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Abstract: Patterning of surfaces with a simple strategy provides insights into the functional interfaces
by suitable modification of the surface by novel techniques. Especially, highly ordered structural
topographies and chemical features from the wide range of interfaces have been considered as
important characteristics to understand the complex relationship between the surface chemistries
and biological systems. Here, we report a simple fabrication method to create patterned surfaces
over large areas using evaporative self-assembly that is designed to produce a sacrificial template
and lithographic etch masks of polymeric stripe patterns, ranging from micrometer to nanoscale. By
facilitating a roll-on-plate geometry, the periodically patterned surface structures formed by repetitive
slip-stick motions were thoroughly examined to be used for the deposition of the Au nanoparticles
decorated graphene oxide (i.e., AuNPs, ~21 nm) and the formation of conductive graphene channels.
The fluorescently labeled thiol-modified DNA was applied on the patterned arrays of graphene
oxide (GO)/AuNPs, and biotin-streptavidin sensitive devices built with graphene-based transistors
(GFETs, effective mobility of ~320 cm? V~! s7!) were demonstrated as examples of the platform
for the next-generation biosensors with the high sensing response up to ~1 nM of target analyte
(i.e., streptavidin). Our strategy suggests that the stripe patterned arrays of polymer films as
sacrificial templates can be a simple route to creating highly sensitive biointerfaces and highlighting
the development of new chemically patterned surfaces composed of graphene-based nanomaterials.

Keywords: self-assembly; graphene; DNA; biosensor; field-effect transistor

1. Introduction

Over the past decades, there has been considerable progress in the development of multifunctional
electronic devices capable of detecting chemical and biological substances and measuring nanoscale
phenomena [1]. Recent advances in integrated circuit technology and controlled nanofabrication with
nanomaterials have enabled implementations of microelectronic sensors with a variety of novel sensing
mechanisms in conjunction with their collective properties [2], which can provide viable prototype
solutions in applications ranging from environmental monitoring to biomedical diagnostic sensors [3].
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Notably, many engineering aspects of nanoscale materials including semiconducting nanowires [4],
carbon nanomaterials [5], nanoparticles [6], and conductive polymers [7] also offer new opportunities
to change the face of nanoprobes or nanosensors overcoming existing challenges in bioelectronics
owing to the high surface-to-volume ratios and superb physicochemical properties such as conductivity,
permeability, and chemical reactivity [8]. Such integrated devices consisted of promising nanomaterials
that have been proven to be highly sensitive for detecting various types of chemical or biological
molecules with tunable electron transport properties owing to the quantum confinement effect [9].
Therefore, specific nanostructured materials can be used for the efficient electron transport channels in
one or more dimensions [10], as well as for the enhanced biointerfaces comparable to the characteristic
features of small molecules such as DNA [11]. Both of these factors make them critical to the integration
of electronics devices and functions, thus rationally combining nanoelectronics and biological systems
to expand the interdisciplinary strategy towards a wide range of applications [12].

In this context, among other nanomaterials, graphene, two-dimensional (2D) single-layer
one-atom-thick graphitic carbon material has attracted widespread interest owing to its exceptional
electronic, optical, chemical, thermal, and mechanical properties [13]. Hence, tremendous efforts have
been made in the research field of graphene and graphene derivatives to utilize its extraordinary
properties for technological applications such as flexible electronics [14], energy storage [15],
optoelectronics [16], photonics [17], bioelectronics [18], bionic implant [19], and other graphene-based
devices [20]. In particular, the electrical detection of small molecules using graphene-based devices
has emerged as a strong alternative for the next-generation sensory platform owing to its ultrathin
nature and tunable surface chemistry with ease of manipulation [21]. As demonstrated earlier,
graphene-based nanomaterials are biocompatible and surface-responsive in the physical and chemical
environment [22], which can thereby make them well suited for future biosensor platforms [23]. To
date, the biosensor platforms have been developed with a variety of techniques, such as electrochemical
detection using a standard glassy carbon electrode, inkjet-printed or screen-printed carbon electrodes,
and optoelectronic analysis [24]. Recently, much effort has been concentrated on the fabrication of
graphene field-effect transistors (GFETs), employing the patterned graphene nanosheets as conducting
layers in advanced types of electrical sensor systems in combination with easily compatible fabrication
processes [25]. The potential of these graphene devices has been demonstrated by several sophisticated
approaches capable of detecting various types of small biomolecules and monitoring cellular responses.
For these applications, the formation of the parallel aligned arrays of graphene film is indispensable to
characterize test structures with a controllable configuration in a scalable and cost-effective manner,
which leads to quantification of the chemical and electrical properties in the specific device structures.
Therefore, it is of key importance to provide alternative patterning methods to achieve microchannels
with graphene-based nanomaterials without the damage or degradation of its chemical integrity and
electronic transport property [26].

Herein, we report a facile approach to fabricate highly aligned stripe mask patterns with lines and
spacing configuration, using a simple upper moving roll on a flat substrate to confine the evaporative
droplet of a polymer solution. After the drying of the polymer solution in the dynamic self-assembly,
a so-called “coffee ring” pattern can be formed in gradient stripes [27]. The effects of the solution
concentration and the moving speed of the roll on a flat surface were thoroughly examined. These
patterned polymer films were readily used for the sacrificial templates or lithographic etch masks.
The nanometer height of the polymeric template was fully utilized by the simple deposition of
colloidal graphene oxide (GO)/AulNPs, and then a thiolate functionalized DNA solution was applied
to the patterned GO/AuNPs substrate for the selective immobilization. In addition, the self-assembled
polymeric stripes on the chemical vapor deposition (CVD) grown monolayer graphene sheet to build
aligned arrays of graphene channels for the biomolecule adsorption in the monolithically integrated
GFET-structure to detect biotin/streptavidin recombination. As a result, careful analysis of the extracted
data from the devices confirmed the selective detection of a specific protein. The chemically tuned
recognition layer on the graphene surface used in this study is crucial for biomolecule detection,
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which prevents the nonspecific binding usually observed in the ligand-receptor complex systems [28].
Our presented strategy may suggest a simple route to incorporating 2D graphene nanomaterials and
the change of device characteristics by employing chemical reactions into the label-free detection of
protein binding events [29].

