
International Journal of Computational Intelligence Research. 
ISSN 0973-1873 Vol.1, No.2 (2005), pp. 127-137  
© Research India Publications http://www.ijcir.info 
 
 

 
 

In Vitro Implementation of k-shortest Paths 
Computation with Graduated PCR 

 
Zuwairie Ibrahim 1,2, Yusei Tsuboi2, Osamu Ono3 and Marzuki Khalid 1 

 
1Department of Mechatronic and Robotics, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,  

81310 UTM Skudai, Johor Darul Takzim, Malaysia 
zuwairie@fke.utm.my, marzuki@utmkl.utm.my 

 
2Institute of Applied DNA Computing, Meiji University, 1-1- Higashimita, Tama-ku,  

Kawasaki-shi, Kanagawa-ken, 214-8571 Japan  
zuwairie@isc.meiji.ac.jp, tsuboi@isc.meiji.ac.jp, ono@isc.meiji.ac.jp 

 
 

Abstract: In this paper, an in vitro implementation of DNA 
computing for solving k-shortest paths problem of a weighted 
graph is reported. The encoding is designed in such a way that 
every path is encoded by oligonucleotides and the length of the 
path is directly proportional to the length of oligonucleotides. 
For initial pool generation, parallel overlap assembly is 
employed for efficient generation of all candidate answers. After 
the initial solution is subjected to amplification by polymerase 
chain reaction (PCR), k-shortest paths could be visualized by 
polyacrylamide gel electrophoresis (PAGE) and the selection 
can be done. The visualization of the output, in fact, relies on the 
appearance of DNA bands on a gel image. Further, it is shown 
that a method called graduated PCR is a good subsequent 
bio-molecular reaction for obtaining molecular information 
hidden in the output DNA. Graduated PCR is also crucial to 
prove the correctness of the in vitro computation. The 
experimental results show the effectiveness of the proposed 
DNA-based computation and prove that the k-shortest paths 
problem has been successfully solved on a DNA computer. 
 

Keywords: DNA computing, k-shortest paths, graduated PCR, 
hybridization-ligation, parallel overlap assembly.  
 

I. Introduction 

Gordon E. Moore [1] has observed an exponential growth in 
the number of transistors per integrated circuit against time. 
This is the definition of Moore’s Law, meaning that more and 
more transistors can be crammed into a single chip until the 
silicon itself reaches its finite atomic scale limitation. Since 
the traditional silicon based computer is restricted by its 
fundamental physical limitation, researchers have been 
searching for alternative medium for computation and 
Deoxyribonucleic Acid (DNA) would turn out to be the 
answer. 

A molecular computing paradigm based on DNA 
molecules has appeared in 1994 when Leonard M. Adleman 

[2]-[3] launched a novel in vitro approach to solve the 
so-called Hamiltonian path problem (HPP) with seven 
vertices by DNA molecules. The goal of HPP is to determine 
whether a path exists that will commerce at the start city, 
finish at the end city, and pass through each city of the 
remaining cities exactly once. While in conventional 
silicon-based computer, information is stored as binary 
numbers in silicon-based memory, he encoded the 
information of the vertices by a randomly DNA sequences. 
The computation is performed in bio-molecular reactions 
fashion involving hybridization, denaturation, ligation, and 
polymerase chain reaction. The output of the computation, 
also in the form of DNA molecules can be read and printed by 
electrophoretical fluorescent method. 

DNA molecules are composed of single or double DNA 
fragments or often called oligonucleotides or strands. 
Nucleotides form the basis of DNA. A single-stranded 
fragment has a phospho-sugar backbone and four kinds of 
bases denoted by the symbols A, T, G, and C for the bases 
adenine, thymine, guanine, and cytosine respectively. These 
four nucleic acids, which can occur in any order, combine in 
Watson-Crick complementary pairs to form a double strand 
helix of DNA. Due to the hybridization reaction, A is 
complementary with T and C is complementary with G. As an 
example, any sequence oligonucleotides, such as 
5’-ACCTG-3’ has a complementary sequence, 
3’-TGGAC-5’. Digits 5’ and 3’ denote orientation of DNA 
oligonucleotides. 

