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ABSTRACT

Relevance: The high incidence of laryngeal cancer and the limitations of traditional implants (low biocompatibility and infectious
complications) require the development of new materials. Carbon nanostructures and 3D printing are promising for the development of

personalized laryngeal implants.

The study aimed to assess the potential of using carbon nanostructures, such as fullerenes, carbon nanotubes, and graphene, in
3D-printed laryngeal implants to promote cartilage regeneration and restore laryngeal function by enhancing their biocompatibility,

mechanical properties, and anti-bacterial activity.

Methods: A literature search for the years 2015-2025 was conducted in PubMed, Scopus, Web of Science, and Google Scholar
using the keywords “carbon nanostructures,” “3D printing,” and “laryngeal implants.” A total of 50 references were included in the

systematic analysis.

Results: Fullerenes, carbon nanotubes, and graphene enhance the biocompatibility, mechanical properties, and antibacterial
properties of 3D-printed scaffolds, supporting cartilage regeneration and laryngeal functions (breathing, swallowing, and speech,).
Conclusion: Carbon nanostructures and 3D printing hold promise for laryngeal implants; however, further research is needed on

their biocompatibility and large-scale production.

Keywords: carbon nanostructures, 3D printing, laryngeal implants, biocompatibility, cartilage re-generation, antibacterial

properties.

Introduction: The larynx, a bony structure compris-
ing the larynx, thyroid cartilage, and other cartilages,
performs the basic functions of breathing, swallowing,
and speech. Oncological diseases, injuries, congenital
anomalies, or the consequences of surgical interven-
tions, such as aphthous stomatitis, may necessitate im-
plants to restore the anatomy and functionality of the
organ [1]. According to global cancer statistics for 2022,
laryngeal cancer is one of the most common cancers,
with 188,960 new cases and 103,216 deaths recorded [2].
According to the GLOBOCAN 2022 update, the global in-
cidence of laryngeal cancer was approximately 184,615
new cases, with an age-standardized incidence (ASR)
of 2.0 per 100,000 population and a mortality rate of
99,840 (ASR 1.0), which is expected to increase to ap-
proximately 190,000 new cases by 2025 due to demo-
graphic changes. Furthermore, due to risk factors such
as smoking and alcohol consumption, the main areas
of treatment for laryngeal cancer in the field of oncol-
ogy are organ-preserving strategies, including concur-
rent chemoradiotherapy (CRT), which allows preserving
laryngeal function in 70-80% of patients with localized
stages, while reducing the need for surgical reconstruc-
tion. For advanced or recurrent cases, immunothera-

py (PD-1/PD-L1 inhibitors) and targeted therapy are be-
ing developed to improve outcomes at the metastatic
stage, with an emphasis on personalized medicine and
a multidisciplinary approach [3]. The five-year relative
survival rate for laryngeal cancer ranges from 79% at lo-
calized stages to 34% at distant stages, with an overall
rate of approximately 61%, highlighting the need for in-
novations in post-laryngectomy reconstruction, includ-
ing 3D printing and nanomaterials, to improve patients’
quality of life. Traditional silicone, titanium, or poly-
mer-based implants have significant drawbacks, includ-
ing poor biocompatibility, limited integration with un-
derlying tissues, a high risk of infectious complications,
and insufficient mechanical strength of cartilaginous
structures [2, 4]. These limitations motivate the search
for new materials and technologies to improve treat-
ment outcomes.

Carbon nanostructures, such as fullerenes and car-
bon nanotubes (CNTs), have garnered attention in tissue
engineering due to their unique physicochemical prop-
erties [5]. Fullerenes (C60, C70) possess radical-scaveng-
ing properties that reduce oxidative stress and inflamma-
tion, which are essential for preventing implant rejection
[6]. Functional fullerenes such as C60(OH)n exhibit high
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biocompatibility and the ability to stimulate tissue regen-
eration [7]. Carbon nanotubes provide high mechanical
strength, electrical conductivity, and support cellular ad-
hesion, which is important for laryngeal cartilage tissue [8].
Graphene and its derivatives, such as graphene oxide, en-
hance scaffold properties, improve biomechanical proper-
ties, and exhibit antibacterial activity [9]. These properties
make carbon nanostructures promising for the develop-
ment of bioreplacement materials.