2. Materials and Methods

2.1. Roll-on-Plate Confined Geometry

To produce the highly-ordered arrays of poly (methyl methacrylate) (PMMA) stripes, Si substrate
and cylindrical tube (i.e., roll) made from fused silica (the radius of curvature, R = 1.33 cm, and
the diameter, D = 1.5 cm) were used as a upper moving surface and flat substrate, respectively,
constructing a unique confined geometry to trap a polymer solution, as schematically illustrated
in Figure 1la. PMMA (Mw = 401 K, PDI = 1.3, Polymer Source, Quebec, Canada), was used as
the nonvolatile solute to prepare polymer solutions in toluene with selected concentrations (i.e., C =
0.5,0.25,and 0.125 mg mL_l). The dissolved PMMA solutions were filtered with a 0.2 um hydrophobic
membrane filter. Prior to use, Si substrate and cylindrical roll were cleaned with piranha solution
(sulfuric acid: hydrogen peroxide = volume ratio of 7:3) imposing hydrophilicity on the surfaces, and
then extensively rinsed with deionized water and dried by blowing N, gas. The moving roll was
controlled by the linear motorized translation stage fixed with both ends, and the cylindrical surface
was in full contact with the lower stationary flat substrate (i.e., SiO,/Si or graphene/SiO,/Si). Prior
to the close-contact between the roll and the flat substrate, 30 ul. of PMMA solution was loaded and
trapped following the roll and flat surface owing to capillary forces. Finally, the upper roll was traveled
at an optimized speed of 7 um s~!, leading to the spontaneous formation of the PMMA stripe patterns
toward the opposite direction. These fabrication procedures modulated the dimensions of PMMA
stripes with only the solution concentration (i.e., 0.5, 0.25, and 0.125 mg mL~1) during the evaporation
process controlled by a constant roll speed at ambient conditions (~24 °C).
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Figure 1. (a) Schematic illustration of the roll-on-plate geometry to form gradient stripe patterns by
the solvent evaporation and controlled flow of PMMA solution. (b) Solvent evaporation of receding
meniscus, dragged by a shear force, in confined geometry. (c) A cross-sectional view of cyclic stick-slip
motions at the edge of the contact line, balanced with the capillary force and surface tension on a flat
substrate. (d) Representative optical micrograph of highly ordered PMMA hierarchical stripes formed
over a large area, perpendicular to the direction of the moving meniscus. Patterned stripes of PMMA
in nanoscale at the final stage of the process (inset).
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2.2. Synthesis of the Au Nanoparticles Decorated Graphene Oxide (GO/AuNPs)

The exfoliated GO solution and the GO/AuNPs composite were synthesized by our previously
reported method via the modified hydrothermal method [30]. In a typical procedure, 5 mL GO aqueous
solution (2mg mL™'), 0.250 mL of an aqueous 0.01 M solution of gold chloride trihydrate (HAuCly-3H,0,
Sigma Aldrich, St. Louis, MO, USA) was added to 7.5 mL of a 0.10 M Hexadecyl-trimethylammonium
bromide (CTAB, Sigma Aldrich, St. Louis, MO, USA) solution. Subsequently, the mixed solution
was processed by ultrasonication for 8 h at room temperature, and then 10 mL of the mixture was
transferred to a Teflon-lined autoclave for the hydrothermal reaction at 180 °C for 12 h. The as-prepared
hybrids were cooled naturally to room temperature.

2.3. Fabrication of GO/AuNPs Patterns and DNA Immobilization

The GO/AuNPs solution was uniformly deposited on the gradient PMMA stripe patterns via
the flow-enabled self-assembly (FESA) process, as described in our previous report [31]; the PMMA
patterned substrate was firmly placed on the motorized translational stage as a lower substrate.
Next, the upper blade (i.e., slide glass) was adjusted at 30 degrees, using a multi-axis-support
right above the target substrate at a distance of ~100 pm. The prepared GO/AuNPs water solution
(~50 uL) was injected into the restricted geometry (i.e., upper fixed blade and the patterned PMMA
substrate), after which the capillary-held trapped GO/AuNPs meniscus could be formed. Subsequently,
the translation stage traveled back and forth at a constant speed of 15 mm s™! with an optimized
deposition number (100 cycles) to coat the surface of the Si substrate between PMMA stripe patterns.
Finally, selective removal of the PMMA patterns was performed to lift off the GO-AuNPs that are
deposited in the undesired region (i.e., covered on top of the PMMA surface) using organic solvent.
Then, the sample was dried by blowing N; gas after thoroughly rinsed with deionized water and
isopropyl alcohol (IPA).

The patterned GO/AuNPs surface was then immobilized for 24 h with a drop of
green fluorescent dye-labeled thiolated oligonucleotides deionized (DI) water solution
(6-FAM-Q: 1-dimethoxytrityloxy-3-[O-(N-carboxy-(di-O-pivaloyl-fluorescein)-3-aminopropyl)]-propyl-
2-O-succinoyl-longchain alkylamino-CPG; typically, 25 pL). In this process, the GO/AuNPs sample
was sealed with a glass coverslip surrounded with polydimethylsiloxane (PDMS) gasket to prevent
water evaporation. After the immobilization, the sample surface was extensively rinsed with DI water
to wash away unbonded oligonucleotide. The thickness of oligonucleotide adsorbed on the sample
surface was ~7-10 nm when measured by the atomic force microscope.

2.4. Synthesis of Monolayer Graphene

A Cu foil was prepared for a conventional thermal CVD process [32]. Firstly, the Cu foil was
located inside the quartz reaction tube and annealed for 50 min under Hy/Ar (20 sccm/50 sccm) flow
from room temperature to 1050 °C at a constant pressure (100 mTorr). Then, the reaction gas mixture,
CHy/Hy/Ar (20/60/50 sccm), was introduced into the reaction tube for 20 min for the graphene growth.
Finally, the quartz tube was cooled down at 3 °C s™! until it reached room temperature. For the transfer
process for the grown graphene on the Cu foil, PMMA solution (Mw = 401 kg mol~!, PDI = 1.3,
polymer source) in toluene (10 wt%) was spin-coated onto the top of the graphene-grown Cu foil at
3000 rpm for 30 s. The Cu foil under the PMMA/graphene film was then fully etched in an optimized
etchant (Etchant Type I, Transene). Finally, the graphene was transferred onto thermally grown SiO,
(300 nm, gate dielectric layer) on a heavily doped p-type silicon wafer (resistivity of ~0.001-0.005 ()-cm),
followed by the dissolving of the PMMA layer with acetone.

2.5. Fabrication of Microfluidic Channel

The micro-patterned master mold for the microfluidic channels was initially fabricated through
photolithography process using GXR 601 positive photoresist (AZ-GXR 601, AZ Electronic Materials,
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Luxembourg) on a Si substrate [33]; the patterned substrate was used as a positive mold to engrave
PDMS microfluidic channels. The mixture of PDMS (Sylgard 184, Dow Corning, Midland, MI, USA)
with prepolymer curing agent ratios of 10:1 was degassed for 30 min. PDMS prepolymer mixture was
then poured onto the prepared patterned photoresist/Si wafer and cured for 2 h at 80 °C. By peeling off
the cured PDMS from the master mold, a replicated microfluidic channel can be produced. To integrate
the PDMS microfluidic chips on the arrays of graphene-based BioGFET, it requires a surface treatment
step to generate strong and conformal bonds between interfacial surfaces. UV ozone treatment was
performed on top of the PDMS that activates the surface of the PDMS by replacing Si-CHjz bonds with
Si—-OH groups, and then bonded with the BioGFET formed on SiO,/Si substrate (Figure S5) [34].

2.6. Graphene Surface Modification: Biotinylation and Streptavidin Detection

The graphene-based BioGFET substrate was sequentially modified with poly(ethylene imine) (PEI,
Mw = 25K, Sigma Aldrich), poly(ethylene glycol) (PEG, Mw = 10 K, Sigma Aldrich), and DI water
solution at room temperature, using a drop-based immobilization or in microfluidic channels. After
the PEI/PEG specific surface modification, the channel regions were exposed with a drop of 15 mM
biotin-N-hydroxy-succinimide (NHS) ester (Sigma Aldrich) in dimethylformamide (DMF) solution,
followed by incubation at room temperature for 12 h. Next, the surface-functionalized device was
cleaned with DMF and DI water and dried by blowing N, gas. Separately, streptavidin was dissolved
in the 0.01 M buffer solution (phosphate-buffered saline, PBS, pH 7.2); the prepared protein solution
was ready to be bound or conjugated on the biotinylated graphene channel surface of BioGFET in
the microfluidic channel device for real-time detection.

