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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Introduction: The study of acute toxicity is considered an 

integral part of any medical substance’s preclinical evaluation. 
Changes in the psycho-emotional state are among the important 
indicators of the neurotoxic effects of various substances on 
animals and humans. Non-conflict methods of research are 
gaining increasing popularity as the most humane approaches 
with respect to animals, among which methods based on 
ethological approaches play a central role.

Materials and Methods: A nanocellulose-based 
biocomposite was used as the implantable material. The study 
was conducted on 25 rats and included the formation of a defect 
in the mid-diaphysis of the femur followed by filling with 
either the biocomposite (10) or an autologous blood clot (10). 
Additionally, implantation into soft tissues was performed (5). 
The animals were observed for 14 days, during which clinical 
symptoms were assessed and open field and elevated plus maze 
tests were conducted.

Results: The nanocellulose-based biocomposite did not exhibit 
pyrogenic activity when implanted into bone and soft tissues. 
Assessment of several behavioral acts and states revealed no 
statistically significant differences in locomotor and exploratory 
activity between the experimental and control groups. The 
analysis of the indicators shows that the tested substance does 
not exert an acute toxic effect on the nervous system.

Key words. Nanocellulose, bone, toxicity, open field test, 
elevated plus maze.
Introduction.

One of the current priorities in reconstructive orthopedics is 
biotechnology. The wide variability of options, ranging from 
autologous bone to synthetic biopolymers, highlights the 
ongoing importance of identifying an implant that meets all 
relevant requirements [1]. A bone substitute is a biomaterial of 
human, animal, plant, or synthetic origin that is implanted into 
the body to restore and strengthen bone tissue [2,3].

In recent years, nanocellulose (NC) has emerged as one of the 
most promising "green" materials due to its unique properties 
[4]. However, it is well established that the transition from 
traditional bulk-scale objects to nanoscale objects leads to 
profound alterations in the physicochemical properties of the 
substances. Based on their physical and chemical characteristics, 
nanoparticles may induce tissue damage and disrupt the 
functions of intracellular organelles, particularly by inducing 
inflammatory responses and cytokine release [5].

The investigation of clinical symptoms associated with the 
use of novel compounds, including psycho-emotional status, 
represents a critical step in assessing their safety and toxicity, 
especially given the potential for neurotoxic effects. Such 
studies allow the identification of adverse effects on the nervous 
system, which may manifest in both physiological and psycho-
emotional disturbances. Currently, non-invasive behavioral 
methods are gaining popularity as the most humane approaches 
in animal research, with ethological methods occupying a 
central role [5].

Objective: The study aimed to assess the clinical symptoms 
of acute toxicity following the implantation of a nanocellulose-
based biocomposite.
Materials and Methods.
Implantation Material:

The production of nanocellulose and the fabrication of a 
biocomposite incorporating calcium phosphate were conducted 
in collaboration with the Department of Physical and Colloid 
Chemistry, Gubkin Russian State University of Oil and Gas 
(Moscow, Russia). The biocomposite was provided free of 
charge as a nanomaterial for this experimental study.
Animals and Ethics:

The experiment was conducted on 25 outbred male rats 
weighing 200-250 grams, housed in the vivarium of NCJSC 
Karaganda Medical University. The animals had free access 
to food and water (ad libitum). The cages were cleaned 
daily, and general cleaning with disinfectants was performed 
weekly. All procedures related to animal housing, experimental 
manipulations, and data analysis complied with the GOST ISO 
10993-11—2021 and GOST ISO 10993-6—2021 standards. 
The study was approved by the Local Bioethics Committee of 
NCJSC Karaganda Medical University on September 20, 2022.
Surgical Procedure:

The surgical field was prepared after anesthesia with Zoletil 
(0.1 mg/kg). Surgical access was performed on the anterior 
surface of the femur with a 10 mm incision length. A defect 
was created in the middle diaphyseal third of the femur using 
a round drill with a diameter of 2 mm and a depth of 1 mm. 
The resulting defect was filled with either a nanocellulose-based 
biocomposite or an autologous blood clot, followed by suturing 
the postoperative wound.

