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Effect of the introduction of single-walled carbon nanotubes and reduced

graphene oxide on the structure formation and specific resistance of

yhydrogels during photopolymerization
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The effect of ultrasonic treatment of aqueous dispersions of single-walled carbon nanotubes (SWCNTs) and

reduced graphene oxide (RGO) on the structure formation and specific resistivity of photopolymerized biopolymer

hydrogels (matrix: collagen/BSA/chitosan/eosin Y) has been studied. For this purpose, dynamic light scattering

was used in combination with specific resistivity measurements. The optimal ratio of 1 to 1 for SWCNTs with

a hydrodynamic radius of 0.49 µm (80min treatment) and RGO with 0.21 µm (80min treatment) provided a

specific resistivity of 14�·cm, while hydrogels retain the ability to swell up to 200%. The analysis of the

dependence of temperature and normalized optical transmission on the duration of laser photopolymerization

made it possible to determine the optimal temperature of the liquid biopolymer precursor 28 ◦C, which ensures

maximum reproducibility of the specific resistivity of hydrogels produced by photolithography
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Introduction

Electrical stimulation accelerates and triggers ionic pro-

cesses in cells by activating intracellular pathways and ion

channels [1,2], which is necessary for therapeutic tissue

stimulation [3,4], recovery of nerve conduction [5,6] and

chronic pain relief in case of spinal cord injuries [7,8]. To

realize these effects, electrodes made of conductive and

biocompatible materials are being developed that can deliver

necessary energy for a long time to block pain and provide

other therapeutic tasks [9–11].

Metal electrodes have limited duration of stable operation

due to encapsulation and related problems — signal drift

and corrosion [12], skin allergy and inflammation [13], as
well as mechanical mismatch of soft nervous tissue [14].
For long-term use, a material with breathability, good

adhesion during tissue movement and mechanical flexibility

is required [2,3,5,10,11]. In this paper, it is proposed to use

conductive hydrogels as an interface between electrodes and

a nerve: this increases the stability of neurostimulators for

controlling phantom pain and sensitizing bionic devices, and

their effectiveness in simulating or enhancing the functions

of sensory neurons [15,16].

Hydrogels with sufficient resistivity reduce corrosion of

metal electrodes due to the ability to operate at lower

currents [12,17–19]. Collagen, bovine serum albumin

(BSA), and chitosan are considered as biocompatible ma-

trices, but they do not provide the necessary conductivity

by themselves [20,21]. Single-wall nano tubes (SWCNT)
are suggested to lower the resistivity; however, the use

of SWCNT is a disputable issue because of their known

toxicity, therefore, pre-treatment methods are required to

achieve their potential while keeping their minimal con-

tent [22]. The biocompatible shells (e.g., BSA or chitosan)
may reduce the toxicity of SWCNT and provide their

good compatibility with tissues [23–25]. In addition, other

allotropic forms of carbon sometimes exhibit lower toxicity

compared to SWCNT, which makes it possible to increase

their proportion in compositions without significantly im-

pairing biocompatibility [24,26]. Earlier in our paper [27],
an increase in the current emission was described for the

case of graphene and SWCNT combined under the action

of laser irradiation to form a recombinant graphene/SWCNT

structure. In the present study, to get a homogeneous

dispersion, the splitting of SCNT beams by dynamic light

scattering (DLS) was controlled and the reduced graphene

oxide (RGO) was included in the dispersion.

The resistivity was evaluated for hydrogels formed on

the basis of a collagen/BSA/chitosan/eosin Y/SWCNT/RGO

dispersion, considered by analogy with a negative pho-

toresist. For successful photopolymerization, the optical

characteristics of the system and temperature control are

critical [28], to avoid irreversible denaturation of sensitive

protein components [29]. Eosin Y was used as a photo-

934



XIII International symposium
”
Optics and bio-photonics“, 30 September–3 October, Saratov, 2025 935

sensitive component due to its ability to absorb the applied

laser radiation [23].

