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Abstract. DNA computing often makes use of hybridization, whether for vastly
generating the initial candidate answers or amplification by using polymerase
chain reaction (PCR). The main idea behind DNA computing approaches for
solving weighted graph problems is that if the degree of hybridization can be
controlled, then it is able to generate more double stranded DNAs (dsDNAs),
which represent the answer of the problem during in vitro computation. Previ-
ously, length, concentration, and melting temperature, have been exploited for
encoding of weights of a weighted graph problem. In this paper, we present a
hybrid approach, which is called concentration-controlled direct-proportional
length-based DNA computing (CCDPLB-DNAC), that combines two character-
istics: length and concentration, for encoding and at the same time, effectively
control the degree of hybridization of DNA. The encoding by length is realized
whereby the cost of each path is encoded by the length of the oligonucleotides
(oligos) in a proportional way. On the other hand, the hybridization control by
concentration is done by varying the amount of oligos, as the input of computa-
tion, before the computation begins. The advantage is such that, after an initial
pool generation and amplification, polyacrylamide gel electrophoresis (PAGE)
can be performed to separate the survived dsDNAs according to their length,
which directly decodes the results. The proposed approach shows significant
improvement in term of materials used and scalability. The experimental results
show the effectiveness of the proposed CCDPLB-DNAC for solving weighted
graph problems, such as the shortest path problem.

1 Introduction

A new computing paradigm based on DNA molecules has appeared in 1994 when
Leonard M. Adleman [1] launched a novel in vitro approach to solve the so-called
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Hamiltonian Path Problem (HPP) with seven vertices by DNA molecules. Based on
Adleman’s evolutionary approach, input is encoded by random DNA sequences.
Computation is a series of bio-molecular reactions, which involves hybridization,
denaturation, ligation, magnetic bead separation, and polymerase chain reaction
(PCR). The output of the computation, also in the form of DNA molecules can be
read out and visualized by electrophoretical fluorescence operation.

Four years later, in 1998, a length-based DNA computing which is called constant-
proportional length-based DNA computing (CPLB-DNAC) for Traveling Salesman
Problem (TSP) is proposed by Narayanan and Zorbalas [2]. A constant increase of
length of DNA strands is used to encode the actual length of the distances. A draw-
back of this method is that, there is a 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 [3]. This scheme, however, has not been realized by any laboratory
experiment.

In order to solve the shortcoming of CPLB-DNAC, an alternative approach called
direct-proportional length-based DNA computing (DPLB-DNAC) is proposed by
Ibrahim et al. [4] for solving the shortest path problem. In this approach, the cost of
an edge is encoded as a direct-proportional length DNA. After an initial pool genera-
tion, numerous solution candidates can be generated. By using PCR, it is possible to
amplify the optimal combination which represents the solution to the shortest path
problem. The output of the computation can be visualized by applying PAGE, where
the DNA duplex representing the solution appears as the shortest band of PAGE.

On the other hand, Yamamoto et al. [S] presented concentration-controlled DNA
computing (CC-DNAC) for accomplishing a local search for the shortest path
problem. Although DNA computing with concentration control method enables local
search among all the candidate solutions, it cannot guarantee that the most intensive
band is the DNA representing the shortest path in the given graph. In addition, it is
technically difficult to extract a single optimal solution from the most intensive
band [3]. This difficulty, however, has been solved using denaturating gradient gel
electrophoresis (DGGE) and constant denaturant gel electrophoresis (CDGE) [5].

Lee et al. [6] proposed a DNA computing approach called temperature
gradientbased DNA computing (TG-DNAC) for solving TSP. Denaturation
temperature gradient polymerase chain reaction (DTG-PCR) has been introduced
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. However, the amount of correct solutions will also be
exponentially increased, which does affect the final solution.

In this paper, we propose a combination of both schemes of CC-DNAC and
DPLB-DNAC to born a hybrid approach, which is called as concentration-controlled
direct-proportional length-based DNA computing (CCDPLB-DNAC). The protocol of
CCDPLB-DNAC, in fact, is similar as DPLB-DNAC. But the difference is that the
amount of poured DNA representing the edges varies closely to the weight of edges.
As a result, the concentration of input during initial pool generation will be different
as well, and does influence the degree of hybridization. It is found that the proposed
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approach offers significant improvements in term of material usage and scalability
than that of DPLB-DNAC without concentration-controlled.