3D printing (additive manufacturing) technology has
revolutionized the fabrication of implants, enabling the
complex anatomy of the larynx to be reproduced from
computed tomography (CT) or magnetic resonance im-
aging (MRI) data [10]. Techniques such as fused depo-
sition modeling (FDM) and bioprinting enable precise
modeling of cartilage structures using polymers (e.g.,
polycaprolactone, polylactide) or hydrogels [11]. The in-
tegration of carbon nanostructures into these materials
enhances their biocompatibility, mechanical strength,
and antibacterial properties, as confirmed by research in
otolaryngology [12, 13]. For example, composites based
on CNTs and graphene have shown improved electrical
conductivity, which has been shown to stimulate carti-
lage cells [14]. Fullerenes used in photodynamic therapy
(PDT) generate reactive oxygen species, which reduces
the risk of bacterial infections caused by Staphylococcus
aureus [15]. However, the clinical application of such ma-
terials is limited by a lack of data on their use in laryngeal
implants, although studies in bone and cartilage tissues
have shown significant progress [16].

The study aimed to assess the potential of using car-
bon nanostructures, such as fullerenes, carbon nanotubes,
and graphene, in 3D-printed laryngeal implants to pro-
mote cartilage regeneration and restore laryngeal func-

tion by enhancing their biocompatibility, mechanical
properties, and antibacterial activity.

Materials and Methods: This review included studies
on the use of carbon nanostructures, such as fullerenes,
carbon nanotubes, and graphene, in tissue engineering,
with a focus on cartilage regeneration, as well as studies
on extrusion 3D printing and bioprinting technologies for
the production of biosubstitute materials or implants. Ar-
ticles with experimental data on the biocompatibility, me-
chanical properties, antibacterial activity, or clinical sig-
nificance of carbon nanostructures for laryngeal implants
were included. The review included original studies, re-
views, or patents published in English, Russian, or Ka-
zakh between 2005 and 2025. Papers without experimen-
tal data (e.g., editorial columns or letters to the editor) or
not related to tissue engineering and implants were not
included in the analysis. Articles in languages other than
English, Russian, or Kazakh were also excluded if a transla-
tion was not available.

Results: A systematic literature review revealed that
carbon nanostructures (fullerenes, carbon nanotubes
(CNTs), and graphene) possess unique properties and are
promising for the development of bioreplacement mate-
rials. Fullerenes, particularly functionalized forms such as
C60(OH)n, reduce oxidative stress in tissues through their
radical-scavenging properties and exhibit high biocom-
patibility. Carbon nanotubes exhibit very high mechan-
ical strength and electrical conductivity, which improves
cartilage cell adhesion and proliferation. Graphene and its
derivatives (e.g., graphene oxide) enhance the mechan-
ical properties of scaffolds and exhibit pronounced anti-
bacterial activity. These properties are presented in Table
1, which compares the biocompatibility, mechanical prop-
erties, and antibacterial activity of carbon nanostructures.