1. Materials and optical research

1.1. Preparation of carbon components

Nano tubes TUBALLTM (OCSiAl, Moscow, Russia)
with a 99wt% product content were selected as SWCNT.

Other carbon allotropic materials and metal impurities are

less than 1wt%, with a diameter (1.6± 0.4) nm, length

over 5µm and specific surface area 40m2/g [21,30,31].
RGO (OOO

”
Graphenox“, Chernogolovka, Russia) with

a specific surface area of 50m2/g was used [32,33]. A

stable dispersion was achieved using an ultrasound im-

mersion homogenizer Sonicator Q700 (Qsonica, Newtown,

Connecticut, USA) by treatment from 20 to 100 min at

frequency of 20 kHz and power of 210 W. Thermostatic

cooling was used to prevent boiling. Such ultrasound

treatment with an immersion homogenizer impacted the

distribution of nanotubes. At the same time, filter paper

was used to remove large tangles that can form under the

action of van der Waals forces [34,35].

1.2. Preparation of dispersions for fabrication of
hydrogel

The dispersion, which can be used like a negative

photoresist, was prepared in three stages. Such compo-

nents as chitosan (OOO
”
Bioprogress“, Losino-Ostrovsky,

Russia), collagen (OOO
”
MakMedi“, Moscow, Russia) and

BSA (BioClot, Aidenbach, Germany) were used. As a

result, a uniform distribution of components was achieved

throughout the volume. Sodium deoxycholate and acetic

acid (Sigma-Aldrich, St. Luis, Missouri, USA) were used as

surfactants.

At the first stage, using the magnetic stirrer Elmi MS-01

(ELMI, Riga, Latvia) the aqueous solutions of eosin Y

(Agat-Med, Moscow, Russia), BSA and collagen were

prepared. In parallel, the dispersions were prepared by

ultrasonic treatment, containing carbon components and

chitosan in a 10% vinegar solution, which cannot be

sufficiently stirred using a magnetic stirrer.

The second stage involves mixing with the magnetic

stirrer the solutions of BSA, collagen and chitosan obtained

in the first stage with each other. In parallel, SWCNT,

RGO and eosin Y were mixed using a laboratory paddle

mixer, allowing to avoid their sticking together as a result

of magnetization. In case of carbon nanoparticles, sodium

deoxycholate as a surfactant was used in the amount of 1%.

The third stage involved mixing the samples obtained

in the second stage with each other with the paddle

mixer. As a result, five dispersion samples were obtained

(negative photoresist) containing 2.5 wt% collagen, 5wt%

BSA, 2wt% chitosan, 0.5 wt% eosin Y, 0.02wt% RGO,

while 0.02wt% SWCNT had different treatment periods

(in parentheses the hydrodynamic radius R of particles

with the greatest contribution is indicated): 1 — SWCNT

(R = 0.80µm), 2 — SWCNT (R = 0.60µm), 3 — SWCNT

(R = 0.52µm), 4 — SWCNT (R = 0.49µm), 5 — SWCNT

(R = 0.55µm).

1.3. Optical research and temperature control

HTTP MARK MOPA laser system (DB
”
Bulat, Ze-

lenograd, Russia) was used as radiation sources in the gen-

eration mode (wavelength 1070 nm) with a pulse duration

of 120 ns with a pulse repetition period of 67µs (Fig. 1).
The radiation was incident on the lens to obtain sufficient

intensity and non-linear effects. The sample was placed in a

holder mounted on a motorized table N31.100E, controlled

by PLC E71.D4E-H (CoreMorrow Ltd., Harbin, China)
to move along the beam direction towards the second

lens. A beam splitter was installed behind these optical

components, splitting the beam into two trajectories. In

one case, an aperture in front of the power sensor was

installed in the radiation path, and in the other, the beam hit

the power sensor directly G5F-GT-10 (ShenZhen CaiHuang

Thermoelectricity Technology Co. Ltd., Shenzhen, China).
This made it possible to conduct Z-scanning and determine

optical transmission. In case of plotting the curves of

temperatures and normalized transmissions versus time the

cuvette with the sample was placed in the focus of the

lens. During the research, GM320 pyrometer (Benetech,
Inc., Montgomery, IL, USA) and IR USB Camera Module

thermal imager (Wuhan Guide Sensmart, ltd., Wuhan,

China) were used, which simplified the definition of the

area for heating control according to the method we used

earlier [28].

