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Abstract
The creation of bioactive substrates requires an appropriate interface molecular environment control and adequate biological

species recognition with minimum nonspecific attachment. Herein, a straightforward approach utilizing chemical lift-off

lithography to create a diluted self-assembled monolayer matrix for anchoring diverse biological probes is introduced. The strategy

encompasses convenient operation, well-tunable pattern feature and size, large-area fabrication, high resolution and fidelity control,

and the ability to functionalize versatile bioarrays. With the interface-contact-induced reaction, a preformed alkanethiol self-assem-

bled monolayer on a Au surface is ruptured and a unique defect-rich diluted matrix is created. This post lift-off region is found to be

suitable for insertion of a variety of biological probes, which allows for the creation of different types of bioactive substrates.

Depending on the modifications to the experimental conditions, the processes of direct probe insertion, molecular structure

change-required recognition, and bulky biological species binding are all accomplished with minimum nonspecific adhesion.

Furthermore, multiplexed arrays via the integration of microfluidics are also achieved, which enables diverse applications of

as-prepared substrates. By embracing the properties of well-tunable pattern feature dimension and geometry, great local molecular

environment control, and wafer-scale fabrication characteristics, this chemical lift-off process has advanced conventional bioactive

substrate fabrication into a more convenient route.
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Introduction
Patterning on the micro- to nanoscale plays a key role in

modern scientific and engineering research fields. Particularly,

the creation of bioactive surfaces with well-defined geometries

has drawn lots of attention due to its versatile applications in

chemistry, biology, biophysics, and bioengineering [1-4]. In

order to achieve the feature size and procedure convenience

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
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requirements that satisfy the specific needs for different applica-

tions, the adaptation of appropriate micro/nanofabrication ap-

proaches is necessary. The fact that optical lithography allows

for large-area fabrication provides an accessible route to bioac-

tive substrate manufacturing but is limited by light diffraction

when very fine control is required. On the other hand, scanning

beam-based lithographic techniques allow for highly control-

lable fine feature dimensions but are restricted by a much

slower production speed for large-area patterns. Combinational

and complimentary approaches are therefore widely adopted in

the fabrication of bioactive substrates, which also provide the

advantages of convenient process, economical operation,

large-scale reproduction, and high resolution control.

Conventional strategies to fabricate bioactive substrates rely on

the creation of different local molecular environments that are

suitable for subsequent biological species attachment. For ex-

ample, the supported lipid bilayer system has been widely used

for many biophysical studies due to its mimetic property toward

cell membranes [5,6]. These platforms often use a flat glass sur-

face to support the formation of lipid bilayers via vesicle fusion.

With the combination of microfluidic devices and lithographic

techniques, the creation of multiplexed arrays has been

achieved and delivers applications such as protein–ligand

binding study and biological species sensing [7-9]. The other

widely adopted system, the self-assembled monolayer (SAM),

provides ease of operation and high stability under ambient

conditions [10,11]. These approaches utilize the self-arrange-

ment of silane or thiol molecules on silica or Au surfaces, which

has been proven as a convenient route for the fabrication of

functional surfaces toward versatile targets [12-16]. In addition

to direct surface modification, the versatility of anchoring mole-

cule tail groups provides further functionality choices which

benefit the fabrication of variable recognition arrays [17-20]. It

should be noted that the establishment of a proper surface envi-

ronment for biological species recognition requires appropriate

molecular moiety selection not only for better ligand–target

interaction, but also lower non-specific binding of objects. A

highly controllable molecular manipulation over large area sur-

faces is consequently highly sought after in bioactive substrate

fabrication.

The recently developed chemical lift-off lithography (CLL)

technique is a straightforward approach to create distinct

regions carrying dissimilar surface properties for a variety of

applications [21]. With conformal contact-induced reactions,

the top layer Au–Au bond breakage on an alkanethiol SAM

covered Au substrate leads to the exposure of fresh Au toward

the exterior environment. These vacancies can therefore be

fulfilled with different molecules, e.g., ligands, and the sub-

strate is active for biological responses. Comparing to conven-

tional lithographic stamping processes which use mobile inks,

this approach solves the problems of molecular lateral diffusion

and gas transport obstacles. The fabricated feature resolution

can therefore be accomplished down to the sub-30 nm scale

with high pattern fidelity [22-24]. Furthermore, the great

stability of the created pattern, which could be attributed to the

atomic scale step-edge from the lift-off process, allows for

long-term usage of the generated platform [25,26]. It is impor-

tant to note that the lift-off process creates a local molecular

environment that is very unique and highly suitable for the

insertion of bioactive probes [26,27]. Due to the incomplete-

ness of the contact-induced reaction, the post lift-off region

represents an unusual behavior compared to other SAM

systems. Here, the lift-off process creates a diluted molecular

matrix environment which is expected to be due to partial Au

thiolate removal in SAMs. With the appropriate adjustment of

the experimental conditions, this “diluted artificial defect-rich”