Until now, it is well-known that some properties of DNA 
could be used as indicators for solving weighted graph 
problems. As such, in 1998, a length-based DNA computing 
for traveling salesman problem (TSP) has been proposed by 
Narayanan and Zorbalas [4]. A constant increase of DNA 
strands has been encoded according to the actual length of the 
distance. A drawback of this method is that, there is a 
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possibility of an occurrence of concatenated DNA strands of 
two distances which could be longer than the DNA strand of 
the longest distance that has been encoded. This may lead to 
errors in computing the shortest path [5]. This scheme, 
however, has not been realized by laboratory experiment yet. 

Yamamoto et al. carried out concentration-controlled DNA 
computing for accomplishing a local search for solving 
shortest path problem [6] by avoiding the generation of 
hopeless solutions. The avoidance is possible by encoding the 
numerical weights of edges by relative concentrations. 
Basically, the concentration is the highest for the smallest 
weight and smallest for the biggest weight, whereas the 
intermediate weights are transformed into various 
concentrations relatively. Since the rate of biochemical 
reactions depends heavily on the reaction rate constant and 
reactant concentrations, as the concentration of DNA strands 
increase, the paths including them can be generated more 
frequently and the hopeful DNA paths can be generated with 
high concentration. The resultant solution is then subjected to 
denaturation gradient gel electrophoresis (DGGE) and 
constant denaturant gel electrophoresis (CDGE) [7] for 
separation and selection. 

Lee et al. [8] have proposed a DNA computing approach 
based on DNA melting temperature for solving TSP problem. 
Denaturation temperature gradient polymerase chain reaction 
(DTG-PCR) has been employed where DNA duplex of 
correct solutions will be denatured and amplified by the PCR 
operation. As the denaturation temperature increases, other 
DNA strands will be also subsequently amplified. As a result, 
the amount of correct solutions will also be exponentially 
increased which does affect the final solution. Finally, the 
solution can be visualized by applying temperature gradient 
gel electrophoresis (TGGE). 

It has been well shown that a number of researches in the 
area of DNA computing have been carried out to compute 
weighted graph problems such as TSP and the shortest path 
problem. However, in the case of TSP and the shortest path 
problem, only the optimal solution is searched and visualized. 
Thus, this paper proposes an alternative length-based DNA 
computing approach in which not only one but multiple 
optimal solutions could be generated and visualized. Such 
molecular solution is designed for solving k-shortest paths 
problem as an instance. 

In fact, a length-based DNA computing approach for 
solving weighted graph problems has been proposed by the 
authors, previously [9]-[10]. Based on the proposed approach, 
the cost of each path is encoded by the length of 
oligonucleotides in a proportional way. The advantage is such 
that, after an initial pool generation and amplification, 
polyacrylamide gel electrophoresis (PAGE) can be performed 
to separate the respective DNA duplex according to their 
length, which directly decodes the results. This approach 
offers a simpler method to visualize the output of the 
computation of weighted graph problem. Another approaches, 

concentration-controlled DNA computing and temperature 
gradient based DNA computing, for examples, should make 
use of DGGE, CGGE, and TGGE for separation and 
visualization of the output. These methods, in practical, 
involve more difficult protocols compared to the simple 
PAGE. Besides, it seems difficult to use these methods for 
visualizing the output of k-shortest paths computation. 
 

II.  Research background 

The k-shortest paths problem is to list k paths in a graph with 
minimum total length, for a given k and a source-destination 
pair in a graph [11]-[12]. Initially, consider a directed graph 
as shown in Fig. 1. In this graph, the vertex V1 is assigned as 
source point whereas the vertex V5 is assigned as destination. 
If the directed graph in Fig. 1 is taken as an input, the output of 
the k-shortest path computation is listed in Table 1. In this 
table, as an example, the parameter of k is 4, meaning that the 
output of the computation consists of the first shortest path, 
the second shortest path, the third shortest path, and the fourth 
shortest path. 
 