Table 1 - Comparison of properties of carbon nanostructures

Material Biocompatibility Mechanical properties Antibacterial activity
Fullerenes High, reduces oxidative stress [6] Low strength, radical High level of PDT (S. aureus, E. coli) [15]
scavenging[7]
Carbon nanotubes Moderate, improved by High strength (up to 100 GPa), Moderately destroys bacterial
functionalization [8] electrical conduc-tivity [8] membranes [5]
Graphene Tall, supports cells [9] High strength (up to 130 GPa), High, destroys mem-branes
plasticity [9] (S. aureus) [9]

Carbon nanostructures have demonstrated significant
results in cartilage tissue engineering. Fullerenes increase
chondrocyte proliferation by 4.5-fold over 7 days, as con-
firmed by in vitro studies. In those studies, type Il collagen
expression reached 85% compared with the control group.
Carbon nanotubes embedded in polycaprolactone (PCL)
increased the compressive strength of scaffolds to 8.4 MPa
and Young’s modulus to 146.2 MPa, providing optimal con-
ditions for mesenchymal stem cell chondrogenesis. When
added to graphene hydrogels (e.g., GeIMA), they improve
cell adhesion and increase their density by 60% compared
to pure hydrogels over 14 days. These data demonstrate

the ability of carbon nanostructures to support cartilage
regeneration, which is necessary for the restoration of the
cricoid and thyroid cartilages of the larynx.

3D printing technologies, such as fused deposition
modeling (FDM) and bioprinting, enable the reconstruc-
tion of the complex larynx structure as anatomically ac-
curate scaffolds from CT data. PCL-based composites with
0.013 wt% fullerene nanorods (FNRs) increase hydro-
philicity and decrease the contact angle from 80° to 45°,
which promotes improved cell adhesion. These scaffolds
inhibit the growth of Staphylococcus aureus and E. coli
by 90% within 24 hours. Similarly, GelMA hydrogels with
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graphene promote chondrogenesis, providing a compres-
sive strength of 7.8 MPa and increasing SOX9 expression
by 70%. PLA composites with CNTs achieve a compressive

Table 2 - Characteristics of 3D printed frames

strength of 9.2 MPa and become electrically conductive,
stimulating cellular differentiation. The characteristics of

the 3D-printed materials are presented in Table 2.

Material Technology Compres:/:\éeastrength, Biological effect
PCL + 0.013% FNR FDM 8.4 [11] Chondrocyte proliferation 4 times [7]
GelMA + Graphene Bioprinting 7.8[12] Chondrogenesis, cell adhesion (SOX9 +70%) [9]
PLA + CNT FDM 9.2[1 3] Electrical conductivity, cellular dif-ferentiation [14]
PLA + CNT FDM 9.2[13] Electrical conductivity, cellular dif-ferentiation [14]

Figure 1 complements the data in Tables 1 and 2 by fo-
cusing on the clinically significant outcomes of using car-
bon nanostructures in laryngeal implants.

Fullerenes used in photodynamic therapy effective-
ly kill laryngeal cancer cells (up to 95% in vitro), reducing
the likelihood of recurrence [16]. Graphene in 3D-print-

ed scaffolds slows tumor cell growth, promoting their
destruction. CNTs improve the delivery of immunother-
apeutic drugs, increasing the effectiveness of larynge-
al cancer treatment. Composites restore breathing (85%)
and speech (80%), and reduce infectious complications
by 90% [17].
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Figure 1 — Comparative clinical results [3, 7, 13-17]

Fullerenes increase chondrocyte proliferation by 4.5-
fold over 7 days (collagen Il expression: 85%). CNTs in PCL
increase the scaffold strength to 8.4 MPa, and graphene
in GelMA - up to 60% cell adhesion (Table 2). 3D printing
(FDM, bioprinting) creates anatomically precise scaffolds
by improving hydrophilicity (PCL + FNR, contact angle 45°)
and inhibiting bacterial growth (90%) [16]. Tables (1, 2 - Ta-
ble er) show chondrocyte growth (5.4x10° cells/cm? in 21
days) and antibacterial activity (S. aureus - survival rate
10%). Figure 1 shows the clinical results of the use of nano-
structures in laryngeal implants.

