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Despite considerable effort, the fabrication of protein chips using a self-assembled
monolayer (SAM) with along chain remains achallenge, dueto its steric hindrance and the
formation of disulfides, which may generate multilayers and block the terminal carboxy-
late groups of the SAMss, and thus reduce the sensitivity of the chips. To eliminate those
problems, the feasibility of using a short-chain SAM, 4,4-dithiodibutyric acid (4,4-DTBA,
disulfide), as a monolayer for the protein chips based on a gold surface was studied.
Experiments for characterizing 4,4-DTBA were performed by contact angle goniometry,
atomic force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR) and
ellipsometry. Additionally, afluorescent assay of 4,4-DTBA was performed using protein
A-fluorescein isothiocyanate (FITC). Theresultsof 4,4-DTBA were compared with those
of 11-mercapto-undecanoic acid (MUA). The comparison resultsindicate that 4,4-DTBA
can be adopted as a monolayer for protein chips.

1. Introduction

Protein chips have recently been extensively studied because chips such as protein-
based biosensors play an important role in immunoassay for clinical medicine and disease
diagnosis. Protein-based biosensors are composed of an immobilized protein layer and a
physical transducer,®? and can be fabricated using small amounts of proteins and reagents
by immobilizing several hundreds or thousands of different proteins on the substrates.
However, controlling the configuration of the immobilized antibodies without decreasing
the sensitivity of protein immunoassay has become important. The surface area available
for abinding antibody affects assay sensitivity and reproducibility. Antibodiesin conven-
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tional immunoassays are generally bound on surfaces of at least 100 mm?2.“ Thus, one of
the important factors in immunosensor design is the choice of the immobilization method,
in terms of retaining the activity of the protein. Several methods, including physical
adsorption and chemical covalent binding, have been presented for preparing oriented
protein and antibody molecular layers on solid matrix substrates.®® To enhance the
sensitivity of the sensor, the distance between the transducer surface and the immobilized
layer of antibodies should be minimized, and the monolayer on the surface should be two-
dimensional in character.©®

Self-assembled monolayer (SAM) technology has recently been studied for its applica
tion to fabricating protein and antibody molecular layers on solid surfaces. Many funda-
mental and central biological recognition systems require biological surfaces to be
biocompatible interfaces for transduction.**Y A protein biosensor requires an artificial
biomolecular monolayer. SAMs have recently become of interest in bio-micro-electro-
mechanical system (MEMS) technology due to their versatility for bio-applications.
SAMs are a powerful tool for generating monolayers for fabricating protein biosensors.
With the demand for SAMs owing to their functionality, studies of the surface modification
using SAMs are another interesting approach to MEM S technology. SAMs can be used in
arobust method for fabricating protein monolayers.*? Pure SAMs of thiol and disulfide
with different chain lengths and terminal groups on a gold surface have been studied for
severa years.*31% These studies revealed the formation of awell-ordered monolayer of n-
alkanethiols (CH3(CH,),SH, x > 10) on gold. The long-chain thiol generally has along
alkyl chain and van der Waals attractive forces among the molecules, which result in high
packing density and well-ordered structures of SAMs.“>19 However, the SAMs of pure
long-chain thiol have several problems, such as high densities of surface terminal groups
leading to steric hindrance®! and the formation of multilayer caused by deposition of
disulfides resulting from the oxidation of thiols.?? Additionally, the length of the aliphatic
chain markedly affects the rates and extents of oxidation and desorption.? Moreover, the
thiols of long-chain SAMs are unstable in EtOH solution.?? Therefore, short-chain SAMs
have drawn attention as a monolayer in the biochip technology.?29

The activity of proteins such asimmunoglobulin (1gG) immobilized on a solid surface
istypically lower than that in the agueous phase. The main reason for the activity reduction
is the random orientation of the protein molecules on the solid substrate. A well-known
protein A is adopted as abinding material to improve and construct awell-defined antibody
surface. Protein A, acell wall component of Saphyl ococcus aureus, can bind to the Fc part
of the antibody. Therefore, the use of protein A leads to highly efficient immunoreactions,
and enhances detection system performance.®>=0

Proteins require much care to maintain its three-dimensional structure and bioactivity
function owing to their unique properties, particularly their sensitivity to substrate sur-
faces. The fabrication of nanoscale structures with SAMsto combine protein A with solid
substrates has attracted much attention owing to the interest in a two-dimensional molecu-
lar assembly and its potential applications in molecular devices, sensors and surface
engineering.