  
Figure 1. A weighted undirected graph G = (V, E) 

 
Table 1. Output of k-shortest paths computation for k=3 

Shortest path Total weight Path 

1st 100 V1 – V3 – V4 – V5 

2nd 130 V1 – V2 – V5 

3rd 155 V1 – V2 – V4 – V5 

4th 165 V1 – V2 – V3 – V4  – V5 

 
The k-shortest paths problem has many applications in 

various fields and problems. It can be used in traffic 
assignment and routing in transportation networks. Other 
applications include finding multi-criteria shortest paths, 
solving shortest path problems might subject to 
side-constraints, or determining pareto-optimal paths [13]. 
This problem is definitely a core problem in real world 
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applications since in some cases, an optimal solution to the 
mathematical problem can be different from the best solution 
to the real world problems due to noisy or imprecise data, or 
because of information that has not been included in the graph 
[14]. 

Numerous numbers of algorithms and its implementations 
have been proposed in literature for solving k-shortest paths 
problem [15]-[19]. However, such approaches perform 
efficiently only when the computation is done in a sequential 
silicon-based computer. At present, there is no molecular or 
DNA-based computing approach has been proposed to solve 
the k-shortest paths problem. Hence, this paper proposes a 
method to use DNA strands to construct solution space of 
molecules for the k-shortest paths problem and a procedure to 
apply biomolecular reactions to solve the problem from the 
solution space of molecules. Even though each reaction is 
rather slow, DNA computing promises massively parallel 
operations in each reaction. The computation involves a series 
of biomolecular reactions such as PCR, gel electrophoresis, 
and parallel overlap assembly (POA). 

Gel electrophoresis is the most important bio-molecular 
operation involves during the in vitro implementation of 
k-shortest paths computation by DNA computing. DNA 
molecules in a solution can be separated in term of its length 
consecutively by means of gel electrophoresis. In fact, the 
molecules are separated according to their weight, which is 
almost proportional to their length [20]. This technique is 
based on the fact that DNA molecules are negatively charged 
[21]. Hence, by putting them in an electric field, they will 
move towards the positive electrode at different speed.  The 
longer molecules will remain behind the shorter ones. The 
speed also depends on the gel porosity. Agarose and 
polyacrylamide gel is frequently used and by varying the 
porosity of the gel used, the sensitivity of this length 
separation operation can be altered. An example of gel 
electrophoresis operation [22] and the output [23] are well 
depicted in Fig. 2 and Fig. 3 respectively. Normally, at the end 
of this process, the gel is photographed for convenience. 

 

III.  DNA sequence design and synthesis 

Consider a directed graph and the output of the shortest path 
computation as shown in Fig. 1 and Table 1 respectively. Let 
n be the total number of nodes in the graph. The DNA 
sequences correspond to all nodes and its complements are 

designed. Let iV (i= 1, 2, … , n) and iV (i= 1, 2, … , n) be the 

20-mer DNA sequences correspond to the ith node in the 
graph and its complement respectively. By using the available 
software for DNA sequence design, DNASequenceGenerator 
[24], the DNA sequences Vi is designed and listed in Table 2. 
The complements and melting temperature (Tm) of each 
sequence are also shown.  
 

Gel

DNA Buffer

Electrophoresis

Electrostatic gradient
Smallest

DNA separates into bands

 
Figure 2. Gel electrophoresis 

 

 
Figure 3.  An example of a gel electrophoresis image. Lane M 
is DNA size marker. Lane 1 and 2 are used for the tested DNA 
molecules 

 
Table 2. DNA sequences for nodes 

Node, Vi 20-mer sequences and complements Tm 

AAAGCTCGTCGTTTAGGAGC 
V1 

TTTCGAGCAGCAAATCCTCG 
60.9 
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GCACTAGGGATTTGGAGGTT 
V2 

CGTGATCCCTAAACCTCCAA 
60.3 

GCTATGCCGTAGTAGAGCGA 
V3 

CGATACGGCATCATCTCGCT 
60.5 

CGATACCGAACTGATAAGCG 
V4 

GCTATGGCTTGACTATTCGC 
60.6 

CGTGGGTGGCTCTGTAATAG 
V5 

GCACCCACCGAGACATTATC 
60.5 

 
We introduce three rules to synthesize oligonucleotides for 

each edge in the graph as follows: 
·  If there is a connection between V1 to Vj, synthesize the 

oligonucleotide for edge as  
 V1 (20) + W1j (� - 30) + Vj (20)  

·  If there is a connection between Vi to Vj, where i �  1, j �  n, 
synthesize the oligonucleotide for edge as  

 Vi (20) + Wij (� - 20) + Vj (20)    
·  If there is a connection between Vi to Vn, synthesize the 

oligonucleotide for edge as  
 Vi (20) + Win (� - 30) + Vn (20) 

where V, W, and ‘+’ denote the DNA sequences for nodes, 
DNA sequences for weight, and ‘joint’ respectively.  