When using a substance to fill bone defects, there is a risk 
of leakage into surrounding tissues and potential implant 
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migration; therefore, to comprehensively evaluate the effects, 
the impact of the nanocellulose biocomposite (NBC) on soft 
tissues must be assessed. A 1-cm incision was made in the rat’s 
wither region, followed by biocomposite implantation into soft 
tissues (Figure 1).

Experimental animals underwent daily clinical assessment 
of their general condition, including monitoring of body 
temperature, weight, locomotor activity, and postoperative 
wound status.

The total observation period was 14 days. The study design is 
presented in Figure 2.
Measurement of body temperature and weight:

The body temperature was measured daily for 2 weeks using 
a medical non-contact thermometer. The device was positioned 
perpendicular to the surface of the animal during measurement. 
The rats’ body weight was measured three times: before surgery, 
on day 7, and on day 14 after surgery. The results were recorded 
in the observation log.

Open field test:
To assess behavioral responses, the Open Field Test (OFT) 

was performed. The field consisted of a circular white arena 
with a diameter of 97 cm, a wall height of 42 cm, and floor 
openings of 2 cm. The floor was divided into 7 central sectors 
(highlighted in blue in Figure 3) and 12 peripheral sectors. The 
arena also contained 12 burrow-simulating openings. Each rat 
was placed in the center of the arena on a central sector, and 
video monitoring was conducted for 5 min.

The OFT was conducted to study rodent behavior in novel 
(stress-inducing) conditions and to assess the severity and 
dynamics of specific behavioral elements, emotional-behavioral 
reactivity (“sedation–agitation”), exploratory/defensive 
behavior strategies, habituation, environmental stimulus 
memory, neurological deficit symptoms, and locomotor 
stereotypy. The parameters listed in Table 1 were recorded 
using OFT.

Figure 1. Surgical intervention: A - creation of a femoral bone defect; B - filling of the bone defect with nanocellulose; C - implantation of 
nanocellulose into soft tissues.

Figure 2. Study design for assessing the acute toxicity of the nanocellulose-based biocomposite.

Figure 3. Schematic diagram of the open-field test base.
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Elevated plus maze test:
The anxiety and exploratory behavior of the animals were also 

assessed using the Elevated plus maze test (EPM) test, which 
consisted of two light (open) and two dark (closed) arms arranged 
perpendicularly. Rats were placed at the intersection of the open 
and closed arms in the center of the maze, facing the open arm. 
The EPM is designed to study rodent behavior under conditions 
of variable stressogenicity (with a free choice of comfortable 
conditions) and allows the evaluation of the following: anxiety 
level (based on preference for darkness/light, fear of height, and 
the intensity and dynamics of behavior), neurological deficit 
symptoms, and habituation. Video monitoring was conducted 
for 5 min, during which the parameters listed in Table 2 were 
recorded.
Statistical Analysis:

Statistical analysis of the obtained results was performed 
using the STATISTICA 6.0 software package (StatSoft, USA). 

The data distribution was assessed using the Shapiro–Wilk 
test. The numerical data were processed using the standard 
methods of variation statistics with the Student’s t-test. All data 
are presented as the mean ± standard error of the mean (M ± 
SEM). Differences were considered statistically significant at 
p < 0,05. The nonparametric Kruskal–Wallis test was used to 
determine the statistical significance of intergroup differences, 
and pairwise comparisons were performed using the Mann–
Whitney U test.
Results.
Analysis of body temperature dynamics:

Body temperature dynamics in laboratory rats were analyzed 
over a 14-day period following the implantation of various 
materials into the femoral bone and the withers region. A total 
of three experimental groups were examined: “1A” – the main 
group with nanocellulose (NC) implantation into the femoral 
bone (n = 10); “2” – the control group with implantation of an 
autologous blood clot (ABC) (n = 10); and an additional group 
with NC implantation into the withers region (n = 5) – “1B.”.

