapping. ACS Nano 2013, 7,
1850—1866.

(20) Biteen, J. S.; Blainey, P. C.; Cardon, Z. G.; Chun, M.; Church,
G. M,; Dorrestein, P. C; Fraser, S. E.; Gilbert, J. A; Jansson, J. K;
Knight, R.; Miller, J. F.; Ozcan, A,; Prather, K. A;; Quake, S. R.; Ruby,
E. G,; Silver, P. A,; Taha, S; van den Engh, G.; Weiss, P. S.; Wong, G.
C. L; Wright, A. T.; Young, T. D. Tools for the Microbiome: Nano
and Beyond. ACS Nano 2016, 10, 6—37.

(21) Liao, W.-S.; Cao, H. H.; Cheunkar, S.; Shuster, M. J.; Altieri, S.
C.; Weiss, P. S,; Andrews, A. M. Small-Molecule Arrays for Sorting
G-Protein-Coupled Receptors. J. Phys. Chem. C 2013, 117, 22362—
22368.

(22) Bumm, L. A;; Arnold, J. J.; Charles, L. F.; Dunbar, T. D.; Allara,
D. L; Weiss, P. S. Directed Self-Assembly To Create Molecular
Terraces with Molecularly Sharp Boundaries in Organic Monolayers. J.
Am. Chem. Soc. 1999, 121, 8017—8021.

DOI: 10.1021/acs.accounts.6b00034
Acc. Chem. Res. 2016, 49, 14491457


http://dx.doi.org/10.1021/acs.accounts.6b00034

Accounts of Chemical Research

(23) Weck, M.; Jackiw, J. J.; Rossi, R. R.; Weiss, P. S.; Grubbs, R. H.
Ring-Opening Metathesis Polymerization from Surfaces. J. Am. Chem.
Soc. 1999, 121, 4088—4089.

(24) Saavedra, H. M.; Thompson, C. M.; Hohman, J. N.; Crespi, V.
H.; Weiss, P. S. Reversible Lability by in Situ Reaction of Self-
Assembled Monolayers. J. Am. Chem. Soc. 2009, 131, 2252—2259.

(25) 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.

(26) Saavedra, H. M.; Mullen, T. J.; Zhang, P. P.; Dewey, D. C;
Claridge, S. A.; Weiss, P. S. Hybrid Strategies in Nanolithography. Rep.
Prog. Phys. 2010, 73, 036501.

(27) Wilbur, J. L; Kumar, A,; Kim, E.; Whitesides, G. M.
Microfabrication by Microcontact Printing of Self-Assembled Mono-
layers. Adv. Mater. 1994, 6, 600—604.

(28) Xia, Y.; Whitesides, G. M. Soft Lithography. Annu. Rev. Mater.
Sci. 1998, 28, 153—184.

(29) Dameron, A. A; Charles, L. F.; Weiss, P. S. Structures and
Displacement of 1-Adamantanethiol Self-Assembled Monolayers on
Au{111}. . Am. Chem. Soc. 2005, 127, 8697—8704.

(30) Dameron, A. A; Hampton, J. R; Smith, R. K; Mullen, T. J;
Gillmor, S. D.; Weiss, P. S. Microdisplacement Printing. Nano Lett.
20085, S, 1834—1837.

(31) Mullen, T. J; Srinivasan, C.; Hohman, J. N.; Gillmor, S. D.;
Shuster, M. J; Horn, M. W,; Andrews, A. M,; Weiss, P. S.
Microcontact Insertion Printing. Appl. Phys. Lett. 2007, 90, 063114.

(32) Vaish, A.; Shuster, M. J.; Cheunkar, S.; Weiss, P. S.; Andrews, A.
M. Tuning Stamp Surface Energy for Soft Lithography of Polar
Molecules To Fabricate Bioactive Small-Molecule Microarrays. Small
2011, 7, 1471—1479.

(33) Tran, H; Killops, K. L; Campos, L. M. Advancements and
Challenges of Patterning Biomolecules with sub-50 nm Features. Soft
Matter 2013, 9, 6578—6586.

(34) 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.

(35) Kung, L. A; Kam, L; Hovis, J. S; Boxer, S. G. Patterning
Hybrid Surfaces of Proteins and Supported Lipid Bilayers. Langmuir
2000, 16, 6773—6776.