The synthesized oligonucleotides consist of three 
segments; two node segments and an edge segment. ‘� ’ 
denotes the weight value for corresponding DNA sequences 
for weight Wij where Wij denotes the DNA sequences 
representing a cost between node Vi and Vj. The value in 
parenthesis indicates the number of DNA bases or nucleotides 
for each segment. The oligonucleotide is synthesized so that 
the number of DNA bases of that oligonucleotide and the cost 
at the corresponding edge are similar. Table 3 on the other 
hand lists all the synthesized oligonucleotides based on the 
proposed synthesis rules. Again, DNASequenceGenerator 
[24] is employed. The node segment and edge segment are 
distinguished by capital and small letters respectively. The 
complement sequences of each node and cost are synthesized 
as well. 

 

IV.  Computing with DNA 

Currently, there are two kinds of initial pool generation 
methods in DNA computing for weighted graph problems: 
hybridization-ligation and POA. The hybridization-ligation 
method has been firstly introduced by Adleman [2]-[3] to 
solve HPP. Based on hybridization-ligation method, during 
the reaction, the link oligonucleotides hybridize through the 
hydrogen bonds by enzymatic reaction. The 
hybridization-ligation reaction is well shown in Fig. 4 [26]. 
POA has been used [27] and broadly applied in gene 

construction [28]-[30], gene reconstruction [31], and DNA 
shuffling [32]. POA involves thermal cycle and during the 
thermal cycle, the position strings in one oligonucleotide 
annealed to the complementary strings of the next 
oligonucleotide. The 3’ end side of the oligonucleotide is 
extended  in  the  presence of  polymerase  enzyme  to  form  a 
longer double stranded DNA (dsDNA). One cycle of POA is 
depicted in Fig. 5 [26]. After a number of thermal cycles, a 
data pool with all combinations could be built. 

 
Table 3. DNA sequences for edges  

      Edges DNA sequences 

V4–W45–V5 
5’-CGATACCGAACTGATAAGCG 

ccaag 
CGTGGGTGGCTCTGTAATAG-3’ 

V3–W34–V4 
5’-GCTATGCCGTAGTAGAGCGA 

ccgtc 
CGATACCGAACTGATAAGCG-3’ 

V1–W13–V3 
5’-AAAGCTCGTCGTTTAGGAGC 

acgtcggttc 
GCTATGCCGTAGTAGAGCGA-3’ 

V2–W23–V3 
5’-GCACTAGGGATTTGGAGGTT 

ccgtcttttacccaagtaat 
GCTATGCCGTAGTAGAGCGA-3’ 

V2–W24–V4 
5’-GCACTAGGGATTTGGAGGTT 

acgtgttttaaggaagtacggtaagctgcg 
CGATACCGAACTGATAAGCG-3’ 

V2–W25–V5 
5’-GCACTAGGGATTTGGAGGTT 

gcgtcgcgtaaggcagtaccggactctgcc 
CGTGGGTGGCTCTGTAATAG-3’ 

V1–W12–V2 
5’-AAAGCTCGTCGTTTAGGAGC 

cggtggtttaacgaagtcctgtactatgggttatttgcag 
GCACTAGGGATTTGGAGGTT-3’ 

 
Recently, Lee et al. [26] studied and did some comparisons 

between hybridization-ligation and POA for initial pool 
generation of DNA computing. As a result, they came out 
with a conclusion that for an initial pool generation of 
weighted graph problems, POA is more efficient than that of 
hybridization-ligation method. Some advantages of POA over 
hybridization-ligation method for initial pool generation are 
as follows: 
·  The initial pool size generated from the same amount of 

initial oligonucleotides is about twice larger than that of 
hybridization-ligation method. Though, if a larger 
problem is considered, the initial pool size is too small to 
contain the complete pool. POA, however, with more 
cycle and large experimental scale could includes the 
practical pools. 

