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Injury to the recurrent laryngeal nerve (RLN) represents one of the most common 
iatrogenic complications in surgery. Such injuries may occur during a wide range of 
procedures, including thoracic and cardiac surgeries, reconstructive operations on 
the aortic arch, esophageal reconstruction with graft placement in the posterior 
mediastinum, surgical treatment of carotid artery stenosis, anterior cervical 
approaches for cervical spine disorders, and thyroid surgery. 
The occurrence of bilateral vocal fold paresis accompanied by respiratory 
compromise constitutes a life-threatening condition, often necessitating emergency 
tracheostomy and potentially resulting in long-term disability. 
In the management of this pathology, surgical approaches are employed, including: 
(a) injection laryngoplasty; 
(b) surgical interventions involving the laryngeal muscles and cartilages. 
Currently, there is still no certified material available for injection laryngoplasty to 
effectively restore vocal fold defects. For medialization procedures, silicone and 
titanium implants are commonly used; however, these materials are not readily 
accessible in Kazakhstan. 
In this context, the development of novel bioengineered substitute materials is 
considered a promising direction, particularly through the application of additive 
manufacturing technologies to produce graft-implants with optimal biointegration 
properties. 

Purpose 
 

This project aims to develop and systematically investigate bioengineered implants 
with spatially controlled density, tailored to specific anatomical regions, through 
the application of advanced 3D bioprinting technologies. 

Objectiv
es 

1. Study and Analysis of Bone Substitute Materials for Additive Manufacturing of 
Grafts 
a) Review of existing biomaterials: 
This includes the systematic evaluation and classification of materials currently 
used or potentially applicable for bone substitutes, such as polymers, bioceramics, 
composites, carbon-based materials, and their combinations. 
b) Analysis of material properties: 
Assessment of biocompatibility, mechanical properties (strength, stiffness, 
elasticity), osteointegration capacity (integration with bone tissue), porosity 
(required for cellular and vascular ingrowth), and degradation resistance. 
 
c) Evaluation of 3D printability: 
Assessment of the suitability of materials for additive manufacturing technologies, 
including 3D printing, considering their physicochemical properties and behavior 
during the printing process. 
2. Selection of Materials and Conditions for Additive Fabrication of Grafts 
a) Identification of optimal materials (e.g., carbon-based nanomaterials and their 
composites) for additive manufacturing, considering their biocompatibility, 
mechanical performance, and degradation stability. 
b) Development of synthesis protocols for carbon nanomaterials and their 
composites for biomedical applications. 
c) Optimization of physical synthesis parameters (e.g., temperature and related 
conditions). 



d) Experimental synthesis of carbon nanomaterials and their composites, including 
structural and morphological characterization of the resulting nanostructures, 
followed by comprehensive data analysis. 
3. Development of Methods for Evaluation of Raw Materials (Drug Release and 
Mechanical Properties) 
a) Identification of relevant types of carbon nanomaterials (e.g., graphene, carbon 
nanotubes, fullerenes). 
b) Investigation of the release kinetics of active substances (e.g., drugs, bioactive 
molecules) from carbon nanomaterials. 
c) Development and application of analytical methods for release assessment (e.g., 
UV spectroscopy, HPLC). 
d) Evaluation of mechanical properties (shear strength, tensile strength, elastic 
modulus). 
e) Assessment of resistance to mechanical loading, fatigue behavior, and 
environmental stress conditions. 
4. Investigation of Graft Synthesis Methods 
Including optimization of synthesis parameters and degradation rate (2026). 
5. Analysis of Graft Quality Characteristics 
6. Toxicological Evaluation 
Toxicological testing of synthesized bone substitute materials. 
7. Radiation Safety Assessment of the Graft 
8. Stability Studies of Developed Graft Samples 
Including evaluation of: 
degradation rate 
release of active substances 
mechanical properties (extended analysis) 
microbiological purity 
biocompatibility 
analytical specificity and sensitivity 
testing under simulated conditions 
technical performance testing 
9. Evaluation of Graft Samples Using Developed Methods 
10. Dissemination of Results 
Publication of research findings (planned for 2027). 
11. Development of Advanced Evaluation Methods for Graft Samples 
Including assessment of: 
degradation kinetics 
release profiles of active substances 
mechanical properties 
microbiological purity 
biocompatibility 
12. Final Evaluation and 3D Printing of Graft Samples 
Validation using developed methodologies and fabrication via 3D printing 
technologies. 
13. Technology Readiness Level (TRL) 
According to the methodology for determining the Technology Readiness Level 
(TRL) of scientific organizations and research universities and their developments, 
approved by the Order of the Chairman of the Science Committee of the Ministry 
of Science and Higher Education of the Republic of Kazakhstan dated July 18, 
2023, No. 112-nzh: 
At the time of submission: TRL 2 (supporting documents provided in the AIS 
under “required documents”) 
Expected upon project completion: TRL 4 



