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ABSTRACT 
 
In this study, we report a method to enhance the 

adsorption rate of thiolated single-stranded DNA (ssDNA) 
on gold surfaces using a compact disc (CD)-based flow-
through approach. A multi-level SU-8 lithography process 
was used to fabricate a two-level mold for replication of 
polydimethylsiloxane (PDMS) flow cells. Various 
concentrations of thiolated, Cy3-labeled 25-mer capture 
probes (5µM, 2.5µM, 1µM) were immobilized in a flow 
through column using either the flow-through protocol or 
standard passive diffusion limited procedures. Fluorescence 
measurements were used to test the relative efficiencies of 
the flow vs. passive immobilization methods.  Compared to 
passive incubation, the adsorption rate from the flow-
through method was up to 2.5-fold higher given the same 
immobilization time. In addition, the ability of the probes 
that were immobilized with the flow-through protocol to 
hybridize with their compliment was verified.   

 
Keywords: DNA immobilization, thiol, flow-through, CD 
platform, microfluidics 
 

1 INTRODUCTION 
 
DNA arrays play an important role in the development 

of novel DNA detection and gene mapping technologies. A 
variety of materials, such as gold [1-2] and indium tin oxide 
(ITO) [3], have been used to develop DNA arrays. The 
formation of DNA arrays on gold involves a surface 
adsorption process. Conventionally, self-assembled mono-
layers (SAMs) of oligonucleotides are prepared by passive 
incubation of a probe solution on the gold surfaces [1]. 
Since adsorption of alkanethiols is limited by the laws of 
mass transport [4], immobilization of thiolated DNA 
capture probes on gold is time-consuming. For example, 
formation of SAMs of thiolated oligonucleotides from a 1 
µM concentration solution requires several hours [1]. In this 
work, we developed a CD (Compact Disc)-based flow-
through scheme to enhance mass transport, thereby to 

accelerate the adsorption of thiolated nucleotides on a gold 
surface. 

2 EXPERIMENTAL SECTION 
 

2.1 Design of the Immobilization Units 

The current work is aimed at developing a flow-through 
DNA immobilization unit using centrifugal force for 
sample manipulation. A standard 3×1 in. microscope slide 
deposited with a 1×6 gold pad (200µm square, center-to-
center distance is 700µm) array was proposed to be used as 
the substrate for immobilization of ssDNA. A flow cell was 
designed to accomplish the desired microfluidic functions 
on a footprint area of 25×55mm. As shown in Figure 1, the 
flow cell consists of sample reservoirs (6), immobilization 
columns connected with the corresponding sample 
reservoirs, flow restriction microchannels, and a waste 
manifold collecting the wastes from the immobilization 
columns. The flow cell is aligned with and adhered to the 
glass slide to form a DNA immobilization unit, up to 4 of 
which can be mounted onto the CD platform. The 
configuration of the CD fluidics system was described in 
detail in our previous work [5].  

 
 

Figure 1: Design of the flow cell for immobilization of 
thiolated ssDNA on gold surfaces 

 
Up to three samples can be accommodated into a single 

immobilization unit with the corresponding control next to 
each of the samples. All the samples and the controls are 
designed to be pumped simultaneously through the 
immobilization columns at the same average flow rate by 
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manipulating the balance between centrifugal force and 
flow restriction (generated mainly by the microchannels 
between the immobilization columns and the waste 
manifold). Differing average flow rates can be achieved by 
varying the angular velocity of the driving motor. The 
characteristic parameters of the immobilization flow cells 
are summarized in Table 1. 

 sample 
reservoir 

immobilization 
column 

restriction 
channel  

waste 
manifold

depth(µm)  250 250 25 250 
width(µm)  500 500 50 500 
volume(µL) 6 0.15 N/A N/A 

Table 1: Design parameters of immobilization flow cells 
 

2.2 Design of the Hybridization Flow Cell 

Another flow cell was designed specifically for a self-
contained flow-through hybridization scheme to test the 
effectiveness of DNA probes immobilized using the flow-
through method [5]. As shown in Figure 2, the flow cell 
consists of a hybridization column aligned with the linear 
DNA micro array (1×6) on the glass slide, a sample 
reservoir and two rinse buffer reservoirs. The reagent 
chambers are connected to the hybridization column with a 
microchannel which is 50µm in width and 25µm in depth. 
The flow cell is sealed against the glass slide to form a 
DNA hybridization unit.  The characteristic parameters of 
the hybridization flow cells are summarized in Table 2. 

     
 

Figure 2: The design of the flow cell for DNA hybridization 
 

The reagents are positioned to be pumped through the 
hybridization column by centrifugal force in a sequence 
beginning with the sample, then the first and second rinse 
buffers. This flow sequence is achieved by manipulating the 
balance between the capillary force and centrifugal pressure 
[6].   
 
 sample 

reservoir 
hybridization 

column 
rinse 

reservoir1 
rinse 

reservoir2
depth(µm)  250 25 250 250 
width(µm)  200 500 800 1000 
volume(µL) 4.5 0.06 10 10 

 

Table 2: Design parameters of hybridization flow cells 
 

2.3 Fabrication of the Flow Cells 

The microfluidic structures were fabricated using 
PDMS replicating techniques [7]. We used a multi-level 
SU-8 process developed in our lab [5] to obtain the desired 
two-level PDMS fluidic structures that provide sufficient 
volume for reagent storage while also enabling the proper 
flow rate for reagent manipulation. 

