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1.  Introduction 

Natural means of storage, delivery and processing of infor-
mation in biological systems have always stimulated natural 
interest because of their high efficiency and mechanisms of 
functioning that are still not understood completely. As a result 
of discoveries in the last decades in the field of biochemistry 
and the development of new information and molecular tech-
nologies it is now possible to transfer information to biomo-
lecular media and to read it back. This has raised the question 
of elaboration of the principles of operation and practical con-
struction of biocomputers. Development of calculations on 
biological structures is very important not only for progress 
of new information technologies, but for understanding the 
functioning of living systems on the molecular level. Some 
advantages of molecular computing are immanent large-scale 
parallelism of operations, high density of information per unit 
volume, high energetic efficiency and availability of experi-
mental realizations of solution of simple problems.

In spite of the fact that the strategic direction of develop-
ment of conventional calculations on the basis of silicon com-
puters is the use of multicore and multithreaded calculations, 

the degree of parallelism achieved here is incomparable with 
the degree of parallelism inherent in biological and quantum 
systems. However, quantum and molecular computational 
paradigms have also many common problems, most notably 
fidelity of calculations. This problem is very complex and 
versatile. For molecular DNA computing, the solution of this 
problem lies in elaboration of principles for estimation of the 
state of biological structures during DNA computing and in 
increasing their fidelity.

1.1.  Molecular DNA computing

The main idea of calculations using biological structures is 
construction of new models and new algorithms on the basis 
of knowledge of the structure and functions of molecules of 
these structures and on the basis of operations performed with 
them in living cells with the help of different enzymes.

In living cells, genetic information is encoded in the mol-
ecule of deoxyribonucleic acid—DNA. DNA is one of the two 
types of nucleic acids, providing storage, delivery from gen-
eration to generation and realization of a genetic program of 
development and functioning of living organisms. DNA is a 
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long polymeric molecule consisting of repeating elements—
nucleotides [1–3]. Each nucleotide consists of a nitrogenous 
base (adenine (A), guanine (G), cytosine (C), thymine (T)), 
deoxyribose, and phosphate group. Nucleotides in the strand 
are bonded with each other by a phosphodiester bond between 
the deoxyribose and phosphate group. Thus, in these super-
molecules, phosphate and deoxyribose play the role of sup-
porting structure—backbone (they alternate each other in 
the strand) and the sequences of nitrogenous bases encode 
information.

Use of DNA molecules as the element base of a new gen-
eration of computers became possible due to DNA replica-
tion—self-reproduction of nucleic acids providing accurate 
copying of genetic information and its delivery from genera-
tion to generation [4]. During replication, denaturation of the 
DNA double helix occurs and synthesis of new polynucleotide 
strands begins simultaneously. The synthesis occurs with the 
help of a special enzyme—DNA-polymerase. It slides along 
DNA and synthesizes a new strand on its basis. In this strand, 
all nitrogenous bases are replaced by their complementary 
bases (PCR—polymerase chain reaction). The enzyme starts 
the reaction only in the presence of a DNA-primer forming 
a double-stranded segment of DNA. Free nucleotides are 
attached to this primer.

The new strand synthesized on each of the initial strands, 
is identical to another initial strand. As the result of the syn-
thesis, two identical double helixes are formed. Each of these 
helixes consists of one initial strand and one new strand [1, 2]. 
Thus, only one of the two strands composing the initial DNA 
molecule is transferred from one generation to another. This 
is the semi-conservative mechanism of DNA replication [5]. 
In fact, synthesis of a nucleic acid strand on a DNA-matrix is 
a realization of a Turing machine, which consists of two tapes 
and programmable control desk. The control desk reads the 
data from one tape, processes these data according to a certain 
algorithm and records the data on another tape. Polymerase 
also consecutively reads the initial data from the initial DNA 
tape and forms a new strand on this basis.

For construction of computational structures on the basis 
of DNA, specialists in theory of computing and mathemati-
cal modeling describe the properties of DNA strands and 
operations with them with the help of formal programming 
languages [6]. One can almost completely formalize opera-
tions with DNA—synthesis, elongation, shortening and cut-
ting, cross linking, modification, interlacing, sequencing etc.