Before determining the nonlinear absorption section

σ [23,36], the nonlinear absorption coefficient β and the

threshold exposure of laser radiation Fx were estimated as

per the radiative transfer equation (RTE) [37]:

Tnorm = exp

(

−
β

τ

(

2U

w(z )π
− Fx

)

d

)

, (1)

where d — thickness of the cuvette filled with the

dispersion; τ — pulse duration in time; U — total energy

of a single pulse; w(z ) — radius of the beam depending

on the displacement of sample z relative to the lens focus,

which is determined by the formula [38]:

w(z ) = w0

√

1 +
λz 2

πw2
0

, (2)

where w0 — radius of constricted beam (40µm); λ —
wavelength. Full pulse energy was determined based on the

measured laser power P (190mW):

U = PTp, (3)

where Tp — pulse repetition period (67 µs).
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Figure 1. Experimental setup.

As a result, the section of non-linear adsorptionσ is

defined using the obtained non-linear adsorption coefficient

β by formula [23,36]:

σ =
β~ω

NAC · 10−3
, (4)

where ~ω — energy of absorbed photon (0.19 aJ); NA —
Avogadro number; C — concentration (7.2mmol/L).

To assess the possible effect of scattering, the nonlinear

refractive index nn [23,38] was estimated. As a result of

measurements using Z-scanning with open and closed aper-

tures, the normalized transmission value was determined:

Tnorm =
16πnnP0TpLef f zπω2

0

τ ω2
0π

√
π(z 2λ2 + 9π2ω4

0)(z
2λ2 + π2ω4

0)
, (5)

where the effective thickness of Leff layer is determined

by the linear absorption coefficient — (40 cm−1) and

the cuvette thickness d (1mm) in accordance with the

expression

Leff =
1− exp(−αd)

α
. (6)

1.4. Study of resistivity and formation of hydrogel

To assess the resistivity the samples of hydrogels in the

form of a square 5× 5mm were prepared. The resistivity

values were determined by the van der Pau method.

ST2258C setup with a four-probe head unit ST2571A-F01

(Suzhou Jingle Electronics Co., Ltd., Suzhou, China) was

used. Photopolymerization was made by laser pulses with

a duration of 100 ns with a pulse repetition period of 33 µs

using a fiber laser equipped with a scanning system (Fig. 2).
The radius of the laser spot in the lens focus was 19 µm.

The laser trajectory was set on a PC.

1.5. Swelling estimate

The swelling ability was determined after soaking in

isotonic saline solution 5mL (0.9% NaCl) at a temperature

of 37 ◦C. The estimate was made based on the results of

measurements of initial m0 value of the sample’s dry mass

and mwt wet mass. As a result, the degree of swelling S was

estimated using the formula [39]:

S =
mwt

m0

· 100%. (7)

2. Results and discussion

2.1. Studies by method of Raman scattering (RS)

Six samples of dispersed media were prepared, which

differed in the duration of ultrasonic treatment. Their data

are given in Table 1. Characteristic hydrodynamic radius

of dispersions with SWCNT and RGO was assessed by RS

scattering method.

After 20min of mixing the hydrodynamic radius for

the majority of SWCNT in a dispersion corresponds to

R = 0.8µm. As processing progressed over 1 and 60min,

this value decreased to R = 0.6 and 0.52 µm, respectively.

