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ABSTRACT 
The use of nanoscale materials allowed researchers to study a variety of disease treatments using 
minimally invasive techniques. Especially, silver nanoparticles (AgNPs) are of interest in 
biosensors and biomedical applications because they are nanoscale and have antibacterial 
properties. Although there are many production methods of nanoparticles, green approaches have 
been preferred in recent years as sustainability is a common concern with biological or bio based 
production and can produce fast, non-toxic and well-defined size and morphology. For wound 
dressing and wearable sensors, biopolymer cellulose-based films have promising advantages from 
conductivity to encapsulation of AgNPs within a cellulosic matrix. Reducing the inherent toxicity of 
AgNPs is essential in clinical uses; therefore, nanoclay composites can also be recommended. Clay 
nanomaterials as a naturally biocompatible atomically thin layered charged fine-grained structure, 
2D for bioactive material and biomaterials. It has been used since 2500 years. The aim of this study 
is to present the development of regenerative medicine that combines antibacterial composite using 
AgNPs- nanoclay into cellulose polymer matrix with 3D printing. This review also covers green 
synthesis of AgNPs nanoparticles with the least amount of environmental damage with popular 
native herbs of Turkey AgNO3 as a precursor. In the second part of the paper, cellulose structures 
and their bio-ink composites were also discussed. Finally, 3D assisted antibacterial composites 
demonstrated here is a viable option for antibacterial composite for regenerative medicine and 
wearable sensor science.  
Keywords: Alginate, Ag-NPs, Antibacterial, Nanoclay, Regenerative medicine 
 

ÖZET 
Nano ölçekli malzemelerin kullanımı, araştırmacıların minimal invaziv teknikler kullanarak çeşitli 
hastalık tedavilerini incelemelerine izin vermektedir. Özellikle gümüş nanopartiküller (AgNP'ler), 
nanoboyutta olmaları ve antibakteriyel özelliklere sahip olmaları nedeniyle biyosensörlerde ve 
biyomedikal uygulamalarda ilgi görmektedir. Nanopartiküllerin pek çok üretim yöntemi olmasına 
rağmen, son yıllarda yeşil yaklaşımlar, sürdürülebilirliğin biyolojik veya biyobazlı üretimle ilgili 
ortak bir endişe olması ve hızlı, toksik olmaması ve iyi tanımlanmış boyut ve morfoloji üretebilmesi 
nedeniyle tercih edilmektedir. Yara sargısı ve giyilebilir sensörler için, biyopolimer selüloz bazlı 
filmler, iletkenlikten AgNP'lerin selülozik bir matris içinde kapsüllenmesine kadar umut verici 
avantajlara sahiptir. AgNP'lerin doğal toksisitesinin azaltılması, klinik kullanımlarda gereklidir; bu 
nedenle nanokil kompozitler önerilebilir. Doğal biyouyumlu atomik olarak ince katmanlı yüklü ince 
taneli yapı olarak kil nanomalzemeler, 2B biyoaktif madde ve biyomalzemeler için M.Ö. 2500’li 
yıllardan beri kullanılmaktadır. Bu çalışmanın amacı, rejenaratif tıp uygulamalarına yönelik olarak 
geliştirilen antibakteriyel AgNPs-nanokil katkılı sellüloz kompozitlerini incelemek ve 3B yazdırma 
konusundaki gelişmeleri sunmaktır. İlk bölümde gümüş nanopartiküllerinin yeşil sentezine ve 
kullanılan yerli bitkilere yer verilmiştir. Makalenin ikinci bölümünde, sellüloz yapıları ve onların 

Euroasia Journal of Mathematics, Engineering, Natural & Medical Sciences 
International Indexed and Refereed 

ISSN 2667-6702

www.euroasiajournal.org 60 Volume (10), Issue (26), Year (2023)

____________________________________________________________________

____________________________________________________________________

https://orcid.org/0000-0002-7841-3185
https://orcid.org/0000-0001-7386-5003
https://orcid.org/0000-0002-7841-3185
https://orcid.org/0000-0001-7386-5003


 
 

biyo-mürekkep kompozitleri ele alınmıştır. Son olarak, burada gösterilen 3B yardımlı antibakteriyel 
kompozitler, regeneratif tıp ve taşınabilir sensör biliminde giderek yaygınlaştığı, antibakteriyel 
kompozit olarak uygun bir seçenek olduğu kabul edilebilir. 
Anahtar Kelimeler: Ag-NPs, Alginat, Antibakteriyel, Nanokil, Regeneratif Tıp  
 

