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Boolean logic performs a logical operation on one or more logic input and produces
a single logic output. Here, we describe a microfluidic DNA computing processor
performing Boolean logic operations for gene expression analysis and gene drug
synthesis. Multiple cancer-related genes were used as input molecules. Their ex-
pression levels were identified by interacting with the computing related DNA
strands, which were designed according to the sequences of cancer-related genes
and the suicide gene. When all the expressions of the cancer-related genes fit in
with the diagnostic criteria, positive diagnosis would be confirmed and then a
complete suicide gene �gene drug� could be synthesized as an output molecule.
Microfluidic chip was employed as an effective platform to realize the computing
process by integrating multistep biochemical reactions involving hybridization, dis-
placement, denaturalization, and ligation. By combining the specific design of the
computing related molecules and the integrated functions of the microfluidics, the
microfluidic DNA computing processor is able to analyze the multiple gene expres-
sions simultaneously and realize the corresponding gene drug synthesis with sim-
plicity and fast speed, which demonstrates the potential of this platform for DNA
computing in biomedical applications. © 2009 American Institute of
Physics. �doi:10.1063/1.3259628�

I. INTRODUCTION

DNA computation is a kind of mode to realize molecular computing function, which depends
on the information from DNA molecules and the interactions between DNA molecules. In some
case of DNA computing, enzymes may be needed for DNA cleavage/ligation.1 In early time, the
study of DNA computation is mainly focused on the implementation of intractable computational
problems.2–4 Recently, the concept of autonomous molecular computer5–8 has been proposed and
it has been investigated to control the gene expressions logically in a test tube.8 However, such
kind of molecular computer in test tube is mainly based on the principles of Turing machine, in
which the expressions of cancer-related genes can only be computed in sequence. Thus, multifold
computation steps should be needed in order to meet the requirement of increased number of
cancer-related genes.

Microfluidics �or laboratory-on-a-chip� is a newly developed technology, which has been used
in a wide range of fields including chemical, biology, and medicine due to its integration, minia-
turization, automation, and the potential capability for high throughput assay.9–13 Recently, it has
also been investigated for the study of gene analysis14,15 and DNA computation.16 Here, we report
a microfluidic DNA computing processor for gene expression analysis and corresponding gene
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drug synthesis, in which the DNA computing process performs Boolean logic operations.17,18 It
can be stated as following: Gene 1 and gene 2 and �not gene 3� and �not gene 4�.

Multiple cancer-related genes are used as input molecules. Over-expression of a gene is
considered as a Boolean true value and under-expression of a gene is considered as a Boolean
false value. The diagnosis will be true �i.e., positive diagnosis� for only one combination of gene
regulations �gene 1 is true, gene 2 is true, gene 3 is false, and gene 4 is false�; all other combi-
nations of gene regulations will be false �i.e., negative diagnosis�. Only if the diagnosis is true will
a complete gene drug be synthesized as an output molecule �Fig. 1�.

II. EXPERIMENTS AND RESULTS

Computation is processed by the interaction between the input molecules �cancer-related
genes� and the computing related biomolecules on a microfluidic chip, which is composed of
parallel channels. The computing related biomolecules consist of capture molecule, drug segment,
and incomplete suicide gene with multiple gaps. These molecules are designed according to the
sequences of the cancer-related genes and the suicide gene �HSV-tk�.19,20 The sequences of the
suicide gene and the cancer-related gene are contrasted, and the similar sequence between them is
selected as the drug segment. The sequence of the gap in the incomplete suicide gene is as same
as that of the drug segment. A single-strand DNA is set as the capture molecule, which is comple-
mentary to both the input molecule and the drug segment partially �Fig. 2�a��. The capture mol-
ecule is at least twice as long as the drug segment. Because the complementary sequence to the
capture molecule is longer, the cancer-related gene can displace the drug segment from the capture
molecule, and the displaced drug segment can be transferred to fill the gap of the incomplete
suicide gene �Fig. 2�b��.

