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Abstract With a view to developing an economical and
elegant biosensor chip, we compared the efficiencies of
biosensors that use gold-coated single-crystal silicon and
amorphous glass substrates. The reflectivity of light over a
wide range of wavelengths was higher from gold layer
coated single-crystal silicon substrates than from glass
substrates. Furthermore, the efficiency of reflection from
gold layers of two different thicknesses was examined. The
thicker gold layer (100 nm) on the single-crystal silicon
showed a higher reflectivity than the thinner gold film
(10 nm). The formation of a nucleic acid duplex and
aptamer—ligand interactions were evaluated on these gold
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layers, and a crystalline silicon substrate coated with the
100-nm-thick gold layer is proposed as an alternative
substrate for studies of interactions of biomolecules.
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Introduction

A biosensor is a device that permits investigators to detect
extremely small amounts of chemical or biochemical agents
in a biological medium. Research to reduce the size and
increase the reliability of biosensors will revolutionize the
field of biomedical measurements. Development of chips
for sensing various materials is vital in the field of
nanobiotechnology, especially in biosensor development.
In the field of nanobiotechnology, several detection systems
have been developed for the measurement of minute
quantities of biomolecules by “top-down” and “bottom-
up” approaches [1]. Among the sensor surfaces that have
been developed are nanoscale biosensors with gold (Au)
surfaces that use thiolated biomolecules as linkers [2—6].
The use of Au surfaces capable of screening libraries of
drugs or inhibitors on spinning-disk systems such as the
BioCD and the BioDVD is an emerging technology [7-11].
Sensors on silicon or silica substrates are also widely used
in the analysis of interactions of biomolecules [12-16].
Because of their nature, these substrates provide a variation
in the degree of packing and, consequently, variations in the
densities, thicknesses, and morphologies of the deposited
films [17]. An optical property, such as light reflectivity, of
a single-crystal silicon-based sensor is different from that of
an amorphous glass substrate. Light reflections on this kind

@ Springer


http://dx.doi.org/10.1007/s00216-010-3994-z

752

S.C.B. Gopinath et al.

of sensor substrate are changes in the direction of a
wavefront at an interface between two different media
which leads the wavefront to returns into the medium from
which it originated. Reflections are sensitive to a tiny
refractive index change on the deposited thin gold film.
Once a molecule binds to the surface, there will be changes
in the reflectivity due to refractive index changes. In the
present study, the reflection changes were monitored on
materials prepared by Czochralski technique which is a
conventionally used crystal growth method for the growth
of single-crystal ingots, especially silicon (Electronic
Supplementary Material figure Sla).

Currently, several sensor chips for conventional methods
are available; these have low detection limits, but are
expensive and time-consuming, and require highly trained
personnel. It is in vogue to develop biosensors as new
analytical tools capable of providing rapid and reliable
measurements at low cost [18]. Performance specifications
for sensor chips include accuracy and long-term stability,
coupled with a small size. Keeping these criteria in mind,
we prepared a chip from silicon with a deposited Au layer
that has a small size and a low cost, and is capable of
detecting the formation of nucleic acid duplexes; this Au-
coated silicon can serve as an alternative substrate for the
development of sensors. Furthermore, we have shown that
these chips are suitable for monitoring interactions of
biomolecules when used in conjunction with commonly
available spectrophotometric techniques. Using the strategy
of reflection changes on solid surface upon attaching
biomolecules are explained with gold thin film deposited
on the silicon substrate.

Materials and methods
Oligonucleotides

A 5'-thiolated DNA consisting of 20 deoxythiamine
residues (dT,o) with protected thiolated groups was
prepared chemically. To deprotect the thiolated groups, the
oligonucleotide were treated with dithiothreitol (DTT,
60 mM) in Tris—HCI buffer (250 mM, pH 8.0) for 16 h at
room temperature. After the reaction, the SH-poly-dT,q
oligonucleotide was purified by passage through an ODS-
120 T column [Tosoh, Japan; TSK-gel, size 7.8 mm
(internal diameter)*30.0 cm long] in an HPLC system
(Shimadzu, Japan) run with 2.5 mM triethylammonium
acetate (TEAA) at 5.0 MPa pressure, and eluted with a
linear concentration of TEAA and acetonitrile at a ratio of
60:40 and a flow rate of 2 mL/min. All fractions were
monitored spectrophotometrically at a wavelength of
254 nm. The solution corresponding to the peak area was
collected and dialyzed twice against double-distilled water
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for 2 h each time. The dialyzed sample was concentrated to
dryness in vacuum, and the concentration of DNA was
measured. Commercially available oligomers were used to
analyze the formation of a DNA duplex (thiol dT,y—dA5)
and the formation of noncomplementary products with
deo.

