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DNA Computation Based on Piezoelectric Genosensor

FANG Gang” ZHANG Yun-Liang” ZHU Yan” XU Jin?
U (Department of Life Science, Xi'an University of Arts and Science, Xi'an 430074)
» (School of Electronics Engineering and Computer Science , Peking University, Beijing 100871)

Abstract  Piezoelectric genosensor is a new type of biosensor, which combines the sensitivity of
piezoelectric sensor and DNA hybridization reaction. Compared with traditional gene assay tech-
nology, it has the simple construction, label-free feature, time-saving detection speed, and con-
veniently processed information. When used in DNA computing, compared with conventional
DNA chip, its information is easier to process automatically. Thus it can be used conveniently to
construct an automatic computing machine. Based on the piezoelectric genosensor and DNA com-
puting theory, a new DNA computing method to solve 0-1 programming problem is proposed in
this paper. Compared with other DNA computing methods, it has more significant advantages
due to its electric signal output, such as massive parallel of obtaining and managing information,
automatically processed signal, and label-free solution detection, etc. It also can overcome some
problems, such as solution distinguishing, when carrying out DNA computing with conventional
DNA chip. The piezoelectric genosensor can be used as a potential DNA computing chip to con-

struct a DNA computer.

Keywords  piezoelectric genosensor; DNA chip; DNA computing; 0-1 programming problem;
DNA computer

Wi H 39 :2008-04-20 5 fie Z A8 BORR WCE) H 3 - 2008-10-20. A PREAG 2[5 5 17 48 B2 B 43 (60533010, 60274026, 3057043 ¥E H). 77 R,
P .1969 4F A A PRI, BRI 7 18 AR W AR Y E B 2. E-mail: yuxiangqd@163. com. 33E B . B, 1963 4 A 8. B ETS
GUONE R R BB 1982 AL B B B B E BRI N AL #1959 AEE L BRI AE WL BF RN
DNA 5L HI DNA JHEL 2 0 4% it 15 53k L e 4



2110 it

Hl

5

i 2008 4F

1 Introduction

With the development of modern biotechnolo-
gy and electronics technology, biosensor has be-
come a brand-new high-technology field yet. Piezo-
electric genosensor is a new type of biosensor.
Compared with traditional gene assay technology,
it has the features of simple structure, label-free
Based on the

piezoelectric and reverse piezoelectric effect of

property, and fast detection speed.

some crystals, this sort of biosensor is construc-
ted. Nowadays, there has been great interest in
the use of microgravimetric quartz crystal mi-
crobalance (QCM) as a promising candidate for
biosensor applications and the QCM has demon-
strated its potential for detection of DNA hybrid-
ization. When the ssDNA probes anchored on the
surface of QCM hybridize with their complementa-
ry ssDNA strands, the weight on the surface of the
QCM will increase. Attributed to its sensitivity to
mass change, the frequency of the QCM will de-
crease. The relation between mass change (Am)
and frequency change (Af) can be rendered as
Af=—FkfiAm/A. In the equation, the % is a con-
stant related to the material which is used to make

QCM, and the f, is the frequency of the QCM be-

fore hybridization reaction. The A is the reaction
”»

means that the increasing of
Al-
though the QCM is sensitive to sub-nanogram lev-

area, and the “

mass will cause decreasing of frequency™”

complementary ssDNA  dsDNA

ssDNA probes

reaction area

energy
convertor

els of mass change, in order to widen the applica-
tion of the technique, various methods for impro-
ving the detection limit of the QCM have been de-
veloped. Recently, the development of amplifica-
tion for the sensing process of dsDNA assembly
has been reported in some research work™!. In ref.
[3], Peng et al. used actinomycin D-functionalized
magnetic nanomicrospheres as microgravimetric
Actinomycin D (ActD) is one of

the important anticancer antibiotics, which interca-

amplifying labels.

lates preferentially into the (dG, dC) region on a
DNA duplex and generates a wide variety of bio-
chemical and pharmacological effects to interfere
These

nanomicrospheres can interact with dsDNA formed

with gene replication and transcription.

by hybridization which is anchored on the gold film
electrode of an electrochemical quartz crystal mi-
crobalance (EQCM). ActD acts as a guide that
leads heavy microspheres onto the dsDNAs at the
EQCM film. And a magnetic separation shelf could
separate unreacted microspheres conveniently. The
modification and DNA hybridization at EQCM
electrodes were examined by microgravimetric and
electrochemical methods. In this way, an out-
standing change in frequency decrease has been
monitored owing to the mass increase on the
EQCM electrodes (Fig. 1(a)). Except the method
proposed in ref. [ 3], avidin-biotin interaction is
used to amplify the hybridization signal in this pa-
per (Fig. 1(b)).