Body temperature remained relatively stable throughout the 
entire observation period in the group with femoral bone NC 
implantation. The baseline temperature was 36.2 ± 0.04 °C. A 
slight decrease in temperature was recorded on day 7 (35.94 
± 0.13 °C), after which the values returned to normal. The 
variability of the measurements remained minimal, with the 
standard deviation (SD) not exceeding 0.10 °C on most days.

Overall stabilization of body temperature was also observed 
in the control group; however, on certain days, pronounced 
deviations were recorded. The body temperature decreased 
to 35.9 ± 0.04 °C on day 5 and to 35.8 ± 0.48 °C on day 8, 
accompanied by an increase in SD, indicating interindividual 
differences in the responses of the animals. By day 14, the body 
temperature had normalized to 36.2 ± 0.04 °C.

In the group with NC implantation into the withers region, 
the body temperature ranged between 36.0°C and 36.6 °C. The 
baseline temperature was 36.1 ± 0.11 °C, with maximum values 
recorded on day 13 (36.6 ± 0.1 °C). On day 12, an increase in SD 
up to 0.2 °C was noted, which may reflect individual variations 
in response. This group’s temperature profile was characterized 
by moderate stability despite the small number of animals.

The obtained results demonstrate that the body temperature of 
the animals in all three experimental groups remained within the 
physiological norm. However, there were differences between 
the groups in the nature of the temperature dynamics and the 
degree of variability.

Implantation of nanocellulose into the femoral bone was 
associated with the least deviation in body temperature, which 
may indicate the high biocompatibility of the material and the 
absence of a pronounced systemic inflammatory response. 
The transient decrease in temperature observed on day 7 
could be related to the recovery process following the surgical 
intervention.

In the group with NC implantation into the withers region, 
the overall stability of temperature indicators also confirms the 
material’s satisfactory tolerability.

A one-way analysis of variance was performed to identify 
differences in body temperature among the three experimental 

Parameter
Latency period of the first movement (s)
Motor activity: horizontal (number of crossed squares), including: 
1а) Number of crossed peripheral squares (PS)
1в) Number of crossed central squares (CS)
Vertical motor activity (number of rearings on the hind limbs) 
includes the following: 
2а) Number of peripheral readings (PR) 
2в) Number of central readings (CRs)
TA = PS + CS + PR + CR, TA = total activity
Exploratory activity (number of holes explored)
Grooming short (c)
Grooming long (c)
Grooming duration, (s)
Defecation acts (number of deaths) (c)
Latency to the entry center (s)
Time spent in the central zone (s)
Time spent in the peripheral zone (s)

Table 1. Behavioral Parameters Assessed using the Open-Field Test 
(s-seconds, с- count).

Parameter
Latency of leaving the central platform (CPU)
Total time on the central platform (s)
Total time in closed arms, (s)
Total time in open arms (s)
Number of closed arm entries (c)
Number of entries in the center (c)
Latency of the first open arm entry (s)
Number of open arm entries (c)
Number of head dips in open arms (c)
Grooming in open arms (c)
Grooming in the closed arms (c)
Number of readings in the open arms (c)
Grooming duration (s)
Number of animals reared with closed arms(c)
Number of boluses (defecations) (c)

Table 2. Behavioral parameters assessed in the Elevated Plus Maze 
Test (s-seconds, с- count).
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groups. The results showed a p-value of >0,05, which was not 
statistically significant.
Monitoring of Body Weight:

Body weight measurements were taken before implantation, 
after 1 week, and after 2 weeks in rats from the three 
experimental groups: the main group with nanocellulose (NC) 
implantation into the femoral bone (n = 10), the control group 
with autologous blood clot (ABC, n = 10), and the group with 
NC implantation into the withers region (n = 5).

The study results demonstrated that all three groups of animals 
exhibited a gradual increase in body weight over the 2 weeks 
following surgical intervention. This may indicate the overall 
satisfactory health status of the animals and the absence of 
pronounced complications, such as inflammatory reactions or 
exhaustion, which could have led to weight loss.