A 33-mer stable RNA-aptamer, previously selected
against factor I[Xa [19], was enzymatically synthesized by
in vitro transcription, using T7 RNA polymerase on a
synthetic DNA template. The template with the T7
promoter region (in italics; 5-AGTAATACGACTCACTA-
TAGGGATGGGGACTATACCGCGTAATGCTG-3") was
synthesized to generate the double-stranded DNA. Using
this template DNA and the primers (forward 5'-AGTAA-
TACGACTCACTATAGG-3'; reverse 5'-(T),4ATGGG-
GAGGCAGCATTACGCGGTATA-3"), a PCR reaction
was performed with a commercial PCR kit (Ex Tag kit,
Takara, Japan). The reaction mixture was cycled at 94 °C
for 70 s, 55 °C for 50 s, and 72 °C for 70 s for 15 cycles.
The PCR product was precipitated and used for RNA
preparation by in vitro T7 transcription. Transcription was
performed at 37 °C overnight, with a DuraScribe transcrip-
tion kit (Epicentre Biotechnologies, USA). Afterwards, the
products were treated with 2 U of DNase I (RNase free) for
10 min at 37 °C, to remove the template DNA, and were
mixed with an equal volume of 2x urea buffer (7 M urea,
50 mM EDTA, 90 mM Tris—borate containing 0.05%
bromophenol blue). The reaction mixtures were denatured
at 90 °C for 2 min and fractionated on a 15% polyacryl-
amide gel containing 7 M urea. The RNA band was
excised, and the RNA was eluted from the gel. The RNAs
were vacuum-concentrated, re-dissolved in water, and then
quantitated by the absorbance at 260 nm. The resulting
transcribed RNA (57-mer) had 33 nucleotides (which
specifically recognize human factor IXa) and 24 nucleo-
tides of A residues at its 5'- and 3'-ends, respectively.

Fabrication of silicon substrates

The silicon substrate was prepared from a Si wafer obtained
from a single-crystal silicon ingot. Chips measuring 8x
8 mm (64 mm® in area) were cut from the silicon wafer.
The wafers were chemo-mechanically polished, and the
chips were thoroughly cleaned by the SPM cleaning
process [20], before the Au thin layer was formed. The
thin films of gold (Au) or platinum (Pt) were fabricated on
the cleaned silicon substrates by thermal evaporation. By
using an in situ crystal-thickness monitor, the thickness of
the thin film was controlled to be 10 or 100 nm. The metal-
coated substrates were used for the fabrication of biosensor
chips. The suitability of surfaces for fabrication of
biosensor was observed using a scanning electron micro-
scope (JEOL JSM-6335 F).
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Signal readout by UV spectrophotometer

An ultraviolet—visible—near-infrared (UV—vis—NIR) record-
ing spectrophotometer (Shimadzu UV-3100) was used to
examine the spectral changes associated with the binding of
partner molecules by monitoring changes in reflectivity
over the wavelength range from 350 to 1250 nm. The
baseline was adjusted and measured after spotting of each
molecule. The reflection mode was set and nullified with a
basic signal. Measurements were manipulated by calcula-
tion as suggested previously [21], and data manipulation
was performed by using a Microsoft Excel spreadsheet.