·  Initially, two single-stranded DNA molecules partially 
hybridize in the annealing step and then they are 
extended by polymerase. The elongated DNA molecules 
are denatured to two single-stranded DNA in the next 
denaturation step, and they are subjected to the annealing 
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reaction at the next cycle. Therefore, POA does maintain 
the population size and the population size can be 
decided by varying the initial number of 
oligonucleotides. 

·  In hybridization-ligation method, the population size 
decreases as reaction progress. The population size 
decreases by a factor of the number of components 
composing it in hybridization-ligation method. As the 
problem size increases, the required initial pool size 
increases dramatically. Moreover, initial pool generation 
by POA requires fewer strands than 
hybridization-ligation method to obtain similar amount 
of initial pool molecules because complementary strands 
are automatically extended by polymerase. 

·  POA does not require phosphorylation of 
oligonucleotides which is prerequisite for the ligation of 
oligonucleotides. 

·  POA demands less time than hybridization-ligation 
method. Hybridization requires one and half hour while 
ligation requires more than 12 hours. Hence, POA for 34 
cycles require only two hours. Therefore, POA is much 
more efficient and economic method for initial pool 
generation. 

 

 

Figure 4.  The mechanism of hybridization-ligation method 
for initial pool generation. The arrowhead indicates the 3’ end 

 

 

Figure 5.  The mechanism of POA for initial pool generation. 
The thick arrows represent the synthesized oligos which are 
the input to the computation. The thin arrows represent the 
elongated part during polymerization. The arrowhead 
indicates the 3’ end 

 
In order to generate an initial pool for the example problem 

by using POA method, the input to the computation will be all 
the synthesized oligonucleotides as listed in Table 2, Table 3, 
and the complement sequences for each node. These inputs 
are poured into a test tube and the cycles begin. In fact, POA 
is similar to PCR but the main difference is that POA operates 
without the use of primers. As PCR, one cycle consists of 
three steps: denaturation, hybridization, and extension.  

During the annealing step, the temperature is decreased 
slowly so that partial hybridization is allowed to occur at the 
respective locations. The extension on the other hand is 
applied with the presence of polymerase enzyme and the 
polymerization can be done from 5’ to 3’ direction. Then, the 
generated double stranded DNA molecules are separated by 
denaturation step. This can be done by increasing the 
temperature until the double stranded DNA molecules are 
separated to become single stranded DNA molecules. As an 
example, a DNA duplex representing the first shortest path is 
depicted in Fig. 6. The oligonucleotides required for the 
generation of that DNA duplex are shown as well. DNA 
duplex generated during the first stage, second stage, and 
third stage of POA for generating the ddDNAs for the first 
shortest path are shown in Fig. 7, Fig. 8, and Fig. 9 
respectively. However, the unwanted combinations are also 
generated in the same manner. 

At this stage, an initial pool of solution has been produced 
and it is time to filter out the optimal combinations among the 
vast alternative combinations of the problem. Unlike 
conventional filtering, this process is not merely throwing 
away the unwanted DNA duplex but rather copying the target 
DNA duplex exponentially by using the incredibly sensitive 
PCR operation. This can be done by amplifying the DNA 
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duplex that contain the start node V1 and end node V5 using 
primers. After the PCR operation is accomplished, there 
should be numerous number of DNA strands representing the 
start node V1 and end node V5 traveling through a possible 
number of nodes. Three types of possible DNA duplex 
amplified after the PCR operation are given in Fig. 10. 

 

 
 
Figure 6.  DNA duplex representing the first shortest path. 
The thin lines indicate the important oligos for the generation 
of the DNA duplex based on POA method. The arrowhead 
indicates the 3’ end 

 

 
 
Figure 7.  First stage of POA. The thin arrow lines indicate 
the extension parts. The arrowhead indicates the 3’ end 
 

 
 
Figure 8.  Second stage of POA. The thin arrow lines indicate 
the extension parts. The arrowhead indicates the 3’ end 

 

 
 
Figure 9.  Third stage of POA. The thin arrow lines indicate 
the extension parts. The arrowhead indicates the 3’ end 
 

The output solution of the PCR operation then undergoes 
gel electrophoresis operation. During this operation, the DNA 
molecules will are separated in terms of length and hence, by 
analyzing the band of gel electrophoresis, the DNA duplex V1 
– V3 – V4 – V5 representing the shortest path starting from V1 
and ending at V5 can be visualized. 