In the main group (NC in the femur), the average body 
weight increased from 227.8 ± 5.16 g to 238.4 ± 5.51 g over 
2 weeks, representing a gain of 10.6 g. The weight increased 
steadily with a moderate standard deviation at all stages, 
indicating a homogeneous response. This may be due to the 
high biocompatibility of the applied material, the absence of 
a pronounced stress reaction in the organism, and the gradual 
adaptation of the animals to the implant. The average increase 
in body weight in this group was 10.6 g over 2 weeks, which 
corresponds to the physiological weight gain in rats during 
recovery.

In the control group (ABC in the femur), the body weight 
increased from 223.1 ± 6.03 g to 235.2 ± 5.40 g, with a total gain 
of 12.1 g. Despite showing a similar trend, the variability of 
body weight was somewhat higher after 1 week (SD = ±6.42), 
which may indicate the diverse individual responses of the 
animals to the autologous material or differences in recovery 
processes. However, no critical deviations in the BW dynamics 
were observed.

In Group 1B, the greatest increase in body weight was 
observed—from 241.5 ± 18.5 g to 259.5 ± 18.7 g (a gain of 18 
g).

Comparative analysis showed that the greatest increase in 
body weight was observed in the group with NC implantation 
into the withers region; however, this group also exhibited the 
greatest variability of values. The group with femoral bone 
NC implantation demonstrated the most stable body weight 
dynamics.

Thus, it can be assumed that nanocellulose implanted into the 
femoral bone demonstrates the best balance between stability 
and positive body weight dynamics, whereas NC in the withers 
requires further study due to the high variability of responses.

A one-way analysis of variance was performed to assess 
differences in body weight among the three experimental 
groups. According to the obtained data, the level of statistical 
significance was p > 0,05.
Open-Field Test Results:

The rats’ locomotor and exploratory activities were evaluated 
in the open field test. The results are presented in Table 9.

The Kruskal–Wallis test revealed significant differences 
between the groups in several parameters.

The number of crossed squares (PC + CC) differed significantly 

(H = 10.84; p = 0.0044). The highest values were observed 
in rats of Group 1B (NC in the withers) (95.7 ± 19.6), which 
were significantly higher than those in Group 1A (NC in the 
femur) (66.8 ± 24.5) and Group 2 (ABC) (53.0 ± 10.3). Similar 
differences were found for the number of peripheral square 
crossings (H = 10.56; p = 0.005): Group 1B – 84.2 ± 14.0; 
Group 1A – 57.5 ± 22.9; Group 2 – 45.9 ± 9.5.
The number of readings:

The number of readings ranged from 5.9 ± 2.8 in the control 
group to 12.0 ± 2.0 in rats with NC implantation into the withers. 
Despite the upward trend in Group 1B, the differences did not 
reach statistical significance (p = 0.106).
The total activity index:

The total activity index (TA) showed significant differences 
(H = 12.93; p = 0.0016). The highest activity was recorded in 
Group 1B (107.7 ± 21.0), intermediate values were recorded in 
Group 1A (78.1 ± 25.5), and the lowest activity was recorded in 
Group 2 (58.8 ± 9.6).
Exploratory and emotional behavior:

The number of holes explored was higher in Group 1B (16.7 
± 8.5), but the differences were not statistically significant (p 
= 0.17). The indicators of grooming (short and prolonged), 
grooming duration, defecation, and time spent in the central 
zone did not differ significantly between the groups (p > 0.2).

The Kruskal–Wallis analysis confirmed significant differences 
in horizontal and total activity parameters (p<0,05).

Subsequently, pairwise comparisons were performed using the 
Mann–Whitney U test.

Bars represent mean values ± SD for three groups: nanocellulose 
implanted into the femur (NC thigh), nanocellulose implanted 
into the withers region (NC withers), and autologous blood clot 
(control).

Subfigures: (A1) Horizontal activity (A2) Peripheral squares 
crossed (A3) Total activity. Statistical analysis using the 
Kruskal–Wallis test revealed significant differences (p < 
0,05). However, the pairwise t-test did not confirm significant 
differences between the groups (all ns comparisons).

