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Abstract: Acute purulent infections remain a major clinical problem due to persistent microbial contamination, 
prolonged inflammation, and delayed tissue repair. The limited effectiveness of conventional local therapies 
necessitates the development of advanced biomaterials and objective assessment tools. Bacterial cellulose 
(BC), especially when combined with MXene nanostructures, represents a promising approach for enhancing 
antimicrobial and reparative outcomes, while digital monitoring technologies allow integrated and dynamic 
evaluation of treatment effectiveness. In this study, we assessed the effectiveness of bacterial cellulose-based 
BC-MXene biomaterials in the local treatment of experimentally induced mixed-etiology purulent infections 
using these digital monitoring technologies. An experimental study was conducted on outbred white rats with 
acute purulent infection induced by Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. 
Animals were divided into three groups: BC-MXene biocomposite, bacterial cellulose-only, and conventional 
local therapy, with microbiological, immunological, hematological, and morphological parameters assessed 
over 14 days. A digital monitoring system was successfully used to integrate longitudinal data and calculate 
a composite effectiveness index. As a result, the BC-MXene group demonstrated faster and greater reduction 
in bacterial load compared with the BC-only and control groups, alongside immune response normalization 
and a more pronounced decrease in pro-inflammatory activity. Histological analysis revealed accelerated 
inflammation resolution, enhanced granulation tissue formation, active angiogenesis, and earlier 
epithelialization, leading to the highest integrated digital effectiveness index in the BC-MXene group. 
Ultimately, bacterial cellulose-based BC-MXene biomaterials show high antibacterial, immunomodulatory, 
and reparative effectiveness in experimental purulent infection, proving that digital monitoring technologies 
provide an objective and integrated approach for evaluating treatment outcomes and support the further 
development of BC-MXene biomaterials for advanced local wound management.  

1 INTRODUCTION 

Purulent infectious diseases, particularly acute 
purulent surgical infections, remain one of the most 
serious medical and socio-economic challenges 
worldwide due to their high prevalence, severe 
clinical course, prolonged healing, frequent 
complications, and negative impact on patients’ 
quality of life [1]. Despite advances in surgical 
techniques and antimicrobial therapy, the incidence 

of postoperative and trauma-associated purulent 
infections remains high, reaching up to 9.5-33.1 cases 
per 100 surgical interventions, while unsatisfactory 
treatment outcomes persist in 8-30% of patients [2]. 
These data highlight the urgent need for innovative 
local treatment strategies that combine antimicrobial 
efficacy, immunomodulatory activity, and 
stimulation of tissue regeneration [3], [4]. 

In recent years, bacterial cellulose (BC) 
synthesized by Komagataeibacter xylinus has 
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attracted significant attention as a promising 
biomaterial for wound management due to its high 
water-holding capacity, porosity, mechanical 
strength, biocompatibility, and absence of allergenic 
properties [5], [6]. The integration of nanotechnology 
into biomedical materials has further enhanced the 
therapeutic potential of BC. In particular, MXene-
based nanostructures exhibit pronounced 
antibacterial activity mediated by membrane 
disruption and oxidative stress induction, while 
maintaining acceptable biocompatibility [7]. 

Alongside the development of novel biomaterials, 
modern biomedical research increasingly emphasizes 
the importance of digital monitoring technologies for 
objective, dynamic, and quantitative assessment of 
treatment effectiveness [8], [9]. Digital platforms 
enable the integration of microbiological, 
immunological, morphological, and clinical data into 
unified analytical systems, facilitating real-time 
evaluation of wound healing processes and prediction 
of therapeutic outcomes [10]. 

Against this background, the present study 
focuses on the experimental evaluation of bacterial 
cellulose-based biomaterials enriched with MXene 
nanocomposites, with particular attention to the 
development and application of digital monitoring 
tools for assessing their antibacterial, 
immunomodulatory, and reparative effectiveness in 
models of acute purulent infection. 

2 RESEARCH OBJECTIVE 

The objective of this study was to evaluate the 
effectiveness of bacterial cellulose-based 
biomaterials (BC-MXene) in the local treatment of 
experimentally induced purulent infections using 
integrated digital monitoring technologies, with a 
comprehensive assessment of microbiological 
suppression, immune response modulation, and tissue 
repair dynamics. 

