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Abstract. The study examined the possibility of  immobilization of  short DNA oligonucleotides 
(aptmers) on the surface of  reduced graphene oxide, with the aim of  forming a bio-sensitive sensory 
layer. The features of  laser reduction of  graphene oxide were considered, and the parameters of  
reduction were determined, which were implicated in achieving partial reduction. The possibility 
of  immobilization of  aptamers on graphene oxide with a low degree of  reduction and the response 
of  sensory structures formed on the basis of  this basis is shown. A significant difference between 
the response of  the sensors to the effects of  thrombin (target protein) and albumin (comparison 
protein) was demonstrated.
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1. INTRODUCTION 
The market for electronic devices is growing 
rapidly and shifting more and more towards 
the personalized devices with large number 
of  different sensors. Among them devices 
for health monitoring are most claimed. In 
addition, 5th generation mobile networks 
that allow data collection and transfer from 
a large number of  different sensors have 
recently appeared. Another important trend 
of  the world healthcare is remote patient 
control without the need to visit a hospital. 
Based on the abovementioned trends, we can 
conclude that in the nearest future diagnostics 
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of  some diseases will be held completely 
online. And in the far future diagnostics 
of  the wide spectrum of  diseases will be 
made remotely that requires sophisticated 
systems for personal diagnostic. One of  the 
main requirements for such systems is the 
creation of  sensors that can directly measure 
presence of  specific pathogens since far 
from all diseases and pathologies can be 
determined by such indirect measurements as 
heart rate, pressure or ECG (today the most 
sophisticated smart bracelets and watches 
allow such measurements). Preferably new 
generation of  biological sensors should 
detect the presence of  pathogens or their 
markers in physiological fluids or human 
breathing. The development of  affordable 
sensors of  this kind could greatly simplify 
the chain that include taking medical tests; 
movement samples from the clinic to 
the laboratory, processing samples in the 
laboratory by qualified personnel, results 
transfer to the patient, results transfer to 
the doctor. According to last advances in 
data transfer technologies and in case of  the 
presence of  highly sensitive and selective 
sensors the abovementioned chain can be 
reduced to sample deposition on sensors 
and transfer results of  measurement to the 
patient and doctor. Great advance of  such 
approach is that results can be obtained in a 
few minutes.

Based on foregoing, it is possible to 
determine the basic requirements for 
biosensors: high accuracy, selectivity and 
velocity of  the test with minimal usage skills, 
possibility of  on-site detection and low cost 
of  the tests. 

Taking into account the above 
requirements for the biosensor, one of  
the most promising materials is reduced 

graphene oxide, obtained by reduction 
of  suspensions, films, or graphene oxide 
powders. Due to the presence of  functional 
groups and relatively high conductivity, 
reduced graphene oxide can be successfully 
used both for the formation of  a sensitive 
layer and transducer [1]. The advantage of  
graphene oxide is its good dispersibility, 
which makes possible graphene oxide 
deposition on various substrates by liquid 
methods, in particular, drop-casting [2], 
spin-coating [3] or aerosol deposition [4]. 
The reduction of  graphene oxide can be 
carried out with the retention of  a part of  
the functional groups, which subsequently 
can be used to immobilize bioavailable 
agents [5].

Several mechanisms of  reduction of  
graphene oxide can be distinguished: thermal 
[6], chemical [7] and photochemical realized 
using UV radiation [8], as well as methods 
based on the use of  lasers [9].

In this paper we showed the possibility of  
graphene oxide films formation with further 
local reduction of  these films using laser 
irradiation. The possibility of  controlled 
reduction of  graphene oxide with the presence 
of  a certain number of  functional groups 
and conductivity is also shown. Moreover, 
we immobilized short DNA oliguncleotides 
(aptamers) to reduced graphene oxide film 
through a modified EDC/HNS reaction. 
Aptamers as biosensitive agents have 
such advantages over antibodies as higher 
stability, much simpler and cheaper synthesis 
[10-14]. As a final point we demonstrated 
selective response of  sensors structures 
based on reduced graphene oxide with the 
binded aptamers to the target and reference 
proteins.
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2. MATERIALS AND METHODS
As the substrate for graphene oxide film 
deposition we used polyethylene terephthalate 
(PET) with a thickness of  175 μm and a 
lateral size of  the substrate of  40×40 mm. 
We used PET is due to the relatively high 
melting point, significantly exceeding 250°C 
that makes possible the heat treatment of  the 
deposited films, and acceptable mechanical 
characteristics, at a low cost. The preparation 
of  the substrates for the deposition of  
graphene oxide consisted in mechanical 
cleaning in 2-propanol (ECOS-1, Extra Pure, 
TU 2631-064-44493179-01).