In this DNA computing processor, only two kinds of breast cancer-related genes �oncogene
C-erbB-2 and antioncogene nm23�21,22 were selected as input molecules to demonstrate how to
identify the over-expression and under-expression of the genes. The number of genes that could be
used as inputs into the processor is dependent on the number of drug segments corresponding to

FIG. 1. Illustration of gene expression analysis and corresponding gene drug synthesis performing Boolean calculations.
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the target genes �i.e., gaps of the suicide gene� that can be designed. According to our estimation,
the sequence of the suicide gene �about 1000 nucleotides� can allow about dozens of drug seg-
ments �about 10–20 nucleotides� be designed theoretically. If the sequence of drug segment is too
short, it will arouse nonspecific displacement reaction and false positive result. This “error” will
limit the number of genes that can be analyzed in the processor.

In this work, we just establish a model to demonstrate the feasibility of the DNA computing
processes on a microfluidic platform. So we used the synthetic ssDNA oligonucleotides to repre-
sent the cancer-related genes �C-erbB-2 and nm23� and A drug template strand complementary to
both drug segments A and B �corresponding to C-erbB-2 and nm23, respectively� to represent the
incomplete suicide gene. For the use of microfluidic computing processor in the analysis of
real-world sample, pretreatment of genes, involving mRNA extraction, reverse transcript, and
amplification unit,23 should be integrated into the microfluidic platform. Drug segments A and B
could hybridize with the drug template strand and then be ligated by T4 DNA ligase. The ligated
double strands were regarded as complete suicide gene. In order to observe the computing pro-
cesses clearly, C-erbB-2 and drug segment B were labeled with FAM �green�, and nm23 and drug
segment A were labeled with TAMRA �red�. FAM and TAMRA are two kinds of fluorescence dye,
the fluorescence of the former is green and the latter is red. The sequences and labels of all
molecules involved in our work were shown in Table I.

A glass microfluidic chip was designed and used as the platform for DNA computing proces-
sor �Fig. 3�. The microfluidic chip was fabricated using standard photolithography and wet chemi-
cal etching technique, as described elsewhere.24 The channels were 80 �m deep, 200 �m wide,
and 30–35 mm long. Each chamber was 80 �m deep, 500 �m wide, and 1.75 mm long. The
diameter of the reservoirs was 1.5 mm. The channel wall of the glass chip was treated with Repel
silane �2% solution of dimethyl dichlorosilane in chloroform� for 90 min.25 Capture molecule 1

FIG. 2. �a� Schematic illustration of the relationship of cancer-related gene, capture molecule, and drug segment. The drug
segment �light green and blue� is the sequence of suicide gene which is most similar to that of cancer-related gene. The
capture molecule �dark green and pink� is complementary to both the part of cancer-related gene �light green and purple�
and the part of drug segment �light green�. �b� Schematic illustration of the computing process at molecular level. Initially,
the capture molecule partially hybridizes with the drug segment. When the cancer-related gene appears, the capture
molecule is inclined to hybridize with the cancer-related gene and the drug segment will be displaced. The displaced drug
segment can be transferred to fill the gap of the incomplete suicide gene.

TABLE I. Sequences and labels of the molecules.

Molecules Sequences �5�−3�� and labels

C-erbB-2
FAM-

GGGCATGGTCCACCACAGGCACCGCAGCTCAT

Capture molecule 1
Acrylamide-

ATGAGCTGCGGTGCCTGTGGTGGACCATGCCC

Drug segment A TAMRA-GGGCAGGGTCCAC

nm23 TAMRA-CTGTGATACAGGAACCATGGCCAACTGTGAGC

Capture molecule 2 Acrylamide-GCTCACAGTTGGCCATGGTTCCTGTATCACAG

Drug segment B PO4-AGGAACCATGGCCAAC-FAM

Drug template strand GTTGGCCATGGTTCCTGTGGACCCTGCCC
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�corresponding to C-erbB-2� at 10 �M was covalently immobilized in the polyacrylamide hydro-
gel plugs within chambers 1a and 1b.26–29 Similarly, capture molecule 2 �corresponding to nm23�
was immobilized in chamber 2. Saturated drug segments A and B were hybridized with capture
molecule 1 in chamber 1b and capture molecule 2 in chamber 2, respectively. In chambers 3 and
4, blank hydrogel microplugs without capture molecules did not participate in computing and only
acted as valves.30