 
Polymerization molding of the flow cell. Polydimethyl-
siloxane was purchased from Dow Corning (Midland, MI). 
The base (Sylguard 184 silicone elastomer) and the curing 
agent (silicone resin solution) were thoroughly mixed in a 
weight proportion of 10:1. Curing of the mixture was 
performed for 10 minutes at 100ºC on a hot plate.  

Slide patterning. An electron beam evaporator was used to 
deposit gold films (1000 nm thick) onto the glass slides. A 
chromium layer of 10 nm was deposited first as an adhesion 
layer. Standard photolithography combined with chemical 
etching was used to pattern the gold film into a row of six 
200µm square pads, which were designed to be aligned 
with the immobilization and hybridization columns in the 
flow cells.  

Immobilization/hybridization unit assembly. The glass 
slides with the gold pad microarrays were easily combined 
with the PDMS flow cells without surface treatment or an 
additional adhesion step. Both the slides and the flow cells 
are transparent and can be visually aligned without 
difficulty. 

2.4 Materials and Methods 

All reagents were purchased from Aldrich Chemical and 
used as received, unless otherwise noted. All solutions were 
made up from deionized water (18 MΩ⋅cm). DNA 
oligonucleotides were purchased from BioSource Inc. 
(Camarillo, CA). Four 25-mer oligonucleotides were 
utilized for the immobilization and hybridization 
experiments: thiolated ssDNA, Cy3-T1 was 3’ end thiol-
modified with 6-mercaptohexyl spacers and 5’ end labeled 
with Cy3 fluorescence dye; aminated ssDNA, CT1, was 5’ 
end amine-modified, 3’ end labeled with Cy3 fluorescence 
dye; thiolated capture probes, T1 and T2, were 5’ end thiol-
modified with 6-mercaptohexyl spacers. The sequences and 
modifications of each oligonucleotide are listed in Table 3. 

 
Oligos                        Sequence 
Cy3-T1   5’-Cy3-CACGACGTTGTAAAACGACGACCAG-3’-SH-CH2)6 
T1           5’-SH-(CH2)6-CACGACGTTGTAAAACGACGACCAG 
T2           5’-SH-(CH2)6-GATGCCCGGGTCCGGCTAGATGATC 
CT1   5’-Cy3-CTGGTCGTCGTTTTACAACGTCGTG-3’-NH2 
 

Table 3: The sequence and modification of oligonucleotides 
 

The DNA immobilization scheme was validated using 
the 25-mer thiol-derivatized nucleotides (Cy3-T1) labeled 
with fluorescent dye. The aminated ssDNA (CT1) was used 
as a control for the immobilization experiments as well as 
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the target for the hybridization test. The thiolated 
oligonucleotides (T1 and T2) were utilized as capture 
probes for the hybridization experiment. Please note that 
the aminated nucleotides labeled with Cy3 dye (CT1) was 
chosen just by convenience. It is not necessarily aminated 
as the control in the DNA immobilization and the target for 
the hybridization test.   

 DNA immobilization was performed in a potassium 
phosphate buffer (1 M, pH=7.4), whereas DNA 
hybridization reactions were performed in 1×PBS buffers 
(pH=7). Immobilization of Cy3-labeled oligonucleotides by 
passive incubation was conducted as a control for the 
adsorption rate of thiolated DNA on gold surfaces.   

 

2.5 Flow-through Immobilization 

Sample (Cy3-T1) and control (CT1) DNA were diluted 
using 1M K2HPO4 to three concentrations (1µM, 2.5µM 
and 5µM). The diluted DNA solutions were loaded into the 
reservoirs, with the samples and controls of the same 
concentration next to each other for the purpose of 
comparison. The loaded immobilization unit was spun on 
the CD platform at 250 rpm and an average flow rate of 
0.7µL/min was achieved which corresponds to an 
immobilization time of about 8 minutes for a sample 
volume of 6µL. The immobilization units were 
disassembled immediately after depleting DNA solutions 
and rinsed manually with 1×PBS + 0.1%SDS buffer for 15 
seconds followed by an extensive manual rinse with DI 
water to remove the unbound DNA molecules.    