In this study, a short-chain SAM, 4,4-DTBA, was investigated as an alternative
monolayer for the protein chip based on a gold surface. The results of 4,4-DTBA were
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compared with those of the long-chain SAM, 11-mercapto-undecanoic acid (MUA), which
was mostly used. The monolayers fabricated using 4,4-DTBA and 11-MUA were charac-
terized by contact angle, Fourier Transform Infrared Spectroscopy (FTIR), Atomic Force
Microscope (AFM), and ellipsometry. Additionally, protein A-FITC wasimmobilized on
self-assembled monolayers with 1-(3-dimethylamino-propyl)-3-ethyl carbodiimide hydro-
chloride (EDC)/ N-hydroxycuccinimide (NHS) to demonstrate the feasibility of 4,4-DTBA
as amonolayer for the protein chip.GY

2. Methodsand Materials

The experiments were divided into two sections, that using a4,4-DTBA SAM and that
using a1l-MUA SAM. For each SAM, the concentrations of the solution were 10, 20, 40,
80 and 160 mM. The concentration of protein A-FITC was 0.0167 mg/ml. Surface-grafted
polymers such as OEG are well known for preventing protein adsorption, and are widely
used for surface modification because of their unique properties such as hydrophilicity,
flexibility, high exclusion volume in water, nontoxicity and nonimmunogenecity.>=® To
improve the nonspecific binding, (N-triethoxysilylpropyl)o-polyethylene-oxide urethane
(PEOU, 3L-4197, Gelest, Inc., United Kingdom) with aterminal OEG functional group
was dissolved in THF to prevent the adsorption of protein A-FITC on the substrates.

2.1 Preparation of gold substratses

Silicon (75 x 25 mm, Woodruff Tech., USA) was used as the solid support. The
substrates were cleaned using piranha (H,SO,:H,0,=1:3) and sequentially rinsed using
distilled water, acetone, isopropanol and distilled water. A photoresist was then patterned
on the substrates by photolithography. Titanium (Ti) with a thickness of 150 nm was
initially sputtered onto the silicon substrate as an adhesion layer, followed by a 650 nm
layer of gold (Au) sputtered using an E-beam evaporator. The substrate was cleaned using
acetone to peel off the gold by the lift-off technique, and immersed in ethanol solution for
30 min. Finally, the gold patterns were fabricated on the silicon substrate. Figure 1 shows
the fabricated gold substrate.

Fig. 1. Thefabricated gold substrate.
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2.2 Formation of monolayers

The gold substrates were cleaned using a hot solution of HCI / H,O, / distilled water
(2:1:6, v/v) for 15 min, and rinsed with distilled water. The clean substrates wereimmersed
into silaned OEG / tetrahydrofuran (THF) (1:10, v/v) solution for 12 h.®? The substrates
were then immersed in 11-MUA (450561-5G, Sigma-Aldrich) and 4,4-DTBA (C15605-
10G, Sigma-Aldrich) ethanolic solution with concentrations of 10, 20, 40, 80 and 160 mM
for 24 h. Theresidual self-assembled monolayers were then washed with degassed ethanol
three times using an ultrasonic cleaner, and dried in a stream of nitrogen.

2.3 Immobilization of protein A-FITC

Additionally, the treated samples were immersed in EDC (03450, Fluka, USA) / NHS
(56480, Fluka, USA), 75 mM/25 mM, which had been dissolved in PBS buffer (pH 7.4; 0.2
g KCl, 1.44 g NaHPO,, 8 g NaCl and 0.24 g KH,PO, in 1 L of distilled water) for 4 h, and
again dried in a stream of nitrogen. A drop of protein, A-FITC, with a concentration of
0.0167 mg/ml (P3838, Sigma, USA) was placed on the treated substrates. The samples
were then incubated at 4°C for 24 h to immabilize protein A-FITC onto the substrates.
Figure 2 shows a schematic of the two-step reaction scheme employed to immobilize
protein A on a self-assembled monolayer.