Fullerene nanocore (FNR)-enhanced PCL composites
provide 85% respiratory function recovery, 80% speech

function recovery, and a 90% reduction in infectious
complications, as confirmed by studies of 3D-printed
scaffolds in otolaryngology [17]. Similarly, graphene-en-
hanced GelMA scaffolds achieve 82% recovery of res-
piratory function, 78% recovery of speech function, and
a 92% reduction in infectious complications, consist-
ent with studies in cartilage tissue engineering. Titani-
um implants, used as a control, demonstrate significant-
ly lower rates: 55% recovery of respiratory function, 50%
recovery of speech function, and a 60% reduction in in-
fectious complications. These data highlight the lim-
itations of traditional materials in comparative clinical
studies [18].
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Table 1 compares the physicochemical properties of
carbon nanostructures, Table 2 presents the characteris-
tics of 3D-printed scaffolds, and Table 3 presents their di-
rect impact on laryngeal function restoration and compli-
cation prevention. These tables provide insight into the
practical value of these materials for patients.

The antibacterial properties of carbon nanostructures
further enhance their value for laryngeal implants. In pho-
todynamic therapy, fullerenes generate reactive oxygen
species, destroying S. aureus and E. coli with 95% efficien-
cy for 12 hours. Graphene and CNTs physically disrupt bac-
terial cell membranes, reducing the risk of infection —a
particularly important factor in preventing postoperative
complications. The antioxidant properties of fullerenes
protect tissues from oxidative stress, reducing inflamma-
tory responses by 40% compared to traditional materials
such as silicone.

The use of carbon nanostructures in 3D-printed laryn-
geal implants restores breathing, swallowing, and speech
functions. Studies have shown that scaffolds using CNTs
and graphene restore mechanical laryngeal mobility to
approximately 80% in in vitro models, significantly higher
than that of titanium implants (~55%). These results con-
firm the high potential of carbon nanostructures for the
development of functional and biocompatible laryngeal
implants.

Discussion: Carbon nanostructures (fullerenes, carbon
nanotubes, graphene) show significant potential for im-
proving the properties of 3D-printed laryngeal implants.
They enhance biocompatibility, mechanical strength, and
antibacterial properties, making them a promising alterna-
tive to traditional materials such as titanium and silicone
[19-21].

Carbon nanotubes (CNTs) and graphene exhibit very
high strength (100-130 GPa) and electrical conductivity,
which promotes chondrogenesis and stem cell differenti-
ation [22-24]. These properties are particularly important
when creating scaffolds for the restoration of laryngeal
cartilage tissue, which is constantly subjected to vibration
and stress.

Fullerenes possess pronounced antioxidant and an-
ti-inflammatory properties. Studies have shown that
fullerenes reduce the production of proinflammatory cy-
tokines (IL-6, TNF-a) by 35-40% compared to silicone and
titanium implants [25, 26], which reduces the risk of post-
operative fibrosis and infection.

Compared to traditional materials, carbon nanostruc-
tures can reduce the development of inflammatory reac-
tions, fibrosis, and infections [20, 27]. However, non-func-
tional nanotubes can be toxic at high concentrations [28].
Furthermore, their production costs are 30-50% higher
than those of standard polymers, limiting their large-scale
implementation [29].

Despite the progress achieved, data on its use in laryn-
geal prosthetics are limited. Targeted studies are needed

that account for the characteristics of the limb: vibration
loads, mechanical strength, and tissue elasticity [30].

An important area of development is standardizing 3D
printing processes, which will eliminate defects and im-
prove product reproducibility [31]. Prospects include the
creation of hybrid composites containing chitosan or colla-
gen, which have additional biocompatibility [32], as well as
the use of artificial intelligence to optimize the design and
modeling of implants [33].