3 MATERIALS AND METHODS 

This experimental study was designed to quantify the 
effectiveness of bacterial cellulose (BC)-based 
biomaterials, particularly a BC-MXene 
biocomposite, in the local treatment of mixed-
etiology purulent infection using a digitally supported 
monitoring framework that integrates 
microbiological, immunological, hematological, and 
morphological endpoints. The biological rationale for 

selecting BC as a carrier matrix was its high fluid 
absorption capacity, porous microarchitecture, 
flexibility, mechanical stability, and 
biocompatibility, which collectively support exudate 
control and provide a favourable microenvironment 
for tissue repair, while the rationale for MXene 
incorporation was its reported bactericidal action 
linked to membrane disruption and oxidative stress 
mechanisms, potentially strengthening antibacterial 
and anti-biofilm performance without compromising 
local tolerability under controlled conditions. Three-
month-old outbred white rats (body mass 160-180 g) 
were used as the in vivo model because they provide 
reproducible wound and immune-response dynamics 
for comparative assessment of local interventions; 
animals were housed under standard vivarium 
conditions with stable temperature, humidity, and 
light-dark cycles and were acclimatised prior to 
procedures. The experimental object and sample 
matrix included whole blood, serum, infected tissues, 
and purulent exudate, enabling multi-layered 
evaluation of systemic and local responses. Mixed-
etiology acute purulent infection was induced by 
inoculating standardised collection strains of 
Staphylococcus aureus, Escherichia coli, and 
Pseudomonas aeruginosa into soft tissues; these 
pathogens were selected to reflect clinically relevant 
Gram-positive and Gram-negative wound microbiota 
profiles described for purulent surgical infections and 
to ensure that antimicrobial performance is tested 
against biologically diverse targets rather than a 
single-species model. Infection establishment was 
verified clinically by the appearance of inflammatory 
swelling, exudation, and local tissue reaction, and 
microbiologically by early culture positivity from 
wound swabs/exudate. 

To ensure methodological comparability, animals 
were randomised into treatment arms with a uniform 
observation window and a standardised schedule of 
sample collection. Local therapy was implemented 
using sterile dressings applied directly to the infected 
area; the key intervention consisted of a BC-MXene 
biocomposite dressing, while comparator arms 
included BC-only dressing and a conventional local 
therapy control. The BC-MXene material was 
prepared by cultivating BC-producing 
Komagataeibacter xylinus, followed by integration of 
MXene nanolayers into the cellulose network to 
obtain a composite expected to improve antibacterial 
effects while maintaining the structural and moisture-
balancing advantages of BC; sterilisation was 
performed using an approach compatible with 
hydrogel-like biomaterials to maintain integrity while 
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ensuring microbiological safety for in vivo 
application. 

The in vitro component was used to characterise 
the antibacterial action of BC-MXene against the 
study pathogens prior to in vivo interpretation, 
because in vitro susceptibility patterns help separate 
direct bactericidal activity from the indirect effects 
mediated by immune modulation. In vitro assessment 
included quantitative growth inhibition testing with 
CFU enumeration, assessment of bacteriostatic 
versus bactericidal trends across incubation time 
points, and microscopy-informed bacterioscopic 
verification of bacterial morphology changes in 
contact with the composite. In vivo microbiological 
monitoring consisted of serial sampling of wound 
exudate followed by culture on appropriate media, 
CFU/ml calculation, and documentation of pathogen 
persistence or eradication; this was justified as 
bacterial burden is a core determinant of delayed 
healing, recurrence, and systemic inflammatory 
escalation in purulent infections.  

All experimental procedures were approved by 
the Institutional Animal Ethics Committee of 
Bukhara State Medical Institute (Protocol No. 
6/2025, approved March 2025) and were conducted 
in accordance with international guidelines for the 
humane treatment of laboratory animals. 

3.1 Mathematical Formalization of the 
Digital Monitoring Index 

To eliminate subjective evaluation bias and integrate 
heterogeneous biological signals into a single 
standardized system, a digital data processing 
pipeline was engineered. All collected raw 
physiological parameters were transformed onto a 
uniform, dimensionless scale of [0, 1] using min-max 
normalization architectures.  

For direct biological parameters where an increase 
in numerical value denotes clinical tissue healing and 
active recovery (e.g., phagocytic index, granulation 
tissue maturity, angiogenesis, and epithelialization 
scores), the normalization equation was defined as: 

𝑆!"#$ = %&%!"#
%!$%&%!"#

, (1) 

where 𝑥$'!and 𝑥$(% represent the absolute empirical 
boundaries recorded for each respective parameter 
across the entire experimental data matrix.  