An aqueous suspension of  graphene 
oxide (4.7 mg/ml) obtained by the advanced 
Hammers method (MIP Graphene LLC, 
Russian Federation) [15] was diluted with 
deionized water to a concentration of  1.5 
mg/ml and deposited on PET surface by 
spin-coating with the number of  iterations 
from 5 to 15. Obtained films were dried at 
a temperature of  110°C for 20 minutes. The 
thickness of  the obtained films was in range 
from 40 to 100 nm (according to atomic 
force microscopy).

Local restoration of  the graphene oxide 
film was carried out by an automated setup 
which included a diode laser (445 nm 
wavelength) and a motorized sample table 
[16]. Control of  the laser power in the range 
of  10-400 mW was carried out by pulse-
width modulation with a frequency of  
30 MHz. The pulse width ranged from 1 to 
20 μs. The processing time at the point was 
30 ms (the size of  the laser beam was about 
1.5·103 μm2).

For the formation of  a biosensitive 
layer, amine modified thrombin aptamers 
AmTBA with a nucleotide sequence 
(5'-GGTTGGTGTGGTTGG-3 ') were 

used. Aptamers were synthesized using 
standard chemistry of  phosphoramidites 
and purified by liquid chromatography 
(Apto-Farm, LLC, Russia). The amino 
group was introduced as a modified thymine 
residue at the 5'-end of  the DNA sequence. 
The binding of  aptamers to carboxyl groups 
contained in reduced graphene oxide was 
carried out using a commercially available 
electrophilic activator EDC (1-ethyl-3-
(3-dimethylaminopropyl) -carbodiimide 
(Sigma-Aldrich, USA) .The reaction was 
carried out in 100 mM buffer a solution of  
MES (2- (N-morpholino) ethanesulfonic 
acid, Sigma-Aldrich, USA), pH = 6.0, with 
the addition of  25% ethanol, at room 
temperature in an inert gas atmosphere. 
The final concentration of  the aptamer in 
the conjugation reaction amounted to 50 
μm. Binding occurred within 1 hour, after 
The solution was collected, centrifuged and 
analyzed by HPLC.

HPLC measurements were performed 
on an Agilent Technologies 1200 instrument 
with a DNA PAC 100 chromatographic 
column (particle diameter 4×250 mm and 13 
μm, Thermo Scientific, USA). The mobile 
phases were as follows: A: 10 mM Tris, 1 mM 
EDTA, pH = 7.5, 5% acetonitrile; B: 10 mM 
Tris, 1 mM EDTA, pH = 7.5, 1 M NaCl, 5% 
acetonitrile. The gradient program included 
two stages: 0-1 min - 30% B, 1-20 min 30-
50% B. The column temperature was 60°C, 
the flow rate was 1 ml/min. Detection was 
carried out by absorption at a wavelength of  
254 nm.

Raman spectra were obtained on a 
Centaur U HR combined AFM/Raman 
complex (NanoScanTechnology Ltd, Russian 
Federation).
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Fourier-IR spectroscopy was carried 
out on a Nicolet iS10 FTIR spectrometer 
(Thermo Fisher Scientific, USA) by the 
method of  impaired total internal reflection.

The surface topography of  the graphene 
oxide films was obtained using a Solver P47-
Pro scanning probe microscope (NT-MDT, 
Russia).

Thrombin was used as the target protein, 
and albumin was used as the reference 
protein. The response of  biosensors to the 
effects of  proteins was recorded using an 
IPS-16 sensor parameters meter (Pracktik 
NC Ltd., Russian Federation).

3. RESULTS AND DISCUSSION
3.1. aFM IMagIng oF graphene oxIde 
FIlMs

We measured thickness of  the obtained 
films by atomic force microscopy and made 
correlation with made correlation with 
the transmittance of  the same films made 
by spectrophotometry. By the correlation 
between the spectrophotometric data, it is 
subsequently possible to make a fast control 
the thickness of  the deposited films. The 
dependence of  film thickness and optical 
transmittance on the number of  deposition 
iterations in on Fig. 1.