ActD-founctionalized magnetic nanomicrosphere

mass increase Am

frequency

Hybridization

Signal amplification decrease Af

(a) amplifying by using ActD-functionalized magnetic nanomicrospheres

avidin coated mdgnetm nanomicrosphere

biotinylated complementary ssDNA

YR

ass increase Am

frequency
decrease Af

Hybridization

Signal amplification

(b) amplifying by using avidin-biotin interaction

Fig. 1

Signal amplification
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Since Adleman'! demonstrated how standard
methods of molecular biology could be used to
solve a hard computational problem, the research
of DNA computing and DNA computer have been
grown in an amazing speed. So far, many molecu-
lar computing models have been brought forward
based on DNA molecule, enzyme and biotechnolo-
gy. For instance Sakamoto offered a model to solve
an SAT problem through DNA’s hairpin structure
By using POA to generate DNA se-
quence, Ouyang designed the DNA molecular data-

elaborately™!.

base for DNA computation, and based on these se-
quences they had set up an algorithm for the maxi-
mal clique problem"!. In 2000, Liu et al. proposed
the surface-based DNA computation model to
solve SATM, Shortly after, the work group led by
Professor Shapiro in Weizman Institute brought
forward an automatic DNA computer model for di-
agnosing and curing diseasest®” . Some DNA com-
putations are based on ingenious molecular biology
techniques. For example, Fengyue and Zhixiang
presented a novel DNA computation model which
combine the surface-based detecting technique and

L9 In this paper,

molecular computing in tubes
the concept of performing DNA computation with
piezoelectric genosensor is introduced. Compared
with Yin and Zhang’s DNA computing modelt*!,
this sort of surface-based DNA computation meth-
od can be used to solve more complicated problems
in operational researches, not only 0-1 program-
ming problem. And the biological procedure can be

more feasible.

2 DNA Algorithm of 0-1 Programming
Problem

The 0-1 programming problem is a special
form of an integer programming problem, in which
the value of variable x; is only 0 or 1. In this condi-
tion, x; can be referred to as either a “binary” or
“0-1” variable. The general form of 0-1 program-
ming problem is;:
max(min)z=c,x; +cx, ++c,x,»

a & +a]212+.'.+a111111§(: s =) by
anxFapr,+ o Fan,r,<(=,>)b,

n—

am i ta,r+ o Fa,x, <(=,>)b, (D
X1 sXysx,=0,1; a;; are integer;
b; are nonnegative integer
(i=1,2,

0-1 programming problem is an important

s M5 j:1929"'71)

problem in operation research and has very wide-
spread application. A wide variety of algorithms
have been written to solve the 0-1 programming
problem including methods of exhaust algorithm,
invisible enumeration, and others. The computing
time of these methods increases exponentially with
problem size. Otherwise, 0-1 programming prob-
lem and the satisfiability problem are both closely
related, and 0-1 programming problem is a gener-
alization of the satisfiability problem. In this paper
the DNA algorithm of 0-1 programming problem
based on piezoelectric genosensor is proposed.
This algorithm is an improvement of traditional
surface based DNA computing, and used to solve a
special form of 0-1 programming problem:

max(min)z=c,x; +csTs +*** ¢, 2, »

anxy tapx; + o tanx (= 92)[71

n—

Ao Xy +a22.T2 +"'+a2,,\r,,<( - 92)[)2

amxFax,+ o Fa,x,<(=,>)b, (2)
X1 Xy s X, sa;; =0,1;
¢i»b; are nonnegative interger
(i=1,2,m; j=1,2,n)

The following algorithm was designed to solve

the 0-1 programming problem corresponding to (2) .
Step 1.

sisted of all possible combinations of 0 and 1, for

Generate all possible solutions, con-

the given special 0-1 programming problem de-
scribed in (2).
Step 2.

all possible solutions by using the constraint equa-

Delete the non-feasible solutions in

tions.

Step 3. Keep the remnant solutions.

