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Abstract. Molecular computation on DNA performs calculations using nan-
otechnology means during chemical reactions. With the help of silicon industry
microfluidic processors were invented utilizing nano membrane valves, pumps and
microreactors. These so called lab-on-a-chips combined together with molecular
computing create molecular-systems-on-a-chips. This work presents an approach
to implementation of logic systems on chips. It requires the unique represen-
tation of signals by DNA molecules. The main part of this work includes the
concept of logic inference based on typical genetic engineering reactions. The
presented method uses a lab-on-a-chip approach. Every microreactor of the lab-
on-a-chip performs one unique operation on input molecules and can be connected
by dataflow output-input connections to other ones.

1 Introduction

The idea of molecular-systems-on-a-chips was first introduced by McCaskill [18, 32]. He
used the miniaturization lab-on-a-chip methodology to solve in microreactors compu-
tational problems, which were previously computed in genetic engineering laboratory
tubes [1, 2, 5, 22].

Molecules e.g. DNA oligonucleotides called oligos, DNA strings or strands, carry
information and chemical reactions are like computing processes. Sequences of such pro-
cesses are called DNA computing algorithms. DNA computing research scientists focus
on implementing algorithms solving not only NP-complete problems (nondeterministic-
polynomial-time), but also executing logic gates and inference rules [3, 12, 17, 20, 30, 35,
40, 41], adding binary numbers [4, 8, 9, 10, 21, 34], constructing nanodevices (nanoscis-
sors, tic-tac-toe automatons, nanorobots, nanotile assembly) in molecule nanoassembly
process [16, 19, 24, 26, 27, 28, 29, 39], implementing computation on the molecular sur-
faces [13, 14, 25].

McCaskill works [18, 32] started research and discussions, whether this joint tech-
nology is viable alternative to computers based on silicon electronics (very advanced,
but with technology limits) and to molecular computers based on chemical reactions (in
embryonic state, but with unknown and very promising future based on miniaturization
and massive parallelism) [7, 33].

In this paper we propose another approach to logic inference systems [17] designed
for a lab-on-a-chip methodology.



Figure 1. Typical operations of genetic engineering: on the left ligation of A and B oligos in
the presence of hybridized third complementary one - C, on the right the extension of primers’
3’ ends in the process of PCR

Figure 2. The microfluidic processor with valves, pumps, inputs and eight capture chambers:
A − H

Figure 3. Typical operations of lab-on-a-chip: on the left the input solution flow, on the right
the cycle flow in the microfluidic processor



Figure 4. The process of firing a rule - adding Y 1 conclusion to facts

2 DNA molecules and operations on them

A double helix of DNA is made from two single strands of DNA oriented in opposite
directions e.g. T = ATGC and T = TACG, each of which has two different ends 5’, 3’
and is a chain of four nucleotides Adenine, Thymine, Cytosine, Guanine denoted by the
symbols A, T, C, and G, respectively, due to hybridization (annealing) reaction, because
A is complementary with T , and C is complementary with G.



Figure 5. The oligo flows in our exemplary microfluidic processor

Oligonucleotides may connect with each other during concatenation process called
ligation L to form longer DNA chains [15] as is shown in Fig. 1 on the left. In order to
amplify a target between predefined sequences (primers) a cycle of annealing-melting-
extension operations, called Polymerase Chain Reaction (PCR), is utilized with the help
of free nucleotides and DNA polymerase which duplicates DNA by adding complementary
nucleotides to 3’ ends of primers as is depicted in Fig. 1 on the right. One class of enzymes,
called restriction endonucleases, recognize a specific short sequence of DNA, known as
a restriction site and cut any double-stranded DNA at that location (an operation R).
Exonucleases can degrade DNA molecules from the ends in e.g. the S1 nuclease degrades
single-stranded nucleic acids (operation S).

Genetic operations driven by enzymes, heating and cooling, DNA sequence and a
model make computation possible.

3 Molecular logic system implementations

Ogihara and Ray [20] first demonstrated that DNA computers can simulate Boolean
circuits. Klein, Leete and Rubin [11] created universal three input logic gate based on
PCR, where a signal equal to 0 is also a DNA string and all permutations of input and
output signals equal to 0 or 1 are encoded in DNA molecules. Amos and Dunne [3]
described the abstract model and its own laboratory implementation. Hagiya et al [30]
designed one molecule DNA computer with data and operations on one DNA strand.
Computation of logic function satisfability was driven by PCR reaction. Wa̧siewicz [41,
35] also proposed the evolutionary programming of logic function graphs, the evaluation



of which is based on PCR.
Surface-based methods were presented by Liu, Smith and their research group [25, 13,

14]. Complex combinatorial mixtures of DNA molecules encoding all possible answers to
a computational problem were synthesized and attached to the surface of a solid support,
especially designed for executing logic gates.

4 Molecular-systems-on-a-chip

Significant progress has recently been made in microfluid devices utilizing nano mem-
brane valves, pumps and microreactors. These devices are fabricated on silicon wafers
using conventional photolithography. By combining lab-on-a-chips with DNA comput-
ing evolves a new area of research, so called molecular systems-on-a-chip [7, 18, 32, 33].
Microfluidic systems on a chip can individually control picoliter-scale quantities of fluids.
The following operations are possible: mixing, storage, PCR, heating/cooling, cell lysis,
electrophoresis.