2.7. Characterization and Measurements

The samples were observed by optical microscopy (Olympus BX51 and IX81-F72) in reflective
mode, scanning electron microscopy (SEM, Carl Zeiss AG-SUPRA 40 VP, 5-10 kV), and transmission
electron microscopy (TEM, TALOS F200X, operated at 200 kV). The surface of morphologies was
collected using an atomic force microscopy (AFM) in non-contact mode (Park System XE-100). Raman
spectra for GO and CVD grown graphene were obtained by Raman spectroscopy with 532 nm laser
excitation (UniNanoTech, UniRam-II). In addition, after patterning the graphene channel using gradient
stripe patterns of PMMA etch-mask with a condition of the mild oxygen plasma etching (100 W, 100
sccm, 60 s), the source/drain electrodes were prepared by standard photolithography (AZ-GXR 601)
and lift-off process to define patterns of Cr (5 nm)/Au (20 nm) electrodes on patterned graphene/Si
substrate. The channel lengths (L), defined as the distance between source and drain, and channel
width (W) were fixed at 7 pm and 50 pm, respectively; the graphene-based BioFET measurement was
carried out using a semiconductor parameter analyzer (Agilent 4156A) in ambient condition.

3. Results and Discussion

3.1. Evaporative Self-Assembly of PMMA Microstructures in Roll-to-Plate Geometry

Figure 1a,b presents a schematic illustration of the drying mediated self-assembly process to
produce patterned PMMA stripe arrays, facilitating a moving roll on a flat substrate (i.e., SiO,/Si).
In the experimental scheme, we designed a simple and viable route to spontaneously produce a set
of highly ordered PMMA stripes. The first step involves the loading of a solution of PMMA in
the restricted geometry, composed of an upper cylindrical roll on the lower receiving substrate placed
on the stage. This approach is similar, but slightly different compared with our previous studies [35,36],
which are the fixed confined geometry in a capillary-held solution and the surface tension driven
instabilities of thickness gradient polymer thin films. Hence, PMMA polymer patterns (i.e., lines and
spacing stripes) were created by the repetitive pinning/depinning cycles at the three-phase surface
contact line when a meniscus of the polymer solution was forced to migrate by upper moving roll in
the confined geometry, as described previously [34]. As the solvent evaporates, a constant laminar
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flow transports the polymer to the capillary edge from the bulk area of the trapped solution to
the pinned contact line; it forms a well-known “coffee ring” effect (the left panel in Figure 1c) [37].
Once the meniscus is pinned, the edge of the contact line starts to shrink owing to the evaporation
of the solvent and moving upper cylindrical roll. This combinative confined geometry controlled
the gradual reduction of the contact angle of the meniscus that induces the continuous deposition
of polymer chains. At this moment, the protruded ends of the PMMA polymer chains smoothly
entangled onto the contact line deposited, and the meniscus slowly receded following the moving
direction with micron scale (the middle panel in Figure 1c). Finally, the contact angle reaches a critical
value, at which the depinning force (i.e., capillary force) becomes larger than the pinning force, forming
a PMMA stripe patterned by this sequential event until the contact line pin at a new position (i.e., slip).
Thus, the newly pinned contact line recovers the initial contact angle (right panel in Figure 1c). This
repetitive cyclic stick-slip motion at the three-phase contact line results in successive PMMA patterns,
as shown in Figure 1a. The use of the rational design of restricted geometry modulates the solvent
evaporation of the meniscus and the motions of the contact lines, exhibiting a spontaneous formation
of the textured PMMA surface with regular micron intervals (i.e., lines-spacing). Figure 1d shows
a representative micrograph of PMMA stripe patterns formed on a SiO,/Si substrate in a large area
on the roll-on-plate geometry (C = 0.125 ug mL™!). Notably, highly ordered structures were rapidly
created by a one-step process, which showed extremely regular periodic stripes with a sharp contrast
over the entire substrate without undulations locally up to ~200 nm at the final stage of the process
(inset in Figure 1d). It is worth noting that the pattern dimensions and density of stripes depend on
the speed of the moving meniscus and the evaporation rate of the solvent. However, in our case, we
fixed the moving speed of the roll of 7 um s™! and the evaporation rate of toluene in a sealed chamber.
Therefore, the concentration of the polymer solutions can be the only variable parameter to control
the pattern width and intervals with the optimized control of the moving cylindrical surface.

3.2. Concentration Effect on the PMMA Pattern Formation

Figure 2 shows a collective set of the highly ordered PMMA stripes formed by cyclic stick-slip
motions of the contact line at the different PMMA concentrations [38]. A magnified optical micrograph
of PMMA patterns presents finely formed regular microstructures in a large area at the concentration
of 0.125 mg mL™1, as shown in Figure 2a. As described earlier, the formation of periodic PMMA
stripes was a direct consequence of controlled, repetitive ‘stick-slip” motions of the contact lines
and the competition of linear pinning force and nonlinear depinning force (i.e., capillary force) in
the roll-on-flat geometry. Owing to the evaporating solvent, the nonvolatile solute (i.e., PMMA) can
be condensed at the edge of the meniscus; the increase of the local viscosity of polymer solution
caused polymer gelation in the process. After complete deposition of polymer in a certain period onto
the SiO,/Si substrate, the pinning stress relaxed and the edge of the meniscus slowly replaced its position
following the roll-moving direction like a receding tide for the next pinning. In addition, the stick-slip
cycles mainly depend on the solution concentration in our system, as the pinning occurs when
the polymer concentration reaches a certain critical value at the contact line. Reaching the threshold
value repetitively, highly regular stripe patterns were spontaneously deposited under the fixed
evaporation rate of the solvent (i.e., toluene). As shown in the graphical image in Figure 2a (inset),
the dimension of the stripe-patterned PMMA structure on the substrate varies with the distance from
the initial to the final stage; the center-to-center distance between adjacent stripes, Ac.c; width, w; and
height of the pattern, /1, gradually decrease, as denoted by X1, X5, X3, and X4 (i.e., the distances of PMMA
patterns away from the initial stage). Figure 2b shows representative optical micrographs captured
at each position. The periodicity of the gradient PMMA stripes can be defined by the concentration
of polymer solution when the roll moves at a constant speed of 7 um s~!. The images were collected
from the 500 pm to 2000 pm in the order of Xj, X5, X3, and X4, which extensively represents that
extremely regular periodic stripe patterns, noted as A, and w were clearly decreased as the distance
increased away from the early stage of the self-assembly process. This is mainly owing to the gradual
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change in the concentration of the polymer solution as the solvent evaporates between the roll and
the substrate. In other words, more concentrated polymer solutions are more exhausted in the early
stages of the process, so less consumable polymer solutes can be left at the final stage. In addition,
the deposition time gradually decreases owing to the loss of the solvent volume during the roll-on-plate
based deposition process [39].
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Figure 2. (a) An optical micrograph of a highly regulated array of PMMA stripes on the SiO,/Si
substrate with a concentration of 0.125 mg mL~1L; the inset is the schematic drawing, in which the value
of Acc indicates the typical center-to-center distance between two adjacent stripes; X;, X5, X3, and
X4 denote the distances of PMMA stripes away from the initial stage. (b) Optical micrographs of
periodically patterned stripe arrays of PMMA with varied concentrations (C = 0.5 and 0.125 mg
mL1); the images were measured at the different locations; scale bars are 20 um for all images. (c,d)
Atomic force microscopy (AFM) images of the PMMA stripes formed on the SiO,/Si substrate, collected
from the initial (left) to final (right) stages from concentration with 0.5 mg mL~1 and 0.125 mg mL1,
respectively. (e,f) The 3D topological AFM images from the concentration of 0.5 and 0.125 mg mL ",
respectively; the scan position was in 2000 pm (X4 region) with a size of 40 x 40 pm?2. (g—i) The measured
gradient values of A..c, w, and & at different locations, depending on the concentration of the PMMA
solution, respectively.