matrix provides an abundance of opportunities to create differ-

ent bioactive substrates via a straightforward one-step SAM

defect control. Compared to conventional biological platform

generation, this matrix provides the advantages of wide probe

compatibility, minimized nonspecific biospecies adhesion,

versatile platform creation, precisely controlled biomolecule

positioning, and straightforward operation. To investigate the

capability of the lift-off process to fabricate various bioactive

substrates, probes with different molecular behavior and multi-

plexed array construction are tested. The unique surface envi-

ronments created are also applied to execute patterns with

diverse geometries, a wide range of feature dimensions, and

structure repeatability, which are important in practical bioac-

tive substrate assembly. To further expand this approach toward

biologically important probe-anchored multiplexed patterns, a

novel integration of microfluidics with CLL operation is also

introduced. In addition, this strategy enables straightforward

creation of wafer-scale bioactive substrates via one-step surface

defect-rich matrix generation, which greatly advances the

creation of a biofunctional platform manufacturing for practical

uses.

Experimental
Materials. 11-Mercaptoundecanol (MCU), 1-undecanethiol

(UT), tri(ethylene glycol) undecanethiol (TEG), hexaam-

mineruthenium(III) {[Ru(NH3)6]3+} chloride and 4-(2-hydroxy-

ethyl)piperazine-1-ethanesulfonic acid (HEPES) were

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

Biotin-terminated hexa(ethylene glycol)undecanethiol was pur-

chased from Nanoscience Instruments Inc. (Phoenix, AZ,

USA). Streptavidin was purchased from Invitrogen Inc.

(Carlsbad, CA, USA). FITC-labelled antistreptavidin antibody

was purchased from Abcam Inc. (Cambridge, MA, USA).

Tris(hydroxy-methyl)aminomethane (TRIS) and tris(2-carboxy-
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ethyl)phosphine (TCEP) were obtained from Acros Organics

(Geel, Belgium). Bovine serum albumin (BSA), and 10× phos-

phate buffered saline (PBS) containing 1.37 M NaCl, 0.027 M

KCl, 0.10 M Na2HPO4, and 0.018 M KH2PO4 were purchased

from Bioman Scientific Co., Ltd (Taipei, Taiwan). Deionized

water (>18 MΩ·cm) was obtained from the ELGA PURELAB

classic system (Taipei, Taiwan).

Oligonucleotide sequences. Oligonucleotides purified by

HPLC were purchased from PURIGO Biotechnology Co., Ltd.

(Taipei, Taiwan). The oligonucleotide sequences are listed in

the following:

1. Hg2+-specific probe (30 bp): 5’ HS-(CH2)6-ACT CAT

GAT TCT TTC TTC CCC TTG TTT GTT-FAM-3’

(FAM: carboxyfluorescein)

2. adenosine-specific probe (35 bp): 5’ HS-(CH2)6-ACT

CAT GAA CCT GGG GGA GTA TTG CGG AGG

AAG GT-FAM-3’

3. cocaine-specific probe (46 bp): 5’ HS-(CH2)6-ACT CAT

GAG GGA GAC AAG GAA AAT CCT TCA ATG

AAG TGG GTC TCC C-FAM-3’

4. target DNA-specific probe (42 bp): 5’ HS-(CH2)6-GCG

ACT GGG ATT AAA TAA AAT AGT AAG AAT GTA

TAG CCC AGT-FAM-3’

5. target DNA (33 bp): 5’-GCT ATA CAT TCT TAC TAT

TTT ATT TAA TCC CAG-3’

Before tethering the thiolated probes onto CLL-treated sub-

strates, 5 μL of the 10 μM probe solution was first mixed with

5 μL of 20 μM reducing agent (TCEP) in 25 mM TRIS buffer

(150 mM NaCl, pH 8.2) for 30 min. The probe solution was

then diluted to a final concentration of 0.5 μM in 25 mM TRIS

buffer (150 mM NaCl, pH 8.2), and kept in the dark before use.

Bioactive substrate preparation by the CLL process. Silicon

substrates (Mustec Corp., Hsinchu, Taiwan) with 100 nm thick

Au and 5 nm chromium adhesive layers were prepared by ther-

mal evaporation. The Au substrates were immersed in 0.5 mM

MCU or TEG ethanolic solution for >6 h to form self-assem-

bled monolayers. After SAM formation, the substrates were

washed with ethanol to remove excess thiol molecules, and

blown dry with nitrogen gas. Polydimethylsiloxane (PDMS)

stamps with various patterns were fabricated by standard

photolithography-created masters. A 10:1 mass ratio of

SYLGARD 184 silicone elastomer base and curing agent (Dow

Corning, Midland, MI, USA) was thoroughly mixed, degassed

under vacuum, cast onto master molds, and cured on an alumi-

num-top hot plate at 100 °C overnight. The PDMS stamps were

separated from the master molds, sequentially rinsed with ace-

tone and isopropanol, and then blown dry with nitrogen gas.