 

 
 
Figure 10.  Examples of DNA duplex amplified by PCR. The 
length of DNA duplex in base-pairs (bp) is given in 
parenthesis and the arrowhead indicates the 3’ end (a) DNA 
molecule V1 – V2 – V3  – V4 – V5 representing the fourth 
shortest path (165bp) (b) DNA molecule V1 – V2 – V4 – V5 

representing the third shortest path (155bp) (c) DNA 
molecule V1 – V2 – V5 representing the second shortest path 
(130bp) (d) DNA molecule V1 – V3 – V4 – V5 representing the 
shortest path (100bp) 
 

At this moment, based on the shortest length DNA duplex, 
one only knows that the entire shortest path begins from V1 
and ends at V5. However, the information does not contain the 
vertices that passed through the shortest path. The 
information regarding all the nodes in the shortest path as well 
as their order can be obtained by applying a method called 
graduated polymerase chain reaction or graduated PCR, for 
short. 

For the sake of explanation, the DNA molecules 
representing the answer of the shortest path V1 – V3 – V4 – V5 is 
taken again for instance. After the shortest band DNA is 
extracted from the gel, graduated PCR is performed by 
running four different polymerase chain reaction to the 
solution containing DNA duplex V1 – V3 – V4 – V5 separately. 
The pairs of primers used for every PCR reaction are 21 & VV , 

31 & VV , 41 & VV , and 41 & VV . It is expected that for the final 

solution containing the strand V1 – V3 – V4 – V5, 100 base-pairs, 
graduated PCR produces bands of x, 50, 75, and 100 in 
successive lanes of a gel. The symbol x denotes the absence of 
a band corresponding to the omission of nodes V2 along the 
DNA duplex. This means that there are intermediate nodes, V3 
and V4 in between the start node V1 and the end node V5. 
Therefore, the first shortest path of the graph can be readout 
as V1 ®  V3 ®  V4 ®  V5. Similarly, graduated PCR can be 
performed to the remaining solution, representing the second 
shortest path, the third shortest path, and the forth shortest 
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path, in order to obtain the molecular information hidden 
inside the DNA molecules. 
 

V. Experimental setup, results, and discussions 

The initial pool generation by POA was performed in a 100 µl 
solution containing 12µl oligonucleotides (Proligo Primers & 
Probes, USA), 10 µl dNTP (TOYOBO, Japan), 10 µl 10x 
KOD dash buffer (TOYOBO, Japan), 0.5 µl KOD dash 
(TOYOBO, Japan), and 67.5 µl H20 (Maxim Biotech). The 
reaction consists of 25 cycles and for each cycle, the 
appropriate temperatures are 94ºC for 30s, 55ºC for 30s, and 
74ºC for 10s. The product of POA is shown in Fig. 11.  
 

M   1 

 
Figure 11.  Experimental results of gel electrophoresis on 
10% polyacrylamide gel.  Lane M denotes 20-bp ladder and 
lane 1 is the product of POA 
 

In order to select the paths that begin with V1 and end at V5, 
DNA amplification was done by employing PCR. PCR was 
performed in a 25 µl solution consists of 2.5 µl for each 
primers, 1 µl template, 2.5 µl dNTP (TOYOBO, Japan), 2.5 
µl 10x KOD dash buffer (TOYOBO, Japan), 0.125 µl KOD 
dash (TOYOBO, Japan), and 13.875 µl H20 (Maxim Biotech). 
The reaction consists of 25 cycles and for each cycles, the 
appropriate temperatures were 94ºC for 30s, 55ºC for 30s, 
and 74ºC for 10s, which are exactly the same as POA. The 
sequences used as primers were 
AAAGCTCGTCGTTTAGGAGC (V1) and 

GCACCCACCGAGACATTATC ( 5V ). 

In order to visualize the result of the computation, the 
product of PCR was subjected to gel electrophoresis for 40 
minutes. After electrophoresis, the gel was stained by SYBR 
Gold (Molecular Probes, USA) and the gel image was 
captured. Fig. 12 shows the product of PCR, where lane 1 

consists of four bands showing that all the path that start with 
V1 and end at V5 have been successfully amplified. Those 
paths are V1 – V3 – V4 – V5 (100bp), V1 – V2 – V5 (130bp), V1 – 
V2 – V4 – V5 (155bp), and V1 – V2 – V3 – V4 – V5 (165bp). The 
amplified paths were then sorted in term of length by gel 
electrophoresis and the output of the k-shortest paths 
computation appears as several bands in lane 1. 