In designing and developing the proposed CCDPLB-DNAC, the scopes of the
research have been defined. Firstly, the shortest path problem is chosen as a
benchmark for this research because the shortest path problem is a kind of problem
that involves numerical optimization, even though this problem is not an NP-complete
problem. Secondly, a small directed weighted graph, G = ( V, E, @), which consists of
a set of vertices V = { vy, v,, V3, V4, Vs}, a set of edges E = { [vi,val, [V1,V3], [V3,V4l,
[V4,Vs], [V2,Vs], [V2,Val, [V2,v4] }, and weight, @y which is assigned to each edges, will
be constructed and used an the input of computation as shown in Figure 1. It is clear
that the number vertices [Vl and the number of edges |El are 5 and 7, respectively.
Even though this graph is small enough for computation but it is big enough if the
computation is to be realized by unconventional DNA computing approach, and thus,
is a good example in order to show the feasibility of the proposed direct-proportional
length-based DNA computing.

2 A Note on Concentration-Controlled Method

Yamamoto et al. carried out CC-DNAC for accomplishing a local search for the
shortest path problem [7] by avoiding the generation of hopeless solutions. In this
research, the vertices and edges are encoded into DNA sequences. During the encod-
ing process, the vertex sequence is synthesized with the same concentration. The
relatively different concentration, D;; of the oligonucleotides encoding an edge i — j
at cost Cj; is calculated by using the following formula:
o

Min
Pizle, w

i

where Min represent the minimum value among the costs of all edges in the graph,
and a is set to 2. After all oligonucleotides for nodes with the same concentration,
oligonucleotides for edges with different concentration, and complement oligonucleo-
tides are synthesized, an initial pool generation is done in a test tube. During the ini-
tial pool generation, the rate of biochemical reactions depends heavily on the reaction
rate constants and reactant concentrations. Thus, 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.

Even though the shortest path problem is belonging to the class P, i.e., it is not hard
to solve this problem, it is worth to be solved by DNA computing because numerical
evaluations are required during the computation [5]. The input to the shortest path
problem is a weighted directed graph G = (V, E, w), a start node u and an end node v.
The output of the shortest path problem is a (u,v) path with the smallest cost. In the
case given in Figure 1, if u is V; and v is V5, the cost for the shortest path will be 100
and the optimal path is clearly shown as V;, — V; — V,— V5. If the input graph is shown
Figure 1 (a), by using equation (1), all the numerical weights are transformed into
relative concentrations as shown in Figure 1 (b).
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Fig. 1. (a) Example showing a weighted directed graph G = (V, E) with the shortest path shown
as V; - V3-V,- Vs (b) Relative concentration as calculated using equation 1

3 DNA Sequence Design and Synthesis

Let n be the total number of nodes in the graph. The DNA sequences correspond to all
nodes and its complements are designed. Let V; (i= 1, 2, ... , n) and \7i(i: 1,2,...,n)
be the 20-mer DNA sequences correspond to the ith node in the graph and its com-
plement respectively. By using the available software for DNA sequence design,
DNASequenceGenerator [8], the DNA sequences V; is designed and listed in Table 1.
Melting temperature, 7, is calculated based on Sugimoto nearest neighbor thermody-
namic parameter [9]. The GC contents (GC%) and melting temperature (7,,) of each
sequence are also shown. Table 2, on the other hand, shows the complement of the
node sequences.
We introduce three rules to encode each edge in the graph as follows:

(i) If there is a connection between V; to V;, where j # n, design the oligonucleo-
tide (oligo) for that edge as
Vi (20)+ W, (- 30) + V;(20)
(ii) If there is a connection between V; to V;, where i # 1, j # n, design the oligo
for that edge as
Vi(20) + W;; (o- 20) + V; (20)
(ii1) If there is a connection between V; to V,, where i # 1, design the oligo for that
edge as
Vi(20) + W, (o- 30) + V,,(20)

where V, W, and ‘+’ denote the DNA sequences for nodes, DNA sequences for
weight, and ‘join’ respectively. The designed oligos consist of three segments; two
node segments and an edge segment. ‘©’ denotes the weight value for corresponding
DNA sequences for weight W;, where W;; denotes the DNA sequences representing a
cost between node V; and V;. The value in parenthesis indicates the number of DNA
bases or nucleotides for each segment. Table 3 lists all the oligos based on the pro-
posed rules, where the node segments and edge segments are distinguished by capital
and small letters respectively. Again, DNASequenceGenerator [8] is employed. At the
end of this stage, the oligos of the complement of nodes and edges are synthesized.
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Table 1. DNA sequences for nodes