To explore the surface morphology of the PMMA stripe patterns, we measured the surface using
AFM. The topographical images of the highly-ordered PMMA patterns were obtained from the case of
different solution concentrations, C = 0.5 and 0.125 mg mL!. Figure 2c,d show AFM height images and
the corresponding cross-sectional height profiles of the detailed morphological changes with changing
of the concentration polymer solutions. The recession of Ac.c and / was clearly observed; the height of
the stripes at each of the high and low concentrations decreased progressively from /1 = 47 nm and 13 nm
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at X1 (left panel) to i = 46 nm and 11 nm at X, (middle panel), and to i = 37 nm and 11 nm at X4 (right
panel), respectively. In addition, Figure S1 shows the height profiles of the periodically patterned stripe
arrays of PMMA obtained from different solution concentrations. It is noteworthy that this pattern
formation process based on roll-on-flat geometry using a polymer solution was highly reproducible,
appealing the unprecedented regularity. Intriguingly, some measured area macroscopically revealed
perturbed surface features around the edge of stripes (right panel in Figure 2c), which may be attributed
to the fast depletion of polymer solution during the slip process with less deposition duration for
the polymer chains entanglement, thus slight dewetting occurred [40]. As presented in 3D AFM
images (Figure 2e,f), the highly regular stripes appeared at the Xy region, which clearly revealed
the sharp critical dimensions and spacing in nanometer height scale with different densities in the same
scanned area (40 x 40 um?), depending on the polymer concentration (i.e., C = 0.5 and 0.125 mg mL!).
When the concentration of the polymer solution increased in the process, more nonvolatile solute
(i.e., PMMA) can be deposited at the capillary edge, leading to a wider width of the stripes because
the “stick” period at the contact line becomes longer with the same contact angle recovery. Thus, an
increased distance of the contact line to the next new position and a wider pattern interval can be
yielded. According to the measured images, the gradient trend defined by A... and w of the PMMA
stripes at the different concentrations (C = 0.5, 0.25, and 0.125 mg mL~!) was closely examined as
a function of positions, X, (n =1 to 4). In the case of C 15, critical dimensions were progressively
changed from Ac.c =9.50 £ 0.33 um and w = 4.63 + 0.23 pm at X; (500 um), to Ac.c =7.98 £ 0.37 um and
w = 3.63 + 0.42 um at X5 (1000 pm), to Acc = 6.61 + 0.38 um and w = 2.44 + 0.23 um at X3 (1500 um),
and to Ac.c =5.49 = 0.39 um and w = 2.00 + 0.15 pm at the region X4 (2000 um). Moreover, / values
at the typical concentration were extracted by the series of AFM measurements as a function of X
(Figure 2i), which indicated that / was slightly changed until it reached X3 in both cases (i.e., Cy5 and
Co.125). Compared with the case of Cy 5, the trapped solution possessed a lower amount of PMMA
solute in the relatively dilute solution (i.e., Cy 125) to create local stripe patterns by pinning—depinning
of the contact lines; the duration of these events was much shorter. Therefore, the evaporative loss
of toluene was also less under the constant guidance of the moving upper surface with continuous
solvent evaporation, which caused the relatively uniform cyclic stick-slip motions, as indicated by
the smaller & and w, as shown in Figure 2f. We believe that this optimized concentration regime is
highly advantageous to manipulate highly uniform arrays of polymer stripe patterns in a scalable
manner for useful applications such as template and etch masks [41].

3.3. Template-Assisted Formation of GO/AuNPs Stripe Patterns

GOis known to be characterized by atomically thin and 2D carbon nanomaterials that are embedded
with carboxyl groups on the edges and hydroxyl and epoxy groups on the basal plane. The aromatic
structural surface of GO makes it an ideal platform by functionalization for the adsorption of chemical
moieties or biomolecules [42], while its high surface-to-volume ratio is known to influence sensing
signals in bio-applications. Besides, metallic gold nanoparticles (AuNPs) have been considered the most
stable of the noble metal NP class, which is especially characterized by the unique absorption and
scattering properties dominated by the localized surface plasmon resonance (LSPR) [43]; particularly,
the LSPR signal of AuNPs has been known to amplify fluorescence signals. Moreover, its resistance to
surface oxidation and chemical inertness has attracted extensive use in many applications [44].

To fully utilize the fabricated PMMA stripes, the template-assisted assembly of NP-modified
GO nanosheets was performed as shown in Figure 3. As schematically represented in Figure 3a,
the GO/AuNPs complex can be synthesized via a co-reduction process. A sheet of GO/AuNPs hybrid
was examined by TEM (Figure 3a, inset), which demonstrated the relatively homogeneous distribution
of AuNPs on the surface of GO sheets. The AuNPs might be preferentially anchored to active defect
sites of GO (i.e., dangling bonds and oxygen vacancies). As previously reported [45], the GO surfaces
are easily decorated with AuNPs because the exfoliated graphene oxide nanosheets are negatively
charged owing to the hydrolysis and the well-known HAuCly precursors present at high pH owing to
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the hydrolysis of the [AuCly]™. The electrostatic repulsion between the negatively charged exfoliated
GO nanosheets and anionic Au precursors leads to the homogeneous GO-[AuCl4]~ suspension for
a period, and then the affinity of Au®* with the GO nanosheets owing to the formation of the grafted
hydroxy-Au compound through the replacement reaction between HAuCly precursors and hydroxyl
groups attached to the defects of GO nanosheets; the absorption of Au** to GO surface can be proceeded
by Galvanic displacement, which induces the deposition of AuNPs on the GO sheets in the aqueous
solution by the autocatalytic reduction. This reduction of GO-[AuCly]~ could be promoted by adding
the gallic acid (3,4,5-trihydroxy benzoic acid) as a reducing agent and stabilizer; thereby, the Au>* can be
partially reduced and the subsequent absorption on the exfoliated GO sheets is triggered simultaneously.
Raman spectroscopic analysis was also performed to investigate the structural characteristics of GO
and GO/AuNPs sheets, as shown in Figure 3b. The Raman spectrum of GO film displays two main
peaks at ~1349 cm~! (D band) and ~1600 cm™! (G band), where the D band arises from the vibration
of carbon atoms with dangling bonds in-plane terminations of disordered graphite, and the G band
originates from the in-plane stretching of ordered sp?-bonded carbon atoms in the hexagonal lattice. In
the case of the as-prepared GO/AuNPs sheets, the enhanced intensity and red-shift of Raman spectrum
with the increased Ip/Ig ratio of ~1.28 were observed, as compared with that of ~0.91 on the pristine GO
sheets. These results indicate that the GO sheets were partially reduced by the combinatory reactions
with the structural defects of GO sheets (e.g., vacancies or defective edges).
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Figure 3. (a) Schematic drawing of the synthesis of graphene oxide (GO)/AuNPs and transmission
electron microscopy (TEM) image (inset); AuNPs uniformly distributed along with the basal plane in
GO sheets via co-reduction process. (b) Raman spectra of pristine GO and GO/AuNPs. (c) A series of
schematic illustrations for the template-assisted self-assembly of stripe patterned GO/AuNPs surface.
(d) Optical micrographs of the patterned film surface of GO-AuNPs on the SiO,/Si substrate after
the lift-off of the stripe patterned PMMA from C = 0.125 mg mL~!; arrows in highly magnified images
show initial sacrificial PMMA patterned arrays (left) and, after the lift-off process, left behind the stripe
patterned GO/AuNPs (right). (e) A typical AFM height image of stripe patterned GO/AuNPs’ surface
on the 5iO,/Si. (f) Optical micrographs show stripe patterns of wrinkled surface structures.