Thus, despite the overall differences between the three groups 
identified in the multifactorial analysis, pairwise comparisons 
did not confirm a significant predominance of any group 
individually.
Results of the Elevated Maze Test:

For the indicator of the latency period of the first entry into the 
open arm, statistically significant differences between groups 
were identified (H = 6.10; p = 0.047). Specifically, rats with 
nanocellulose implantation into the withers had the longest 
latency period (20.2 ± 19.2 s), whereas the control group (3.4 
± 4.1 s) and Group 1A (NC in the femur) (5.9 ± 5.0 s) had 
considerably lower latency periods.

Analysis of the “grooming duration” parameter also 
demonstrated statistical significance (H = 7.64; p = 0.022). The 
highest values were observed in the “NC withers” group (32.8 
± 9.6 s), while in the “NC femur” group (5.1 ± 8.7 s) and in the 
control animals (20.4 ± 28.8 s), they were substantially lower.

Significant differences were observed in the number of 
defecations (H = 7.35; p = 0.025). In the “NC withers” group, 



131

Table 3. Body temperature indicators in group 1A (n=10).

Day Мean ± standard deviation Min Max

0 36,2±0,04 36,0 36,4
1 36,4±0,05 36,1 36,6
2 36,4±0,03 36,2 36,6
3 36,2±0,05 36,0 36,6
4 36,2±0,04 36,0 36,5
5 36,4±0,07 36,1 36,8
6 36,3±0,08 36,0 36,7
7 35,94±0,13 35 36,5
8 36,1±0,07 35,9 36,6
9 36,0±0,04 35,8 36,3
10 36,23±0,09 35,9 36,7
11 36,1±0,1 35,6 36,8
12 36,2±0,08 36,0 36,7
13 36,2±0,08 35,9 36,7
14 36,1±0,04 35,9 36,4

Table 4. Indicators of body temperature in Group 2 (n=10).

Day Мean ± standard deviation Min Max

0 36,1±0,09 35,8 36,8
1 36,1±0,07 35,7 36,4
2 36,3±0,06 36,0 36,6
3 36,2±0,06 36,0 36,5
4 36,1±0,05 36,0 36,6
5 35,9±0,04 35,7 36,1
6 36,1±0,06 36,0 36,5
7 36,4±0,08 36,0 36,8
8 35,8±0,48 35,5 36,7
9 36,3±0,08 35,9 36,8
10 36,2±0,09 35,7 36,5
11 36,1±0,05 36,0 36,5
12 36,1±0,13 35,1 36,5
13 36,2±0,06 36,0 36,5
14 36,2±0,04 36,0 36,4

Table 5. Body weight indicators in Group 1B (n=5).

Day Мean ± standard deviation Min Max

0 36,1±0,11 36,0 36,5
1 36,3±0,06 36,2 36,5
2 36,4±0,11 36,2 36,7
3 36,3±0,14 36,0 36,7
4 36,5±0,09 36,3 36,7
5 36,5±0,09 36,3 36,7
6 36,3±0,13 36,0 36,6
7 36,2±0,07 36,1 36,4
8 36,2±0,06 36,1 36,4
9 36,2±0,09 36,0 36,4
10 36,3±0,1 36,1 36,6
11 36,1±0,1 35,8 36,1
12 36,2±0,2 35,6 36,7
13 36,6±0,1 36,2 36,9
14 36,0±0,1 35,9 36,4
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Table 6. Body weight indicators in Group 1A (n=10).
Day Mean± standard deviation Min Max
Before the implantation of NC into the femoral bone 227,8±5,16 210 258
1 week after femoral bone NC implantation 229,5±6,05 210 266
2 weeks after femoral bone NC implantation 238.4±5,51 217 272

Table 7. Body weight indicators in Group 2 (n=10).
Day Mean± standard deviation Min Max
Before implantation of the ABC into the femoral bone 223,1±6,03 193 250
1 week after ABC implantation into the femoral bone 224,4±6,42 197 255
2 weeks after ABC implantation into the femoral bone 235,2±5,4 210 257