Node, 20-mer Sequences (5°-3’) GC% Melting Temperature, T,, (°C)

Vi AAAGCTCGTCGTTTAGGAGC 50 60.9
V, GCACTAGGGATTTGGAGGTT 50 60.3
Vs GCTATGCCGTAGTAGAGCGA 55 60.5
|7 CGATACCGAACTGATAAGCG 50 60.6

Vs CGTGGGTGGCTCTGTAATAG 55 60.5

Table 2. Complement of node

Complement Node, \7l 20-mer Complement Sequences (3°-5’)
\71 TTTCGAGCAGCAAATCCTCG
\72 CGTGATCCCTAAACCTCCAA
‘73 CGATACGGCATCATCTCGCT
\74 GCTATGGCTTGACTATTCGC
\75 GCACCCACCGAGACATTATC
Table 3. DNA sequences for edges
Edge DNA Sequences
VWiV, 5’-CGATACCGAACTGATAAGCG
AT ccaagCGTGGGTGGCTCTGTAATAG-3
Ve WersV. 5’-GCTATGCCGTAGTAGAGCGA
T ccgtcCGATACCGAACTGATAAGCG-3
Ve W V. 5’-AAAGCTCGTCGTTTAGGAGCacgtcggttc
T GCTATGCCGTAGTAGAGCGA-3
5’-GCACTAGGGATTTGGAGGTT
Vo-Wos—V;

ccgtettttacccaagtaatGCTATGCCGTAGTAGAGCGA-3’
5’-GCACTAGGGATTTGGAGGTT

Vo-Wyy—Vy acgtgttttaaggaagtacggtaagetgcg
CGATACCGAACTGATAAGCG-3’
5’-GCACTAGGGATTTGGAGGTT

Vo—W,5—Vs gegtegegtaaggeagtaccggactetgee
CGTGGGTGGCTCTGTAATAG-3’
5’-AAAGCTCGTCGTTTAGGAGC

Vi-Wi -V, cggtggtttaacgaagtcctgtactatgggttatttgcag
GCACTAGGGATTTGGAGGTT-3’
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4 Concentration-Controlled Direct-Proportional Length-Based
DNA Computing for the Shortest Path Problem

Currently, there are two kinds of initial pool generation methods for solving weighted
graph problem: hybridization/ligation and parallel overlap assembly (POA). The
hybridization/ligation method has been firstly introduced by Adleman [1] to solve
HPP. For hybridization/ligation method, during the operation, the link oligos
hybridize through the hydrogen bonds by enzymatic reaction. The hybridization/
ligation reaction is well shown in Figure 2 [10].

-
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—_— — - mixture
_— —_—
— —

> » > hybridized
mixture

J— ligase

ligation
product

L J

Fig. 2. Hybridization/ligation method for initial pool generation. The arrowhead indicates the
3’ end.

POA has been used [11] and broadly applied in gene construction [12-14], gene
reconstruction [15], and DNA shuffling [16]. POA involves thermal cycle and during
the thermal cycle, the position strings in one oligo anneals to the complementary
strings of the next oligo. The 3’ end side of the oligo is extended in the presence of
polymerase enzyme to form a longer dsSDNA. One cycle of parallel overlap assembly
is depicted in Figure 3 [10]. After a number of thermal cycles, a data pool with all
combinations could be built.

Lee et al. [10] did a comparison between hybridization/ligation method and
POA for initial pool generation of DNA computing. They came out with a
conclusion that for the initial pool generation of weighted graph problems, POA
method is more efficient than that of hybridization/ligation method. According to
[10], the advantages of POA over hybridization/ligation method for initial pool
generation are as follows:
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3. Parallel overlap assembly for initial pool generation. The thick arrows represent the

synthesized oligos which are the input to the computation. The thin arrows represent the elon-
gated part during polymerization. The arrowhead indicates the 3’ end.

®

(i)

The initial pool size generated from the same amount of initial oligos is about
twice larger than that of hybridization/ligation method. Though, if a larger prob-
lem is considered, the initial pool size is too small to contain the complete pool.
POA, however, with more cycle and large experimental scale could include 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 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 oligos.