Step 4. Repeat steps 2 and 3. After all of the
constraint equations have been applied, we can
eliminate all of the non-feasible solutions, and ob-
tain all of the feasible solutions to the given special
0-1 programming problem.

Step 5.
for each feasible solution, and compare those val-

Compute the value of target function

ues. Finally we can obtain the optimum solutions
to the given problem.

Corresponding to above algorithm, the DNA
computing procedure was designed as follow:

Step 1.

nucleotides that represent the variables of given 0-1

Generate all kinds of different oligo-

programming problem.
Step 2.

complementary DNA sequences will hybridize.

Based on Watson-Crick principle,

The DNA database of all combinations represen-



2112 it "

ting the variables are 0 or 1 is obtained.
Step 3.
nology, the combinations satisfying the constraints

By modern molecular biological tech-

or not can be distinguished. Eliminate unsatisfying
combinations and keep satisfying ones.

Step 4.
unsatisfying combinations ( The unsatisfying com-

Repeat Step 3 and eliminate other

binations produced in last Step 3 are not consid-
ered). In this way all the unsatisfying combina-
tions can be eliminated, and all the feasible solu-
tions to given problem can be judged.

Step 5.
corresponding to every feasible solution, and judge

Calculate the value of object function

the optimum solution.
When a;; are nonnegative integer, a;;x; are re-

presented with ij.
3 DNA Solution to 0-1 Programming Prob-

lem Based on Piezoelectric Genosenor

Compared with the solution to 0-1 program-
ming problem described in ref. [11], the new DNA
solution to the same problem is presented.

2 12 2008 4
minu = 2x+y+3z,
x+z2<1
rFy+=z=2
y+z2<1
x,y.2=0,1
The computing process is described in detail as
follow:
Step 1. Construct 3 kinds of different oligo-
nucleotides. Their sequences are AACCTGGT,

ACGATAGC and AGAGTCTC which represent
the variables x,y,z. In same time the complemen-
tary sequences TTGGACCA, TGCTATCG and
TCTCAGAG are constructed, which correspond to
z.ys.z and ', 3", 2. Then, the oligonucleotides
representing variables x,y,z are 5’ ends mercapto-
hexyl-modified and the oligonucleotides represen-
ting x»y,z are 5" ends biotinylated. Immobilize 5’
ends mercaptohexyl-modified oligonucleotides (re-
presenting x, y, ) on the surface of piezoelectric
genosenor coated with gold. The senor array is 3 X
8, which is illustrated in Fig. 2. In order to control
the results of computing process, controlled groups

contained the same senor array are very necessary.

5 6 7 8

Fig. 2 3X8 array of piezoelectric genosenors

Step 2.
ting x,y.z and ',y .z (unbiotinylated) in proper

Mix the oligonucleotides represen-

concentration. The mixture is added to the reaction
area on the surface of sensor array for hybridizing
with surface-immobilized DNA (42°C, 6h are uni-
versal reaction condition). After reaction, the re-
action areas are washed with proper buffer in a
strict condition and unhybridized oligonucleotides
are removed. After this procedure, all the possible
solutions are produced (Fig.3). Then take down
the frequency of every piezoelectric genosenor.
Step 3.
crosphere to the reaction areas. It will interact

Add avidin-coated magnetic nanomi-

with 5" ends biotinylated oligonucleotides, then the
mass on the surface of senor increase and cause de-
crease of frequency of senor. Wash with proper
buffer and remove unreacted magnetic nanomicro-
sphere and take down the senor frequency at this

time. Then compare the value of frequency with
the value taken down in Step 2. As illustrated in
Fig. 3, the positive result means that the senor is
attached with magnetic nanomicrosphere and cause
frequency decrease (the dark dots in Fig. 3 repre-
sent attached magnetic nanomicrosphere). The val-
ue of corresponding variable is 1, and there are no
attached magnetic nanomicrosphere means the value
of corresponding variable is 0.