Expecte
d and 
achieved 
results 
 
 

Expected Results 
A comprehensive analysis of bone substitute materials for additive graft fabrication 
will be conducted. 
Existing materials will be systematically evaluated, their limitations identified, and 
key requirements for next-generation materials will be defined, including improved 
biocompatibility, durability, and suitability for 3D printing. 
Continued analysis of material selection criteria for additive graft fabrication. 
Optimal materials (e.g., carbon-based materials and their composites) will be 
identified based on their biocompatibility, structural and mechanical properties, and 
degradation resistance. 
Selection of precursor materials. 
Optimal carbon nanomaterials will be selected with consideration of 
biocompatibility and functional performance. 
Release kinetics will be evaluated, including controlled and sustained release of 
active substances. 
Mechanical properties (strength, stiffness, elasticity) meeting biomedical 
requirements will be defined. 
Development of a methodology for additive fabrication of biodegradable bone 
substitutes using 3D modeling technologies. 
Production of experimental graft prototypes from biodegradable bone substitute 
materials (planned for 2026). 
Analysis of qualitative characteristics of the grafts, including preparation of 
experimental protocols with conclusions on suitability for further testing. 
Toxicological evaluation of synthesized bone substitute materials, with documented 
protocols and conclusions regarding further applicability. 
Assessment of radiation safety of the grafts, with corresponding validation 
protocols. 
Stability studies of the developed graft samples, including: 
degradation rate 
release of active substances 
mechanical properties (extended analysis) 
microbiological purity 
biocompatibility 
analytical specificity and sensitivity 
testing under simulated conditions 
technical performance evaluation 
 
All results will be documented in validated protocols with conclusions on 
suitability for further studies. 
 
Final evaluation of graft samples using the developed methodologies will result in a 
comprehensive report summarizing physicochemical, mechanical, and biological 
properties, along with recommendations for their application as laryngeal implants. 
Achieved Results 
Development and optimization of a hydrogel composition for 3D bioprinting 
A biomimetic hydrogel based on nano-hydroxyapatite, sodium alginate, and 
glycerol was successfully developed and experimentally validated. 
Optimal dispersion and homogenization parameters (ultrasonic treatment and 
magnetic stirring) were established, enabling the formation of a stable viscoelastic 
system suitable for extrusion-based 3D printing (viscosity: 2000–4000 Pa·s). 
Comprehensive physicochemical characterization of nano-hydroxyapatite 
Structural validation was performed using Raman spectroscopy, X-ray diffraction 
(XRD), and scanning electron microscopy (SEM). 



Findings confirmed: 
correspondence to the reference crystalline phase Ca₁₀(PO₄)₆(OH)₂ 
high crystallinity 
absence of secondary phases and impurities 
Formation of composite hydrogel (Version 1) 
A composite hydrogel (nano-hydroxyapatite + sodium alginate + glycerol) was 
synthesized. 
Results demonstrated: 
phase homogeneity 
integration of mineral and organic phases 
Raman and XRD analyses confirmed structural integrity and preservation of 
hydroxyapatite crystallinity. 
Fabrication and evaluation of experimental graft samples 
Grafts were produced via extrusion followed by ionic crosslinking in CaCl₂ 
solution. 
Confirmed: 
structural stability 
reproducibility of the process 
preservation of morphology post-crosslinking 
Development of second-generation biomimetic composition (Version 2) 
An improved hydrogel formulation including gelatin was developed. 
Key outcomes: 
increased elasticity 
improved mimicry of laryngeal soft tissue biomechanics 
formation of a homogeneous biopolymer matrix 
Validation of structural and phase stability of composites 
XRD and Raman analyses confirmed stable composite architecture, characteristic 
hydroxyapatite peaks, and absence of parasitic phases. 
Morphological characterization of hydrogels 
Optical microscopy revealed: 
homogeneous component distribution 
porous architecture typical for biomimetic matrices 
presence of air inclusions, indicating the need for process optimization (deaeration 
stage) 
Comparative analysis of developed hydrogels 
Version 1: higher mechanical strength and structural stability (suitable for 
mineralized tissue modeling) 
Version 2: higher elasticity and closer resemblance to soft tissue biomechanics 
Both variants demonstrated phase purity and suitability for 3D bioprinting. 
Justification of further research directions 
Future work includes: 
rheological studies 
mechanical testing 
biocompatibility assessment 
preparation for in vitro and in vivo studies 
Scientific dissemination 
One review article has been published in a national peer-reviewed journal indexed 
by KKSON: Oncology and Radiology of Kazakhstan, No. 3(77), 2025. 
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Usage The results obtained within this project establish a scientific and technological 
foundation for the broad practical application of the developed biomimetic 
hydrogel in clinical otorhinolaryngology, regenerative medicine, and biomedical 
engineering. 
 