Analysis of formation of nucleic acid duplexes

Gold-coated silicon substrates, as described above, were
used to evaluate the formation of DNA duplexes. As an
initial step, 100 pl of DNA carrying 20 thymine molecules
linked to thiol molecules were spotted manually on the chip
at a concentration of 1 uM [dissolved in a 100 mM aqueous
solution of (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul-
fonic acid (HEPES) and KOH (pH 7.4) and 50 mM NacCl],
and then left for 1 h to achieve proper attachment. The
chips were washed thoroughly with the same buffer. After
washing, the chip was dried under nitrogen gas with an air
gun and the reflectivity was measured on the scanning
UV-vis—NIR spectrophotometer. Noncomplementary DNA
(dT,o) was attached at a similar concentration to the chip
with the immobilized thiol-dT,, and left for 10 min. The
chip was washed with buffer and dried as described above,
and then measurements were taken. Complementary reac-
tions were similarly performed with dA,(. Similarly, RNA-
aptamer was also attached to analyze their interaction with
factor IX. For these interactive analyses similar buffer and
loading conditions were used as mentioned above,
however, 5 mM CaCl, and MgCl, were added to the buffer
for specific interactions of aptamer and factor IX.

Analysis of biomolecular interactions by surface plasmon
resonance

To check the specificity of DNA duplex formation, we
conducted experiments using the surface plasmon reso-
nance (SPR) method on Biacore 2000, with a Au-layered
sensor chip (Biacore, Sweden). The thiolated DNA (dT,)
was immobilized on the Au layer and the formation of
complementary and noncomplementary complexes was
monitored. After the attachment of the thiolated DNA at a
concentration of 1 uM, excess or unbound oligomers were
washed away with buffer (HEPES KOH, pH 7.4, as
provided by manufacturer) at a flow rate of 2 puL/min for
10 min. To evaluate duplex formation, complementary
DNA (dA,g) was injected at a flow rate of 2 pL/min for

10 min. Similarly, for the noncomplementary negative
reaction, dT,, was injected at a similar flow rate into
another flow cell on the chip.

Similarly, on a streptravidin-coated sensor chip, from
Biacore, Sweden, the interactions of RNA-aptamer and
factor IX were evaluated for specific and non-specific in the
presence and absence of calcium and magnesium ions in
the buffer. To determine the binding affinity of the aptamer,
we prepared the aptamer with 24-mer poly(A) nucleotides
at the 3’-end, which could anneal to the complementary
biotinylated oligo(dT) (5'-biotin-(T),4-3"). To prepare this
3’-end extended RNA, we used two primers: a T7 forward
primer similar to that used in the above study and a 3'-end
primer [5'-(T),4-ATGGGGAGGCAGCATTACGCGG-
TATA-3"]. The double-stranded DNA template was gener-
ated by PCR and transcribed in vitro, as described above.
Initially, the biotinylated oligo (dT),4 was attached to the
streptavidin (SA chip, Biacore, Sweden) by dissolving the
oligo dT in binding buffer (5 pM final concentration) and
injecting it for 12 to 24 s, to obtain a response of 1,000
resonance units (RU), at a flow rate of 5 pl/min. The excess
or unbound biotinylated oligo dT was removed with
binding buffer containing 5 mM CaCl,, at a flow rate of
20 pl/min for 10 min. To analyze the binding of the
aptamer, 20 pl (50 nM final concentrations) of the aptamer
was injected at a flow rate of 2 pl/min for 10 min, which
resulted in an increase of about 1,200 RU upon aptamer
binding to the complementary biotinylated primer. After
each measurement, the sensor chip was washed with a
buffer solution, followed by 10 mM NaOH, before the next
injection.

Results and discussion

The efficiencies of sensors formed on single-crystal silicon
and amorphous glass substrates were examined by using a
Czochralski-grown single-crystal silicon wafer and a glass
slide as substrates, respectively. Thin Au or Pt layers of
thickness 10 or 100 nm were coated on cleaned substrates
by means of thermal evaporation. Reflections from these
substrates were scanned with a spectrophotometer to
examine the reflective properties of the substrate as a
function of the wavelength. Reports are available on the
applications of spectrophotometric analyses with different
format such as, a glass vial [22], a lab-on-a-chip [23],
microflow analysis [24], etc. In our study, to reduce the cost
of the Au coating on the chips, we reduced the size of the
chip to 8x8 mm (area 64 mm?) to fit within the circular
hole on the stage of the spectrophotometer. Because the
chip was exactly the same size as the hole in the stage of
the spectrophotometer, we used a cover glass between the
hole and chip to prevent it from falling through the hole. To
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check for any changes in reflection produced by the cover
glass, we measured its reflective effect and found that there
was no significant change in reflection with the cover glass,
and that we could obtain 100% reflection levels within the
range 350 to 1550 nm in the presence of a reflective mirror
(Electronic Supplementary Material figure S2a and b).