Table 8. Body weight indicators in Group 1B (n=5).
Day Mean± standard deviation Min Max
Before implantation of the NC into the withers 241,5±18,5 193 250
1 week after implantation of NC into the withers 245,5±21,1 216 307
2 weeks after the implantation of the NC into the 
withers 259,5±18,7 230 312

Table 9. Indicators of the locomotor and exploratory activity of rats in the open-field test.
Parameter NC femur NC withers ABC Kruskal–Wallis H-test
Latency period of first movement, (s) 0 0 0 0
Motor activity: horizontal (number of crossed 
squares), including 66,8±24,5* 95,7±19,6* 53±10,3* H=10,8415; 

p<0,05

1a) number of crossed peripheral squares (PS) 57,5±22,9* 84,2±14* 45,9±9,5* H=10,5637; 
 p<0,05

1b) number of crossed central squares (CS) 9.3±4.3* 11.5±5.8* 7.1±3.2* H=10,5637; 
 p<0,05

Vertical motor activity (number of rearings on hind 
limbs), including 10.9±7.6* 12±2* 5.9±2.8* H=4.4838; 

 p<0,05

2a) number of peripheral rearings (PR) 10.6±6.9 12±2 5.6±2.2 H=5,6548; 
 p>0,05

2b) number of central rearings (CR) 10.9±7.6* 12±2* 5.9±2.8* H=10,5637; 
 p<0,05

TA = PS + CS + PR + CR, TA = total activity 78,1±25,5* 107,7±21* 58,8±9,6* H=12,9268 
 p<0,05

Exploratory activity (number of holes explored) 9,2±5,6 16,7±8,5 9±5,7 H=3,5737  
 p>0,05

Grooming short (c) 0,6±0,9 0,5±0,5 2,8±3,3 H=1,3786 
 p>0,05

Grooming long (c) 2,1±3,4 2,75±2 1,9±2,2 H=1,6075 
 p>0,05

Grooming duration, (s) 10,2±7,3 14,5±10,3 10,3±7,7 H=1,1852 
 p>0,05

Defecation acts (number of deaths) 2,4±2,1 2,5±2,8 2,2±2,1 H=0,7948 
 p>0,05

Latency to the entry center (s) 119,5±74,9 64±33,3 76,1±74,1 H=2,5902;  p>0,05

Time spent in the central zone (s) 28,7±13,1 20,5±13 23,4±12,6 H=2,4771 
 p>0,05

Time spent in the peripheral zone (s) 271,3±13,1 279,5±13 275,6±13 H=0,9508;  p>0,05
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Parameter NC femur NC withers ABC Kruskal–Wallis 
H-test

Latency of leaving the central platform (CPU) 4,7±2,9 3±2,9 4,1±2,6 H=0,9854; 
p>0,05

Total time on the central platform (s) 43,6±34,7 65,5±45,3 69,2±41,2 H=1,8545; 
p>0,05.

Total time in closed arms, (s) 233,7±47,6 205,7±45,3 214,8±47,7 H=1,1571; 
p>0,05

Total time in the open arms (s) 21,1±13,9 28,75±16,3 15±13,6 H=1,6685; 
p>0,05

Number of closed arm entries (c) 4,8±2,3 6,2±2 4,2±2,5 H=2,1794; 
p>0,05.

Number of entries at the center (c) 6,1±4,5 10,2±4,5 5,8±5,3 H=3,1652; 
p>0,05.

The latency of the first open arm entry (s) 5,9±5,0* 20,2±19,2* 3,4±4,1* H=6,1048; 
p<0,05

Number of open arm entries (c) 3,4±2,2 3,2±1,5 2,6±2,9 H=0,8391; p>0,05
Number of head dips in open arms (c) 5,1±4,5 4,22±2,7 4,7±4,1 H=0,0498; p>0,05

Grooming with open arms (c) 0±0 0±0 0,3±0,9 H=0,1731; 
p>0,05

Grooming in the closed arms (c) 0,2±0,6 3±2,5 1,3±1,9 H=5,6308; p>0,05
Number of readings in the open arms (c) 0 0 0 0
Grooming duration (s) 5,1±8,7* 32,75±9,6* 20,4±28,8* H=7,6445; p<0,05
Number of animals reared with closed arms (c) 8,4±4,5 5,7±5 7,9±4,7 H=1,3786; p>0,05

Number of boluses (defecations) (c) 0,7±0,9* 2±0,8* 0,5±0,7* H=7,3454; 
p<0,05

Table 10. Locomotor activity of the rats in the EXM test.