1. Application in Laryngeal Surgery 
 
The developed material can be applied for: 
 
Medialization laryngoplasty (Ishiki type I) using 3D-printed implants 
Reconstruction of vocal fold defects 
Correction of unilateral vocal fold paresis/paralysis 
 
A key advantage lies in the ability to fabricate patient-specific implants tailored to 
individual anatomical features. 
 
2. Application in Injection Laryngology 
 
The hydrogel can be adapted for: 
 
Injection laryngoplasty 
Temporary or long-term vocal fold medialization 
Restoration of vocal function 
 
Unlike conventional fillers, the material demonstrates potential for long-term 
integration and tissue regeneration. 
 
3. Application in 3D Bioprinting of Laryngeal Tissues 
 
The material is intended for: 
 
Fabrication of tissue-engineered laryngeal constructs 
Modeling of vocal folds 



Development of organ-specific implant prototypes 
 
This opens перспективы for the transition toward personalized regenerative 
medicine. 
 
4. Application in Experimental and Translational Medicine 
 
The developed material can be used for: 
 
Creation of in vitro models of laryngeal tissues 
Biomechanical and pharmacological studies 
Testing of novel therapeutic approaches 
 
It can serve as an experimental platform for further research and translational 
applications. 
 
5. Potential in Regenerative Medicine 
 
The hydrogel can be functionalized with: 
 
Growth factors (e.g., VEGF) 
Cellular components (e.g., mesenchymal stem cells, MSCs) 
Exosomes 
 
This enables its use as a platform for developing bioactive implants with controlled 
tissue regeneration. 
 
6. Educational and Scientific Applications 
 
The developed material can be utilized in: 
 
Educational programs in otorhinolaryngology and biomedical engineering 
Demonstration of 3D bioprinting technologies 
Training of PhD candidates and research personnel 
7. Prospects for Clinical Translation 
 
The results of the study create a foundation for: 
 
Development of a medical device 
Regulatory approval and technology registration 
Implementation in specialized ENT centers 
 
In the long term, this approach enables the development of domestically produced 
biomaterials for laryngeal surgery, reducing dependence on imported solutions. 

Priority 
compare
d to 
real-wor
ld 
alternati
ves 

In contrast to existing analogues, the developed biomimetic hydrogel integrates the 
structure-forming role of nano-hydroxyapatite within a biopolymeric matrix, 
providing not only mechanical support but also a pronounced potential for tissue 
regeneration. This enables its consideration as a foundational platform for the 
development of patient-specific 3D-printed laryngeal implants. 
 
For the first time, a biomimetic hydrogel based on nano-hydroxyapatite and 
biopolymers has been developed, in which the mineral phase serves a 
structure-forming function within a three-dimensional matrix. This design ensures a 



synergistic combination of mechanical stability and regenerative capacity, thereby 
establishing a scientific and technological basis for the fabrication of personalized 
laryngeal implants via 3D printing. 
 
The proposed material surpasses existing analogues through its unique combination 
of biomimetic properties, compatibility with additive manufacturing technologies, 
and intrinsic regenerative potential. These features position it as a next-generation 
bioengineered solution in the fields of otorhinolaryngology and tissue engineering. 
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