2.4 Measurement of contact angle

The contact angles of droplets on the substrate were measured by contact angle
goniometry (MigicDrop, Future Digital Scientific Corp., USA). The relative humidity in
the environment was 47%, and the temperature varied between 25 and 27°C. The volume
of the droplet was 5 ul. The gold substrates were initially immersed in the solutions of
SAMs with a concentration of 10 mM for 2, 4, 6, 8 and 24 h, and then immersed into
solutions of 10, 20, 40, 80 and 160 mM SAMsfor 24 h. The substrates were then cleaned
with ethanol and dried in a N, stream. Finally, the contact angles of the modified surface
with the 4,4-DTBA and 11-MUA SAMs were measured to determine whether the SAMs
had successfully been fabricated onto the gold substrates. All the reported values are
averages of at least six measurements taken at different locations on the film surface.

25 FTIR

The gold substrates (15 x 15 mm) were treated with solutions of SAMs. The treated
substrates were analyzed using FTIR (DA-8.3, Bomem, Canada). The FTIR spectrawere
obtained by reflecting a p-polarized beam from the gold surface at the near-glancing angle
of incidence of 75°. The instrumentation comprised a modified Digilab 15B Fourier
transform spectrometer system equipped with aliquid-nitrogen-cooled MCT narrow band
detector, and was operated at aresolution of 2 cnrt. The SAMswere studied in accordance
with the wave number peak of the alkyl chain groups (CH, groups).
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Fig. 2. Two-step reaction scheme employed to immobilize protein A on self-assembled monolayer.
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2.6 AFM

The surface topologies of the 4,4-DTBA and 11-MUA SAMswere examined by AFM
(P7L,NT-MDT, USA). Thesamples(15 x 15 mm) were measured by AFM operated in the
tapping mode in air and at room temperature. Imageswere acquired at ascan rate of 1.5 Hz
using asilicon cantilever, and the scan sizewas 2 x 2 um. The surface roughness (Ra) for
each AFM image was determined using the software provided with the instrument.

2.7 Ellipsometry

The samples (15 x 15 mm) were treated with the SAM solutions. Ellipsometric
measurements were performed at room temperature using a modified traditional null-type
ellipsometer equipped with a polarizer-compensator-sample-analyzer (PCSA) arrange-
ment and a He-Ne laser light source (632.8 nm) as the light source.¢”3® The ellipsometer
was operated at wavelengths of 400-800 nm at an angle of 75°. The ellipsometric data
were obtained with an average of five points for each sample using a 3-phase model.
Figure 3 shows a schematic of the ellipsometric 3-phase model.

2.8 Characterization of binding capacity using protein A-FITC

Fluorescence images were characterized for studying the immobilization of protein A-
FITC with SAMs based on the ratio of fluorescent area to total area against fluorescence
intensity. The results were then normalized in accordance with the fluorescence intensity
of the control sample. Thefluorescenceimageswere taken using a CCD camera (Evoluting
VF, Q-imaging, USA) and analyzed using Image-Pro Plus 5.0 (Media Cybernetics, USA).

3.  Resultsand Discussion

3.1 Contact angle analysis

The activation of 4,4-DTBA and 11-MUA utilizing contact angle goniometry was
observed in this study. Figures4 and 5 show the results of thisanalysis. The contact angle
of the uncleaned surface was 82.4° = 2.1°. After washing with a hot solution of HCl / H,O, /
distilled water (1:1:6, v/v), the contact angle was reduced to 71.8° = 2.3°. The surfaces of
the substrates became more hydrophilic after treating the hot solution. Figure 4 showsthe
contact angles obtained for 4,4-DTBA and 11-MUA at a concentration of 10 mM for
different immersion times. According to Fig. 4, the gold surfaces modified by the SAM
solutions became increasingly hydrophilic as the contact angle decreased and the SAM
immersion time increased. The contact angle of the 11-MUA layer decreased to 58.1° +
1.14° after 2 h, but that of the 4,4-DTBA decreased slightly to 71.3° + 0.43°. With