Figure 4. Rat body temperature.
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Figure 5. Body weight of rats.

Figure 6. Open field test: locomotor activity of rats after the implantation of different materials.

Figure 7. Elevated plus maze test: locomotor and exploratory activity of rats after the implantation of different materials.



135

the value was higher (2.0 ± 0.8) than that in the “NC femur” 
group (0.7 ± 0.9) and the control group (0.5 ± 0.7) groups.

Other parameters (time spent in open and closed arms, number 
of entries into the center and open arms, rearings, and head-
dipping) were not significantly different (p > 0,05).

The Mann–Whitney U test revealed no significant differences 
between the groups (p > 0,05 in all cases) (Figure 7).

Bars represent mean values ± SD for three groups: nanocellulose 
implanted into the femur (NC thigh), nanocellulose implanted 
into the withers region (NC withers), and autologous blood clot 
(control).

Subfigures: B1. Time in the open arms (s), B2. Time in the 
closed arms (s), B3. Time in the center (s), B4. Number of 
center entries 

The Kruskal–Wallis test revealed significant differences 
between the groups (p < 0,05). However, the Mann–Whitney U 
test did not confirm statistically significant differences between 
groups (all comparisons ns).

The Kruskal–Wallis test revealed significant differences 
between the groups (p < 0,05). However, pairwise comparisons 
using the Mann–Whitney U test did not show significant 
differences (ns in all cases).
Discussion.

Body temperature is a complex indicator of the thermal state 
of an animal. Laboratory warm-blooded animals can maintain a 
relatively constant internal temperature. The thermoregulation 
mechanism is based on the dynamic balance between heat 
production and heat dissipation, which is controlled by 
central regulatory mechanisms [6]. An increase or decrease in 
temperature is an indicator of physiological distress caused by 
the action of the investigated substance in the organism [7].

As a rule, animal body temperature is recorded per rectum; 
however, a simple, accessible, and safe non-contact method 
was selected for daily and non-stressful measurements. The 
results of daily thermometry demonstrated that the animals’ 
body temperature remained within the physiological norm in all 
three experimental groups. Therefore, the nanocellulose-based 
biocomposite does not exhibit pyrogenic activity.

Measurement of body weight revealed a positive trend of 
weight gain in all groups, indicating that the investigated 
substance had no effect on metabolic processes in the organism. 

Analysis of the results from ethological tests demonstrated that 
nanocellulose implantation influenced the locomotor activity of 
rats, as confirmed by the overall Kruskal–Wallis test outcome. 
Due to inadequate sample size, it was not feasible to ascertain 
which groups differed, the observed effects are tentative and 
require cautious interpretation. 

In the open field test, the highest levels of horizontal and overall 
activity were observed in the withers region of the group with 
nanocellulose implantation, which may indicate a reduction in 
anxiety and increased motor activity. Simultaneously, the group 
with implantation in the femur demonstrated intermediate results, 
whereas the ABC group exhibited the lowest locomotor activity. 
The lack of statistical significance in pairwise comparisons is 
likely attributable to the limited sample size and high variability 
of individual behavioral responses. The minimal surgical burden 
and the absence of involvement of the musculoskeletal system 

in the group with nanocellulose implantation in the withers 
allowed these rats to demonstrate the highest motor activity. 
The increased activity in Group 1B is likely due to the absence 
of discomfort and functional limitations in the limbs, rather than 
a reduction in anxiety. Therefore, including a group with soft 
tissue implantation appears necessary for an accurate assessment 
of biocompatibility. The development of this response involves 
various brain regions, with the prefrontal cortex, striatum, 
hippocampus, and nucleus accumbens regulating locomotor 
activity in rats [8].