1. INTRODUCTION 
Recently, several natural biopolymers, such as chitosan, collagen, gelatin, and cellulose, have been 
isolated. These substances carry the potential for use in a range of flexible devices like flexible 
sensors (Ling et al., 2018). Since it is a material that is renewable, sustainable, eco-friendly, and 
biocompatible, cellulose, one of the most abundant substances on earth, has recently attracted a lot 
of attention in a variety of technological applications (Anon n.d.-f, Anon n.d.-f; Bahloul et al., 2021; 
Mateo et al., 2021; Trache, 2018; Wang et al., 2019). 
Cellulose and its derivatives are commonly known as eco-friendly and biocompatible 
polysaccharides, more than well-known polymers like chitosan, starch, and alginate. These unique 
cellulose structures have been utilized to create high-performing composites and are widely utilized 
in various industrial and biomedical applications, including drug delivery (Abou-Yousef et al., 
2021), wound dressing coatings, superabsorbent, hydrogels (Mohd Zuki et al., 2018) and 
adsorbents, replacing commercial alternatives (Lin and Dufresne, 2014; Nasrollahzadeh et al. 2021; 
Seddiqi et al., 2021). Inexpensive and inventive composites can be created using cellulose 
derivatives. Additionally, cellulose offers significant benefits in addressing disposal and 
microplastic pollution issues (Janaswamy et al., 2022). From the mid-19th century, modified 
cellulose structures were made by adding metal ions to solutions of cellulose and metal salts, in 
order to preserve timbers (Anon n.d.-a). However, these altered cellulose structures have become 
highly appealing for a variety of uses, such as sensors, wearables, catalysts, and biomedicine.  

 
Figure 1. An overlook to applications of Cellulose-based composites 

 
Regenerative medicine aims to restore damaged or lost tissues and organs to improve quality of life. 
Noninvasive regenerative medicine is a field that utilizes minimally invasive techniques to achieve 
this goal (Friedrich et al., 2021a). Nanotechnological developments gives many promising 
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opportunities using nanoscale materials (Friedrich et al., 2021b). Last two decades, several 
nanotechnological approaches to biomedical area were developed. Among many nanoparticles, 
silver nanoparticles (AgNPs) have emerged as a promising material in this field due to their unique 
properties such as biocompatibility, anti-inflammatory, and antimicrobial effects. AgNPs have been 
used for wound healing, tissue engineering, and drug delivery applications. For instance, studies 
have shown that AgNPs can enhance the proliferation and migration of skin cells in wound healing 
(Vyavahare et al., 2021)  and improve the mechanical and thermal properties of scaffolds for tissue 
engineering. For instance, the microstructures mimic the tissues behaviors and features therefor 
promoting cell adhesion and proliferation (Choudhury et al., 2020; Umair Wani et al., 2023). The 
use of AgNPs in noninvasive regenerative medicine offers a potential solution for improving patient 
outcomes and quality of life. The incorporation of AgNPs into wound dressings has been shown to 
improve their antibacterial activity. AgNPs have inherent antimicrobial properties due to the release 
of silver ions, which disrupt the cell membrane and metabolism of bacteria. This makes AgNPs a 
useful additive in wound dressings, where controlling bacterial infection is crucial for successful 
wound healing. Studies have demonstrated that the presence of AgNPs in wound dressings, even 
only silver in ionic form,  can effectively inhibit the growth of various pathogens such as 
Escherichia coli and Staphylococcus aureus (Benli and Yalın 2017; Palanisamy et al., 2014; Sheikh 
et al., 2009). Furthermore, the sustained release of silver ions from AgNPs can provide long-term 
antibacterial protection for the wound, even after the dressing is removed (Yang et al., 2012). 
However, long-term sustainability and their AgNPs toxicity is still a concern. In this regard, use of 
AgNPs in wound dressings can therefore improve the wound healing outcome by reducing the risk 
of bacterial infections. 
Nanoclays are derived from clay minerals and known as popular multifunctional filler or additive 
due to many important characteristics of low toxicity and high biocompatibility. High aspect ratio, 
potentially exfoliation cause to high surface area and better adsorption properties (Majid et al., 
2020; Singer et al., 2011). Therefore, clay minerals could be easily modified and functionalized 
their surfaces by polymers and could be improve the compatible nanocomposite structures after 
incorporation into polymer matrices (Benli et al., 2011; Günister et al., 2007). 
Many review studies could be seen on cellulose-based inorganics, such as functional and 
sustainable sensing devices (Gabrielli and Frasconi, 2022), medical diagnosis biosensors (Kamel 
and Khattab, 2020), coatings for textile and paper (Spagnuolo et al., 2022) and also as bio-derived 
fillers (Bahloul et al., 2021) and etc. Despite the numerous potential applications of cellulose and 
silver composites, there has been a limited amount of research in this area in recent literature. This 
presents a unique opportunity to explore the many benefits of cellulose through the creation of 
novel cellulose and silver nanoparticle composites. By examining the feasibility of silver/nanoclay 
antibacterial composites and conducting a comprehensive review of the recent developments in 
cellulose/silver composites, we aim to shed light on the limitless possibilities of cellulose in modern 
applications. First, the common preparation techniques were discussed, then silver nanoparticle 
synthesis and nanoclay preparation were reviewed.  Finally, this review will conclude with the 
recent developments in 3D printing medicine bio-ink technology and future expectations of 
antibacterial cellulose composites. 
 