The thickness of  the obtained films was 
determined using atomic force microscopy 
according to the following procedure: a 
graphene oxide film was partially removed 
from the substrate with the end face of  
another PET substrate so that a step formed 
between the substrate and the graphene oxide 
film. The height of  the step was determined 
by the surface topography (Fig. 2). The 
morphology of  the film surface is typical 
for graphene oxide films and is similar to the 
morphology of  the film presented in [17].

Based on the data obtained, it is possible 
to note the presence of  a threshold number 
of  depositions - 10, at which the maximum 
film thickness is achieved. It is assumed that 
this threshold is due to the fact that upon 
depositions the film does not have time to 
completely dry. In this case the adhesion 
of  the upper layers of  the film is less than 
the centrifugal force for a given solution 
concentration and substrate rotation speed.

From the obtained data, it can be noted that 
the film thickness and optical transmittance 
have a linear dependence on the number 
of  deposition iterations and are inversely 
proportional to each other. The maximum 
film thickness is achieved at 10 iterations of  
deposition and is 90 nm. In this case, the 
optical transmittance is about 10±2%, which 
was used in the further preparation of  the 
sensor structures.

NANOSYSTEMS

                     a                                         b
Fig. 1. Dependence of  the thickness of  the formed films 
and the optical transmittance on the number of  deposition 

iterations.

Fig. 2. The topography of  the graphene oxide film (a) and 
the image of  the boundary of  the graphene oxide film and the 

PET substrate in the phase contrast mode.
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3.2. InvestIgatIon oF the Features oF 
the reCovery oF graphene oxIde FIlMs

The thickest graphene oxide films were used 
to study the features of  reduction by laser 
irradiation. The films were treated with laser 
fluence from 15.2 to 59.4 J/cm2. We assumed 
that at low fluence it will be weak reduction 
of  graphene oxide but with conductive 
channels formation and residual amounts of  
functional groups, that will be sufficient for 
aptamer binding. From the obtained results 
(Fig. 3) we can note that the ratio ID/IG is 
reduced to about 0.4 with increasing fluence 
to about 37 J/m2, which means that there 
is a removal of  structural defects, primarily 
due to removal oxygen-containing functional 
groups. When fluence is more than 60 J/cm2 

we observed destruction of  the film with 
partial ablation of  substrate. The maximum 
degree of  graphitization and according to 
Raman spectroscopy is achieved at a fluence 
of  48.3 J/cm2, which follows from the ratios 
ID/IG and I2D/IG. But considering the fact 
that the resistance and ratio ID/IG and I2D/IG 
vary in the range from 35 to 50 J/cm2, it is 
assumed that the resulting energy is sufficient 
to heat the graphene oxide film over the 

entire thickness. Increasing I2D/IG ratio tells 
us about structuring of  reduced graphene 
oxide due to the presence turbostratic 
graphite consisting of  several graphene 
flakes which have a random orientation in 
the layer. It is interesting to note that there 
is a significant correlation between the 
resistance of  the reduced areas and the ID/
IG ratio, that assumes quasi-linear nature 
of  the energy distribution in the irradiated 
graphene oxide film.

Based on the data of  Raman spectroscopy 
it can be concluded that the maximum number 
of  functional groups (i.e., structural defects) 
observed in 15-25 J/cm2 fluence range but 
nevertheless reduced graphene oxide film in 
this case shows conductivity. This fluence 
values were used in further work for sensor 
structures formation.

3.3. IMMobIlIzatIon oF aptaMers

To study the specific features of  the 
binding of  DNA nucleotides to reduced 
graphene oxide, we used a well-studied 
aptamer with affinity for thrombin [18] 
with amino modification (Am-TBA). The 
nucleotide sequence of  this aptamer: 
5’-GGTTGGTGTGGTTGG-3’. As it was 
shown in [19], TBA recognizes thrombin 
with very high affinity using its TT loops, 
and the core structure of  the G quadruplex 
stabilizes the exact location of  the loops. In 
this case we used the 5'-amino-thymidine 
modification of  the aptamer (Am-TBA), due 
to the fact that the addition of  nucleotide 
residues and functional groups at the 5'-end 
of  the TBA does not change the structure of  
the aptamer that binds thrombin and does 
not affect binding to the target protein [20]. 
The amine group in Am-TBA is necessary 
for covalent bonding by carboxyl groups 

NANOSYSTEMS BINDING OF SHORT DNA OLIGONUCLEOTIDES TO 
THE SURFACE OF REDUCED GRAPHENE OXIDE TO...