(iii) In hybridization/ligation method, the population size decreases as reaction pro-

(iv)
v)

gress. The population size decreased 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 simi-
lar amount of initial pool DNA molecules because complementary strands are
automatically extended by polymerase.

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

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



Hybrid CCDPLB-DNAC for Numerical Optimization 213

As stated in [3], “In addition, the fact that larger weights are encoded as longer
sequences is contrary to the biological fact that; the longer the sequences are, the
more likely they hybridize with other DNA strands, though we have to find the short-
est DNA strands”. From the biological point of view, this argument is definitely true.
In order to overcome the limitation of general length-based DNA computing, the
authors discovered that by utilizing POA for initial pool generation, a phase where
numerous combinations of random routes of the graph are generated in the solution, a
shortcoming, which is the biological influence contributed by the length of the oligos
could be eliminated.

In order to generate the initial pool of the direct-proportional length-based DNA
computing for the example problem by using POA method, the input to the computa-
tion are all the synthesized oligos as listed in Table 3 and the complement sequences
for each nodes, which are listed in Table 2. These inputs are poured into a test tube
and the cycles begin. In fact, the operation of POA is similar as polymerase chain
reaction (PCR) but the difference is that POA operates without the use of primers. As
PCR, one cycle consists of three steps: denaturation, hybridization, and extension.

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 dsDNA exponentially by using the
incredibly sensitive PCR process. This can be done by amplifying the DNA duplex
that contain the start node V,; and end node Vs using primers. After the PCR operation
is accomplished, there should be numerous number of DNA strands representing the
start node V; and end node Vs traveling through a possible number of nodes. The
output solution of the PCR then undergoes gel electrophoresis operation. During this
operation, the dsDNA V; — V;— V,— Vs, which representing the shortest path starting
from V; and ending at Vs can be visualized by the shortest band of gel electrophoresis
with higher intensity than the other dsDNA, if any.

At this moment, based on the shortest length DNA duplex, one only knows that
the shortest path begins from V; and ends at V5. However, the information does not
contain the nodes that passed through the shortest path. The information regarding all
the nodes in the shortest path as well as their sequence can be obtained by applying
graduated PCR operation. For the sake of explanation, the DNA molecules represent-
ing the answer of the shortest path V| — V3— V,— Vs is taken again for instance. After
the shortest band DNA is extracted from the gel, graduated PCR is performed by
running four different PCR operations to the solution containing DNA duplex V; — V;
— V4 — Vs separately. The pair of primers used for every PCR reaction are v, /v, ,

V,/V,,V,/V,, and V,/V, . It is expected that for the final solution containing the

strand V| — V35— V,— Vs, 100 base-pairs (bp), graduated PCR will produce bands of x,
50, 75, and 100 in successive lanes of a gel as depicted in Figure 4. The symbol x
denotes the absence of a band corresponding to the omission of nodes V, along the
DNA duplex. This means that there are intermediate nodes, V; and V, in between the
start node V; and the end node Vs. Therefore, the shortest path of the graph can be
readoutas V;, > V; > V,—> Vs.
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Fig. 4. Examples showing the results of the graduated PCR

6 Experimental Protocols, Results, and Discussions

Firstly, the relative concentration of edges oligos are translated into actually amount
of DNA as listed in Table 4. Based on Table 4, the initial pool generation by POA is
performed in a 25 p/ solution containing 7.842 u/ oligos (Proligo Primers & Probes,
USA), 2.5 ul ANTP (TOYOBO, Japan), 2.5 p/ 10x KOD dash buffer (TOYOBO,
Japan), 0.125 ul/ KOD dash (TOYOBO, Japan), and 12.033 p/ double distilled water
(ddH,0) (Maxim Biotech). The reaction consists of 25 cycles and for each cycles, the
appropriate temperatures and time are as follows:
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- 94°C for 30s
- 55°C for 30s
- 74°C for 10s

The product of parallel overlap assembly is shown in Figure 5. In order to select
the paths that begin at V| and end at Vs, DNA amplification is done by PCR. PCR is
performed in a 25 p/ solution consists of 2.5 pl for each primers, 1 p/ template, 2.5 ul
dNTP (TOYOBO, Japan), 2.5 ul 10x KOD dash buffer (TOYOBO, Japan), 0.125 ul
KOD dash (TOYOBO, Japan), and 13.875 u/ ddH,0 (Maxim Biotech). The reaction
consists of 25 cycles as follows:

- 94°C for 30s
- 55°C for 30s
- 74°C for 10s

which is the same as POA. The sequences used as primers are
AAAGCTCGTCGTTTAGGAGC (V) and GCACCCACCGAGACATTATC (\75 ).