2. CELLULOSE AND DERIVATIVES 
Cellulose is considered as an attractive, macromolecule biopolymer for many applications. One of 
the most common materials on earth, cellulose has recently attracted a lot of attention from the 
technological applications since it is biocompatible, renewable, sustainable, and eco-friendly (Anon 
n.d.-f; Piantanida et al., 2019; Wang et al., 2019; Zhou et al., 2019). Cellulose is known as an ideal 
material for biosensing and film patch designing due to its fascinating properties like; flexible 
surface chemistry (Vignesh et al., 2022), biocompatibility (Bahloul et al., 2021), renewability 
(Trache, 2018), biodegradability (Mateo et al., 2021). Firstly, cellulose is an important element of a 
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plant tissue which it has a linear structure. It is compound of D-anhydroglucopyranose units 
(AGUs), connected by β–glycosidic bonds (Anon n.d.-e). (Fig.1) Cellulose is a versatile, renewable 
and biocompatible polymer that has been widely utilized in various fields due to its exceptional 
properties. Derived from natural resources such as wood and cotton, cellulose and its derivatives 
have been used in industries ranging from paper and textiles to pharmaceuticals and biomedicine. 
These biopolymers possess excellent mechanical strength, high thermal stability, biodegradability 
and low toxicity, making them ideal for a wide range of applications. The unique structure of 
cellulose and its derivatives has also been leveraged to create high-performance composites, further 
expanding its potential uses. The continued exploration and development of cellulose and its 
derivatives is poised to have a significant impact on numerous industries, as it offers a sustainable 
and eco-friendly alternative to traditional synthetic materials. As seen in Figure 2, Cellulose can be 
produced from plants and also alternative non-plant sources like bacteria or tunicate as the only 
cellulose producing animal. However, function of cellulose in animals and bacterial cells is 
different (Anon n.d.-j; Hasanin, 2022). 

 
Figure 2. Cellulose sources and the flow chart of different production methods 

 

3. SILVER NANOPARTICLES FORMS USING BY GREEN SYNTHESIS 
Silver nanoparticles (AgNPs) have been widely studied for their potential use in various 
applications, including antimicrobial coatings, medical devices, and food packaging. These 
nanoparticles have outstanding antibacterial qualities and functions effectively against variety of 
bacteria, including gram-positive like S. aureus and gram-negative E. coli and P. aeruginosa, and 
also drug-resistant bacteria (Guzman et al.,2012). Due to the significant environmental harm caused 
by nanomaterials created using traditional physicochemical methods, green synthesis techniques 
have to be developed in order to produce nanoparticles at a low cost of damage to natural habitats. 
Because they contain amino acids, flavonoids, aldehydes, ketones, amines, carboxylic acids, 
phenols, and protein, plant-based extracts have been a potential substitute to take into account. 
These substances have the ability to supply electrons that behave as reducing agents in the synthesis 
of nanoparticles. The metallic ions are reduced by the application of reducing agents, which supply 
electrons. Figure 3 shows the main reduction mechanism schematically.  
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Figure 3. Schematic representation for green synthesis of silver nanoparticles with plant extraction. 