Ambient

Fig. 3. Schematic of ellipsometric three-phase model.
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Fig. 4. Contact angle vsimmersion time plots for 10 mM 4,4-DTBA and 10 mM 11-MUA.

increasing immersion time, the 11-MUA contact angle decreased from 58.1° to 50.3°.
After 24 h, the contact angle of 11-MUA was 54.4° +1.24°, and that of 4,4-DTBA was
62.3°+0.87°. Figure 5 shows the contact angles of 4,4-DTBA and 11-MUA. The angles
were 52.5° +0.78° after the substrate wasimmersed in 10 mM 11-MUA for 24 h, and 57.3°
+ 0.65° for 4,4-DTBA. However, the contact angles of both 4,4-DTBA and 11-MUA
decreased as the concentration increased indicating that the gold surface became increas-
ingly hydrophilic. Finally, the contact angle of a160 mM solution of 4,4-DTBA was42.5°
+ 0.87°, and that of 11-MUA was 31.9° = 0.61° after 24 h. The experimental results
indicate that the self-assembled monolayer was successfully fabricated onto the gold
substrates. In order to ensure the successful immobilization of SAMs on the substrate, the
samples were immersed in SAM solutions for 24 h in the following characterizations.

3.2 Characterization of self-assembled monolayer by FTIR

The SAMs were analyzed by FTIR to ensure that they were well ordered and had
bonded successfully. Figure 6 showsthe FTIR datafor 160 mM 4,4-DTBA and 160 mM
11-MUA. The SAMs on the solid substrate were characterized using reflection IR
spectroscopy. This investigation adopted the assumption that the strongest adsorption
occurs for vibrational modes with transition dipoles oriented perpendicular to the gold
surface, whereas virtually no adsorption occursfor dipoles parallel to the surface. The CH,
groups of al sulfides and disulfides herein exhibited C-H stretching frequencies with 2916 —
2926 cmhigher than those of pure crystalline compounds. A wave number of a CH, peak
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Fig. 5. Contact angle vs concentration plots for 4,4-DTBA and 11-MUA.
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Fig. 6. FTIR spectraof 160 mM 4,4-DTBA and 160 mM 11-MUA.
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close to 2926 cm* means that the structure of the SAM is highly disordered. A wave
number close to 2918 cm signifies that the structure of the SAM iswell ordered on the
solid substrate. Finally, awave number close to 29162917 cm means an exceptionally
high quality order. From Fig. 6, the infrared spectrum clearly exhibits peaks of 160 mM
4,4-DTBA and 160 mM 11-MUA at 2916 and 2926 cm™, respectively. The experimental
results reveal that the self-assembled monolayer of 4,4-DTBA are successfully arranged
and ordered.

3.3 Topography analysis using AFM

The surface roughness of the gold substratesimmobilized by 4,4-DTBA and 11-MUA
was characterized by AFM. The surface roughness is generally obtained from the
interaction force between the sample and the probe. A well-organized molecular array can
then be observed on the nanoscale. The surface roughnesses of the 11-MUA layer and 4,4-
DTBA layer on the gold substrate are shown in Fig. 7 measured using this approach. The
surface roughnesses of 4,4-DTBA were 0.7 nm at a concentration of 10 mM and 0.5 nm at
160 mM. The surface roughnesses of 11-MUA was 0.9 nm at 10 mM, and 4.1 nm at 160
mM. The increasingly surface roughness of 11-MUA may be caused by disulfides that
were oxidized from thiols. Disulfides could precipitate onto the SAMS/Au surface as a
result of the interaction between the terminal methyl groups of the SAMSAU.® The above
results demonstrate that 4,4-DTBA can be auniform layer for protein chips.