(36) Hovis, J. S.; Boxer, S. G. Patterning and Composition Arrays of
Supported Lipid Bilayers by Microcontact Printing. Langmuir 2001,
17, 3400—340S.

(37) Chen, Y; Kung, S.-C.; Taggart, D. K; Halpern, A. R;; Penner, R.
M.,; Corn, R. Fabricating Nanoscale DNA Patterns with Gold
Nanowires. Anal. Chem. 2010, 82, 3365—3370.

(38) Nanolithography: The Art of Fabricating Nanoelectronic and
Nanophotonic Devices and Systems; Feldman, M., Ed.; Woodhead
Publishing: Cambridge, U.K,, 2014.

(39) Kim, J; Rim, Y. S.; Chen, H. J.,; Cao, H. H.; Nakatsuka, N.;
Hinton, H. L,; Zhao, C. Z,; Andrews, A. M.; Yang, Y.; Weiss, P. S.
Fabrication of High-Performance Ultrathin In,O; Film Field-Effect
Transistors and Biosensors Using Chemical Lift-Off Lithography. ACS
Nano 2015, 9, 4572—4582.

(40) Rim, Y. S.; Bae, S. H.; Chen, H,; Yang, J. L.; Kim, J.; Andrews, A.
M,; Weiss, P. S.; Yang, Y.; Tseng, H. R. Printable Ultrathin Metal
Oxide Semiconductor-Based Conformal Biosensors. ACS Nano 2018,
9, 12174—12181.

(41) Willner, I; Zayats, M. Electronic Aptamer-Based Sensors.
Angew. Chem,, Int. Ed. 2007, 46, 6408—6418.

(42) Liu, J.; Cao, Z.; Lu, Y. Functional Nucleic Acid Sensors. Chem.
Rev. 2009, 109, 1948—1998.

(43) Cao, H. H.; Nakatsuka, N.; Serino, A. C.; Liao, W.-S.; Cheunkar,
S.; Yang, H.; Weiss, P. S.; Andrews, A. M. Controlled DNA Patterning
by Chemical Lift-Off Lithography: Matrix Matters. ACS Nano 20185, 9,
11439—-11454.

(44) Zeira, A; Chowdhury, D; Maoz, R; Sagiv, J. Contact
Electrochemical Replication of Hydrophilic—Hydrophobic Monolayer
Patterns. ACS Nano 2008, 2, 2554—2568.

1456

(45) Mullen, T. J.; Zhang, P.; Srinivasan, C.; Horn, M. W.; Weiss, P.
S. Combining Electrochemical Desorption and Metal Deposition on
Patterned Self-Assembled Monolayers. J. Electroanal. Chem. 2008, 621,
229-237.

(46) Herne, T. M.; Tarlov, M. J. Characterization of DNA Probes
Immobilized on Gold Surfaces. J. Am. Chem. Soc. 1997, 119, 8916—
8920.

(47) Aqua, T.; Naaman, R;; Daube, S. S. Controlling the Adsorption
and Reactivity of DNA on Gold. Langmuir 2003, 19, 10573—10580.

(48) Gethers, M. L,; Thomas, J. C.; Jiang, S.; Weiss, N. O.; Duan, X;
Goddard, W,, III; Weiss, P. S. Holey Graphene as a Weed Barrier for
Molecules. ACS Nano 20185, 9, 10909—10915.

(49) Vaish, A.; Liao, W.-S.; Shuster, M. J.; Hinds, J. M.; Weiss, P. S.;
Andrews, A. M. Thin Gold Film-Assisted Fluorescence Spectroscopy
for Biomolecule Sensing. Anal. Chem. 2011, 83, 7451—7456.

(50) Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, L; Suzuki, S.;
Ohtsuka, Y.; Achiba, Y. Optical Properties of Single-Wall Carbon
Nanotubes. Synth. Met. 1999, 103, 2555—2558.

(51) Zhang, H. Ultrathin Two-Dimensional Nanomaterials. ACS
Nano 2015, 9, 9451—-9469.

(52) Grimes, R. N. Carboranes, 2nd ed.; Elsevier: Amsterdam, 2011.

(53) Magoga, M; Joachim, C. Conductance and Transparence of
Long Molecular Wires. Phys. Rev. B: Condens. Matter Mater. Phys.
1997, 56, 4722—4729.