 
3.1. Herbs for green synthesis 
Several herbs are used in the green synthesis of silver nanoparticles, Table 1 includes some of the 
most common of them. Nanoparticles can be stabilized by the addition of capping agents, 
preventing aggregation by attributing repulsive forces that influence the growth of nanoparticles 
(De Souza et al., 2019).  These herbs contain natural reducing agents that help in the reduction of 
silver ions to form silver nanoparticles. The use of herbs in the synthesis of silver nanoparticles 
provides a safe and environmentally friendly alternative to the traditional chemical reduction 
methods. Additionally, the presence of functional groups in these herbs contributes to the stability 
and biocompatibility of the resulting silver nanoparticles.  
Encapsulation of AgNPs within a cellulosic matrix can provide a safe and effective way to deliver 
these nanoparticles for such applications. This essay will discuss the modifications and 
encapsulation of AgNPs within cellulosic matrices and their potential for antibacterial activity. 
However, the problem of silver nanoparticles agglomerating in aqueous form can be overcome with 
the addition of polymers as stabilizing agents as well. The study of polymers such as alginate, 
chitosan, PVA and PVP in cooperation with silver nanoparticles for their use in the biomedical field 
is extensive. Alginate, which is a natural polymer extracted from brown algae, is known to form 
hydrogels with cations that have a valence of two, like Ca+2, in its aqueous form through 
crosslinking. This hydrophilic, biocompatible and biodegradable gels shape can easily be 
manipulated which makes it useful not only in biomedicine but also in drug release, wound 
dressings, food industry and more (Armentano et al., 2013). The catalytic property and diffusion of 
silver nanoparticles can be advanced by taking advantage of high surface areas and channels of 
porous materials that can be effortlessly entered. 
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Table 1. Synthesis of metal nanoparticles using plant extract. 
Plant Species Used part Product Ref. 

Neem (Azadirachta indica) Leaf Ag      ZnO  
 

 (Iqbal et al., 2021) 

Turmeric (Curcuma longa) Rhizome Ag  (Venkatadri et al., 2020) 

Aloe vera Leaf Ag  (Anju et al., 2021) 

Ginger (Zingiber officinale) Rhizome Ag       Cu  Anon n.d.-d; Hu et al., 
2022 

Holy basil (Ocimum tenuiflorum) Leaf Ag      TiO2     
ZnO   

Ahmad et al., 2022; 
Baruah et al., 2021; 
Elsamra et al., 2023 

Rosemary (Rosmarinus officinalis) Flower, Leaf MgO     Au   Anon n.d.-j; Onmaz et al., 
2022 

Sage (Salvia officinalis) Leaf Ag     ZnO   Abomuti et al., 2021; 
Sehnal et al., 2019 

Thyme (Thymus vulgaris) Leaf (essential 
oil or waste) 

Ag     ZnO  Anon n.d.-i; Vinicius de 
Oliveira Brisola Maciel et 
al., 2020 

Mint (Mentha spicata) Leaf ZnO   Ag  (Abdelkhalek and Al-
Askar, 2020; Ashrafi et 
al., 2022; Fatema et al., 
2021) 

Cinnamon (Cinnamomum zeylanicum) Leaf, Bark ZnO   Pd   Mn  Anon n.d.-e; Ansari et al., 
2020; Kamran et al., 2019 

Brassica Oleracea Fruit Leaves Ag  Tamileswari et al., 2015 

Eucalyptus Oleosa Leaf Ag  Pourmortazavi et al., 2015 

Ipomoea pes-caprae Leaf Ag  Kaliamurthi et al., 2013 

Cumin Seed Ag   Au  Choudhary et al., 2018 

Punica Granatum Fruit peel Cu Anon n.d.-b 

  