Step 4.
straint x+2<1, the frequency of sensor in col-

Results analyzing: For the first con-

umns 1 and 3 which representing the variables x,z
decreased markedly. It means that the values of x,
2z are 1 simultaneously. These solutions did not
satisfy the constraint, and the solutions in column
2,4,5,6,7 and 8 satisfy the constraint. Based on
same principle, the solutions in column 2 and 5
satisfy the second constraint x4 y+2>>2, and the
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solutions satisfying the third constraint locate in
column 2. Then the solutions satisfying all three
constraints were obtained. Compare the value of
object functions and get the optimum solution. For
the given problem, the feasible solutions locate on-

1 2 3 4

ly in column 2. The variable value (1,1,0) corre-
sponding to column 2 is the optimum solution, and
the minimal value corresponding to object function
is 3.
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Fig. 3 When added magnetic nanomicrosphere, solution space came into being (The values corresponded to x,y,2
are 1(1,1,1),2(1,1,0),3(1,0,1),4(1,0,0),5(0,1,1),6(0,1,0), 7(0,0,1) and 8(0,0,0) respectively)

To solve the same problem described in ref.
[11], performing computation with piezoelectric
genosenor can be simpler. And the output signal of
piezoelectric genosenor is electronic and can be pro-
cessed by a computing machine. Based on this,
constructing an automatic computing machine be-
come possible. But we must emphasize that the
method mentioned here and in ref. [11] can not be
carried out in practice. Because the DNA sequence
on the surface of every senor or chip is not a single
one, labeled and unlabeled complementary DNA
will hybridize. Unexpected hybridization can not
be avoided, and the solution space will not come
into being. In order to overcome this, based on the
method mentioned in ref. [12] a new solution is
presented. But in ref. [12] they link 3 kinds of dif-
ferent fluorescence dyes such as Red, Green and
Blue to each one DNA strand from the top down.
After adding positive and negative complement link
with fluorescence quenchers and observed by laser
confocal microscope, the solution was supposed to
be determined. Actually, this algorithm can not be
carried out because it is considerable difficult to
distinguish different colors in one address. By
using piezoelectric genosenor the given 0-1 pro-
gramming problem can be solved, and the compu-
ting procedure is more feasible.

The computing procedure is described as
follow.

For an equation set that contain m equations
and n variables x; sx2 552, :

Step 1. The step can be divided into two sub
steps. Firstly, generate 3n kinds of different oligo-
nucleotides, and divide them into 3 groups. Let
the n kinds of different oligonucleotides in the first

group denote the variables x;, x5, ***» x2,. the n
kinds of different oligonucleotides in the second
group denote the variables zi, 2%, ***» 2, the n
kinds of different oligonucleotides in the third
group denote the variables x,,x,,*,x, which are
complementary sequences of first group.

When generating oligonucleotides, proper en-
coding strategy must be adopted to avoid unwanted
hybridization and forming of hairpin structure.
The oligonucleotides of first and second group hy-
bridize means that the value of variable x; is 1, the
oligonucleotides of second group don’t hybridize
with others means that the value of variable x;
1s O.

In the second sub step. the data base is con-
structed with the 2n kinds of oligonucleotides in
the first and second group. Construct 2" different
combinations of the 2n kinds of different oligonu-
cleotides and each combination shall include the ol-
igonucleotides corresponding to the n different var-
iables. Then we will obtain 2" kinds of different
DNA strands which are made by T, ligation en-
zyme and represent all the possible solutions.
These oligonucleotides are 5" ends mercaptohexyl-
modified and immobilized on the surface of piezoe-
lectric genosenor coated with gold.

Step 2. Record the frequency of every piezo-
electric genosenor before hybridization, and then
add proper dose of oligonucleotides which repre-
sent the value of constraint equation to the reaction
area. After hybridization, add the ActD-function-
alized magnetic nanomicrospheres. Remove unre-
acted magnetic nanomicrospheres with a magnetic
separation shelf and record the frequencies of pie-
zoelectric genosenors at this time. Then record the
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frequency decrease of every piezoelectric genose-
nor. In addition, we define that the degree of fre-
quency decrease is 1 when one oligonucleotide seg-
ment hybridizes, 2 when two oligonucleotide seg-
ments hybridize, 3 when three segments hybridize.
According to ref. [3], by using ActD-functional-
ized magnetic nano-microspheres as microgravimet-
ric amplifying labels the sensitivity of the piezoe-

lectric genosenor can attain this.

Step 3. Repeat step 2, take down all the so-
lutions that satisfy constraint equations.
Step 4. Keep the solutions satisfying the

equation set, eliminate unsatisfying solutions. Cal-
culate the target function’s value for each feasible
solution, and compare those values. Finally we can
obtain the optimum solutions to the given prob-
lem.