Conclusion: The combination of carbon nanostruc-
tures (fullerenes, carbon nanotubes, graphene) and 3D
printing technologies offers significant potential for the
creation of biocompatible laryngeal implants. These na-
nostructures exhibit high mechanical strength and anti-
bacterial activity, and also improve the restoration of res-
piratory, swallowing, and speech functions by promoting
cartilage regeneration. Compared to traditional materi-
als such as silicone and titanium, nanostructures integrate
more effectively with tissues and reduce the risk of com-
plications. However, the toxicity of non-functionalized na-
nomaterials, high production costs, and the lack of data
on their use in the larynx require further research. The de-
velopment of hybrid materials based on chitosan or colla-
gen, combined with the optimization of 3D printing pro-
cesses using artificial intelligence, can accelerate clinical
implementation and provide personalized solutions for
patients. In oncology, they reduce the rate of relapse and
complications. Toxicity, cost, and data scarcity necessitate
research on hybrid materials and artificial intelligence for
implant design.
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AHJATIHA

KOMEN UMILJIAHTTAPBI YIITH BUOAJIMACTBIPFBIII KOMIPTEKTI
MATEPUAJIIAPBI 3D BACBIII IIBIFAPY TEXHOJIOI'MACBIH KOJIJIAHY:
9/IEBUETKE IOJIY

J.B. Hemaunos™, JILE. Tozyzoaesa', I'. Ilapmuzan'?, H.B.Hacviposa®

1«3n-Oapabu atbinaarbl Kasak ynTTbik yuusepcuteti» KEAK, Anmarbl, Kasakctad Pecny6nukach;
2Z«KazakctaH-Peceit MeguumHanbIK yHusepcuteti» MEBBM, Anmatbi, Kasakcran Pecriy6nmkachl

Oszexminizi: Komeil 00bipbinbly dico2apvl aypyuanovlesl KHcoHe O09CMypai UMNIAHMMAapouly wekmeyiaepi (buocotikecmixminy
memenoiel, UHPEKYUSTBIK ACKbIHYIAP) JHCaya mamepuanoapovl Kaxcem emeoi. Komipmexmi nanoxypuvlavimoap men 3D 6acein wivieapy

Jrcexenenoipineer komel UMRAAHMMAPbL YULiH NepCneKmugabl.
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3epmmeyoin maxcamol — Qyinepenoep, KoMipmexnmi HAHOMYMIKMep JHcoHe 2pagher CUAKMbl KOMIPMEKMI HAHOKYPbLILIMOAPOb
wemipuiex peceHepayusCbiH bIHMANAHOBIPY HCOHE KOMell (DYHKYUACLIH KANbIHA KeXmipy yulin Ouoyunecimoiniein, Mexamukaivly
Kacuemmepin dcone bakmepusea Kapcol bencenoiniein sxcaxcapmy yuin 3D bacvin wileapviiean kemell UMRAGHMMAPLILOA NAUOAIAHY
oneyemin 6az2anay.

AQoicmepi: 2005-2025 scvinoapoazel o0ebuemmepoi PubMed, Scopus, Web of Science, Google Scholar 6azanapuvinoa «carbon
nanostructuresy, «3D printingy, «laryngeal implantsy kiam ces0epimen scyiieni manoay xcypeizinoi. 50 oepexkoz maidanovl.

Homuocenepi: ¢yninependep, kemipmexmi Hamomymikmep dcone epagen 3D  obacvin wvieapviiean craggoromapoviy
buocolikecmiein, MEXQHUKAbIK KACUeMMepiH HCOHe AHMUOAKMEPUATObl CUNAMMAMATIAPBIH HCAKCAPMAObL, EMIDUIEK De2eHePaAYUACHIH
JICOHe KoMell DYHKYUSLAPBIH (MbIHBIC ALY, HCYMY, COllIey) KoLoauobl.

Kopwvimuinowst: Komipmexkmi HanoKypulivimoap mern 3D bacein wivizapy Kemell UMNIAHMMAPbL YWiH NepCnekmusansl, Oipak
onapoviy buocolkecmizi MeH ayKblMObl OHOIPICi OOUBIHUA KOCOIMULA 3epmmeyep Kaxicemn.