 
   1         M 

 
Figure 12.  Computation output on 10% polyacrylamide gel.  
Lane M denotes 20-bp ladder and lane 1 is the product of 
polymerase chain reaction 

 
For implementing graduated PCR, four identical DNA 

mixtures, which are the product of the previous PCR, were 
subjected to polyacrylamide gel electrophoresis for 40 
minutes at 200V. After that, the gel was stained by SYBR 
Gold (Molecular Probes, USA). Quantum PrepTM Freeze ‘N 
Squeeze DNA Gel Extraction Spin Columns (Bio-Rad, 
Japan) was used for the purpose of DNA extraction from the 
polyacrylamide gel.  

Then, by using a clean razor blade, the band of interest, 
which is the shortest band, was carefully excised from the gel. 
The gel slice was chopped and placed into the filter cup of the 
Quantum Prep Freeze ‘N Squeeze DNA Extraction Spin 
Column. Then, the filter cup was placed into a dolphin tube. 
The Quantum Prep Freeze ‘N Squeeze DNA Extraction Spin 
Column was placed in a -20ºC freezer for 5 minutes and the 
sample was spun at 13,000 x g for 3 minutes at room 
temperature. The purified DNA was collected from the 
collection tube and ready for PCR. 

After the DNA extraction from the polyacrylamide gel, 
four different polymerase chain reactions, namely PCR1, 
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PCR2, PCR3, and PCR4, were run to the purified solutions. 
The pair of primers used for every PCR is listed in Table 4. 

 
Table 4. Four sets of primers used for the graduated PCR 

Solution Forward and reverse primers 

 AAAGCTCGTCGTTTAGGAGC 
PCR12 

CGTGATCCCTAAACCTCCAA 

AAAGCTCGTCGTTTAGGAGC 
PCR13 

CGATACGGCATCATCTCGCT 

AAAGCTCGTCGTTTAGGAGC 
PCR14 

GCTATGGCTTGACTATTCGC 

AAAGCTCGTCGTTTAGGAGC 
PCR15 

GCACCCACCGAGACATTATC 

 
Each polymerase chain reaction was performed in a 25 µl 

solution consists of 2.5 µl for each primers, 1 µl template, 2.5 
µl dNTP (TOYOBO, Japan), 2.5 µl 10x KOD dash buffer 
(TOYOBO, Japan), 0.125 µl KOD dash (TOYOBO, Japan), 
and 13.875 µl double-distilled water (ddH20) (Maxim 
Biotech, Inc, Japan). The reaction consists of 25 cycles and 
for each cycle, the appropriate temperatures were 94ºC for 
30s, 55ºC for 30s, and 74ºC for 10s. 

Again, the product of graduated PCR was subjected to 
PAGE for 40 minutes at 200V and the gel was stained by 
SYBR Gold (Molecular Probes, USA). The band of DNA was 
viewed by 300nm FOTO/Phoresis® UV Transilluminator 
(Fotodyne Inc., USA) and the resulted gel image was 
captured. Fig. 13 shows the gel image of the product of 
graduated PCR. Four bands of x, 50, 75, and 100 base-pairs in 
successive lanes of the gel are successfully produced and 
therefore, as expected, the shortest path of the graph can be 
readout as V1 ®  V3 ®  V4 ®  V5. 

According to the gel image of Fig. 12, it is clear that the in 
vitro computation is able to produce several shortest paths 
during the computation. In this case, up to four shortest paths 
are produced and visualized by PAGE. Since four shortest 
paths can be successfully separated and listed by PAGE, this 
is the main evidence that the proposed DNA computer is able 
to perform k-shortest paths computation in vitro. Also, in this 
paper, we proved that an additional reaction, which is 
graduated PCR, is able to obtain additional information of the 
shortest path, such as the intermediate vertices between the 
start and end vertices, and also the order of these vertices. 
Even though graduated PCR is only performed on the first 
shortest path problem, it is expected the same protocols could 
be applied to the remaining shortest paths of the k-shortest 
paths problem. In addition, graduated PCR is also important 
to show the correctness and reliability of the proposed DNA 
computer. As such, the result of the graduated PCR shows that 
the first shortest path is indeed representing the path V1 ®  V3 

®  V4 ®  V5 and hence, this result is actually the same the 
expectation. 