Evaluation of reflections from single-crystal silicon
and amorphous glass

In general, the reflectivity of a solid substrate depends on
the nature of the substance of which it consists; in the
present case, both single-crystal silicon and amorphous
glass substrates were used, and their reflection levels were
measured. The measurements were made by scanning the
chips (coated with Au layer) on a cover glass (Fig. 1a).
Both substrates showed high levels of reflection over the
range of wavelengths from 350 to 1250 nm. The level of
reflection was 65% from single-crystal silicon, and 55%
from glass. Even though, the level of reflection was more
than 50% in both cases, the single-crystal silicon substrate
showed 10% more reflection than did glass (Fig. 1b),
possibly as a result of the more orderly structure of the
former in comparison with the latter (Electronic Supple-
mentary Material figure S1b). Materials for the fabrication
of Au layers were evaluated for their surface uniformity by
scanning electron microscopic technique. It was observed
that the Au layer on single-crystal silicon exhibited a
continuously uniform layer, whereas the Au layer on
amorphous glass substrate exhibited the inclusion of cracks,
as shown in Fig. 2a and b. Because of this difference in the
nature of the materials, the optical reflectivity is higher in
case of single-crystal silicon compared to the amorphous
glass, in which the present cracks cause the distraction of
irradiated light, resulting in the reduction of light
reflectance.

When we scanned glass lacking a Au layer, the light was
completely transmitted in the absence of the reflective
mirror (data not shown). In addition, we also found that,
unlike those on single-crystal silicon, Au films deposited on
glass were insufficiently robust during the various washing
and drying processes required in the analyses. On the basis
of these results, single-crystal silicon is a better substrate
than glass for use in reflection-based sensors, and we used
Czochralski-grown single-crystal silicon substrates in all
subsequent experiments. Further, similar studies were
performed with single-crystal silicon and amorphous glass
coated with Pt, since Pt is also reported to be suitable
substrate for biomolecular binding [25]. In this comparative
study, in contrast to the Au-coated materials, Pt-coated
materials showed nearly equal reflections with single-
crystal silicon (~29%) and amorphous glass (~27%;
Fig. 1c). These reflection levels were nearly half values

@ Springer

o

70
— Crystal
—— Amorphous

60

50

N9
o

—0.8cm —
Silicon - / Silica

Crystal-Au
Gold
n== o/

30

Reflectance (%)

)
Gold ~— orphous-Ay/

10

100% ~B65% 100% ~55%

350 450 550 650 750 850 950 1050 1150 1250
Wavelength (nm)

(2]

30

25

20

151

10

Light source (350-1250 nm)

Reflectance (%)

— Crystal
—— Amorphous

0
350 450 550 650 750 850 950 1050 1150 1250

Wavelength (nm)

Fig. 1 a Set-up for the chip on a cover glass on the spectrophotom-
eter. b Reflections measured on the spectrophotometer for gold-coated
single-crystal silicon and glass chips at wavelengths from 350 to
1250 nm. Levels of reflections are as described in the text. ¢
Reflections measured on the spectrophotometer for platinum coated
single-crystal silicon and amorphous glass chips at wavelengths from
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Fig. 2 Scanning electron micro-
scopic images of the sensor
chips’ surface with a single-
crystal silicon and b glass. A
100-nm thick Au layer was used
in this case

than Au-coated materials and maximum reflectivity was
observed in different wavelengths in both the cases of
single-crystal silicon and amorphous glass. Based on these
criteria, the present studies were continued with Au-coated
materials as described below.

Effect of Au film thicknesses on the reflection

On the basis of the above results, we prepared single-crystal
silicon substrates and deposited two Au films with thick-
nesses that differed by a factor of ten, namely 10 and
100 nm. After depositing the Au on silicon, we monitored
the changes in reflectivity, as described above, over the
range from 350 to 1250 nm. The substrates showed marked
differences in their reflectivity. The substrate with the 10-
nm Au film showed a maximum reflectivity of about 35%,
whereas the substrate with the 100-nm Au film showed a
reflectivity of 65% (Fig. 3a and b). These two Au layers
showed about a twofold difference in reflectivity, indicating
that there is a high probability of obtaining useful measure-
ments by using a 100-nm-thick Au film.