In order to visualize the result of the computation, the product of PCR is subjected
to PAGE for 90 minutes at 200V. After that, the gel is stained by SYBR Gold (Mo-
lecular Probes) and the gel image is captured. Figure 5 shows the output of the com-
putation of DPLB-DNAC without concentration-controlled. Figure 6 on the other
hand, shows the output of CCDPLB-DNAC.

Table 4. Actual amount of each edges oligos

Edge Without With
Concentration-Controlled Concentration-Controlled

V3—V4 1 l.ll 1 l.ll

Vi-V; 1ul 0.39 ul

Vo—V; 1ul 0.39 ul

V-V, 1ul 0.25 ul

Vo—Vs 1ul 0.174 ul

Vi-V, 1ul 0.128 u!

Total 7 ul 2.842 ul

According to the gel image of Figure 5, it is clear that without the concentration-
controlled, DPLB-DNAC is able to produce several shortest paths during the compu-
tation. In this case, based on the output in lane 2, up to four shortest paths is generated
in vitro and visualized by gel electrophoresis. In contrast, if concentration-controlled
is applied, lane 2 of Figure 6 consists of only one band containing DNA duplex of the
shortest path V| — V3— V,— Vs (100bp), which survived after POA and PCR. As ex-
pected, it is likely that the concentration of dSDNAs other than dsDNAs representing
the answer of the shortest path problem tends to be small. Even though only one band
is shown, it is more than enough since the band exactly represent the answer of the
shortest path problem.
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Fig. 5. Experimental results of gel electrophoresis on 10% PAGE in the case of DPLB-DNAC.
Lane M denotes 20-bp ladder, lane 1 is the product of POA, and lane 2 is the product of PCR.

For graduated PCR, 4 identical DNA mixtures, which are the product of PCR of
CCDPLB-DNAC are subjected to PAGE for 40 minutes at 200V. After that, the gel is
stained by SYBR Gold (Molecular Probes, USA). Quantum PrepTM Freeze ‘N
Squeeze DNA Gel Extraction Spin Columns (Bio-Rad, Japan) is used during the
DNA extraction from the polyacrylamide gel. By using a clean razor blade, the band
of interest, which is the shortest band, is carefully excised from the gel. The gel slice
is chopped and placed into the filter cup of the Quantum Prep Freeze ‘N Squeeze
DNA Extraction Spin Column. Then, the filter cup is placed into a dolphin tube. The
Quantum Prep Freeze ‘N Squeeze DNA Extraction Spin Column is placed in a -20°C
freezer for 5 minutes and the sample is spun at 13,000 x g for 3 minutes at room tem-
perature. The purified DNA is collected from the collection tube and ready for PCR.

After the DNA extraction from the polyacrylamide gel, four different PCR,
namely PCR1, PCR2, PCR3, and PCR4, is run to the purified solutions. The pair of
primers used for every PCR is listed in Table 5.

Each PCR is performed in a 25 p/ solution consists of 2.5 p/ for each primers, 1 u/
template, 2.5 u/ dNTP (TOYOBO, Japan), 2.5 u/ 10x KOD dash buffer (TOYOBO,
Japan), 0.125 ul/ KOD dash (TOYOBO, Japan), and 13.875 ul double-distilled water
(ddH,0) (Maxim Biotech, Inc, Japan). The reaction consists of 25 cycles and for each
cycles, the appropriate temperature are as follow:

- 94°C for 30s
- 55°C for 30s
- 74°C for 10s

Again, the product of graduated PCR is subjected to PAGE for 40 minutes at 200V
and the gel is stained by SYBR Gold (Molecular Probes, USA). Finally, the gel image
is captured. Figure 7 shows the gel image of the product of graduated PCR. Four
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Fig. 6. Experimental results of gel electrophoresis on 10% PAGE in the case of CCDPLB-
DNAC. Lane M denotes 20-bp ladder, lane 1 is the product of POA, and lane 2 is the product of