The prepared stamps were activated by 40 s of oxygen plasma

exposure at a power of 18 W with 0.5 mbar oxygen flow.

Thereafter, the stamps were conformally sealed onto the

SAM-modified substrates to initiate a contact-induced reaction

for typically 60 min. After separating the contact-sealed stamps

from the Au substrates, 0.5 μM thiolate probe solutions were

quickly dropped onto the surfaces to anchor the biological

probes into the post-chemical lift-off regions. After typically 1 h

of incubation, the substrates were gently rinsed by deionized

water, immersed in buffer solution, and stored at 4 °C in the

dark.

Fluorescence image recording. An epifluorescence micro-

scope (Axio Imager, M2, Carl Zeiss Microscopy, Jena,

Germany) equipped with an X-Cite® 120 LED (Lumen Dynam-

ics Group Inc., Mississauga, Canada) lamp and a fluorescence

filter set with excitation and emission wavelengths of

480 ± 15 nm and 535 ± 20 nm, respectively, was used. The rela-

tive fluorescence intensity was processed with the rectangle

function in ZEN 2012 (blue edition) Service Pack 2 software

(Carl Zeiss Microscopy, Jena, Germany).

Atomic force microscopy characterization. The bioactive

substrate fabrication process was step-wisely characterized by

the tapping mode atomic force microscopy (AFM, Dimension

Fastscan, Bruker Nano Surfaces, Hsinchu, Taiwan). Topo-

graphic AFM images were collected using a silicon cantilever

with a spring constant of 48 N/m and a resonance frequency of

190 kHz (Nanosensors, Neuchatel, Switzerland). The substrates

were gently rinsed by deionized water and carefully blown dry

with nitrogen gas before characterization.

Cyclic voltammetry (CV) measurements. Electrochemical ex-

periments were performed on the CH Instruments 627A electro-

chemical analyzer in a three-electrode system consisting of the

prepared substrate (with an exposed area of 0.28 cm2), an

Ag/AgCl (3 M KCl) reference electrode, and a Pt wire counter

electrode. CV measurements were carried out with 1 mM

[Ru(NH3)6]3+ in 25 mM TRIS buffer (pH 7.4) at a scan rate of

100 mV/s.

Target capture. For binding partner recognition, the substrates

were rinsed with 25 mM TRIS buffer (150 mM NaCl, pH 7.4)

in advance. Target DNA solutions in 25 mM TRIS buffer

(150 mM NaCl, pH 7.4) was thereafter dropped onto the target

DNA-specific probe-modified substrates for a 5 min incubation

period. For sandwich-like array signal reporting, biotinylated

thiol-patterned substrates were first exposed to 10 mg/mL BSA

for 5 min to reduce nonspecific protein adsorption. The

patterned surfaces were then treated with 50 μg/mL strepta-

vidin solution for 20 min followed by 20 min of 10 μg/mL
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Figure 1: Schematic illustration and corresponding topographic AFM images of biological-probe-patterned surface fabrication using the
chemical lift-off lithography (CLL) process.

FITC-labelled antistreptavidin antibody incubation. These sub-

strates were all rinsed with deionized water between single

steps.

Multiplexed biological probe-anchored platform. After 40 s

of oxygen plasma treatment, a flat PDMS stamp was confor-

mally sealed onto a MCU SAM modified Au substrate for

60 min. After the stamp removal, the Au substrate was confor-

mally sealed to another plasma-treated stamp rendering 20 μm

microchannels. Three different thiolated probe solutions (5 μM

in 25 mM TRIS buffer, 150 mM NaCl, 1 μM TCEP, pH 8.2)

were introduced into separated channels for 60 min biomole-

cule insertion. The microchannel stamp was then quickly sepa-

rated from the Au substrate in a deionized water bath. Finally,

the Au surface was gently rinsed with deionized water and

25 mM TRIS buffer (pH 7.4) before further use.