The normalized features were subsequently 
compressed into three domain-specific operational 
sub-indices:  
§ Microbiological Suppression Score (M).

Calculated from the logarithmic reduction of

colony-forming units relative to the baseline 
infection density.  

§ Immunological Normalization Score (I).
Formulated from normalized pro-inflammatory
cytokine downshifts (IL-6) and active cellular
defense indicators.

§ Reparative Progression Score (R). Evaluated as
the arithmetic mean of normalized semi-
quantitative histological tracking metrics.

The final Integrated Digital Effectiveness Index 
(IDEI) was computed via a weighted linear 
combination of these independent domain scores: 

𝐼𝐷𝐸𝐼 = (𝜔)𝑀+𝜔*𝐼 + 𝜔+𝑅) × 100%. (2) 

Based on clinical priority and mathematical 
sensitivity analysis, the weighting coefficients were 
fixed at 𝜔)= 0.4 for microbiological control, 𝜔* = 0.3 
for immunological modulation, and 𝜔+ = 0.3 for 
structural tissue repair, satisfying the constraint that 
∑𝜔'= 1.0. 

4 RESULTS 

The experimental workflow was implemented as a 
structured, digitally tracked pathway beginning with 
infection induction, confirmation of microbial 
growth, initiation of local therapy, and repeated 
sampling for microbiological and immunological 
analysis, followed by morphological confirmation of 
reparative changes. Animals were allocated into three 
groups to ensure that the observed effects could be 
attributed to the composite rather than to the cellulose 
carrier alone or to routine local care. The digital 
monitoring framework was particularly useful for 
comparing not only “end-point” results but also the 
tempo of improvement, because in purulent infections 
the speed of bacterial clearance and inflammation 
resolution strongly influences complication risk and 
resource use. 

The grouping structure was intentionally 
symmetrical (20 animals per arm) to minimise 
allocation bias and to ensure that differences in 
microbial burden, immune signals, and histological 
repair scores could be meaningfully contrasted 
(Table 1). A 14-day window was selected because 
mixed-etiology purulent infection models typically 
demonstrate the most informative dynamics within 
the first two weeks: early bacterial expansion and 
acute inflammation in the first days, followed by 
either successful transition to granulation and 
epithelialisation or persistence of purulence and 
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Table 1: Experimental group distribution and treatment protocols. 

Group Number of animals Local treatment Observation / treatment window 
I 20 BC-MXene biocomposite dressing 14 days 
II 20 Bacterial cellulose dressing (BC) 14 days 
III 20 Conventional local therapy (control) 14 days 

Note: Statistical significance was set at p < 0.05. 

Table 2: Dynamics of bacterial load reduction in wound exudate (CFU/ml). 

Day BC-MXene BC only Control 
3 4.1×10⁵ 6.8×10⁵ 9.2×10⁵ 
7 1.2×10⁴ 3.6×10⁴ 7.9×10⁴ 
14 3.5×10² 1.1×10³ 4.6×10³ 

Note: Statistical significance was set at p < 0.05. 

Table 3: Immunological response trends (directional changes vs. baseline). 

Marker / Functional Parameter BC-MXene (mean ± SD) BC only (mean ± SD) Control (mean ± SD) 
IgG level (g/L) Day 14 12.8 ± 0.9 10.6 ± 1.1 9.4 ± 1.3 
Phagocytic index (%) 68.4 ± 4.7 54.2 ± 5.3 41.8 ± 6.1 

IL-6 (pg/mL) 18.3 ± 2.1 26.7 ± 3.4 38.5 ± 4.8 

Note: Values are presented as mean ± SD. Statistical significance was set at p < 0.05. 

delayed repair. The BC-only arm is critical, as it 
isolates the contribution of the cellulose matrix 
(moisture balance, exudate absorption, barrier 
function) from the MXene-driven antibacterial 
enhancement, while the conventional control reflects 
the baseline outcome without advanced biomaterial 
assistance. 