 

 
 
Figure 13.  Gel image of graduated PCR on 10% 
polyacrylamide gel.  Lane M denotes 20-bp ladder 

 
Scaling is certainly the main problem of DNA computing, 

especially for generate-and-test DNA computing. In order to 
extend the proposed approach to a larger problem, two issues 
should be considered: molecular’s weight and the capability 
to select the final solution. As an example, if Adleman’s work 
for solving HPP is further examined, a 70-node problem 
requires 1025 kg of nucleotides, and this is quite a lot for a 
small test tube [33]. Hence, an advanced high reaction facility, 
such as microreactor [34], is highly important. In this research, 
we showed how to improve the scalability of our approach in 
two steps. The first step is during initial pool generation, 
where POA is more preferred rather than 
hybridization-ligation. This is mainly because, as an example, 
POA is able to generate two times bigger initial pool, in term 
of size, than that of hybridization-ligation, by using the same 
amount of input molecules. The second step of improvement 
on scalability is during the computation, in term of the amount 
of DNA used for the computation. By using POA, only two 
kinds of oligonucleotides required for computation, which are 
the oligonucleotides for nodes and edges, whereas, in the case 
of hybridization-ligation, another kind of oligonucleotides 
that is the oligonucleotides for weights are also indispensable 
for the computation.  

In DNA computing for weighted graph problems, after the 
in vitro computation, a subsequent reactions or bio-molecular 
operations should be employed in order to detect the final 
solution. As an example, for the concentration-controlled 
DNA computing, separation as denaturation gradient gel 
electrophoresis (DGGE) and constant denaturation gel 
electrophoresis (CDGE) should be used, whereas in 
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temperature gradient based DNA computing, another 
separation method, that is denaturing temperature gradient 
polymerase chain reaction (DT-PCR) should be performed. 
This operations are relatively complicated than normal gel 
electrophoresis. In our approach, the adopted protocol for 
detecting the final solution is simple, where a simple 
polyacrylamide gel electrophoresis is already enough to 
visualize the result of the computation. 

However, an identified limitation of the proposed approach 
is that, the minimum weight of edges that can be encoded is 
limited and the weight falls in a very narrow range. This is 
mainly because the length of the solution is not only 
proportional to the length of the path it encodes but also the 
number of vertices in the path. Hence, the minimum bound, in 
term of minimum weight that can be encoded by the proposed 
approach is achieved when: 

 
�  – (3/2)�  = 0 (1) 
 

Hence, the minimum weight, which can be encoded by 
oligonucleotides, � min is attained as: 

 
� min = (3/2)�   (2) 

 
where �  is the number of DNA bases used to represent the 
node sequences [35]. 
 

VI. Concluding remarks 

Based on massive parallelism inherent in DNA computing, 
many researchers have tried to solve various NP 
(nondeterministic polynomial time) problems. These are 
mathematical problems which have exponential complexity 
and no efficient solution has been found yet. Even though the 
k-shortest paths problem is not a class of NP problems, it is 
important to solve them since this kind of problem occurs 
frequently in many real world problems. Hence, this paper 
reported an in vitro implementation in determining the 
k-shortest paths from a source vertex to a destination vertex in 
a weighted graph. Based on this approach, it is proposed that 
the length of DNA could be used to encode the cost of each 
edge. For the sake of initial pool generation, two kinds of 
methods are reviewed. The first one is hybridization-ligation 
method and latter is POA. For a successful in vitro 
implementation, we found that POA method for initial pool 
generation is critically important. After the initial pool 
generation and amplification, the DNA duplex is subjected to 
gel electrophoresis for the separation in term of length. The 
gel electrophoresis is also important for visualizing the result 
of computation. According to the gel images, it has been 
proved that the kth shortest path can be represented by the kth 
shortest length DNA duplex, and thus, the k-shortest paths 
computation has been successfully implemented on a DNA 
computer. Finally, the correctness and reliability of the 

proposed DNA computer has been shown by graduated PCR. 
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