The possibility of DNA-based computing was demon-
strated for the first time in 1994 by Adleman [7]. In his study, 
DNA strands were used for solution of the problem of proving 
the existence of a Hamiltonian path (passing each vertex of 
the graph exactly once) in a directed graph G with selected 
starting and final vertexes.

Adleman assigned a unique code to each of the 7 vertexes 
of the graph—a strand consisting of 20 nucleotides, a certain 
sequence of nitrogenous bases (A), (T), (G), (C). The arcs of 
the graph were also encoded by strands, beginning with the 
second half of the code of vertex of departure and ending with 
the first half of the code of the vertex of arrival.

Then for sequences encoding vertexes of the graph, their com-
plementary strands were synthesized. Using these complemen-
tary strands and strands encoding arcs of the graph, all possible 
paths were created randomly in the test tube. The desired solu-
tion of the stated problem should have been encoded by a DNA 
sequence consisting of 140 nucleotides (7 * 20).

For synthesis and separation of such a molecule, about 
100 trillion DNA molecules containing all possible 20-nucle-
otide sequences encoding graph vertexes and paths between 
them, were placed in the test tube. Because of the mutual 
attraction of nitrogenous bases A-T, G-C, single DNA strands 
were randomly bonded, enzyme ligase joining short molecules 
into large-scale complexes (oligonucleotides—into threads).

At that, DNA molecules simulating all possible paths 
between vertexes were synthesized. It was only necessary 
to isolate molecules corresponding to the desired solution. 
Adleman has solved this problem by biochemical methods, 
consecutively removing strands that did not include first ver-
tex (starting point) and last vertex (endpoint), then by remov-
ing strands containing more than 7 vertexes and no vertexes. 
After such selection, any of the remaining DNA molecules 
represented a solution of the problem. Solution of the prob-
lem took 7 d [8]. Note that most of the effort was spent not on 
synthesis of the initial data and elaboration of the algorithm, 
but on filtration and extraction of the final result in the form 
suitable for human perception.

Later on, the approach suggested by Adleman was devel-
oped in the solution of a number of other problems with the 
help of DNA computing—breaking the DES encryption sys-
tem (data encryption standard system) [9, 10], solution of 
some chess problems [11], matrix multiplication [12] etc. In 
the studies of the group of Shapiro [13, 14], it was suggested 
the research not be restricted by a special algorithm for solu-
tion of a concrete problem but to create the technology of a 
multi-purpose computer on the basis of known properties of 
biomolecules. Within this group, finite molecular automation 
was realized—a system consisting of initial state, a variety of 
finite states, and functions of transitions. At the present time, 
algorithms of the solution of a number of NP-complete prob-
lems related to logic, theory of graphs, computer networks, set 
theory, mathematical programming, optimization of processes 
and programs, have been elaborated theoretically on the base 
of DNA computations [15].

1.2.  Fidelity of molecular computing

Molecular computing on DNA strands is basically a set of bio-
chemical reactions. All operations performed with DNA mol-
ecules are rather complicated and laborious and this is why on 
the stage of every reaction, errors on the molecular level can 
take place [16]. The most vexing problem is the last stage of 
reading out the result—isolation, assortment and analysis of 
DNA strands. Contemporary methods are unable to provide 
sequencing of strands even with the length of several thou-
sands of bases. Solutions of the problem can be lost during 
intermediate operations (molecules gather at the walls of the 
test tube), there is no guarantee that there will be no damage to 

Laser Phys. 25 (2015) 035202



T A Dolenko et al

3

DNA molecules, DNA molecules tend to disintegrate eventu-
ally etc. In real experiments, these losses can reach 10% from 
the initial amount of molecules, whereas the elimination of 
even 1% of molecules from the process of calculations leads 
to an incorrect solution of the problem.