Results and Discussion
The use of CLL for the fabrication of bioactive substrates

depends on several governing factors to create a proper surface

environment for biomolecule recognition. Hydrophilic

group-terminated alkanethiol molecules provide a strong inter-

action toward an oxygen-plasma-treated PDMS surface, which

is the best option for generating SAM ruptures by substrate top

layer Au–Au bond breakage [11,28-32]. Another important task

in the CLL operation is the choice of an appropriate molecular

matrix, where the influence of molecular-level steric effects

dominates the insertion of biological probes or the correspond-

ing partner recognition [27]. An eleven carbon-chain-based

11-mercaptoundecanol (MCU) molecule is therefore selected in

this study due to its great self-assembly behavior on Au and the

suitable hydroxy-tail group toward the activated PDMS surface

for the contact reaction [18,19,24,27]. A schematic illustration

of the standard CLL operation is demonstrated in Figure 1, in-

cluding PDMS activation, contact-induced reaction, lift-off

steps, and biomolecule anchoring. It should be noted that the

conformal contact reaction requires no external pressure, and

the lift-off operation is performed under ambient conditions. As

shown in the AFM images of Figure 1, the SAM-modified Au

surface reveals a depressed square pattern after CLL operation

when a PDMS stamp with a protruding square pattern is used.

This depression region represents a freshly exposed Au area,

which provides a position for subsequent biological probe inser-

tion. For visualization, thiolated molecules of longer molecular

length are used and give an inversed protruding topographic

image, depicting successful probe insertion.
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Figure 2: Different types of bioactive surfaces fabricated by the chemical lift-off lithograpy (CLL) process with corresponding fluorescence images.
(A) Direct signal reporter-labelled probe insertion: the CLL-treated substrate before (left) and after (right) FAM-labelled Hg2+-specific probe insertion.
(B) Binding partner recognition triggered probe structure change inducing signal readout: the CLL-treated substrate anchoring with the FAM-labelled
hairpin-structured DNA probe before (left) and after (right) target DNA introduction. (C) Sandwich-like signal reporting with the inserted probe: the
CLL-treated substrate anchoring with the biotinylated thiol before (left) and after (right) the conjugation with streptavidin and FITC-labelled antistrepta-
vidin antibody. The scale bars are 20 μm.

The biological species filled inside the freshly created Au

regions in this approach should maintain their activity toward

targets for perspective practical applications. For investigation

convenience, a fluorescence signal read-out based approach is

applied and depicted via microscopic images. Three different

categories of biological probes and their binding partner

recognition capability are studied, including direct signal

reporter-labelled probe insertion, binding partner recognition

triggered probe structure change, and sandwich-like signal

reporting with inserted probes, as shown in Figure 2. A thio-

lated six carbon chain based nucleotide probe with a carboxy-

fluorescein (FAM) moiety labelled tail is selected in the most

straightforward probe direct insertion approach for demonstra-

tion (Figure 2A). The anchoring of this probe on the surface

presents a high fluorescence image contrast, which indicates

sufficient space and proper molecule orientation on the plat-

form. This observation is attributed to the incomplete contact-

induced reaction resulting in alkanethiol molecule residuals in

the post lift-off region, allowing for inserted molecule

self-orienting and reduced nonspecific probe–substrate adhe-

sion. In Figure 2B, the second type of bioactive substrate fabri-

cation approach relies on a labelled probe attachment with

subsequent binding partner recognition induced signal output. A

FAM-labelled thiolated hairpin-structured nucleotide probe is

first inserted into the post lift-off region, and its complimentary

nucleotide partner is thereafter introduced. Before the binding

partner introduction, the fluorescence signal is quenched by the

close distance of the dye to Au, where the subsequently ob-

served high-contrast fluorescence image indicates sufficient sur-

face space required in the binding partner recognition step. This

result confirms that the diluted molecular matrix supported by

the post lift-off region provides steric hindrance-free environ-
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Figure 3: Fluorescence images (A–D) and intensity profiles (E) of FAM-labelled DNA-patterned surfaces fabricated by CLL for (A) 100% MCU SAM
(0% UT), (B) 60% MCU SAM (40% UT), (C) 25% MCU SAM (75% UT), and (D) 0% MCU SAM (100% UT). The scale bars are 20 μm.

ment, which benefits in the recognition of other molecules onto

the substrate. The third type of fabricated bioactive substrate

lies on the anchoring of an active ligand, which can recognize a

corresponding protein partner in the solution (Figure 2C). In

order to minimize the protein nonspecific adsorption, an

oligo(ethylene glycol) moiety containing TEG molecule is

selected as the matrix material, which can also be lifted off by

activated PDMS stamps in the CLL operation [21]. After the

ligand–protein binding process, a sandwich-like assay is

employed via the sequential attachment of primary and

reporter-labelled secondary antibodies. This bulky assay design

requires the spatial surrounding to give efficient recognition

comparing to the previous two substrate types. It is clear that

the fluorescence pattern created via this approach also presents

very high contrast, indicating that a proper environment was

provided by the post lift-off region even with bulky biological

species. From the great capability of three bioactive substrate

types toward diverse molecules and recognition processes under

appropriate experimental condition adjustments, the great

potential of CLL-treated surfaces for a variety of applications is

ratified.