PCR.
Table 5. Four set of primers used for the graduated PCR
Name  Forward Primers Reverse Primers
PCR1 AAAGCTCGTCGTTTAGGAGC CGTGATCCCTAAACCTCCAA
PCR2 AAAGCTCGTCGTTTAGGAGC CGATACGGCATCATCTCGCT
PCR3  AAAGCTCGTCGTTTAGGAGC GCTATGGCTTGACTATTCGC
PCR4  AAAGCTCGTCGTTTAGGAGC GCACCCACCGAGACATTATC

bands of x, 50, 75, and 100 base pairs (bp) in successive lanes of the gel are success-
fully produced and therefore, as expected, the shortest path of the graph can be read-
outas V; > V;> V,—> Vs

Two significant benefits of graduated PCR for DPLB-DNAC have been identified.
The first is due to its capability to show and visualize the detail output of the shortest
path computation based on DPLB-DNAC. The other benefit is that at the same time,
the correctness of DPLB-DNAC for the computation of the shortest path problem can
be proved. Hence, the authors found that graduated PCR should be essentially incor-
porated in the DPLB-DNAC in order to improve the overall performance of DPLB-

DNAC.
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M PCRI1 PCR2 PCR3 PCR4

Fig. 7. Experimental results of gel electrophoresis 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, as the proposed approach. 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 10 kg of nucleotides,
and this is quite a lot for a small test tube [17]. Hence, an advanced high reaction
facility, such as microreactor [18], is highly important. In this research, we showed
how the scalability of our approach can be improved linearly, in two steps. The first
step is during initial pool generation, where POA is employed instead of
hybridization/ligation. As previously discussed, POA is able to generate two times
bigger initial pool, in term of size, than that of hybridization/ligation. The second step
is during the computation, in term of the amount of DNA used for the computation. In
our case, we used 2.842 pl edge oligos in the case of concentration-controlled. It is
about half of the amount of edge oligos if the computation is done without
concentration-controlled, where 7 u/ should be used.

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 CC-DNAC method, separation as
DGGE and CDGE should be used, whereas in TG-DNAC method, DTG-PCR
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separation should be utilized. This operations are relatively complicated than normal
gel electrophoresis. In our approach, the adopted protocol for detecting the final
solution is simple, where PAGE is more already enough to visualize the result of the
computation.

However, one 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 lower
bound, in term of minimum weight that can be encoded by the proposed approach is
achieved when:

3
w->8=0
2ﬂ )

Hence, the minimum weight, which can be encoded by oligos, w,, is attained as:

3
. ==
hin 2ﬂ 3)

where f is the number of DNA bases used to represent the node sequences [19].

7 Conclusions

Based on massive parallelism inherent in DNA computing, many researchers have
tried to solve various NP-complete problems. These are mathematical problems which
have exponential complexity and no efficient solution has been found yet. Even
though the shortest path problem is not belonging to the class of NP problems, it is
important to solve them since this kind of problems occur frequently in many real
world problems. Thus, in this paper, we have presented an improve hybrid approach
called ‘concentration-controlled direct-proportional length-based DNA computing’ to
solve weighted graph problems using molecular computing. Based on this approach,
both length and concentration are used as input and output data is recognized by
length only. For the sake of initial pool generation, two kinds of methods are
reviewed: hybridization/ligation and POA. Since POA offers several advantages in
term of materials usage and reaction time, for a successful demonstration of
CCDPLB-DNAC, we found that POA for initial pool generation is critically
important. Further, by varying the amount of input DNA, less DNA is used for
computation, which further offers the advantage in term of material usage. Since less
amount of DNA can be used to generate the combination representing the answer of
the problem, indirectly, this will advances the performance of the proposed approach
from scalability point of view. Also, in this paper, we have presented graduated PCR,
as an extended operation of CCDPLB-DNAC. Based on the proposed approach, the
product of PCR of CCDPLB-DNAC is subjected to DNA extraction from
polyacrylamide gel, PCR, and PAGE. As supported by the experimental results,
graduated PCR is able to visualize detail additional information of the shortest path,
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such as the intermediate vertices and the order of these vertices in the shortest path.
Finally, it is expected that the proposed approach, would extend the applicability of
DNA computing for solving intractable weighted graph problems.
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