2.6 Passive Immobilization 

Immobilization by passive incubation was carried out 
for comparison purposes. DNA samples and controls of the 
same concentrations as those used in the flow-through 
assay were confined in the immobilization columns and 
incubated passively on the gold array. Flow cells with two-
times deeper immobilization columns were employed to 
load and confine the DNA solutions simultaneously on the 
spots by a short (less than 10 seconds) but fast (700 rpm) 
spin. The depth of the flow cell for passive immobilization 
was greater than the diffusion distance (calculated using t = 
x2/2D, where D is diffusion coefficient and x is the 
diffusion distance in centimeters). Note that the volume of 
the passive control does not need to be larger than a half 
sphere with a radius of 300µm since the diffusion 
coefficient of 25mer DNA is D = 9.94×10-7 cm2/s [8] and 
the maximum distance a DNA molecule will be able to 
diffuse in the 8 minute incubation time is 300µm.  The 
samples were left in contact with the array for 8 minutes 
which is equal to the amount of hybridization time for the 
flow-through method. The same two-step rinse procedure 
was followed to remove the nonspecifically bound DNA 
molecules.  

 
 
 

2.7 Flow-through Hybridization 

To verify the effectiveness of the DNA probes 
immobilized using the flow-through method, the CD-based 
flow-through scheme reported in previous work [5] was 
utilized. First, the thiolated oligonucleotides T1 and T2 (5 
µM) were immobilized using the flow-through method 
described above. The glass slides equipped with capture 
probes were then assembled with the PDMS flow cells 
designed for DNA hybridization. The new assemblies 
(hybridization units) were loaded with target (CT1) 
solutions and two rinse buffers (1×PBS + 0.1%SDS and 
1×PBS) in the corresponding reservoirs and finally, the 
hybridization units were spun on the CD platform at 200, 
550 and 750 rpm respectively to sequentially pump the 
sample solution (CT1), rinse buffer 1 and rinse buffer 2 
through the hybridization column.   

 
3 RESULTS AND DISCUSSION 

 
Fluorescent images were obtained using a laser scanner 

(Perkin Elmer 4000) after the rinsing step. The fluorescence 
intensities were analyzed using QuantArray™ Analysis 
Software (Perkin Elmer). Comparison of the fluorescence 
signals obtained from the passive and flow configurations 
yielded the required information on the relative rates of 
DNA adsorption resulting from each configuration.  

 
3.1 Flow-through/Passive Immobilization 

Figure 3 shows a comparison of relative adsorption rate 
between flow-through and passive immobilization. It can be 
seen that at 5µM the signal intensities from both methods 
are at the same level. This indicates that mass transport may 
not be a limiting factor for the adsorption rate at high 
concentrations within the investigated immobilization time. 
At lower concentration, the fluorescence intensity from the 
flow-through method is significantly higher (up to 2.5 fold 
within the investigated probe concentrations) than that from 
passive adsorption. The primary reason for the faster 
adsorption rate at lower concentrations in the flow-through 
assay may lie in that the adsorption kinetics was diffusion 
limited at lower concentrations and a larger amount of 
DNA molecules can be transported to the gold surface due 
to convection (flow) compared to passive incubation. 
However, it should be noted that the gain benefited from 
convection was only limited to low stream velocity (e.g., 
90µm/s as currently used). Our preliminary results indicate 
that at higher velocity (e.g., 1mm/s), the flow field tends to 
slow down the adsorption rate, although faster stream 
velocity is favorable for mass transport [9]. Possible 
reasons for this paradox could be the slow kinetics (the 
observed adsorption rate constant is 5.7×103 M-1s-1 [10]) of 
the thiol-gold reaction. 
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(a) 
 

 
 

(b) 
 

Figure 3: Comparison of DNA relative adsorption rate – 
flow-through vs. passive immobilization. (a) Fluorescent 
images from the gold pads (signals on the sites in the white 
boxes are hardly visualized). From right to left: 5µM Cy3-
T1, 5µM CT1, 2.5µM Cy3-T1, 2.5µM CT1, 1µM Cy3-T1, 
1µM CT1. (b) Fluorescence intensities vs. concentration; n 
= 4, error bar = 1 standard deviation.   
 
3.2 Flow-through Hybridization 

The gold array was scanned using the laser scanner after 
the immobilization process and Figure 4 is a fluorescent 
image of the DNA array. It can be seen that the 
fluorescence intensities from the specific probe (T1-SH) 
sites (1st, 3rd, and 5th from left) are appreciably higher than 
that from the nonspecific probe (T2-SH) sites (in the white 
boxes). This is clear evidence of DNA hybridization events 
on the specific probes tethered using the flow-through 
method.  

 

  
 
Figure 4: Fluorescent image from flow-through 
hybridization. The sample (4µL) concentration was 100 nM 
and the hybridization (flow) time was 4 minutes. 
 

4 CONCLUSIONS 
 
Fast immobilization of thiolated DNA on gold using a 

CD-based flow-through microfluidic platform was 
developed and experimentally validated. The flow-through 
method provided up to a 2.5 times faster adsorption rate 
compared to passive incubation at lower probe 

concentrations. The effectiveness of the capture probes 
immobilized using the flow method was shown using a 
flow-through hybridization scheme. Future work will 
include a study on the effect of stream velocity on the 
adsorption rate of thiolated ssDNA on gold surfaces and 
integration of both the immobilization and the hybridization 
assay into a single microfluidic unit. 
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