The silicon substrates used in the present study were
polished after slicing from grown ingot. Despite the
polishing, it does not provide an atomically flat surface
and still surface roughness occurs to some extent. When the
gold is deposited onto the substrate surface, in the case of
the thin layer (10 nm thick), the gold layer was not
continuous and exhibited to some extent an island-like
growth pattern. When the substrate was coated with thicker
gold layer (100 nm thick), continued coating makes a
smoother gold layer surface minimizing the island growth
pattern by the continuous coat over the boundaries, along
with the better adherence. This smooth surface of the
thicker layer exhibited a higher reflectivity compared to the
thinner gold layer. The difference in the reflectivity of these
two layers is expected to be due to the distraction of light
by the boundaries of the islands in the case of a 10-nm-
thick film, which is absent in the case of 100 nm thick film.
On the basis of these results, we went on to confirm the

suitability of the 100-nm Au film for use in biosensors by
analyzing DNA duplex formation, as described below.

Analysis of DNA duplex formation on crystalline chips

Because we were analyzing duplex formation on Au layers,
we used a Au surface from Biacore as a reference. Specific
duplex formation and the attachment of thiolated ssDNA
(dT,p) were evaluated by means of SPR. Thiol molecules
were attached on the 5'-end of DNA with 20 deoxythiamine

10 nm Au 100 nm Au

100% ~35%  100% ~65%

Light source (350-1250 nm)

b 70

--—-10 nm
——100 nm

=23
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Fig. 3 a Reflectivities of single-crystal silicon coated with Au layers
10 and 100 nm thick. b Spectrophotometrically measured reflectivities
of 10 and 100 nm thick layers of Au on single-crystal silicon at the
wavelengths from 350 to 1250 nm
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residues. SPR utilizes the oscillations of free charge at the
interface between a dielectric medium and a surface that
occur with small changes in the refractive index and the
thickness of the dielectric layer. Variations in the spectral
signals show the occurrence of biomolecular interactions at
the interface. In the present study, the formation of a DNA
duplex was tested by using Biacore 2000 with Au chips
(Fig. 4a). As a control for the experiment, we injected
noncomplementary DNA (dT,,) at the same concentration

(1 uM) onto a Au surface with immobilized thiolated DNA
(dT5p) with 1 uM, and we observed no change in the
response. However, when we injected complementary DNA
(dA,o), we observed a change in the response by about
300 response units at a similar concentration (1 uM) to that
injected for the noncomplementary reaction, indicating the
formation of a specific duplex on the Au surface.

We then carried out similar experiments on the Au films
deposited on the single-crystal silicon substrate and
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measured the reflectivity. We used both kinds of Au layers
(10 and 100 nm) on which thiolated DNA (dT,o) with
1 uM was immobilized independently. As mentioned
above, these thin Au films showed about a twofold
difference in reflectivity in the absence of any biomole-
cules. Upon attaching the thiolated DNA (dT,), the
reflectivity decreased by 2% (from 35% to 33%) with
the 10-nm Au film and by 15% (from 65% to 50%) with
the 100-nm film. As expected, when noncomplementary
DNA (dT,p) with 1 M was added as a control, there was
no significant change in the spectrum. When complemen-
tary DNA (dAjo) with 1 uM was added, however, a further
decrease in reflectivity was observed; with the 10-nm Au
film with the thiolated DNA the decrease was 3% (from
33% to 30%) whereas it was 10% (from 50% to 40%) in the
case of the 100-nm film Au film with attached thiolated
DNA (Fig. 4b and c, respectively). The small peak on the
top edge of each spectrum arose because of the changes in
the light source at 830 nm. Altogether, on the basis of
reflectivity, the sensitivity appears to be higher with the
100-nm Au film than with the 10-nm Au film. However, a
change was observed in both cases, and therefore, to reduce
the cost of the film, a 10-nm layer can be used in the sensor,
although the reflectivity is higher with the 100-nm Au film.
The refractive index of the duplexed DNA (dT,q with dA,()
is 1.24, as measured by optical ellipsometry [11].