Figure 3c represents a schematic illustration of the template-assisted self-assembly process to create
stripe patterns composed of GO/AuNPs composite nanomaterial. The prepared gradient polymer
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stripes on a SiO,/Si substrate were used as a sacrificial template to guide the formation of aligned arrays
of GO/AuNPs stripes. When the aqueous GO/AulNPs solution (15 uL) was injected into the confined
geometry of the upper blade on the PMMA stripe patterned substrate, the GO/AuNPs solution spread
along with the different wetting in the restricted area, forming a meniscus by the capillary reaction
(Figure 3¢, (i)). The trapped GO/AuNPs solution was guided back-and-forth over the PMMA stripe
patterned substrate using the motorized stage at a constant speed (15 um s~!) with a preprogrammed
number of cycles (~100), controlling the liquid thin layer of the GO/AuNPs solution. Specifically,
the periodically alternating microstructure in hydrophobic PMMA stripes and hydrophilic SiO; stripes
(i.e., exposed areas) provided preferential wettabilities for the GO/AuNPs composites dispersed in DI
water [46]. As the water solvent evaporated, the liquid thin films of GO-AuNPs naturally receded from
the PMMA stripes, driven by the dewetting. The GO/AuNPs were then pushed to the SiO,/Si stripes
underneath of the receding waterfront, following the evaporation-induced capillary flow (Figure 3c,
(iii)). After the complete evaporation, GO/AulNPs stripes were achieved after selective removal of
PMMA with organic solvent (i.e., lift-off). Figure 3d shows the representative optical micrographs
of gradient stripes GO/AuNDPs stripes over a large area utilizing the gradient templates of PMMA
stripe patterns (Figure S3). The dimensional distributions of the GO/AuNPs stripes were highly
complementary to those original PMMA stripes and were not disrupted during successive dissolving
of PMMA with an organic solvent. To observe the surface characteristics of the templated GO/AuNPs
stripes, AFM measurements were performed as shown in Figure 3e, in which the close examination
clearly revealed the perfect pattern-transfer of the stacked GO/AuNPs sheets without the residues in
between the adjacent stripes by the lift-off process. A magnified AFM image is presented in Figure S2;
it revealed that the maximum height of stripes of the GO/AuNPs was ~20—40 nm at the center region,
with gradual thickness variation. It is important to worth noting that the thickness of the templated
GO/AuNPs correlated well with the values from the template of PMMA stripes at X4 (C = 0.5 mg mL™!).
As shown in Figure S1, the nanoscale thickness of self-assembled PMMA stripes was a perfect fit to
create an ultrathin layer of GO/AulNPs through templating the surface structures. This stacking strategy
for the GO/AuNPs can be expanded by varying the concentration of the GO/AuNPs solutions; for
example, stacking layers in stripe arrays were produced at the specific location (i.e., X1) as presented in
Figure 3d. Moreover, interestingly, some wrinkle structures at the center regions are shown in Figure 3f.
This was attributed to the larger evaporative loss of solvent at the edges of the PMMA templates
compared with the interior of the evaporative GO/AuNPs solution when the GO/AuNPs sheets were
pushed into the confined areas (i.e., SiO; stripes) defined by the patterned PMMA templates during
the evaporative assembly process [47].