This indicates the splitting of the initial beams, which

could affect the decrease in the hydrodynamic radius. At

the same time, during exposure to powerful ultrasound,

the SWCNT may shorten with the formation of many

short segments [40], but no increase in the contribution to

scattering from them was detected when determining the

hydrodynamic radius. The absence of shortening with an

increase in the number of defects may occur depending

on the choice of ultrasound treatment mode [41]. This

effect could be facilitated by a moderate power value of

210W during processing. By about 80min, a state close to

equilibrium occurs with the value of hydrodynamic radius

R = 0.49µm; further processing during 100min leads to

a violation of the decreasing trend and, on the contrary,

a slight increase in R = 0.55µm is recorded. During

exposure to ultrasound in the specified time range up to

100min, there is no complete splitting of SWCNT beams

and their strong shortening. In case of RGO, the value of

hydrodynamic radius of R = 0.21µm was obtained, which

indicates their sufficient dispersion and the almost complete

absence of clumped flakes (agglomerates).
Further, carbon nanoparticles were used to prepare

dispersions, which were intended for use like a negative

photoresist.
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Figure 2. Setup for the photopolymerization of collagen/BSA/chitosan/eosin hydrogel Y/SWCNT/RGO.

Table 1. Data obtained by RS scattering method for SWCNT and RGO

Ultrasonic Time
Carbon Nanoparticles

Hydrodynamic Radius Standard deviation,
Contribution, %

homogenization, min R, µm µm

20
single SWCNT 0.20 0.04 22

SWCNT beams 0.80 0.24 78

40
single SWCNT 0.07 0.01 7

SWCNT beams 0.60 0.09 93

60
single SWCNT 0.06 0.01 4

SWCNT beams 0.52 0.10 96

80
single SWCNT 0.04 0.01 6

SWCNT beams 0.49 0.10 94

100
single SWCNT 0.07 0.01 7

SWCNT beams 0.55 0.07 95

80
Single RGO 0.05 0.01 9

Agglomerates of RGO 0.21 0.05 90

2.2. Temperature and optical density control

during photopolymerization

In fabrication of complex shape samples, temperature has

a significant effect. To select the temperature during pho-

topolymerization and reduce the number of unpolymerized

areas, the effect of laser radiation on the dispersion material

(negative photoresist) was studied the material itself was a

compound of collagen/BSA/chitosan/eosin Y/SWCNT/RGO,

and SWCNT in it had different treatment times (the value

of hydrodynamic radius R of particles with the greatest

DLS contribution is indicated in parentheses): 1 — SWCNT

(R = 0.8µm), 2 — SWCNT (R = 0.6µm), 3 — SWCNT

(R = 0.52µm), 4 — SWCNT (R = 0.49µm), 5 — SWCNT

(R = 0.55µm). The study results are shown in Fig. 3.

When using pulsed laser radiation with a power of

about 190mW with a pulse repetition period of 67µs

photopolymerization took place for a sufficient time for

observation within 100 s. The energy parameters of laser

are selected to provide easy measurements. Photopolymer-
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Figure 3. Two experimentally measured values versus time during laser photopolymerization of collagen/BSA/chitosan/

eosin Y/SCNT/RGO dispersions: a — normalized optical transmittance; b — temperature.

Figure 4. Images obtained by the thermal imager for all three areas during photopolymerization: a — initial moment of irradiation

(zone I); b — photopolymerization occurs (zone II); c — heating of the photopolymerized area (zone III).

ization on the scanner system was subsequently performed

at a higher radiation power, which made it possible to

obtain such an effect in less time. In the first seconds,

when radiation is applied to sample 1, the temperature

rises to 28 ◦C without any structural changes in the sample

(region I — Fig. 4, a), and then the temperature growth

rate increased significantly and was less than 1 ◦C for

20 s, which was accompanied by a significant decrease in

the normalized transmission down to 0.5 (region II —
Fig. 4, b). After the hydrogel material had been formed,

the temperature increase resumed at almost the same

rate, but, after reaching a certain value, further growth

stopped, and a stable equilibrium was established between

the energy parameters of laserand temperature at exposure

point (region III —Fig. 4, c). Similar pattern was observed

for the other cases, too. Thus, hydrogel started to form

at a temperature 27 ◦C and 27.5 ◦C in case of samples 2

and 3 accordingly. At the same time, there is a strong

change in the normalized transmission to 0.1, which may

indicate the formation of a dense structure. In case of

sample 4 in region II the temperature varied at about 28 ◦C.