During molecular computations, when implementing dif-
ferent algorithms, one has to deal not only with different 
DNA concentrations and different length of strands but with 
different types and concentrations of buffer solution, differ-
ent temperature profiles of reaction, i.e. with the change of 
numerous parameters of media influencing the accuracy of 
the solution of the problem. Authors of many studies [14–20] 
note considerable dependence of the accuracy of calculations 
on the concentration of biological molecules, temperature and 
the temporal reaction regime, type of buffer, values of pH 
of mixtures, on properties and composition of oligonucleo-
tides. Thus, one of the main problems of the development of 
molecular DNA computing is minimization of errors during 
biochemical reactions, i.e. increasing the fidelity of molecular 
computing.

This situation causes necessity of elaboration of evaluation 
methods for the state of biological structures and methods of 
increasing fidelity of DNA computing, i.e. minimization of 
experimental errors during DNA computing.

Obviously these methods should satisfy the following 
requirements:

	 •	they must be noninvasive, i.e. non-destructive (in vivo)
	 •	they must work in real-time mode for permanent control 

of changes during calculations;
	 •	they should simultaneously measure as many parameters 

of the media as possible.

Laser Raman spectroscopy satisfies these requirements. 
As it is known, this method is widely used for solution of 
problems of express monitoring of natural waters and water 
solutions [21, 22], simultaneous determination of several 
parameters of water media [23], including solution of inverse 
multi-parameter problems of laser spectroscopy of water 
media using modern methods of pattern recognition—artifi-
cial neural networks [24, 25].

With the help of laser Raman spectroscopy, structure and 
properties of DNA molecules were studied in detail [26, 27]. 
Bands corresponding to vibrations of bonds in nitrogenous 
bases and DNA backbone were identified; behavior of DNA 
vibrational spectra in dependence on change of temperature, 
type of DNA conformation, etc was studied [28, 29]. This 
gives the premise for use of this method for the solution of 
problems of control of the state of reaction mixture during 
molecular computing.

This study concerns use of Raman spectroscopy for increase 
of fidelity of molecular computing on DNA strands, namely 
for express and remote control and measurement of parameters 
of media where biochemical reactions with DNA molecules 
take place. The results of the use of elaborated methods for 
determination of concentration of individual nitrogenous bases 
and total concentration of DNA in solutions using their Raman 
spectra and the results of control of the temperature regime of 
biochemical reactions by Raman spectra, are presented.

2.  Materials and methods

2.1.  Objects of research

A peculiarity of molecular DNA computing is the fact that 
for these calculations one needs a large amount of ‘actuation 
medium’ in the solution—from units of g l−1 of DNA molecules 
(3.32 g l−1 [30]) up to tens of g l−1 (32.5 g l−1 [31])—depending 
on the current task. During molecular computing, the length 
of DNA strands in the solution and DNA concentration may 
vary in a wide range. It depends both on specifics of the con-
crete problem solved by DNA molecules and on the stage 
of solution of this problem. This is why samples containing 
strands with length and DNA concentration differing by more 
than two orders were chosen as objects of the research.

The following samples were used as objects of the research.

	 (a)	Sample 1: sodium deoxyribonucleate containing linear 
double-stranded DNA excreted from salmon sperm and 
consisting of various nucleotides. DNA is placed in 3x 
SSC buffer (water solution of 0.45 М NaCl + 0.045 М 
Na3C6H5O7*5.5H2O). Maximal concentration of sample 
1 in the solution was 25 g l−1.

	(b)	Sample 2 containing specially synthesized and sequenced 
linear DNA strands consisting of 100 prescribed nitrog-
enous bases (86 of them adenine, the rest—cytosine) in 
3x SSC buffer. Maximal concentration of sample 2 was 
9 g l−1. Sequence of nucleotides in the DNA strand was 
the following:

AAA-AAA-AAA-AAA-AAA-AAA-AAA-AAA-
ACC-CAA-AAA-AAA-AAA-AAA-AAA-ACC-CCA-
AAA-AAA-AAA-AAA-AAA-AAA-AAA-AAA-
CCC-AAA-AAA-AAA-AAA-AAA-AAA-CCC-C, 
(A—adenine, C—cytosine).