The CFU/ml pattern indicates a clear, time-
dependent microbial suppression gradient across 
groups. On day 3, bacterial load remained high in all 
arms, which is expected because the infection had 
been recently induced and early inflammatory 
exudation supports bacterial proliferation; however, 
the BC-MXene group already showed a lower burden 
(4.1×10⁵ CFU/ml) compared with BC only (6.8×10⁵) 
and control (9.2×10⁵), suggesting earlier inhibition of 
growth. By day 7, the difference became more 
pronounced: BC-MXene decreased to 1.2×10⁴ 
CFU/ml, which represents roughly a 34-fold 
reduction compared to its day-3 value (4.1×10⁵ → 
1.2×10⁴), while BC only showed about a 19-fold 
reduction (6.8×10⁵ → 3.6×10⁴) and control only 
about a 12-fold reduction (9.2×10⁵ → 7.9×10⁴). By 
day 14, the BC-MXene arm approached near-
eradication levels (3.5×10² CFU/ml), whereas BC 
only remained at 1.1×10³ and the control at 4.6×10³, 
implying that conventional care left a several-log 
residual contamination that can prolong inflammation 
and delay tissue closure (Table 2). 

Because the dissertation concept emphasises the 
immuno-microbiological nature of purulent 

infections, immune indicators were evaluated as 
outcome modifiers rather than background variables. 

The BC-MXene group demonstrated a pattern 
consistent with more complete “immune recovery”: 
humoral immunity markers trended toward 
normalisation, which can be interpreted as restoration 
of adaptive response capacity and improved clearance 
support; the phagocytic index increased more 
distinctly, implying that innate cellular defence 
became more effective in eliminating residual 
microbes and tissue debris; and pro-inflammatory 
cytokine signalling (represented here by IL-6 trend) 
decreased more decisively, which is clinically 
relevant because persistently elevated inflammatory 
cytokines are associated with ongoing tissue damage, 
delayed granulation maturation, and systemic 
inflammatory stress (Table 3). 

Histology provides direct evidence that the BC-
MXene composite changes the quality of healing, not 
only the speed of bacterial decline. In the BC-MXene 
group, the digitally scored reduction in inflammatory 
infiltration indicates that neutrophil-dominant acute 
inflammation resolves faster, reducing protease-
driven tissue destruction and allowing repair to 
proceed. Enhanced granulation maturity means that 
the wound bed transitions earlier to fibroblast 
activity, extracellular matrix deposition, and stable 
microvascular network formation; this is consistent 
with the microbiological curve showing near-
eradication by day 14 (Table 4). 
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Table 4: Digital histological healing assessment (semi-quantitative). 

Reparative Parameter BC-MXene (mean ± SD) BC only (mean ± SD) Control (mean ± SD) 
Inflammatory infiltration (score) 0.8 ± 0.3 1.6 ± 0.4 2.4 ± 0.5 

Granulation maturity (score) 2.8 ± 0.2 2.1 ± 0.3 1.3 ± 0.4 
Angiogenesis (score) 2.7 ± 0.3 2.0 ± 0.4 1.2 ± 0.5 

Epithelialisation (score) 2.9 ± 0.2 2.2 ± 0.3 1.4 ± 0.4 

Note: Histological parameters were evaluated using a 0-3 semi-quantitative scoring system. Values are presented as mean ± 
SD. Statistical significance was set at p < 0.05. 

Table 5: Component Decomposition and Final Integrated Digital Effectiveness Index (IDEI) 

Experimental Cohort 
Group 

Microbiological Sub-
Index (M) 

Immunological Sub-
Index (I) 

Reparative Sub-
Index (R) 

Final Composite IDEI 
Score (%) 

Group I (BC-MXene) 0.96 0.92 0.89 92.4% 
Group II (BC-only) 0.79 0.75 0.76 76.8% 
Group III (Control) 0.59 0.61 0.64 61.3% 

Note: Statistical significance established at p < 0.05 across all integrated domain calculations. 

The empirical measurements across the 
microbiological, immunological, and morphological 
fields were compiled and processed through the 
mathematical pipeline to calculate the distinct domain 
sub-indices and the final composite score. 

The calculated composite values reveal a 
significant therapeutic divergence between the 
treatment protocols. Group I (BC-MXene) achieved 
an IDEI of 92.4%, indicating that clinical 
improvement occurred simultaneously and 
harmoniously across all three biological axes within 
the 14-day observation window. In contrast, Group II 
(BC-only) demonstrated an IDEI of 76.8%, 
exhibiting strong tissue repair mechanics but slower 
microbiological eradication velocities. Group III 
(Control) remained at an IDEI of 61.3%, reflecting 
delayed spontaneous healing complicated by residual 
pathogen contamination and prolonged hyper-
inflammation (Table 5).  