At the same time, the lowest normalized transmission of

0.02 of all the studied samples is observed in the region III,

which is evidence of the densest structure. In the case of

sample 5, the obtained dependences of temperature and

normalized transmission on time are close to sample 3.

For samples 1, 3, and 5, photopolymerized sections were

detached from the cuvette surface, which did not occur

in the case of samples 2 and 4. For this reason, the

change in normalized transmission occurred later and only

some fluctuations in the values of normalized transmission

were observed. This didn’t influence determination of

the optimal temperature, and later, a scanning system

was used for photopolymerization in a vertical irradiation

scheme, where the occurrence of such a phenomenon was

excluded.

Technical Physics, 2026, Vol. 71, No. 5
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Figure 5. Results of Z-scanning with an open aperture of collagen/BSA/chitosan/eosin Y/SWCNT/RGO dispersions containing nanotubes

with different hydrodynamic radius.

Table 2. Properties of dispersion (negative photoresist) collagen/BSA/chitosan/eosin Y/SWCNT/RGO

Variance Hydrodynamic Radius Cross Section of a nonlinear Threshold Exposure Non-linear Index

(negative SWCNT R, µm absorption σ , GM laser Fx , mJ/cm2 refraction nn, cm
2/GW

photoresist)

1 0.80 750 90 0.25

2 0.60 770 80 0.25

3 0.52 760 80 0.40

4 0.49 850 70 0.80

5 0.55 830 60 1.00

The analyzed dependences of temperature and nor-

malized optical transmission on the duration of laser

photopolymerization, enabled to find the best possible

temperature of the liquid biopolymer dispersion to ensure

high reproducibility of the hydrogel characteristics obtained

by photolithography. In case of sample 4, the laser radiation

power is also used most effectively, as indicated by the value

of the lowest normalized transmission after the formation of

the composite hydrogel. Under the action of pulsed laser

radiation with a sufficient pulse repetition period, a hydrogel

is formed with an increase in volume due to the addition of

other SWCNT and RGO forming a carcass, and the surface

of carbon nanoparticles is modified as a result of interaction

with albumin by analogy with the linear polymer [28].

2.3. Non-linear optical properties of dispersions
for hydrogel fabrication

The cross section of the nonlinear absorption coefficient σ

was obtained by Z-scanning [23,36] with an open aperture

(Fig. 5, a) for five dispersions (negative photoresist). A

decrease in the threshold exposure of laser radiation was

found when nanotubes with a smaller hydrodynamic radius

were used in the dispersion. The nonlinear refractive index

was determined for all samples based on Z-scanning data

with a closed aperture. Fig. 5, b shows the appropriate

results.

The laser power during further photopolymerization

was selected above the exposure threshold determined by

Z-scanning (Table 2). At the same time, the power

exceeded that used in determining the dependence of

temperature on time. This is necessary to achieve pho-

topolymerization at a movement rate of 240mm/s at a single

pulse energy of ∼ 100µJ. In accordance with the results

of the studies of temperature dependence on irradiation

time, the required temperature of the heating table was

selected 28 ◦C.

The analysis of various factors impact on the further

process of hydrogel photopolymerization was carried out

according to optical parameters, the values of which are

given in Table 2. During the use of nanotubes disper-

sion 1 with the largest characteristic hydrodynamic radius

it exhibited a smaller cross-section of nonlinear absorption

σ = 750GM and the highest threshold exposure value

Fx = 90mJ/cm2, while the refractive index was the lowest

nn = 0.25 cm2/GW. In case of 2− 4 samples, there is a

slight increase in the values of the nonlinear absorption cross

section associated with an increase in the scattering capacity,

which is confirmed by the calculated refractive index varying

from 0.25 to 0.78 cm2/GW. A tendency was also found to
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decrease the laser threshold exposure from 1 to 5 samples,

sufficient for the manifestation of nonlinear effects, which

is explained by scattering, due to which the attenuation

ability of the material increases faster. For a sample 5,

which contains SWCNT with a characteristic hydrodynamic

radius of 0.55 µm, this trend also persists, but the nonlinear

absorption coefficient has, on the contrary, decreased, yet,

within the calculation accuracy.