(54) Monnell, J. D.; Stapleton, J. J; Dirk, S. M; Reinerth, W. A;;
Tour, J. M; Allara, D. L; Weiss, P. S. Relative Conductances of
Alkaneselenolate and Alkanethiolate Monolayers on Au{111}. J. Phys.
Chem. B 2008, 109, 20343—20349.

(55) Ossowski, J.; Wichter, T.; Silies, L.; Kind, M.; Noworolska, A.;
Blobner, F.; Gnatek, D.; Rysz, J.; Bolte, M.; Feulner, P.; Terfort, A;
Cyganik, P; Zharnikov, M. Thiolate versus Selenolate: Structure,
Stability, and Charge Transfer Properties. ACS Nano 2018, 9, 4508—
4526.

(56) Fan, Z. X; Huang, X; Tan, C. L; Zhang, H. Thin Metal
Nanostructures: Synthesis, Properties and Applications. Chem. Sci.
2015, 6, 95—111.

(57) Huang, X,; Li, S. Z.; Huang, Y. Z.; Wy, S. X,; Zhou, X. Z; Lj, S.
Z; Gan, C. L; Boey, F; Mirkin, C. A,; Zhang, H. Synthesis of
Hexagonal Close-Packed Gold Nanostructures. Nat. Commun. 2011, 2,
292.

(58) Duan, H. H; Yan, N; Yu, R;; Chang, C. R;; Zhou, G; Hu, H. S;
Rong, H. P.; Niu, Z. Q;; Mao, J. J.; Asakura, H.; Tanaka, T.; Dyson, P.
J; Li, J; Li, Y. Ultrathin Rhodium Nanosheets. Nat. Commun. 2014, S,
3093.

(59) Seema, P.; Behler, J.; Marx, D. Peeling by Nanomechanical
Forces: A Route to Selective Creation of Surface Structures. Phys. Rev.
Lett. 2015, 115, 036102.

(60) Claridge, S. A.; Schwartz, J. J.; Weiss, P. S. Electrons, Photons,
and Force: Quantitative Single-Molecule Measurements from Physics
to Biology. ACS Nano 2011, 5, 693—729.

(61) Yan, L.; Zheng, Y. B,; Zhao, F.; Li, S.; Gao, X,; Xu, B.; Weiss, P.
S; Zhao, Y. Chemistry and Physics of a Single Atomic Layer:
Strategies and Challenges for Functionalization of Graphene and
Graphene-Based Materials. Chem. Soc. Rev. 2012, 41, 97—114.

(62) Feng, J; Li, W,; Qian, X; Qi, J; Qi, L; Li, J. Patterning of
Graphene. Nanoscale 2012, 4, 4883—4899.

(63) Bai, J.; Zhong, X; Jiang, S.; Huang, Y,; Duan, X. Graphene
Nanomesh. Nat. Nanotechnol. 2010, S, 190—194.

(64) Miillen, K. Evolution of Graphene Molecules: Structural and
Functional Complexity as Driving Forces behind Nanoscience. ACS
Nano 2014, 8, 6531—6541.

(65) Hohman, J. N.; Claridge, S. A;; Kim, M.; Weiss, P. S. Cage
Molecules for Self-Assembly. Mater. Sci. Eng, R 2010, 70, 188—208.

(66) Thomas, J. C.; Boldog, I; Auluck, H. S.; Bereciartua, P. J;
Dusek, M.; Machacek, J.; Bastl, Z.; Weiss, P. S; BaSe, T. Self-
Assembled p-Carborane Analogue of p-Mercaptobenzoic Acid on
Au{111}. Chem. Mater. 2015, 27, 5425—5435.

(67) Geyer, W.; Stadler, V.; Eck, W.; Zharnikov, M.; G&lzhiuser, A.;
Grunze, M. Electron-Induced Crosslinking of Aromatic Self-

DOI: 10.1021/acs.accounts.6b00034
Acc. Chem. Res. 2016, 49, 14491457


http://dx.doi.org/10.1021/acs.accounts.6b00034

Accounts of Chemical Research

Assembled Monolayers: Negative Resists for Nanolithography. Appl.
Phys. Lett. 1999, 75, 2401—-2403.

1457 DOI: 10.1021/acs.accounts.6b00034
Acc. Chem. Res. 2016, 49, 14491457


http://dx.doi.org/10.1021/acs.accounts.6b00034