It should be noted that molecular matrix composition

plays a key role in biological species selective recognition

[14,15,33,34]. A different probe density requirement is

therefore expected when diverse biocapturing environments are

employed. Taking advantage of the straightforward CLL opera-

tion and convenience of alkanethiol SAM formation, the

interface-contact-induced reaction can be applied to satisfy

appropriate probe quantity control. As depicted in Figure 3, dif-

ferent percentages of hydroxy-group-terminated MCU and

methyl-terminated UT molecules are utilized to form SAMs on

Au. The substrates are thereafter treated by the CLL process

and incubated with FAM-labelled nucleotide probes under the

same conditions. It is clear to see that the probe-anchored area

fluorescence intensity decreases along with the MCU percent-

age, which can be attributed to two presumable factors. First,

the lack of a contact-induced reaction toward the activated

PDMS surface of methyl-terminated alkanethiol diminishes the

amount of lift-able Au thiolates in the matrix, resulting in

reduced SAM defect creation in the CLL process. A consistent

observation of decreased [Ru(NH3)6]3+ CV response along with

larger redox peak separation ΔEp (from 0.08 V to 0.15 V) under

reduced MCU percentage also indicates less defects in the SAM

environment (Figure S1, Supporting Information File 1).

Second, the increase of hydrophobicity due to the presence of

methyl-terminated alkanethiol leads to unfavorable hydrophilic

biological probe insertion. The observed fluorescence signals

are therefore reduced with the increase of UT molecule ratio in

the matrix. It is important to note that although single-stranded

DNA probes may adsorb nonspecifically on methyl-terminated

SAMs [35], their contribution to fluorescence image contrast is

deducted due to the close dye-to-Au distance induced nonradia-

tive energy transfer. Given the controllable matrix composition

and the ease of CLL operation, the surface probe quantity is

well-tunable to satisfy the various needs of different biological

platforms.

The CLL-created unique molecular environment can also be ex-

tended to fabricate multiplexed bioactive arrays. As illustrated

in Figure 4, a spatially addressed biological-probe-anchored

substrate is fabricated via the combination of a microfluidic

device and a CLL-treated surface. The diluted MCU alkane-

thiol matrix is first generated by applying activated featureless

PDMS to interact with the whole SAM-modified Au surface

followed by a subsequent lift-off step. This post lift-off surface
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Figure 4: Schematic illustration of multiplexed bioactive surface fabrication by the combination of chemical lift-off lithography (CLL) and microfluidics:
(A) CLL treatment with an activated featureless PDMS stamp. (B) Probe insertion by the combination of a microfluidic device. (C) The fluorescence
image represents a multiplexed surface spatially anchored with different probes including (I) Hg2+-specific, (II) adenosine-specific, and
(III) cocaine-specific probes. The scale bar is 20 μm.

is thereafter conformally sealed with a PDMS microfluidic

device, rendering three 20 μm channels with 30 μm spacing

in between. Three individual solutions containing different

types of thiolated bioactive probes (targeting Hg2+, adenosine,

and cocaine) are accordingly injected into these channels

for a 60 min of probe insertion duration. Finally, the PDMS

device is separated from the Au surface and a multiplexed

bioactive-probe-anchored substrate is created. For demonstra-

tion, this spatially addressed bioactive substrate is tested with

the signal reporter labelled probe direct insertion approach. It is

found that three different molecules all insert into the desired

position during fluidic incubation and give a multiplexed image

with high fluorescence signal, as shown in Figure 4C. Channel

I, II, and III are Hg2+, adenosine, and cocaine-specific probe

anchored positions, respectively. To demonstrate the anchored

probe’s selectivity toward its corresponding target, this multi-

plexed substrate was tested with a 1 mM adenosine solution.

The obvious disappearance in the fluorescence signal in column

II (Figure S2, Supporting Information File 1) points to the high

platform selectivity toward its corresponding targets. The

results indicate that CLL-fabricated substrates not only render

high versatility for biological probes, but also entail great poten-

tial toward analytical technique integration. It is also important

to note that biologically interesting closed-packed different

chemical patterns on the same substrate could also be achieved

via this approach. For example, the lift-able and reactive

amine-terminated alkanethiol SAM-modified substrate can be

integrated with a microfluidic device and functionalized with

different moieties through various injected solutions. The

device can thereafter be separated and the exposed post lift-off

regions can be back-filled with a different chemical function-

ality. These multiplexed and closed-packed chemical patterns

can therefore be utilized for an abundance of biological recogni-

tion applications [14,20,24].