	(c)	 Sample 3: λ-DNA—linear double-stranded DNA (48510 
known bases) excreted from bacteriophage lambda in 
buffer (water solution with 10 mM TRIS (C4H11NO3)-HCl 
and 1 mM EDTA (C10H16N2O8)). Maximal concentration 
of sample 3 was 0.3 g l−1. This sample was produced by 
Thermo Scientific.

2.2.  Experiment

The specified content of DNA in the solution (see 2.1) pro-
vides the possibility of use of Raman spectroscopy in its con-
ventional variant—collecting signals from the bulk of solution. 
This allows control of practically the whole bulk of ‘actuation 
medium’. Another advantage is very high sensitivity of the 
Raman spectra to many parameters of molecules and solutions—
molecular connectivity (at the first place, strength of hydrogen 
bonds), temperature and saline composition of solutions. This 
allows simultaneous monitoring of change of these parameters 
by Raman spectra. Furthermore, excitation of the Raman signal 
was performed by laser radiation with 488 nm wavelength, so 
it is a nondestructive method for DNA molecules (it does not 
cause damage or modification of DNA molecules).

The Raman signal was excited by an argon laser (wave-
length 488 nm, output power 200 mW). Registration of spectra 
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was performed in 90° geometry by a monochromator (Acton 
2500i, grade 900 grooves mm−1, focal length 500 mm) and a 
CCD camera (Horiba Jobin Yvon, model Synapse BIUV). In 
order to remove the strong signal of elastic scattering, an edge 
filter (Semrock) was used. Spectra were measured in the range 
500–4000 cm−1 with practical resolution 2 cm−1. System of 
thermostabilization (on the base of thermostat KRIO-VT-01) 
allowed fixing the temperature of the samples with 0.1 °С 
accuracy in the temperature range from −30 to 100 °С.

2.3.  Determination of DNA concentration by Raman spectra

Figure 1 presents Raman spectra of the solution of sample 1 
with different concentrations. DNA Raman bands are mainly 
situated in the low-frequency part of the spectrum—from 500 

to 1600 cm−1. The intense band with maximum near 3400 cm−1 
is the valence band of water, the band with maximum near 
1650 cm−1 is the bending band of water.

The most important information about DNA strands in 
the solutions is contained in the low-frequency part of the 
spectrum—from 500 to 1600 cm−1 (figure 2): bands of vibra-
tions of DNA backbone (vibrations of phosphate groups near 
1100 cm−1, phosphodiester bonds near 840 cm−1) and band-
markers of nitrogenous bases (adenine near 760, 1260, 1300, 
1350 cm−1, cytosine near 800 cm−1, guanine near 685 cm−1, 
thymine near 740 cm−1). The band near 840 cm−1 corresponds 
to the vibrations of a phosphodiester bond between deoxyri-
bose of one nucleotide and phosphate group of another nucle-
otide. The presence of this band in the spectrum attests to the 
existence of DNA threads in the solution. Band-markers of 

Figure 1.  Raman spectra of the solutions of Sample 1 with different concentrations.

Figure 2.  Low-frequency Raman spectrum of solution of sodium deoxyribonucleate (20 g l−1). A—adenine marker, C—cytosine marker, 
G—guanine marker, T—thymine marker.

Laser Phys. 25 (2015) 035202
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bases provide the possibility to determine of concentration of 
nitrogenous bases in the solutions. By the position of a band 
it is possible to identify the bases and the intensity of bands 
allows determining the concentrations of individual bases.

The total concentration of DNA molecules can be deter-
mined by the intensity of the band near 1100 cm−1 corre-
sponding to the vibrations of the phosphate groups of DNA 
backbone. Moreover, total concentration of DNA can be 
determined by the intensity of the band of CH-groups of deox-
yribose contained in the DNA backbone. This band is situated 
near 2900 cm−1 and overlaps with the water Raman valence 
band (figure 3). However, this band can be extracted by use 
of difference spectra (after subtraction of spectrum of solvent 
from spectrum of solution, see inset in figure 3).

Accuracy of the determination of substance concentration 
by Raman spectra is defined in particular by the methods of 
spectra processing and by taking into account instrument fac-
tors. Such factors as instability of laser power and influence of 
elastic scattering worsen the quality of the obtained data and 
increase the error of determination of concentration.