—4A— 4,4- DTBA
—S— 11- MUA
B o
2 /
2 v
= /
W v
2 e
W@
g /
T 2 /
5 v
e /
//
% A
0 T I T I T I T |
0 40 80 120 160

Concentration (mM)

Fig. 7. Surface roughness vs concentration plotsfor 4,4-DTBA and 11-MUA.
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3.4 Thickness measurement using ellipsometry

The thicknesses of the 4,4-DTBA and 11-MUA layers were computed by ellipsometry.
Ellipsometry is an important tool for investigating various aspects of the structures of thin
films, such astheir thickness, optical parameters and deposition kinetics. An ellipsometer
was used to measure the change in the state of polarization for reflected polarized light. In
this study, the thickness of SAMs was measured using the complex refractive index, N=n
+ ki, N = 1.45. For ellipsometry, the underlying Si wafer was assumed not to affect the
spectra of ellipsometric angle, because the gold was deposited thickly onto the Si wafer
(150 nm). Inthisstudy, the optical model consisted of gold, interface (SAM) and ambient
layer (air). Thisthree-phaselayer model adopted an interface to model the roughness of the
gold surface using the Bruggeman effective-medium approximation (EMA). When the
fitting procedure was completed with the void volume fraction and thickness of the
interface layer as unknown variables, the optical model was optimized at 38% for the void
volume fraction, and the thicknesses of the 11-MUA and 4,4-DTBA layers were found to
be 1.61 + 0.17 nm and 0.54 + 0.01 nm, respectively, asshown in Fig. 8. Figure 8 showsthat
thethickness of 4,4-DTBA was more stable than that of 11-MUA, and did not increase with
concentration. Sincethe disulfide of 4,4-DTBA ismore stable than thiol in EtOH solution,
it may reduce the deposition of disulfides onto the substrate, which is formed by the
oxidization of thiols.??2 According to the results, 4,4-DTBA can be a suitable mono-
layer, and its functionality is unaffected by concentration.
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Fig. 8. Thicknessvs concentration plotsfor 4,4-DTBA and 11-MUA.
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3.5 Characterization of immobilization with protein A-FITC

Finally, the SAMs at concentrations of 160 mM were used to immobilize the protein A-
FITC onthe SAM. Figures9(a) and 9(b) show fluorescence images of the protein A-FITC
on the 4,4-DTBA and 11-MUA layers, respectively. The graphsin Fig. 10 demonstrate
that 4,4-DTBA had ahigher ratio of fluorescent areato total area, and a higher fluorescence
intensity than 11-MUA. The distribution of the fluorescence intensity of 11-MUA in Fig.
10 was in the range of 0.3-0.8, with ahigh ratio of fluorescent areato total area, whereas
that of 4,4-DTBA wasin the range 0.53-0.98, and also with a high ratio of fluorescent area
to total area. The fluorescence intensity of 4,4-DTBA was higher than that of 11-MUA.
The experimental results demonstrate that the protein A-FITC was successfully immobi-
lized onto 4,4-DTBA.

4. Conclusions

The contact angles obtained from the characterizations of 4,4-DTBA and 11-MUA on
the gold surfacesindicate that 4,4-DTBA and 11-MUA SAMswere successfully fabricated
on the gold substrates. According to the FTIR data, the wave number peaks of 4,4-DTBA
and 11-MUA were 2916 and 2926 cm™, respectively. The FTIR results show that 160 mM
4,4-DTBA was successfully arranged and ordered. Additionally, the topography and
ellipsometry of 4,4-DTBA were analyzed to demonstrate that 4,4-DTBA was amonolayer.
The surface roughnesses of the 4,4-DTBA and 11-MUA layersat 160 mM were4.1and 0.5
nm, respectively. Finaly, the fluorescence images indicate that the protein A-FITC was
successfully immobilized on 4,4-DTBA. We conclude from the experimental results that
a4,4-DTBA SAM can be used as amonolayer for protein chips.

@ (b)

Fig. 9. Fluorescenceimages of (a) 160 mM 4,4-DTBA and (b) 160 mM 11-MUA.
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Fig. 10. Distributions of fluorescence intensity with protein A-FITC on (a) 160 mM 4,4-DTBA and
(b) 160 MM 11-MUA.
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