Because the bioactive surface feature size and geometry may

affect the substrate’s capability toward practical application and

the functionality of the anchored probes, the CLL-based fabri-

cation process was tested to create surfaces with a variety of

molecule arrangements in different dimensions. As shown in

Figure 5, different PDMS stamps rendering diverse geometries,

either with protruding (Figure 5A,C,E,G, and H) or depressed

(Figure 5B,D, and F) features, were applied on the SAM-modi-

fied Au surface to create molecular matrix patterns. With the

adoption of a simply operated signal reporter labelled probe

insertion strategy, high-contrast fluorescence images with

versatile geometries are obtained and no obvious signal output

fluctuation is observed with the different sizes. It should be

noted that bioactive substrates created by the CLL process can

also be made very uniform over a large area. As demonstrated

in Figure 6, fluorescence images obtained from distinct

sampling spots on a 4 inch silicon wafer substrate represent the

same results with minimized signal fluctuation. The high

repeatability and scale up capability of fabricated biologically

active patterns confirms the technique’s potential toward prac-

tical applications.

Conclusion
The chemical lift-off process enables fabrication of diverse bio-

active substrates in a straightforward manner. The approach

generates abundant alkanethiol SAM defects via interface-con-

tact-induced reactions between the activated PDMS stamp and
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Figure 5: Fluorescence microscopy images (A–H) of FAM-labelled DNA patterned surfaces with various features and sizes created by CLL. The
scale bars are 50 μm.

Figure 6: A representative photo (A) and fluorescence images (B–D) of the large-area bioactive surface fabricated by CLL. (A) Photo images showing
a wafer-scale patterning achieved by CLL. (B–D) Fluorescence images obtained from different sampling spots indicated in (A) on the same surface.
The green and red scale bars are 1.0 cm and 20 μm, respectively.
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hydroxy-group-terminated SAM molecules. The separation of

these two surfaces leads to the creation of molecular level

matrix defects, which enables the subsequent bioactive probe

anchoring. This CLL-based substrate is capable of conjugating

a variety of biological species, such as nucleotide-tethered

probes, orientation changeable molecules, and bulky proteins or

antibodies. It is found that these surface-tethered probes main-

tain their biological activity and the fabricated pattern sizes and

geometries are well-tunable. In addition, the creation of

multiplexed arrays can also be accomplished by the integration

of the CLL process with a microfluidic device, indicating the

great potential of this strategy toward practical bioapplications.

The observed bioactive substrate properties are attributed

to the unique diluted SAM environment created by the

CLL-process-induced Au-thiolate rupture happening at the

interface. Due to the randomly distributed thiol molecule

residual generated during the process, a diluted matrix

rendering copious SAM defects is expected. This environment

is therefore able to support the tethering of biological probes

with controllable density, and offers sufficient space for

biorecognition under the adjustment of experimental conditions.

We believe that this CLL-treated surface can be used in

conjunction with various biomolecules and a convenient ap-

proach to fabricate large-scale bioactive substrates with well-

defined patterns is anticipated.

Supporting Information
Supporting Information File 1
Additional information.

[https://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-9-31-S1.pdf]

Acknowledgements
This work was supported by the Taiwan Ministry of Science

and Technology (MOST 106-2113-M-002-015-MY2 and

MOST 106-2622-M-002-002-CC2). The authors would like to

thank Prof. Chun-Hsien Chen at National Taiwan University,

Profs. Paul S. Weiss and Anne M. Andrews, and Dr. Huan H.

Cao at University of California, Los Angeles for instrument

support and helpful discussions.

References
1. Demers, L. M.; Park, S.-J.; Taton, T. A.; Li, Z.; Mirkin, C. A.

Angew. Chem., Int. Ed. 2001, 40, 3071–3073.
doi:10.1002/1521-3773(20010817)40:16<3071::AID-ANIE3071>3.0.CO
;2-S

2. Keren, K.; Krueger, M.; Gilad, R.; Ben-Yoseph, G.; Sivan, U.; Braun, E.
Science 2002, 297, 72–75. doi:10.1126/science.1071247

3. Chung, S.-W.; Ginger, D. S.; Morales, M. W.; Zhang, Z.;
Chandrasekhar, V.; Ratner, M. A.; Mirkin, C. A. Small 2005, 1, 64–69.
doi:10.1002/smll.200400005

4. Schena, M.; Shalon, D.; Davis, R. W.; Brown, P. O. Science 1995, 270,
467–470. doi:10.1126/science.270.5235.467

5. Liu, C.; Huang, D.; Yang, T.; Cremer, P. S. Anal. Chem. 2015, 87,
7163–7170. doi:10.1021/acs.analchem.5b00999

6. Cong, X.; Poyton, M. F.; Baxter, A. J.; Pullanchery, S.; Cremer, P. S.
J. Am. Chem. Soc. 2015, 137, 7785–7792. doi:10.1021/jacs.5b03313