DNA computing for the expressions of C-erbB-2 and nm23 were performed in two parallel
microchannels simultaneously. Continuous biochemical reactions for DNA calculations were ac-
complished under the action of electric fields. Platinum electrodes were placed in contact with the
solution in reservoirs of both sides of the hydrogel plugs and connected to a low-voltage power
supply �48 V�. 1�TE and 0.5M NaCl was chosen as the buffer because it is a kind of high-salt
buffer that can assure the high hybridization rate.26–29

Here, 2 �M was set as the normal concentration of C-erbB-2 and nm23. When 5 �l of

FIG. 4. �a� Illustration of the computing process of C-erbB-2 over-expression. �b� Illustration of the computing process of
nm23 under-expression. Illumination: During the rinse step, when the electrophoresis conditions are changed, both nm23
�red� and drug segment B �green� in chamber 2 can be detached from the capture molecule 2, migrated into reservoir 8, and
transferred into reservoir 13 finally. As nm23 is not complementary completely to the drug template strand and cannot
ligate with drug segment A to synthesize complete gene drug AB, it has no effect on the final drug synthesis, so it is not
shown in the rinse process or the transfer process in Fig. 4�b�.

FIG. 3. �a� Schematic of the microfluidic chip. �b� The photography of the microfluidic chip.
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C-erbB-2 at 2 �M in 0.5M NaCl and 1�TE buffer was loaded into reservoir 1 and platinum
electrodes were placed in reservoirs 3 and 5, C-erbB-2 was electrophoresed into chamber 1a,
hybridized and captured by capture molecule 1. The rate of capture was closely related to the
concentration of C-erbB-2. When C-erbB-2 was at the normal concentration �2 �M�, it could
reach the right edge of chamber 1a after 3 min �Figs. 4�a� and 5�a��. When the concentration of
C-erbB-2 was above 2 �M, the velocity of capture would be raised.26 After electrophoresed 3
min, the over-expressed C-erbB-2 �10 �M� was moved out of the hydrogel microplug in chamber
1a and then electrophoresed into chamber 1b and displaced some drug segment A �8 min experi-
entially�. This part of drug segment A was then moved into reservoir 5 and finally transferred
through chamber 4 to reservoir 13 �10 min experientially�. Following the computation process
above, it was clear that only when C-erbB-2 was over-expressed, drug segment A could be
transferred into reservoir 13 �Figs. 4�a� and 5�c��.

At the same time, in the parallel channel, nm23 was also input into reservoir 6 to be analyzed
�Fig. 4�b��. In the microfluidic DNA computing processor, drug segment B was required only
when the expression of antioncogene nm23 below the normal level. When the concentration of
nm23 was at the normal level �2 �M�, drug segment B in chamber 2 could be displaced by nm23
totally within 3 min, and electrophoresed into reservoir 8. The drug segment B in reservoir 8 was
not required and discarded by vacuum pump. In following processes, no drug segment B would be
rinsed off or transferred to reservoir 13. When the concentration of nm23 was below the normal
level, its displacement velocity would be reduced28 so drug segment B in chamber 2 could not be
displaced by nm23 completely, and some would remain in chamber 2. The displaced part of drug
segment B would then be electrophoresed into reservoir 8, which was not required and discarded
by vacuum pump. Then 5 �l of 0.5M NaCl and 1�TE buffer was set into reservoir 8. By
changing eletrophoresis conditions �buffer in reservoir 6 turned to 1�TE and direction of electric
field diverted�, the remaining part of drug segment B in chamber 2 that was required would be

FIG. 5. �a� Fluorescent images of 2 �M C-erbB-2 migrating to the right edge of chamber 1a. �b� Fluorescent images of
drug segment B in chamber 2 rinsing off when changed the electrophoresis conditions. �c� Fluorescent images of
computing process of C-erbB-2 �green� in three concentrations and transferring of drug segment A �red�. Drug segment A
could be detected in chamber 4 only when C-erbB-2 was over-expressed �10 �M�. �d� Fluorescent images of computing
process of nm23 �red� in three concentrations and transferring of drug segment B �green�. Drug segment B could be
detected in chamber 4 only when nm23 was under-expressed �0.2 �M�. Because hydrogel has concentrated function to
oligonucleotides �Ref. 31�, we showed the pictures of drug segments A and B in chamber 4, which were clearer than that
in reservoir 13.
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rinsed off from capture molecule 2 �Fig. 5�b�� and migrated into reservoir 8. Then the drug
segment B was migrated from reservoir 8 to 10 through chamber 3, and finally transferred into
reservoir 13 through chamber 4 �total 15 min experientially�. After the computation process
described above, drug segment B could be transferred into reservoir 13 only if nm23 was under-
expressed �Figs. 4�b� and 5�d��. Low-salt buffer �1�TE� is selected to denature double DNA
strands in the rinse step because low salt concentration leads to less shielding of the negatively
charged backbones of hybridized DNA double strands, resulting in a stronger electrostatic repul-
sion between the strands.32