Tyuinoi cesdep: xemipmexmi HAHOKYpwlLIbiMOap, 3D 6acvin wwieapy, Kemeil umnianmmapvl, OUOCOUKeCMIK, uleMIipuiex
peceHepayusAcyl, aHmubaKxmepuaiobl Kacuemmep.

AHHOTAIIUA

NPUMEHEHUWE TEXHOJIOI'MH 3D-ITEYATU BUOOBMEHHBIX YIVIEPOAHBIX
MATEPHUAJIOB JJI51 TOPTAHHBIX UMIIJIAHTATOB :
OB30P JIUTEPATYPbI

-D. cmaunoe >, A.L. 1o2y3oaeea, I. apmu3an -, f.b.11acelpoea
B. U 12, JI.E. Tozyséaesa', I Ilap 12, H.B.Hacviposa®

THAO «Ka3axckmii HaunoHanbHbIi yHUBepcUTET M. anb-Dapabux, Anmatbl, Pecnybnuka Kazaxcras;
2HYO «Ka3axcTaHcKo-Poccuitckuit MeAMUMHCKIIA YHUBEPCUTET, Anmarl, Pecny6nuka Kasaxcrax

Axmyanvhocme: Bvicokas 3a6onesaemMocms pakom 20pmaHu U O02PAHUYEHUS MPAOUYUOHHBIX UMNIAHMAMOS (HU3KASL
buocosmMecmumMocms, UHGEKYUOHHbIe OCL0JICHEHUs) MPebYIom HO8bIX Mamepuanos. Yeiepoousie nanocmpykmypuol u 3D-neuwamo
nepcnekmugnbl 0Jisk RePCOHANUUPOBAHHBLX UMNILAHMANO8 2OPMAH.

Lens uccnedosanus — oyeHKa 603MOACHOCMEN UCTONb308AHUS Y2TePOOHbIX HAHOCMPYKMYP, MAKUX KAK QyLlepeHsl, yeiepooHble
Hanompyoxku u epagen, 6 UMNIAHMAMAX 20pmManu, Haneyamanuvix na 3D-npunmepe, 0na obecneuenus pecenepayuu xpswa u
60CCMANOGICHUSL (DYHKYUL 2OPMANU RYMEM VIVYULEHUsL UX OUOCOBMECUMOCMU, MEXAHUYECKUX C8OUCME U AHMUOAKMePUATbHOL
AKMUBHOCU.

Memoowt: [Iposeden cucmemamuueckuii ananuz aumepamypul 2015-2025 20006 ¢ 6azax PubMed, Scopus, Web of Science, Google
Scholar no kniouesvim cnosam «carbon nanostructuresy, «3D printingy, «laryngeal implantsy. Ilpoananuszuposarno 50 ucmounuxos.

Pesynomamor: Qynnepenvl, yeiepoonvle HAHOMPYOKU U 2paden Yayuuaom 6uocoemMecmumocie, MEeXaHudyecKue ceolucmeda u
anmubaxmepuanbiblie XapaKmepucmurku ckaggonoos, nanevamannvix na 3D-npunmepe, noooepacusarom pecenepayuio xpsawa u
¢ynryuu copmanu (Ovixanue, enomarue, peus).

3akntouenue: Yenepoouvie nanocmpykmypel u 3D-newamv nepcnekmueHvl 0Jisi 2OPMAHHBIX UMNIAHMAMOS, HO HE0OX00UMbL
donoanumenvHvle UCCAe008aHUs UX OUOCOBMECUMOCMU U KPYNHOMACWMAOHO20 NPOU3800CmEd.

Kniouesvte cnosa: yenepoonvie nanocmpykmypoi, 3D-neuamo, umnianmamol 20pmany, OUOCOBMECMUMOCHb, pPeeeHepayusl
Xpawia, aHmubaKmepuaibivie COUCMEA.
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