Analysis of aptamer-protein interactions on crystalline
chips

To extend the above studies as the evidence for specific
interactions, we performed the RNA-aptamer complemen-
tation on the DNA molecules and further analyses of the
aptamer binding to the protein. We considered the previ-
ously reported high-affinity RNA-aptamer generated
against human coagulating factor IX [19] for the present
study. Aptamers (artificial ligands) are usually generated
from randomized pool of molecules by repeated affinity
and amplification processes [26]. Initially, the specific
interactions of this aptamer (50 nM) and factor IX
(100 nM) interactions were evaluated by Biacore-based
surface plasmon resonance in the presence and absence of
metal ions as they are necessary for specific interactions
(Fig. 5a). These interactions were also evaluated with the
present sensor chip with the buffer containing both calcium
and magnesium ions. Before making the sensor surface
with thiolated DNA molecules (dT,p;1 uM), we tried to
attach the same DNA molecules without thiol groups
(dT50;1 uM) for specificity and we could not find any
significant changes with non-specific attachments. With this
evidence, we further attached the thiolated DNA strand and
complemented with RNA-aptamer (1 uM; Electronic
Supplementary Material figure S3). Upon attaching the
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Fig. 5 a Specific binding for RNA-aptamer and protein interactions
are measured by the surface plasmon resonance. b Spectrophotomet-
rically measured reflectivities of a single-crystal silicon chip with a
100 nm Au layer with attached DNA-RNA aptamer followed by
protein complexes measured at wavelengths between 350 and
1250 nm. Each nucleic acid strand was used at a 1 uM concentration.
dT, with 1 uM was immobilized without a thiol group at the first step
for non-specific control

aptamer, we found the reflection changes about 10%
(changes from 55% to 45%); by attaching the factor IX
(100 nM), the change was about 12% (from 45 to 33%) as
shown in the Fig. 5b, indicating the specific interactions of
these molecules as evidenced by previous studies [10,19].
From these results, it is also evidenced that the sensor chip
prepared in the present investigation can be used for the
analyses of aptamer—ligand interactions with sub-nano
molar concentration levels.

Based on the above evidence, the application spectro-
photometric measurements as mentioned above can be
applied for sensor developments. In addition, as reported by
Chopra et al. [27], this method is simple, accurate,
reproducible, selective, sensitive and cost effective. Chopra
et al. [27] have performed spectrophotometric validation to
estimate the trigonelline from polyherbal gels. Similarly,
characterization of red mud by using UV—vis—NIR spec-
troscopy was performed [21]. At the advanced level,
quantitative UV—visible spectroscopy analyses were per-
formed for clinical and pre-clinical applications in cancer
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[28]. Metal detection with trace amounts in fresh water
sample by spectrophotometric methods was proposed to
apply to deionized-, tap-, river-, lake- and reservoir- water
samples as the important issues on environmental manage-
ment [22]. A procedure was made spectrophotometrically
to determine the copper using nitroso-R salt as chromo-
genic agent [24]. Clinical analysis on a lab-on-a-chip design
for the measurements of biological fluids by spectrophoto-
metric analysis was also shown in the past [23]. In addition
several recent studies shows several other applications with
spectrophotometer such as, biosensors for glucose determi-
nation [29], the colorimetric sensor [30], for the determi-
nation of anionic surfactants [31], dermatological studies
[32] and for pharmaceutical preparation [33], as the broad
applications.

Conclusion

The experiments preformed in the present study, clearly
showed that a single crystal of silicon is a suitable substrate
for making the sensor chips to monitor the biomomolecular
interactions. Furthermore, the area of the Au film can be
reduced by reducing the chip size through the use of a thin
cover glass under the chip during analysis. Single-crystal
silicon can be used as an alternative substrate in laborato-
ries with fewer facilities and lower funding, to avoid the
necessity of using expensive equipment. Further, as
reported by Yu [34], the low-cost reflective gold layers
can be made on the sensor chip described in this study with
forming self-assembled monolayers. The results obtained in
our studies will extend the range of methods available for
the analysis of interactions of nucleic acids and ligands; in
particular, the method is suitable for use with aptamer—
small ligand interactions, as demonstrated in other sensor
systems.
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