The same problem is solved as follow:

Step 1.
nucleotides of first group. Their sequences are
AACCTGGT, ACGATAGC and AGAGTCTC

which represent the variables x,y,z. Then, con-

Construct 3 kinds of different oligo-

struct the second group oligonucleotides which se-
quences are CCAAGTTG, GTTGGGTT and
AGCTTGCA. They represent variables z’,y ,2’.
The oligonucleotides of third group are comple-
mentary sequences of first group, represented as
x,y,z. Construct series-connection of first 6 kinds
of oligonucleotides, which will produce 2° (= 8)

kinds of combinations representing the solution

space. These 8 kinds of DNA sequences are 5" ends
mercaptohexyl-modified and immobilized on the
surface of piezoelectric genosenor coated with gold
(Fig. 4(a)).

Step 2.
oligonucleotides representing x, z (complementary

For the first constraint x+2<<1, the

sequence of x, 2) are added onto the reaction areas
to hybridize with the 8 kinds of DNA sequences
which have been immobilized on the surface of se-
nor. After reaction, the reaction areas are washed
with proper buffer in a strict condition and unhy-
bridized oligonucleotides are removed. Take down
the frequency of each senor at this time. Add the
ActD-functionalized magnetic nanomicrospheres.
Remove unreacted magnetic nanomicrospheres with
magnetic separation shelf and keep the frequencies
Then record the fre-

quency decrease of every senor, and compare these

of piezoelectric genosenor.

frequencies with the frequencies taken down after
hybridization. If the degree of frequency decrease
is 1 or 0, the solution corresponding to immobi-
lized DNA sequences satisfy the constraint equation
(For the given problem, the numbers correspond-
ing to feasible solutions are 0,1,2,3,4,6. Fig. 4
(b)).

double-strands, and wash away all of the comple-

Then, heat the products to unwrap the

ment oligonucleotides. Remove magnetic nanomi-
crospheres with magnetic separation shelf. In this
step, the solutions corresponding to the number 5

and 7 were eliminated.

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
2’ 2 2’ 2 z z 2 2 2 z _z 2 Pz 2 = 2 z >
Xﬂ )1 ,y , V' y/ ;y ! | ,
Y Y y y y y Y y ¥ N N
ke K ' a x T T x ' ' R v P P P @
[ I I I T T T I T T I I I T T ]
(a) (b)
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
2 z : b4 M A 2! z k2 2!
' , lal— _ —
y y N BN @5 @y NE
' ' x| x x* T T x! X
[ I I I T T T T I I T T I T T ]
(c) (d)
Fig. 4 The schematic diagram of computing procedure (The dark dot symbolizing the magnetic
g g p g P

nanomicrosphere attached to ssDNA)
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Step 3. Consider remnant two constraint e-
quations, and repeat step 2. For second constraint
x4+ y+2>2, the oligonucleotides representing x .
y .z (complementary sequence of x, y, 2) are add-
ed onto the reaction areas to hybridize with the
remnant 6 kinds of DNA sequences. If the degree
of frequency decrease is 2, the solution corre-
sponding to immobilized DNA sequences satisfy the
constraint equation (For the given problem, the
numbers corresponding to feasible solutions are 3,
6. Fig.4(c)). The third constraint equation can be
processed in the same way.

Step 4.
tions according to feasible solutions, and judge

Calculate the values of object func-
which the optimum solution is. For the given
problem, the feasible solution corresponds to num-
ber 6 which represents the solution (1, 1, 0). Itis
the optimum solution, and the minimal value of
object function is 3 (Fig. 4(d)).

4 Discussion

In this paper, a new surface-based DNA algo-
rithm to 0-1 programming problem was proposed.
By using piezoelectric genosensor, an automatic
DNA computing device could be constructed. Com-
pared with other DNA computing model to 0-1 pro-
gramming problem™"'?, this DNA computer mod-
el is more feasible and can be used to solve more
complicated problems in operational researches.
Compared with traditional surface-based DNA
computing model, this DNA computation system
can run more automatically. It is suggested that by
using piezoelectric genosensor and combined with
electronic computer an automatic DNA computer
could be constructed. Although the computing pro-
cedure of this DNA computation model have not been
executed substantially so far, according to other’s

FANG Gang. born in 1969, Ph. D. .,
lecturer. His research interests include

bio-computing, bio-informatics.

experience™™ the algorithm is fairly feasible.
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