7. Shi, J.; Yang, T.; Kataoka, S.; Zhang, Y.; Diaz, A. J.; Cremer, P. S.
J. Am. Chem. Soc. 2007, 129, 5954–5961. doi:10.1021/ja069375w

8. Shi, J.; Yang, T.; Cremer, P. S. Anal. Chem. 2008, 80, 6078–6084.
doi:10.1021/ac800912f

9. Shi, J.; Chen, J.; Cremer, P. S. J. Am. Chem. Soc. 2008, 130,
2718–2719. doi:10.1021/ja077730s

10. Gooding, J. J.; Mearns, F.; Yang, W.; Liu, J. Electroanalysis 2003, 15,
81–96. doi:10.1002/elan.200390017

11. 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.
Chem. Soc. Rev. 2013, 42, 2725–2745. doi:10.1039/C2CS35365B

12. Xu, C.; Taylor, P.; Ersoz, M.; Fletcher, P. D. I.; Paunov, V. N.
J. Mater. Chem. 2003, 13, 3044–3048. doi:10.1039/b307788h

13. Lange, S. A.; Benes, V.; Kern, D. P.; Hörber, J. K. H.; Bernard, A.
Anal. Chem. 2004, 76, 1641–1647. doi:10.1021/ac035127w

14. Shuster, M. J.; Vaish, A.; Cao, H. H.; Guttentag, A. I.; McManigle, J. E.;
Gibb, A. L.; Martinez, M. M.; Nezarati, R. M.; Hinds, J. M.; Liao, W.-S.;
Weiss, P. S.; Andrews, A. M. Chem. Commun. 2011, 47,
10641–10643. doi:10.1039/c1cc13002a

15. Mullen, T. J.; Srinivasan, C.; Hohman, J. N.; Gillmor, S. D.;
Shuster, M. J.; Horn, M. W.; Andrews, A. M.; Weiss, P. S.
Appl. Phys. Lett. 2007, 90, 063114. doi:10.1063/1.2457525

16. Römhildt, L.; Pahlke, C.; Zörgiebel, F.; Braun, H.-G.; Opitz, J.;
Baraban, L.; Cuniberti, G. ACS Appl. Mater. Interfaces 2013, 5,
12029–12035. doi:10.1021/am4038245

17. Lalander, C. H.; Zheng, Y.; Dhuey, S.; Cabrini, S.; Bach, U. ACS Nano
2010, 4, 6153–6161. doi:10.1021/nn101431k

18. Palla, K. S.; Hurlburt, T. J.; Buyanin, A. M.; Somorjai, G. A.;
Francis, M. B. J. Am. Chem. Soc. 2016, 139, 1967–1974.
doi:10.1021/jacs.6b11716

19. Vaish, A.; Shuster, M. J.; Cheunkar, S.; Singh, Y. S.; Weiss, P. S.;
Andrews, A. M. ACS Chem. Neurosci. 2010, 1, 495–504.
doi:10.1021/cn1000205

20. Liao, W.-S.; Cao, H. H.; Cheunkar, S.; Shuster, M. J.; Altieri, S. C.;
Weiss, P. S.; Andrews, A. M. J. Phys. Chem. C 2013, 117,
22362–22368. doi:10.1021/jp402921y

21. Liao, W.-S.; Cheunkar, S.; Cao, H. H.; Bednar, H. R.; Weiss, P. S.;
Andrews, A. M. Science 2012, 337, 1517–1521.
doi:10.1126/science.1221774

22. Zhao, C.; Xu, X.; Yang, Q.; Man, T.; Jonas, S. J.; Schwartz, J. J.;
Andrews, A. M.; Weiss, P. S. Nano Lett. 2017, 17, 5035–5042.
doi:10.1021/acs.nanolett.7b02269

23. Xu, X.; Yang, Q.; Cheung, K. M.; Zhao, C.; Wattanatorn, N.;
Belling, J. N.; Abendroth, J. M.; Slaughter, L. S.; Mirkin, C. A.;
Andrews, A. M.; Weiss, P. S. Nano Lett. 2017, 17, 3302–3311.
doi:10.1021/acs.nanolett.7b01236

24. Cao, H. H.; Nakatsuka, N.; Liao, W.-S.; Serino, A. C.; Cheunkar, S.;
Yang, H.; Weiss, P. S.; Andrews, A. M. Chem. Mater. 2017, 29,
6829–6839. doi:10.1021/acs.chemmater.7b01970