No publications describing the use of the open field test 
following the implantation of a substance into bone tissue were 
found. However, the effect of the surgical intervention itself in 
this test was evaluated in the study by Sharipova V.Kh. et al., 
where recovery of locomotor activity was observed regardless 
of the type of transplantation [9].

The EPM test is used to assess locomotor activity related to 
anxiety and exploratory behavior in rodents and to register the 
main neurobiological mechanisms underlying fear, anxiety, 
and learning, memory, and emotionality processes in rodents 
subjected to biochemical or other interventions [10]. In the 
EPM test, prolongation of the latency period and an increase 
in the number of defecation boli are traditionally interpreted 
as indicators of heightened anxiety in animals [11]. Moreover, 
an increase in grooming duration in rats may reflect a more 
pronounced stress response and altered emotional state. Thus, 
a set of responses was observed in the “NC withers” group, 
indicating increased anxiety accompanied by changes in 
coping behavior. In contrast, the “NC femur” group and the 
control group showed lower levels of these parameters and less 
pronounced stress-induced behavioral manifestations. Despite 
the differences identified by the Kruskal–Wallis test, the 
statistical significance of the parameters was not confirmed by 
pairwise comparisons using the Mann–Whitney test.

The results indicate that the localization of nanocellulose 
implantation may exert some influence on the emotional and 
behavioral profiles of animals. Further studies with a prolonged 
observation period and an increased sample size are required to 
confirm the identified trends, as well as histological examination 
of organs, including the brain, to determine the presence or 
absence of a neurotoxic effect following NC implantation.

Nanocellulose has recently emerged as one of the most promising 
“green” materials owing to its unique properties, including 
biocompatibility, biodegradability, and high mechanical strength 
[12,13]. Depending on its origin, this polymer is classified 
into three types: nanocrystalline, nanofibrillated, and bacterial 
[14]. NC biocompatibility is attributed to its three-dimensional 
nanofibrous network structure, which facilitates cell penetration 
and proliferation. In a toxicological analysis, De Loid G.M. et 
al. demonstrated no significant changes in serum biomarkers, 
hematology, or histomorphometry between the control group 
and rats administered an NC suspension [15].

Several authors have also highlighted nanocellulose as a 
promising drug delivery system for antibacterial agents owing 
to its large specific surface area, good mechanical strength, and 
rigidity [16,17]. For example, Bundjaja et al. demonstrated 
that the adsorption capacity of nanocrystalline nanocellulose 



136

and its modified form toward tetracycline ranged from 13.97 
to 18.11 mg/g (at 60 °C). They also evaluated the efficiency 
of antibiotic release kinetics from the biopolymer—18.28% at 
pH 3 and 55.49% at pH 7 [18]. Several studies are currently 
in the preclinical stage, and further in vivo investigation of 
drug release is required [19,20]. To fully assess the presence 
or absence of toxic effects of NC, determination of lethal doses 
and histological examination of organs are necessary [22, 23, 
24], also a study of the antimicrobial potential in infectious 
aggravation [25].
Conclusion.

When implanted into bone and soft tissues, the nanocellulose-
based biocomposite does not exhibit pyrogenic activity. 
Evaluation of a range of behavioral acts and states—such as 
rearing with and without support, grooming, hole poking, 
crossing of central and peripheral sectors, and various temporal 
parameters—revealed no statistically significant differences in 
locomotor and exploratory activity between the experimental 
and control groups (Kruskal–Wallis H-test and Mann–Whitney 
U-test, p > 0,05). 

Future studies are planned to investigate the parameters 
of general clinical and biochemical blood analyses, as well 
as organ and system morphological examination, to assess 
potential systemic toxicity.
Limitations.

Insufficient sizing makes it difficult to clearly determine which 
deviations are at work, so the effects obtained are preliminary 
and should be treated with caution. This study did not have a 
control group for the soft tissue implantation group. Also, only 
acute toxicity was examined, while the implanted substance 
must remain in bone tissue for a long time.
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