Fig. 3. Dependence of  the intensity ratios D, G, 
and 2 D of  Raman peaks and the resistance of  the 

reduced regions on the laser fluence.
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of  the reduced graphene oxide film pre-
activated with carbodiimide (EDC).

The EDC conjugation method is 
an extremely common practice for 
bioconjugation: the coupling reaction 
proceeds with a quantitative yield. However, 
when we applied this method to conjugate 
an amino-modified aptamer derivative with a 
reduced graphene oxide film, we saw that the 
hydrophobic surface effect of  the reduced 
graphene oxide plays an important role. 
We did not get a satisfactory yield with the 
standard reaction method. We have shown 
that the addition of  25% vol. of  ethanol to 
the reaction mixture improves the yield of  
the reaction.

HPLC analysis of  AmTBA amount 
allows only reactive carboxyl groups to be 
calculated. However, it is the number of  
active carboxyl groups that determines the 
number of  conjugated sensitive molecules 
on the surface of  the reduced graphene oxide 
and, therefore, it determines the effectiveness 
of  the biosensor.

Based on the amount of  the amino-
modified AmTBA aptamer, we calculated 
that the specific number of  carboxyl groups 
reaches 29 pmol per 1 mm2, maximum at 
fluence 42 J/cm2, 32 pmol per 1 mm2, at 
fluence 35 J/cm2 and 43 pmol per 1 mm2 

films at a minimum fluence of  25 J/cm2 

(Table).

Thus, we observed a tendency to increase 
the presence of  carboxyl functional groups 
with a decrease in the laser fluence and 
determined that laser treatment with a fluence 
of  about 25 J/cm2 is suitable for aptamer 
communication and, therefore, for the entire 
sensor. 

3.4. study oF the Features oF 
IMMobIlIzatIon

The Raman spectra from the sensor 
structures before and after the aptamer 
interaction are shown in Fig. 4. In these 
spectra, we can observe D (~1350 cm–1), G 
(~1600 cm–1) and 2D (~2700 cm-1) bands 
respectively. It is known that the D band 
arises due to A1g symmetry and originates 
from the zone boundary phonons. The D 
band is usually attributed to various defects 
in the graphite lattice. The G band on the 
other hand is first-order scattering, related 
to E2g symmetry and corresponds to the 
Brillouin zone of  crystalline sp2 lattices in 
graphite [21].

Higher ID/IG ratio in the reduced 
graphene oxide indicates larger defect 
density [22, 23] i.e. including functional 
groups. Thus in our case we observe large 
defect presence in the sensitive area of  
biosensor including functional groups It 
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Table
Aptamer conjugation results.

Laser 
fluence,
J/cm2

The 
percentage 

change in the 
concentration 
of AmTBA,%

Quantitative 
change in the 

quantity of 
AmTBA, nmol

The specific 
amount of 

reactive carboxyl 
groups per unit 
area, 1012/nm2

25 32 3.2 43

35 29 2.9 32

42 26 2.6 29
Fig. 4. Raman spectra on the reduced surface of  
graphene oxide before and after aptamer interaction.
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has been reported that the 2D peak profile 
is sharp for pristine graphene, whereas low 
and wide 2D peak intensity as compared to 
D and G peaks indicates higher disorder 
rate in the GO structure [24]. From figure 
5 and abovementioned information on 
the nature of  Raman bands we can make 
next observations and deduction. One 
can see that there are 2 main features in 
spectra after coupling: change in ID/IG 
ratio (0.98-0.99 before to 0.86-1.13 after 
aptamer coupling) and decrease of  2D peak 
intensity. As we assume these effects could 
be corresponded to increase of  defect 
number due to presence of  aptamer-rGO 
conjugates with the trend and values ID/
IG ratio before and after aptamer coupling 
very similar to the effects obtained in 
[25, 26]. Authors of  [26] correspond this 
effect to the coupling of  polyethylenimine 
(PEI) to the graphene oxide. In our case, 
such comparison is legal due to low 
reduction rate of  graphene oxide that 
thus contains different functional groups. 
Based on abovementioned information 
we have indirect confirmation of  aptamer 
coupling that is confirmed further by FTIR 
spectroscopy (Fig. 5).