25. Andrews, A. M.; Liao, W.-S.; Weiss, P. S. Acc. Chem. Res. 2016, 49,
1449–1457. doi:10.1021/acs.accounts.6b00034

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-31-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-31-S1.pdf
https://doi.org/10.1002%2F1521-3773%2820010817%2940%3A16%3C3071%3A%3AAID-ANIE3071%3E3.0.CO%3B2-S
https://doi.org/10.1002%2F1521-3773%2820010817%2940%3A16%3C3071%3A%3AAID-ANIE3071%3E3.0.CO%3B2-S
https://doi.org/10.1126%2Fscience.1071247
https://doi.org/10.1002%2Fsmll.200400005
https://doi.org/10.1126%2Fscience.270.5235.467
https://doi.org/10.1021%2Facs.analchem.5b00999
https://doi.org/10.1021%2Fjacs.5b03313
https://doi.org/10.1021%2Fja069375w
https://doi.org/10.1021%2Fac800912f
https://doi.org/10.1021%2Fja077730s
https://doi.org/10.1002%2Felan.200390017
https://doi.org/10.1039%2FC2CS35365B
https://doi.org/10.1039%2Fb307788h
https://doi.org/10.1021%2Fac035127w
https://doi.org/10.1039%2Fc1cc13002a
https://doi.org/10.1063%2F1.2457525
https://doi.org/10.1021%2Fam4038245
https://doi.org/10.1021%2Fnn101431k
https://doi.org/10.1021%2Fjacs.6b11716
https://doi.org/10.1021%2Fcn1000205
https://doi.org/10.1021%2Fjp402921y
https://doi.org/10.1126%2Fscience.1221774
https://doi.org/10.1021%2Facs.nanolett.7b02269
https://doi.org/10.1021%2Facs.nanolett.7b01236
https://doi.org/10.1021%2Facs.chemmater.7b01970
https://doi.org/10.1021%2Facs.accounts.6b00034


Beilstein J. Nanotechnol. 2018, 9, 311–320.

320

26. Chen, C.-Y.; Wang, C.-M.; Chen, P.-S.; Liao, W.-S. Nanoscale 2018.
doi:10.1039/C7NR07381J

27. Cao, H. H.; Nakatsuka, N.; Serino, A. C.; Liao, W.-S.; Cheunkar, S.;
Yang, H.; Weiss, P. S.; Andrews, A. M. ACS Nano 2015, 9,
11439–11454. doi:10.1021/acsnano.5b05546

28. Yu, M.; Bovet, N.; Satterley, C. J.; Bengió, S.; Lovelock, K. R. J.;
Milligan, P. K.; Jones, R. G.; Woodruff, D. P.; Dhanak, V.
Phys. Rev. Lett. 2006, 97, 166102.
doi:10.1103/PhysRevLett.97.166102

29. Moore, A. M.; Mantooth, B. A.; Donhauser, Z. J.; Yao, Y.; Tour, J. M.;
Weiss, P. S. J. Am. Chem. Soc. 2007, 129, 10352–10353.
doi:10.1021/ja0745153

30. Woodruff, D. P. Phys. Chem. Chem. Phys. 2008, 10, 7211–7221.
doi:10.1039/b813948b

31. Maksymovych, P.; Voznyy, O.; Dougherty, D. B.; Sorescu, D. C.;
Yates, J. T., Jr. Prog. Surf. Sci. 2010, 85, 206–240.
doi:10.1016/j.progsurf.2010.05.001

32. Häkkinen, H. Nat. Chem. 2012, 4, 443–455. doi:10.1038/nchem.1352
33. Vaish, A.; Shuster, M. J.; Cheunkar, S.; Weiss, P. S.; Andrews, A. M.

Small 2011, 7, 1471–1479. doi:10.1002/smll.201100094
34. Macedo, L. J. A.; Miller, E. N.; Opdahl, A. Anal. Chem. 2017, 89,

1757–1763. doi:10.1021/acs.analchem.6b04048
35. Kaufmann, R.; Averbukh, I.; Naaman, R.; Daube, S. S. Langmuir 2008,

24, 927–931. doi:10.1021/la702799v

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.9.31

https://doi.org/10.1039%2FC7NR07381J
https://doi.org/10.1021%2Facsnano.5b05546
https://doi.org/10.1103%2FPhysRevLett.97.166102
https://doi.org/10.1021%2Fja0745153
https://doi.org/10.1039%2Fb813948b
https://doi.org/10.1016%2Fj.progsurf.2010.05.001
https://doi.org/10.1038%2Fnchem.1352
https://doi.org/10.1002%2Fsmll.201100094
https://doi.org/10.1021%2Facs.analchem.6b04048
https://doi.org/10.1021%2Fla702799v
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.9.31

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References