Then the drug template strand and T4 DNA ligase were placed into reservoir 13. In reservoir
13, drug segments A and B could hybridize with the drug template strand and be ligated by T4
DNA ligase to synthesize the complete gene drug at 20 °C for 25 min. The output molecule in
chamber 13 was further detected by examining the length of the DNA strands through electro-
phoresis in another glass chip,33 and the electropherograms were shown in Fig. 6. The detected
fluorescence was from drug segment B labeled by FAM, and the fluorescence from drug segment
A labeled by TAMRA was filtered in our experiment. “B” represented the drug segment B and
“AB” represented the complete suicide gene. It could be observed that drug AB could be synthe-
sized only when the C-erbB-2 was over-expressed and nm23 was under-expressed simultaneously.
In Fig. 6�e�, the completed drug peak AB seemed small compared to the incomplete B peak. This
result may be due to the low efficiency of enzyme ligation. We will further optimize the conditions
of enzyme ligation, such as time, temperature, enzyme concentration, etc., to increase the output of
complete drug AB. Figure 6�f� showed the reproducibility of three runs of computing on the same
microfluidic chip, with the conditions that c-erbB-2 was 10 �M and nm23 was 0.2 �M. We used
relative standard deviations �RSDs� to assay the reproducibility of peak B �i.e., drug segment B�
and peak AB �i.e., complete drug AB� in height and migration time. The RSDs of the height and
migration time of peak B were 17.27% and 21.58%, respectively �n=3�. The RSDs of the height
and migration time of peak AB were 0.73% and 0.7%, respectively �n=3�.

Different capture molecules can be immobilized not only in different channels but also in a
same channel.26 The specificity of hybridization between the capture molecules and the target gene

FIG. 6. Electropherograms of the output molecule in reservoir 13. B represents drug segment B and AB represents
complete suicide gene �drug AB�. �a� Electropherogram of the standard sample of drug segments A, B, and AB. �b�
Electropherogram of the output molecule when C-erbB-2 ↑ and nm23 in normal level. �c� Electropherogram of the output
molecule when both C-erbB-2 and nm23 in normal level. �d� Electropherogram of the output molecule when C-erbB-2 in
normal level and nm23 ↓. �e� Electropherogram of the output molecule when C-erbB-2 ↑ and nm23 ↓. �f� The reproduc-
ibility of three runs of computing on the same chip, with the conditions that c-erbB-2 was 10 �M and nm23 was 0.2 �M.
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would assure that other genes would not affect the computing process and result.26,29 So only two
parallel channels are needed theoretically to analyze the multiple over-expressions and under-
expressions of cancer-related genes, respectively.

III. SUMMARY

A microfluidic DNA computing processor performing Boolean calculations was constructed
for gene expression analysis and gene drug synthesis. Two breast cancer-related genes �oncogene
C-erbB-2 and antioncogene nm23� were used as input molecules. Their expressions were identi-
fied in two parallel microfluidic channels simultaneously by interacting with the computing related
DNA strands. Test for over-expression of C-erbB-2, the multistep operations involved hybridiza-
tion, displacement, and transfer. Test for under-expression of nm23, the multistep operations in-
volved displacement, rinse, and transfer. When the expressions of both genes fit in with the criteria
for breast cancer diagnosis, positive diagnosis would be confirmed and a complete suicide gene
could be synthesized by DNA ligation as an output molecule. By combining the specific design of
the computing related molecules and the integrated functions of the microfluidics, the microfluidic
DNA computing processor is able to analyze the multiple gene expressions simultaneously and
realize the corresponding gene drug synthesis with simplicity and fast speed, which demonstrates
the potential of this platform for DNA computing in biomedical applications
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