In order to eliminate these factors, obtained spectra were 
processed in the following manner: the weak fluorescence 
background was subtracted, then the spectra were normalized 
by the area of water Raman valence band. Such normalization 
allows one to eliminate the influence of instability of the laser 
power on the result.

In order to eliminate the influence of elastic scattering (i.e. 
to extract the useful Raman signal against the background of a 
much stronger elastic scattering signal at the non-shifted fre-
quency), the method of so-called R-representation was used 
[32, 33]. This method takes into account the Bose–Einstein 
distribution of molecules over quantum states at a given tem-
perature. The following equation (1) gives the expression for 
the R(ν)-representation [32, 33]:

� ν ν
ν ν

ν= −
−

− ν

R
e

I( )
* (1 )
( )

* ( ).
0

4

h
kT

(1)

Here ν is the frequency shift of a Raman line, ν0 is the fre-
quency of exciting radiation, k is the Boltzmann constant,  
T is temperature, I(ν) is the experimental intensity. The useful 
signal of Raman scattering in the low-frequency region was 
extracted from the spectra of all solutions by the method of 
R-representation.

3.  Results

3.1.  Determination of concentration of individual  
oligonucleotides

For elaboration of the method of determination of concen-
tration of individual nitrogenous bases, the dependence of 
Raman spectra of sample 2 on concentration was obtained in 
the range 0–9 g l−1 with increment 0.3 g l−1. In figure 4, experi-
mental Raman spectra of sample 2 with different concentra-
tions in the range 500–1500 cm−1 after R-representation are 
presented.

For determination of the adenine concentration, bands of 
its vibrations near 1300–1400 cm−1 were used. For more cor-
rect extraction of these bands, the method of difference spec-
tra was used (spectrum of solvent was subtracted from spectra 
of solutions).

In figure  5, the dependence of the integral intensity of 
bands-markers of adenine in the region 1300–1400 cm−1 on 
concentration is presented. This dependence can be approxi-
mated by a straight line. Accuracy of determination of the con-
centration of adenine by this linear dependence is 0.02 g l−1, 
which is 0.2% of the maximum concentration of DNA in the 
solution.

Determination of the concentration of cytosine is more com-
plicated. Its marker (a band near 800 cm−1) strongly overlaps 
with the band of vibrations of the phosphodiester bond between 
nucleotides near 840 cm−1. For extraction of the band of cyto-
sine, spectra in this area (770–870 cm−1) were decomposed into 
two Gaussian contours (figure 4) by the least-squares method.

Figure 3.  Raman spectrum of solution of sodium deoxyribonucleate (25 g l−1), the band of CH-groups near 2950 cm−1 (difference spectrum) 
is shown in the inset.

Laser Phys. 25 (2015) 035202
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For determination of the concentration of cytosine, the area 
under the contour with maximum at 795 cm−1 was used. The 
obtained dependence of integral intensity on concentration 
can be also approximated by a straight line. It allows deter-
mining concentration with accuracy 0.03 g l−1, which is 0.3% 
of the maximum DNA concentration in the solution.

As was mentioned above, the losses of substance during 
molecular computing can reach 10%. So, the obtained accuracy 
of determination of concentration of adenine and cytosine is 
certainly sufficient for monitoring of concentration of the bases.

3.2.  Determination of total DNA concentration

Total concentration of DNA in the solution can be determined 
by the integral intensity of bands corresponding to vibrations 
of phosphate groups near 1100 cm−1 and by the intensity of 

bands of CH-groups near 2900 cm−1. To solve this problem, 
Raman spectra of DNA solutions were measured in the con-
centration range 0–9 g l−1 with increment 0.4 g l−1 for sample 
2 (figure 4) and in concentration range 0–0.3 g l−1 with incre-
ment 0.05 g l−1 for sample 3.

Figure 4.  Raman spectra of sample 2 at different concentrations. Decomposition of spectra near 800 cm−1 is shown in the inset.

Figure 5.  Dependence of intensity of adenine marker on concentration of sample 2.