From Fig. 5 we can mention presence of  
several characteristic peaks we attribute to 
hydroxyl, carboxyl, carbonyl and epoxide. 
Broad peak at ~ 3400 cm-1 could be 
attributed to O-H stretching vibrations, i.e. 
hydroxyl groups presence [27]. One should 
note that this peak is clearly observed only 
in sensitive area after coupling reaction. 
Minor peaks at 2847 cm-1 (symmetric) 
and 2917 cm-1 (asymmetric) are –CH2 
absorption band that was split into two 
sub-bands and can be assigned to alkyl 
moieties (as a result of  the reduction of  
COOH to -CH3 segment) [28]. Relatively 
intensive peak at ~ 1720 cm-1 in case of  
reduced graphene oxide in contact area 
should be attributed to carboxyl groups 
presence, which means that reduction with 
low fluence doesn’t remove all functional 
groups. On the other hand, large decrease 
in this peak intensity after aptamer 
coupling means that we observe reaction 
between aptamer and carboxyl group. The 
same situation is described in [29] for 6 
arm polyethylene glycol amines conjugated 
with graphene oxide. According to [30] the 
peak at ~1720 cm-1 should be attributed 
to C=O carboxyl and carbonyl groups, 
peak at 1640 cm-1 can be attributed to the 
skeletal vibrations of  un-oxidized graphitic 
domains. Wide band at about ~ 1080 cm-1 
appears due to hydroxyls [31]. 

From FTIR spectra we can make a 
conclusion that after the graphene oxide 
reduction. A number of  functional groups 
still remain in the film. Moreover, after 
aptamer coupling, we observe decrease of  
the carboxyl peak intensity, which means 
transformation of  this groups after coupling 
reaction. It is that we want and predict for 
low reduction ratio.
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Fig. 5. FTIR spectra of  the biosensor in the region 
of  the reduced oxide with and without aptamers 

applied.
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3.5. sensor response researCh

We exposed the sensitive area with thrombin 
(target) and albumin proteins (reference) 
to get a response from the sensor. Sensors 
with a coupled thrombin-binding aptamer 
were exposed to thrombin (Fig. 6a) and 
albumin (Fig. 6b). We observed a significant 
difference between sensory signals acting on 
different proteins. The sensors also showed 
various signs of  resistance change,

Fig. 6 shows that there is a reaction to 
thrombin in which the response increases 
with increasing concentration of  thrombin, 
while in the case of  albumin there is no 
noticeable difference in response even at 
concentrations differing by 2 orders of  
magnitude. The latter fact suggests that 
albumin interacts nonspecifically with 
aptamers, whereas in the case of  thrombin, 
it is precisely the selective interaction of  the 
aptamer with thrombin that is observed. 
In addition, it is noticeable in Fig. 6a that, 
after reaching the maximum response, a 
resistance fluctuation is observed with 
a trend towards a return to the initial 
resistance. We attribute the fact of  
resistance fluctuation to protein desorption 
process, while in case of  albumin we 
observe nonspecific interaction of  albumin 
with aptamers, cause in case of  interaction 

with reduced graphene oxide surface we 
should observe must observe non-recovery 
response due strong coupling of  rGO with 
albumin like in [32]. The detection limit 
of  the developed sensor on thrombin is in 
range from 1 to 10 µM. 

CONCLUSION
In this work, we showed the possibility of  
the formation and controlled reduction of  
graphene oxide films using laser radiation. 
The possibility of  binding short DNA 
oligonucleotides (aptamers) with reduced 
graphene oxide through the carboxyl 
groups of  the latter was shown. The 
optimal range of  fluence values for the 
reduction of  graphene oxide is 15-25 J/cm2. 
Optimal binding of  aptamers is achieved 
with minimal fluence. The response of  the 
sensors to the target and reference protein is 
shown, and there are noticeable differences 
in the response to thrombin and albumin 
with a minimum detectable concentration 
of  the first 1 μM.
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Fig. 6. Response of  sensory structures to thrombin (a) and albumin (b).
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