3.4. Selective Immobilization of Fluorescein-Labeled DNAs on the Patterned GO/AuNPs

The immobilization technique of thiol-modified DNAs by self-assembly on the defined Au surface
has been widely explored in the fabrication of DNA-based biosensors, specifically in the detection
of DNA [48]. Our strategy to create patterned arrays of GO/AuNPs ultrathin films with unique
structures can be readily combined with the advantageous properties of AuNPs to immobilize DNAs.
By the simple reduction process, the embedded AuNPs in reduced graphene oxide (rGO) sheets may
generate synergistic effects that can be expected to improve the performance of the DNA biosensors as
an electrode surface. In this context, the patterned GO/AuNPs seem to be a simple strategy for linking
biomolecules such as probe oligonucleotides, which allows an easy formation of layered ultrathin
films with reasonable stability for extended chemical functionalization, allowing several reliable
measurements [49]. To confirm the arrangement of AuNPs on the tethered surface, the samples were
examined by the SEM after the complete preparation of the GO/AuNPs’ stripe patterns, as described
in Figure 3d. Evidently, the representative SEM images at different locations appeared in Figure 4a,
where the different densities of stripe micro-patterns in a gradient fashion were clearly observed in
the same measured areas. A magnified image in Figure 4b, the stripes of GO/AuNPs sheets show
a clear arrangement with up to ~2 pum intervals in a defined location (i.e., C = 0.125 mg mL ™! at X4). By
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zooming in on a specific area (Figure 4c), the measured surface indicates the characteristic features that
are the formation of the densely packed AuNPs in the rGO sheets. Overall in the patterned structure,
the reduced GO sheets showed stacked structures embedded with uniformly dispersed AuNPs. As
presented in Figure 4d, the histogram shows the size distribution of AuNPs on the rGO sheet with
the average particle size of ~21 nm determined from the SEM and TEM measurements. The buried
AuNPs were not the perfect spherical shape, but exhibited a narrow deviation in the statistical size
distribution of the measured surface area. In addition, the size of the AuNPs in the rGO sheets may
attract considerable interest in the detection of fluorescently labeled thiol-modified DNA. The smaller
the size of AuNDP, the more the number of DNAs bound to one AuNP is limited owing to the repulsive
force between the DNAs to be bound, so aggregation is expected to be appropriate. As schematically
illustrated in Figure 4e, the fluorescently labeled thiol-modified DNA (i.e., 6-FAM-Q-labeled thiolated
oligonucleotide) was functionalized on the rGO/AuNPs stripes to form a strong covalent bond on Au
surfaces [50], producing a well-ordered structure. Generally, the thiol groups demonstrate the strong
affinity towards the noble metal surfaces, allowing the formation of covalent bonds between the sulfur
and Au atoms. By a simple immobilization process of DNA aqueous solution in a sealed PDMS
microfluidic channel, a highly ordered patterned DNA surface was generated by self-assembly on
the GO/AuNPs’ stripes. As shown in Figure 4f, the fluorescein-labeled DNA patterned arrays were
selectively immobilized on the patterned GO/AuNPs in a large area; the emission of the green-emitting
dye 6-FAM-Q is 520 nm. The insets in Figure 4f also show a direct comparison of the effectiveness
of the stripe patterned GO/AuNPs’ surface selectively on the DNA immobilization. As a result,
the patterned AuNPs’ buried rGO stripe patterns represent a more applicable capability as a strong
candidate for AuNPs modified rGO-based electrodes in DNA biosensors. As the DNAs are a promising
class of nanomaterial among others for constructing well-ordered micro/nanostructures for use in
bio-related sensors and electronics, the self-assembly process presented here is advantageous mainly
owing to the simplicity, low cost, and high stability in comparison with the other techniques. We
believe that the biosensors for DNA detection based on the graphene nanomaterials such as GO or
rGO might stimulate further research interest to expand the bio-sensing platform [51].
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Figure 4. (a) A set of scanning electron microscopy (SEM) images collected from the different locations,
presenting close-packed arrays of GO/AuNP stripes formed on a substrate in a gradient fashion. (b) A
representative SEM image of the stripe patterned GO/AulNPs arrays configured with sharp contrast.
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(c) A highly magnified SEM image of densely embedded AuNPs in GO sheets, corresponding to
the surface of the marked area shown in (b). (d) Histogram of the diameter of the AuNPs distributed
on the stripe patterned GO sheet. (e) Schematic illustration of the DNA immobilization on the stripe
patterned GO-AuNPs. (f) Fluorescent micrograph from the surface of the immobilized DNA arrays
(inset: the white dotted line indicates the boundary between the DNA immobilized and non-patterned
region (left), and the locally zoomed-in image (right)).

3.5. PMMA Stripes as Etch Masks for the Aligned Arrays of CVD Grown Graphene Sheets

We further extended the present study to a smooth flat surface covered with CVD grown graphene
toward the large scale etch-mask for the well-ordered graphene stripes by the self-assembly process
based on the roll-on-plate geometry. The multichannel arrays of stripe patterned graphene being
active in devices, formed with ultrathin patterned films, enables an improved current output, and may
provide statistically beneficial device-to-device uniformity in properties even with the graphene films
that are electronically heterogeneous [52]. Figure 5a illustrates a schematic of a sequential process
to fabricate GFETs. The first step starts with the self-assembly of PMMA solution on a CVD grown
graphene/SiO,/Si substrate by dragging the PMMA solution using roll-on-flat geometry, as described
earlier. In the confined geometry, the drop of PMMA solution (typical C = 0.125 mg mL™!) was
constrained, and the upper cylindrical roll was slowly moved at a constant speed of 7 um s™! to
form highly aligned arrays of PMMA stripes (i.e., etch mask). As a result, the gradient PMMA stripe
patterns successfully printed on the graphene surface after the complete assembly process (Figure 5b);
different locations determine the variations in the density of the graphene stripes on the substrate,
as observed at X; to X3. Subsequently, a mild oxygen plasma process (100 W, 100 sccm, 60 s) was
performed to etch away the exposed graphene films (i.e., uncovered areas by PMMA stripes). Figure 5c
reveals the micropatterned arrays of graphene stripes with regular periodicity without the serious
loss of resolution, perfectly matched to the original masking-patterns after the removal of the PMMA
stripes using an organic solvent (i.e., acetone or toluene). Interestingly, Figure 5d indicates the uniform
features of PMMA stripes, produced by the developed method, without the perturbation even at
the heterogeneous boundary with the transferred graphene sheet (i.e., less than 1 nm) on the SiO,
surface; the white dotted line markedly indicates the boundary between the graphene and SiO, region
(uncovered by graphene). The aligned arrays of the stripe patterned graphene films were measured by
SEM, as shown in Figure 5e, which confirms that the exposed graphene films were selectively removed
and isolated as active multichannel arrays during the etching process using the stripe patterned
PMMA etch mask. For GFET demonstration (i.e., back-gated FET), the prepared multichannel arrays
of graphene films were integrated with the electric pads that were prepared by the conventional
photolithography and lift-off process to define the source and drain by uniform thermal evaporation of
Au (50 nm)/Cr (5 nm) electrodes on the patterned graphene/SiO,/Si substrate; the careful alignment of
the mask on the patterned graphene surface was required. In the structure, the highly-doped Si with
a S5i0; (300 nm) was underlying as a gate with a SiO, gate dielectric layer. In some other cases, we
transfer the graphene sheet onto the priorly prepared electric pads, and then the patterning process was
performed using the confined geometry. Surprisingly, the fabrication of GFET proceeds with low levels
of defects and local disorder, thereby leaving the patterned graphene supported directly on the probing
Au electrodes (i.e., top-contact) on the SiO,/Si substrate, providing electrical isolation for each channel.
To clarify the pattern formation of graphene on electrical pads on SiO,/Si substrate, the produced GFET
was observed by an optical microscope, AFM, and SEM, as demonstrated in Figure 54.
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Figure 5. (a) Schematic description of a sequential process of patterning chemical vapor deposition
(CVD) grown graphene using PMMA stripes as lithographic etch masks to build multichannel graphene
field-effect transistors (GFETs). (b) A set of optical micrographs of the stripe patterned arrays of PMMA
on graphene/SiO,/Si substrate; images were collected from the different regions (i.e., X1, Xp, and X3). (c)
A set of optical micrographs of micropatterned arrays of graphene films after the oxygen plasma and
the subsequent removal of PMMA. (d) An optical micrograph of highly uniform PMMA stripe patterns
formed on the graphene film; the white dotted line indicates the boundary between the graphene
film and SiO, surface. (e) SEM image of stripe patterned graphene arrays on the SiO,/Si substrate.
(f) Typical optical micrograph of a back-gated multichannel GFETs, integrated with Au/Cr contact
pads as the source and drain. (g) Raman spectrum measured from the graphene stripe on the SiO,/Si
substrate, which indicates a monolayer in the graphene structure; the inset shows a Raman mapping
image of the patterned graphene films. (h) Drain current (I4s) as a function of gate voltage (V) for
a source/drain bias (V4s) of 0.05 V; the inset shows an output characteristic of GFETs.