Table 1.  Accuracy of determination of DNA concentration using 
linear dependencies of integral intensity of different bands of the 
Raman spectrum on DNA concentration.

DNA  
sample

By band of phosphate 
groups

By valence band of 
CH-groups

(g l−1) (%, rel.  
max. conc.)

(g l−1) (%, rel. 
max. conc.)

Sample 2 0.044 0.5 0.04 0.4
Sample 3 0.015 5 0.01 3.3

Laser Phys. 25 (2015) 035202
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For Raman bands of phosphate groups of both samples, 
the dependencies of integral intensity of difference spectra in 
the region 1050–1130 cm−1 on concentration of DNA were 
obtained. These dependencies were approximated with good 
accuracy by straight lines.

The obtained linear dependencies provided good accuracy 
of determination of total concentration of DNA for solutions 
of both samples. The error values are given in table 1.

It turned out that integral intensities of difference spec-
tra of bands of vibrations of CH-groups in the range 2850–
3000 cm−1 are also linearly dependent on the concentration of 
DNA for solutions of all samples. Accuracies of determina-
tion of DNA concentration using these linear dependencies 
are also presented in table 1.

As it can be seen from the presented results, better accu-
racy of determination of total concentration of DNA in the 
solutions is provided by using valence bands of vibrations 
of CH-groups, as they are more intense in comparison with 
bands of phosphate groups.

Our results obtained for solutions of sample 3 demonstrate 
that even at maximal concentration of ‘actuation medium’ in 
a molecular computer, 0.3 g l−1 accuracy of determination of 
its concentration during molecular computing makes units 
of percent. It provides reliable control of losses of solutions 
of DNA calculations. In real experiments, concentration of 
DNA varies from units to tens of g l−1 (see 2.1). Thus even the 
upper-bound estimate of errors demonstrates that the problem 
of determination of total DNA concentration in the solutions 
using Raman spectroscopy was solved with good accuracy.

3.3.  Measurement and control of temperature of the DNA 
solutions during molecular computing

During molecular computing, measurement and control 
of temperature play a special role. The hydrogen bonding 
between complementary nitrogenous bases is the mechanism 
of connection of linear strands of DNA into the double helix. 
The hydrogen bonds are very sensitive to changes in tempera-
ture. This fact is used in molecular computations. Selecting 

the mode of temperature change, one can achieve the increase 
in efficiency of the reactions between DNA molecules, man-
agement of the processes of denaturation and renaturation. 
The temperature may vary from 0 to 95 °С.

As an example, the PCR (polymerase chain reaction) that 
is multiple selective copying of a particular stretch of DNA 
can be mentioned [34]. Figure  6 shows the typical temper-
ature profile of this reaction, which has three stages. At the 
first stage (denaturation, plot A in figure 6), a solution with 
double strands of DNA is heated to the temperature of dena-
turation (usually to 94–96 °С during time period Δt1 = 0.5–
2 min); as the result, the DNA strands diverge. At the second 
step (annealing, plot B in figure 6), the temperature is reduced 
(usually, to 60–70 °C, depending on the length and nucleotide 
composition of the primer), so that the primers can get con-
nected with a single strand. The time of this stage Δt2 is about 
0.5 min. At the third stage (elongation, plot C in figure 6), rep-
lication occurs in the strand and the primer acts as a seed. The 
temperature of elongation depends on the type of polymerase. 
The most commonly used polymerases Taq and Pfu have the 
maximum of their activity at the temperatures of 72 °С. The 
time of this stage of the reaction Δt3 depends on the type of 
polymerase and the length of the copied object. Usually, the 
estimation of the time of elongation is 1 min per fragment 
length of 1000 pairs of bases. Thus, one cycle of polymerase 
chain reaction, consisting of three stages, may take several 
minutes, during which the temperature is changed by several 
tens of degrees. Then the cycle repeats (plot D in figure 6). 
Usually several tens of cycles are conducted. Thus, for all the 
reaction time (over an hour), the temperature is changed by 
tens of degrees multiple times. The violation of the tempera-
ture regime adversely affects the yield of the reaction.