2.4. Resistivity and swelling of the hydrogel

Hydrogel samples were made in the form of squares

5× 5mm for measuring resistivity by a four-probe station

using van der Pau method (Table 3). As a result, we

managed to improve this characteristic by more than three

times compared to the previously obtained value in our

previous work (50�·cm) [23]. The lowest resistivity was

obtained in case of sample 4, in which SWCNT with a

characteristic hydrodynamic radius of 0.49 µm were used.

This results correlates well with the results of other studied

optical characteristics. It is with this hydrogel composition-

collagen/BSA/chitosan/eosin/SWCNT/RGO when the lowest

normalized transmission was observed when exposed to

laser pulses after 70 s irradiation, and the largest cross-

section of nonlinear absorption was 850 GM (Table 2). This
result shows the importance of controlling the ultrasonic

processing, which allows to improve the characteristics to

a certain value, while too long treatment can lead not only

to beam splitting, but also to their shortening [40], which

may result in deteriorated performance. For the nanotubes

in hydrogel 4 the ultrasonic treatment was carried out for

80min (Table 1).

Maintaining a temperature of about 28 ◦C allowed not

only to carry out uniform polymerization, but also to create

structures of complex shape (Fig. 6), which previously could

not be created.

The fabricated hydrogel is capable of swelling to 200%.

At the same time, the obtained samples are poorly distin-

guishable from each other by this ability. The ability to retain

moisture indicates the ability to maintain close contact with

the nerve, while the material expands in volume.

Table 3. Resistivity of the formed hydrogel collagen/BSA/

chitosan/eosin Y/SWCNT/RGO

Hydrogel
Hydrodynamic Specific

radius SWCNT R, µm resistivity, �·cm

1 0.80 36

2 0.60 56

3 0.52 32

4 0.49 14

5 0.55 38

Figure 6. The structure of a complex shape made of hydro-

gel collagen/BSA/chitosan/eosin Y/SWCNT(R = 0.49 µm)/RGO
(sample 4).

Conclusion

According to the study results, the possibility of forming

a complex hydrogel at a temperature of 28 ◦C during

photopolymerization of the hydrogel has been shown,

which was previously not possible due to the presence

of unpolymerized regions. The influence of two factors

on the resistivity was found, namely, the characteristic

hydrodynamic radius of the SWCNT, which can be used

to assess the size of their beams, and the formation of

their hybrid structures with RGO. The best values were

obtained in case of sample 4 (collagen/BSA/chitosan/eosin
Y/SWCNT/RGO) with SWCNT (R = 0.49µm). The re-

sistivity here was 14�·cm, which exceeded the earlier

received value 50�·cm.

The created conductive hydrogel material for use with

electrodes is capable of increasing the efficiency of bionic

devices, which are supposed to be used to replace or

enhance the functions of sensory neurons by improving

the operation stability while ensuring tight contact during

swelling. Because of a hydrogel component and SWCNT the

ions better penetrate inside and form a three-dimensional

surface through which a charge is transmitted. The RGO

plates in the material provide a larger contact area. As a

result, the charge transfer area provided by a hydrogel with

a structured system of RGO and SWCNT is significantly

increased, thus allowing it to transfer a larger amount of

charge at a lower voltage, and this will create necessary

conditions for working with weak biosignals when stimulat-

ing the nerves.

Such hydrogels are being considered not only to increase

the stability of platinum-iridium electrodes, but also to

expand the possibilities for using materials such as titanium

and medical steel alloys.
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