Figure 5f shows a magnified optical micrograph of monolithically integrated GFET with
multichannel (i.e., six active channels), providing a pair of electrical probing access points as
the source/drain electrodes with the channel length and width of 7 and 50 um, respectively. To
investigate the quality of patterned graphene in the device structure, the surface of the samples was
explored by Raman spectroscopy. As shown in Figure 5g, the Raman spectrum displays the characteristic
2D (~2697 cm™1), G (~1611 cm™1), and D (~1370 cm™) peaks for monolayer graphene. In principle,
the number of layers of graphene can be estimated by the ratio of 2D peak and G peak intensity
to distinguish mono- and few-layer graphene. The intensity ratio of the G peak to the 2D peak
(i.e., Iop/Ig) resulted from the patterned monolayer graphene, where I,p/Ig was ~1.82, which also
indicates the integrity of graphene was maintained regardless of the sequential patterning and etching
process. Consequently, transfer characteristics of GFETs were measured by a semiconductor parameter
analyzer under ambient conditions. Figure 5h presents a plot of the drain/source current (I4s) as
a function of gate voltage (V) at forwarding sweep between —100 and 100 V for a source/drain bias
(Vgs) of 0.05'V, and the characteristic output graph (Vg: =60 to 60 from the top) is shown in the inset.
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The device exhibits Dirac points in the positive Vg region (~2.8 V) and represents the p-type transistor
behavior, and the current modulation ratio (Ion/Ioff) Was ~2.5-3, which yielded the typical values from
the micropatterned graphene FETs. This low level of on and off current ratio can be improved by
the rational design of graphene (i.e., bandgap engineering) because the graphene bandgap can be
open with lateral charge carrier confinement with suitable edge effects by narrowing the width of
the graphene ribbons into nanoscale (i.e., graphene nanoribbons), as previously reported [53,54].

In addition, the linear-regime mobility, u, can be calculated from the transfer curve, using
the measured peak transconductance and typical model. We define the effective field-effect mobility of
the FET device as

i = 00/ (CoxhVy) = [( ?/ZS)(VL_\/)} /(CoxA V) 1)

where L and W are the channel length and width, respectively; C,y is the relative dielectric constant of
the gate dielectric; and Iy, Vs, and Vg are the drain-source currents, the drain-source voltage, and
the gate voltage, respectively. Within the measured data set, resulting primarily from device-to-device
variations in properties, the typical hole mobility ranged from ~270 to ~320 cm? V~! s~ for the GFET
devices. From this demonstration, PMMA etch mask utilized by the roll-on-flat geometry was a highly
reliable method for device fabrication with its excellent ability by optimizing the graphene growth
conditions and manipulation techniques, identifying the integrated GFET structures and property
study [55].

3.6. Graphene-Based BioGFETs for Biotin-Streptavidin Real-time Detection

The prepared GFETs can be utilized as a biosensor platform (i.e., BioGFETs) to construct active
functional channels because it is a zero bandgap semiconductor, and the bandgap can be tuned by
surface modifications using biomolecules such as biotin terminal groups that can serve as a binding site
for streptavidin [56,57]. Therefore, GFET as a promising transducer is beneficial in terms of the response
for the charged molecules. Here, we present a simple approach to incorporate complement binding
interactions on the graphene’s ultrathin body nature. Figure 6a describes the chemical modification
steps on the micropatterned graphene channels to produce BioGFETs. In this experiment, the first
step involved adopting the amine-rich aliphatic polymer, polyethyleneimine (PEI), to transform
the characteristics of the pristine graphene surface. Subsequently, polyethylene glycol (PEG) was
applied to prevent nonspecific binding onto the graphene surface, which was found to be most effective
in resisting nonspecific adsorption of streptavidin. This PEGylated surface reduces the affinity of
the graphene toward protein binding, mainly owing to its hydrophilicity, thus it has been used for
reducing the binding of undesired species. Subsequently, sulfo-NHS-biotin was linked with the amine
group of PEI/PEG/graphene channel surface; thereby, selective binding of streptavidin could be
introduced by co-functionalization with PEI/PEG and biotin [58]. It is well known that there are four
biotin-binding pockets in the streptavidin, but one or two of them can be bound to the immobilized
biotin [58,59].