To ensure reproducibility and technical 
transparency of the digital monitoring component, a 
structured digital pipeline was implemented 
consisting of five sequential stages: data capture, 
preprocessing, normalization, index computation, 
and visualization. Raw experimental data (CFU/mL 
values, immunological markers, and histological 
scores) were digitized in tabular format and processed 
using Python (version 3.10) with the Pandas (1.5.3) 
and NumPy (1.24) libraries. During preprocessing, 
missing values were handled using median 
imputation, and outliers were detected using 
interquartile range criteria and verified biologically 
before exclusion. All quantitative parameters were 
normalized to a 0-1 scale using min-max 
normalization. Sensitivity analysis demonstrated that 
moderate variation of weights (±10%) did not 

significantly change intergroup ranking, confirming 
index robustness. Furthermore, a Pearson correlation 
analysis revealed a strong positive association 
between IDEI values and histological healing scores 
(r = 0.82, p < 0.01), supporting the construct validity 
of the digital monitoring system as an objective tool 
for advanced biomaterial analytics. 

5 DISCUSSION 

The present findings support the concept that local 
management of purulent infection should be 
evaluated not only through visible wound changes but 
also through integrated immuno-microbiological and 
reparative markers, because persistent microbial 
burden and immune dysregulation are key drivers of 
delayed healing and complications. In this 
experimental setting, the 
BC-MXene biocomposite produced the most 
consistent and rapid improvement across domains. 
This indicates that the composite delivers a dual 
mechanism: the bacterial cellulose matrix stabilises 
the wound microenvironment by absorbing excess 
exudate, maintaining optimal moisture, and providing 
a biocompatible scaffold that protects the tissue 
surface, while MXene contributes an active 
antibacterial effect that accelerates the reduction of 
polymicrobial contamination, thereby lowering 
antigenic pressure and enabling a faster transition 
from destructive inflammation to constructive repair.  

The differences in CFU decline between groups 
are particularly informative because they highlight 
“clearance velocity” as a potential early predictor of 
successful healing. This matters in real clinical 
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practice where waiting for late outcomes can lead to 
prolonged hospital stays, repeated debridements, or 
escalation to broader antibiotics. The immunological 
trend-especially the more distinct normalisation 
pattern in the BC-MXene arm-also suggests that 
antimicrobial success is intertwined with immune 
restoration, because once the bacterial load declines, 
innate effector functions become more effective and 
pro-inflammatory cytokine signalling can subside 
rather than remaining chronically elevated.  

Finally, the demonstrated feasibility of integrating 
biomaterials research with digital monitoring creates 
a translational pathway toward decision-support tools 
in wound care. Clinicians could use data-driven 
indicators to personalise local treatment selection, 
rationalise antibiotic stewardship, and standardise 
outcomes across institutions, which aligns with 
broader goals of modern healthcare systems focused 
on quality, efficiency, and measurable results.  

6 CONCLUSIONS 

In conclusion, the experimental data indicate that 
bacterial cellulose-based biomaterials provide 
measurable benefits in local management of purulent 
infections, and that incorporation of MXene into the 
bacterial cellulose matrix further enhances these 
benefits by accelerating microbial suppression and 
supporting a faster shift from acute inflammation 
toward effective tissue repair. The BC-MXene 
biocomposite demonstrated the strongest overall 
performance across microbiological burden 
reduction, immune-response normalisation trends, 
and histologically supported reparative progression, 
resulting in the highest integrated digital 
effectiveness index within the standardised 14-day 
observation window.  

Equally important, the study shows that digital 
monitoring technologies are not merely auxiliary 
tools but are methodologically valuable components 
of biomaterials evaluation. They enable continuous, 
standardised, and integrative assessment of complex 
healing processes, generate interpretable composite 
indicators for comparison and prediction, and 
improve the objectivity of experimental conclusions. 
From a translational perspective, these findings 
justify further development of bacterial cellulose-
based BC-MXene systems as advanced local wound-
care materials and support the creation of digital 
monitoring platforms as scalable frameworks for 
evaluating and optimising local therapy in purulent 
infection management, with expected medical 
benefits in complication prevention and healing 

acceleration, economic benefits through reduced 
resource utilisation and treatment duration, and social 
benefits through improved functional outcomes and 
quality of life. 
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