As an example McCaskill’s on-chip system for serial capture and release of DNA
made of H-shaped channel junctions called ”selective transfer modules” was a proto-
type [18] of actual microfluidic DNA computers. In this solution one of two neighboring
channels contains input DNA in hybridization buffer and the other contains an alkaline
solution with the high pH. Despite the DNA and alkaline streams contacting each other
the laminar flow profile limits cross-contamination between the streams. Magnetic beads
derivatized with capture oligonucleotides are held by an external magnet in DNA input
stream. After capturing DNA strings with correct, perfectly complementary sequence of
nucleotides, the beads are transferred magnetically into the alkaline stream, where the
high pH destabilizes the DNA duplexes and releases the captured DNA into the alka-
line stream. Downstream mixing with fresh hybridization buffer neutralizes the alkaline
and makes selected DNA ready for additional capture/release steps. After a series of
capture/release steps the remaining DNA represents the correct solution. Initial popu-
lation encoding all possible answers to the given problem was processed in a single pass
through the transfer modules. The most complex DNA computation performed to date
was solved using 300 base pair input DNA containing constant 15-base sequences for
each of 20-binary bits [5].

Although new solutions of not very good efficiency were proposed e.g. ”negative selec-
tion”, where the alkaline streams are removed, only an invention of monolithic elastomer
membrane valves and pumps suitable for large-scale integration into glass microfluidic
analysis devices gave a chance to improve capture efficiency, to reduce hybridization time
from typical 4 hours to minutes and replace constant multi-base capture sequences with
single nucleotides. The air or fluid controlled pumps and valves enable programmable
autonomous solution flow and mixing in closed channel sectors [7, 31]. Now it is possible
to reuse the same channel several times utilizing different reactions every time. Solution
with information can be cycled, processed and stored in separated channels.

An exemplary microfluidic processor [7] is shown in Fig. 2. It has eight reaction
chambers containing magnetic beads with capture oligos. Chambers can be open and
closed at both sides with the help of microvalves. Pumps in the middle make solution
flow. An input DNA flow is shown on the left in Fig. 3. After capturing of input signals
in the G chamber, valves near B chamber are closed and solution can flow from the G
chamber to the B chamber, where it is captured by other DNA oligos on the beads. After



a series of capture/release operations the correct solution remains in the final chamber.
All pumps and valves can be controlled by a computer program [31].

5 The on-a-chip inference system

In our method of inference a fact is represented by a DNA string with a unique sequence
of nucleotides optimized by special computer programs [37]. When the fact value is false,
the appropriate string is removed and is absent. The rules, formed in a line of DNA
strings complementary to premises and a conclusion (shown in Fig. 4), are attached to
magnetic beads with one end (denoted by 3’BIO) held in the chamber G after capturing
by the external magnet. The appropriate flow is depicted in Fig. 5a.

After filling the B chamber with fact molecules (Fig 5b) and connecting chambers B

and G (Fig. 5c), the process of firing rules in the G chamber proceeds as is described in
Fig. 4 (molecular operations denoted by L,S,R).

First, all suitable facts are hybridized to rule oligos. Second, the free remained ones
are removed in the process from Fig. 5d. Through the same channels the buffer with ligase
(concatenating enzyme) is delivered and in the closed completely G chamber all possible
joints are made during the L operation. In the same way, the chamber G is filled with the
appropriate buffer and the nuclease S1. Operation S in the closed chamber G degrades
all single strings. All not bound to beads double strings are removed and the restriction
endonuclease with its buffer flows through the same channel as is shown in Fig. 5d. The
G chamber is closed and final operation of cutting denoted by L is performed.

The conclusion Y 1 is introduced as is seen in Fig. 5e to chamber C. Then, destroyed
magnetic beads are removed and replaced with new copies, so every cycle of firing rules
requires new beads and buffers with enzymes. Facts, in our example being now in cham-
ber B and C, are again used in next hybridization steps with rule molecules, however,
after each cycle with a smaller quantity of oligos. To fulfil this procedure every fact
should be represented by a large enough group of DNA strings.

The final hypothesis can be decoded during capillary electrophoresis or in special
sequencing machines.

6 Summary

It should be mentioned that the lab-on-a-chip methodology evolves as an interesting im-
plementation for inference process to be designed. Comparing DNA computing algorithm
performed in genetic engineering laboratory with implementation on a chip, it follows
that some operations are preferable for on-a-chip realization. As an example heating
problem exists because on a chip reaction chambers are very close to each other and heat
propagates in all directions from one to another chamber. Therefore, simultaneous cool-
ing of neighboring chamber can be a problem. The PCR reaction controlled by heating is
also difficult to perform in such conditions. In typical computing microfluidic processors
there are three basic operations prefered: mixing, deluting and transporting samples of
DNA from one place to another on a chip.

To verify practical utility of the method provided here, some practical experiments
would be interesting. However, at that time our team is in a state of a lab organization
step. We are currently preparing for building our own lab-on-a-chip in cooperation with
chemists and biologists.
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