Figure 6b describes a basic structure of a BioGFET integrated with a microfluidic channel to detect
streptavidin. The microchannel was composed of PDMS fabricated by photolithography, followed
by a molding process to combine with the previously produced monolithically isolated multichannel
GFETs connected with the external electrical probes. PDMS microfluidic channel was closed laminated
with a precise alignment onto the surface of the device, preventing the leakage of the flowing or stored
analyte. Cross-sectional views of the BioGFET with a microfluidic channel system are schematically
shown in Figure 6c; the tubes were connected and sealed to the inlet and outlet of the microfluidic
channel ends to delicately inject target streptavidin solution by the microsyringe pump. Figure 6d
shows optical micrographs of as-prepared monolithically integrated GFET with a microchannel system
operated with streptavidin-flow; the main reservoir was marked by a red dotted box in the lower
image. In this microfluidic system, the flow field of fluids could be delicately sustainable by increasing
the chance to rebind the analyte (i.e., streptavidin) at the chemically amenable interface (i.e., biotinylated
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graphene films) under the fluid streams by decreasing the length of diffusion. An example of BioGFET
appears in Figure 6e,f, where aligned arrays of active components (i.e., stripe patterned graphene) with
regular width (~1.8 um) across the electrodes on the SiO,/Si substrate with areas that are comparable
to the microfluidic dimensions of PDMS are observed. Thus, the design layouts represent both large
sensing regions and ultrathin geometries in the structure for the biotin-streptavidin system, which is
a standard model for protein-ligand interactions in our experiment scheme (Figure 6a) [60,61].
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Figure 6. (a) Schematic diagram of the chemical modification steps on the graphene active channels
to generate the BioGFET. (b) Structure of the BioGFET, integrated with a microfluidic channel. (c) A
cross-sectional view of a microfluidic channel system built with BioGFET. (d) Optical micrographs
of BioGFETs with a microfluidic channel. (e) SEM image of the chemically modified graphene
multichannel, built with electric pads. (f) Zoom-in image of a single channel of the patterned
graphene. (g) Gate voltage dependence of source-drain current before the surface modification with
biotin/poly(ethylene imine) (PEI)/poly(ethylene glycol) (PEG); inset: current density—voltage (I-V)
characteristics for a representative device. (h) Transfer characteristics according to the flowing of
phosphate-buffered saline (PBS) buffer solution after biotin/PEI/PEG polymer coating on the graphene
channels. (i) Transfer characteristics before and after streptavidin exposure on the active channels in
BioGFET. (j) The signal was measured by monitoring the current as a function of time for different
concentrations of streptavidin.
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Figure 6g presents plots of the drain current () as a function of gate voltage (V) with forward
sweep for a source-drain bias (V) of 0.05 V for a typical BioGFET; the channel length, L, and
the width, W, were 10 and 100 pm, respectively. The gate voltage of the neutrality point for the transfer
curve was located at around 0 V, and the p-channel mode was dominant in the device operation
based on the bottom-gated transistors with less effect of oxygen adsorption [62], estimated by
the transconductance (gm) in p- and n-channel mode of ~1 pS and ~0.4 uS, respectively. The inset graph
represents a typical I-V curve of a BioGFET and shows a solid linear fit with linear Ohmic behavior.
After the sequential modification of biotin/PEI/PEG on the active channels in the microfluidic system,
the transfer characteristics were apparently changed into ambipolar transport behavior. Complemental
interaction of biotin occurs through covalent binding to the primary NH; group, thereby promoting
the overall electron-donating function of PEI/PEG and leading to a device characteristic that is
consistent with the removal of electrons from the device, as shown in Figure 6h. Therefore, chemical
functionalization of the graphene surface results in a doping effect, leading to an increased n-channel
mode appearing that exhibits a slight shift of the Dirac point to the negative V, region. As the PEI
molecules were involved in binding to biotin, the p-channel mode of conductance observed before
the chemical modification was not fully recovered, and the negatively charged biomolecules, captured
on the receptors, produce an electrostatic gating effect, which is transduced into an obvious current
drop. Prior to use of the BioGFET for the streptavidin detection, a control experiment was performed
to demonstrate the electrical response on the biotinylated polymer-coated device to 0.01 M PBS buffer
flow through a PDMS microfluidic channel (the red curve in Figure 6h). It confirms no critical effect
in the biotinylated graphene channels and represents that biotinylated polymer-coated BioGFET has
excellent chemical stability and may yield high selectivity in the real-time monitoring system prepared
as shown in Figure S5. For more information, Figure S6 illustrates the transfer characteristics of BloGFET
by chemical modification of polymer coating (i.e., PEI/PEG immobilization) and biotinylation; in this
case, we used a careful drop-casting right on top of the device channel. The device characteristic of
pristine GFET (blue) shows the typical p-type characteristic owing to natural exposure to oxygen that can
disrupt the m-conjugation of graphene and reduce electrical conductivity and carrier mobility. However,
the ambipolar field-effect behavior was then observed from the sequential surface modification of
PEI/PEG (black) and biotin/PEI/PEG on the GFET (red), respectively. Finally, the real-time electrical
responses on the BioGFET to streptavidin were performed as shown in Figure 6i. The real-time
electrical measurements were conducted at gate voltage range at a constant bias voltage of 0.05 V.
Note that we stabilized the device with the tris-buffer solution before flowing the target molecule
(i.e., streptavidin) to minimize the buffer solution effect into an electrical signal; any current change
was not detected from the devices during buffer solution injection. The streptavidin dissolved buffer
solution (167 nM in 0.01 M PBS) was then introduced into the PDMS channel using a microsyringe
pump. The consequent streptavidin-biotin binding induced the complex doping effect on the graphene
channels [63]; the presence of the charged target (i.e., streptavidin) binds a depletion of hole-carriers (i.e.,
an accumulation of electron carriers) in the graphene channels owing to the field effect. Such a doping
effect causes a negative shift of Dirac point (i.e., =14 V to —40.5 V, indicated by an arrow) and the overall
increase of the on-state in n-channel mode (i.e., increased by 0.04 mA), as observed in the graph. As
extracted, the transconductances in the p- and n-channel were increased by ~6.7% (i.e., ~1.7 uS) and
decreased by ~33% (i.e., ~2 uS), respectively; the n-channel mode of the transconductance shifted
the notable magnitude in the operation, whereas the hole-conductance of the p-channel mode indicated
small changes. This phenomenon might be attributed to the asymmetric doping effect in the graphene
channels that was not exclusive to one dopant, but rather the result of more complicated transport
mechanisms [56,63]. Figure 6j shows the partial changes measured in the current of a typical device
as a function of time during exposure to solutions with various streptavidin concentrations. Here,
electrons, generated by adsorbed streptavidin on the surface of biotin/PEI/PEG, move to the n-doped
graphene channels. The current response was larger with higher concentrations, and the response
tended to peak at a concentration of 100 nM. The increased carrier reacting to the concentration
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of streptavidin at the nanomolar concentration caused sensitive changes in the BioGFET in highly
reproducible ranges. Conclusively, the operating behavior on the graphene channels of BioGFETs
is primarily owing to the consequent n-type doping effect of the biotin complex, potentially upon
the binding of streptavidin detection in the microfluidic channel. With reasonable sensitivity in
biotinylated BioGFETs as a biosensor, the multichannel graphene arrays were effectively rendered and
successfully demonstrated for a single protein monitoring with the help of the microfluidic channel
system [64].

4. Conclusions

In summary, we have developed a simple, yet robust evaporative self-assembly strategy to
spontaneously produce highly ordered PMMA stripes over a large area, facilitating a roll-on-plate
geometry. This provides a unique environment to control the flow of PMMA solution by repetitive
slip-stick motions with a limited evaporation rate between a moving cylindrical roll and a lower flat
receiving substrate. The formation of stripe patterned arrays of PMMA was optimized by modulation
of the solution concentration and the moving speed of the roll. To engineer the periodically patterned
surface of PMMA stripes, they were served as an evaporative-guided template and lithographic
etch masks as sacrificial patterned surfaces. Thus, highly ordered structural topographies and
chemical features were beneficial to understand the relationship between the surface chemistries and
biological systems. One example, the fluorescently labeled thiol-modified DNA, was immobilized on
the arrays of GO/AuNPs by template-assisted self-assembly that may improve fluorescein behaviors
by unique absorption and scattering properties for the biointerface. In addition, we demonstrated
a lithographic approach to utilize the highly aligned arrays of PMMA stripes as etch masks for CVD
grown graphene. With a simple surface modification process, such as co-functionalization with
biotin/PEI/PEG on the conductive multichannel of graphene, molecular sensitive BioGFETs could be
built to detect streptavidin with the help of the microfluidic channel system. Our presented study
suggests that the stripe patterned arrays of polymer films as sacrificial templates can be a simple route
to creating amenable biointerfaces and chemically patterned surfaces synergistically combined with
the development of a new class of nanomaterials such as graphene and other 2D nanomaterials for
a wide range of biosensor platform [65-67].

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/8/1468/s1,
Figure S1: The height profiles of the periodic PMMA stripes obtained from different concentration, C = 0.5 mg
mL! (a) and 0.125 mg mL7! (b). Figure S2: Close-up AFM images of GO-AuNPs stripe corresponding to the one
portion of Figure 3e. The typical height of the GO-AuNPs stripe was ~30 nm. Figure S3: Patterned arrays of
GO/AuNPs by the lift-off process of PMMA after the template-assisted deposition on the SiO,/Si substrate. (a)
Optical micrographs after the GO/AuNPs’ deposition on the patterned PMMA stripes with different concentrations
of 0.5, 0.25, and 0.125 mg mL~'. (b) After the removal of PMMA using an organic solvent. The scale bars are 10
um. Figure S4: (a) Typical optical micrograph of micropatterned graphene channels on pair of Au/Cr electrodes, in
which the back-gated multichannel GFET was built on the SiO,/Si substrate. (b) AFM image and height profile of
micropatterned graphene, measured from the marked area in (a). (c) A magnified SEM image shows the graphene
conformably integrated on the electric pads after the oxygen plasma and the removal of PMMA etch masks.
Figure S5: (a) A photograph of the BioGFET integrated with a microfluidic system and the probing accesses. (b) A
magnified view of the BioGFET as illustrated in Figure 6¢. Figure S6: Transfer characteristics after the PEI/PEG
polymer coating on the graphene channels (black), and transfer characteristics after the biotinylation on the active
channels in BioGFET (red).
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