In this regard, it becomes evident that the problem of 
temperature control in operations with DNA is extremely 
important. From the technical point of view, the situation is 
complicated by the fact that in some cases the volumes of 
material are very small—up to tens of microliters. This sig-
nificantly limits the use of standard submersible temperature 
meters. The remote methods of sensing, in particular, Raman 

Figure 6.  Typical temperature profile of the polymerase chain reaction.
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spectroscopy, come to the foreground. The fact that in the pro-
cess of molecular computing, in most cases, DNA molecules 
are in the aqueous solutions–buffers, allows one to use the 
dependence of Raman spectra of water (primarily the valence 
band of the spectrum) on temperature [21, 22]. This allows 
monitoring of the temperature of the solution in the mode of 
non-contact express sensing.

The method of measuring the temperature of water and 
aqueous solutions by the valence Raman band was developed 
by the authors a long time ago [21]. In this study, this method 
was adapted to measure the temperature of the ‘actuation 
medium’ of a molecular DNA computer. Figure 7 presents the 
temperature dependence of the Raman valence band of water 
in the solutions of sample 1 of DNA on temperature in the 
range of temperatures from 0 to 80 °C.

As can be seen, the Raman valence band is very sensitive 
to the change of temperature. With increasing temperature, 
the intensity of its high-frequency region increases and that 
of the low-frequency region decreases. This is caused by the 
changes of the structure of the hydrogen bond network under 
change of temperature and by reflection of these changes in 
vibrational spectra [21]. As a parameter characterizing the 
deformation of the valence band, the parameter χ21 = I2/I1, 
which is equal to the ratio of intensities of high-frequency and 
low-frequency regions of the water valence band, was used 
[21]. The selection of specific values of the wavenumbers for 
determination of I2 and I1 is illustrated in figure 7. The values 
of the wavenumbers ν2 and ν1 are defined by specific points of 
the derivative of the Raman valence band. Figure 8 shows the 
dependence of the parameter χ21 on temperature.

Figure 7.  Temperature dependence of Raman valence band in the solutions of sample 1 of DNA.

Figure 8.  Dependence of the parameter χ21 on temperature.
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Approximation of this dependence by a straight line allows 
one to determine the temperature of the DNA solution with an 
accuracy of 0.2 °C. This accuracy is satisfactory for solving 
the problem of temperature control in the process of molecu-
lar computing. It should be noted that the method of determin-
ing the temperature using the parameter χ21 does not require 
complex and time-consuming processing of the spectra and 
it does not require any special processing programs. So, this 
method can be easily used to monitor the ‘actuation medium’ 
of molecular DNA computing in real-time.

4.  Conclusions

In the present study, it has been shown that the method of laser 
Raman spectroscopy provides the principal opportunity to deter-
mine the concentration of individual nitrogenous bases of DNA 
and the total concentration of DNA molecules in solutions by 
Raman spectra, and also to control the temperature of biochemi-
cal reactions in the process of molecular DNA computing.

	 (a)	The upper-bound estimates show that the developed method 
provides determination of concentrations of specific nitrog-
enous bases with the accuracy not lower than 0.03 g l−1  
(0.3 %) and the accuracy of determining the total concen-
tration of DNA in solutions not lower than 0.02–0.04 g l−1 
(3–5%). The obtained values of the accuracy of measuring 
the concentration of single-strand and double-strand 
DNA molecules of various lengths in the solution provide 
a precision monitoring of the concentration of DNA in 
the solutions during molecular computing.

	(b)	The method allows one to control the temperature of flow 
of chemical reactions in DNA solutions in the process of 
molecular computing with an accuracy better than 0.2 °C. 
This provides due control of the temperature, necessary 
to increase the speed and fidelity of solving the problems 
by molecular computing.

	 (c)	The proposed method is non-invasive, remote and works 
in real time mode. It allows determining several param-
eters of ‘actuation medium’ in computational molecular 
devices simultaneously.

The obtained results allow one to use the developed method 
to monitor DNA solution states and to control errors in the 
process of molecular computing by DNA strands.
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