4. NANOCLAY AND NANOSCALE PREPARATION  
In this concept, when it comes to porous and biocompatible materials with high surface area, one of 
the first and preferred additive that comes to mind is. Nanoclays are natural or synthetically 
prepared nanoscale dispersed phyllosilicates. They are composed of layered silicates, with a 
thickness of only a few nanometers and a lateral dimension of several hundred nanometers 
(Villanueva et al., 2009). Clays, solid porous materials, can diminish the agglomeration issues, 
scatter different nanoparticles of active phases by becoming the active or passive supporting media. 
Its special acidity of surface, thermal stability is one of the reasons why clay supported 
nanoparticles are sought after in industrial applications (Luque and Varma, 2012). Figure 5 shows 
clay mineral as active agent vehicle and nanofiller in fabricating ceramic-polymer scaffolds for 
regenerative tissue and wound healing (Same et al., 2022).  
Kaolin, montmorillonite (which is commonly referred to as bentonite as it accounts for over 90% of 
MMT), sepiolite, and zeolite are well-known types of clay minerals that have been extensively used 
in the production of polymeric nanocomposites. Despite their different chemical compositions and 
nanoparticle morphologies, all these clays are primarily composed of silicon and oxygen arranged 
in SiO4 tetrahedral layers. They also commonly contain metallic exchange groups such as Na, Ca, 
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K, and Fe in thin octahedral sheets, with aluminum being the most prevalent in tetrahedral-based 
layers (Fu and Qutubuddin, 2000). Historically, metal ions have been widely employed as effective 
antimicrobial agents, with silver and copper being the most frequently used agents for the 
development of antimicrobial coatings. However, long-term sustainability can be an issue with 
these coatings due to the tendency of metal-ion-exchanged coatings to oxidize and lose their 
antimicrobial properties. Therefore, for these coatings to function efficiently, they must be able to 
penetrate the structural cavities and micropores of matrices, such as those found in palygorskite, 
zeolite, and Sep. This enables the metal ions to be firmly embedded within the matrix and remain 
active over time (Demirci et al., 2014). The anisotropic surfaces of raw Sep fibers, including 
ribbons, channels, and nano-sized tunnel pores, have been demonstrated through preliminary 
molecular dynamics simulations. These hydrophobic and hydrophilic ribbons offer new active 
adsorption sites after being well-dispersed in water. (Same et al., 2022). Benli et al. (2018) has 
shown that the matrix's release of Mg2+ ions is responsible for the viscoelastic behavior, hydrogen 
bonding, and improved cation exchange performance of clay. Kara et al. (2003) have previously 
detailed the mechanisms of cation exchange, including Co2+. The adsorption efficiency sequence of 
Mg-enriched sepiolite has been found to be Pb < Cd < Co < Zn < Cu (Brigatti et al., 2000), and Ni 
< Cd < Zn (Helios-Rybicka 1985). Additionally, metal ions bound to the ribbons can improve the 
electrostatic attraction between negatively charged bacteria and sepiolite surfaces, thus enhancing 
its antibacterial properties in a manner similar to montmorillonite (Benli and Yalın, 2017).  
 

 
Figure 5. Schematic process of utilizing clay mineral as active agent vehicle and nanofiller in 

fabricating ceramic-polymer scaffolds for regenerative tissue and wound healing  
(Same et al., 2022). 

 
4.1 Nanoscale Processing Methods of Clays 
Following the classical steps for processing natural clay minerals, grinding typically takes place 
after crushing and is commonly a wet process. The dispersion process refers to the deagglomeration 
and distribution of nanolayers within matrices or solvents. Nanofibers or nanoclay sheets/layers 
tend to aggregate due to attractive forces such as Van der Waals, which require stronger forces than 
inter-particle adhesion forces to overcome. Dispersion can occur through either the splitting up of 
agglomerates into small fragments under high stress (rupture) or the continuous detachment of 
small fragments at a lower stress (erosion). While water is typically used as a carrier for dispersing 
nanolayers/fibers, other chemical and physical treatments are employed to overcome agglomeration 
and entanglement (Benli and Yalın, 2017).  The objective of clay mineral modification methods is 
to increase the number of adsorption sites and functional groups on their surfaces. To achieve high 
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efficiency as an adsorbent, the selection of an appropriate modifier is a crucial factor. This is 
because modifying the clay mineral leads to an increase in specific surface area, pore volume, and 
the number of surface acid sites. One convenient method of modifying clay minerals to change their 
surfaces from hydrophilic to hydrophobic is through the use of surfactants (Barakan and 
Aghazadeh, 2021). Although classical methods such as acid activation and thermal treatments are 
available, they can potentially damage the surfaces of clay minerals and require careful 
consideration. Acid treatments involve the intercalation of protons between the interlayer spaces of 
the clay, resulting in some damage to the silicate layer and partial dissolution of octahedral layer 
cations (Komadel and Madejová 2006). The physical characteristics of clay, such as its shape, size, 
porosity, amorphization, and crystallization, can be altered through thermal treatments (Bergaya and 
Lagaly, 2006). In addition, a method known as pillarization can be employed for Na-activated clays. 
This process involves an exchange reaction between the interlayer space and the polyoxycations 
present in the pillaring solution, followed by a calcination process to form stable pillars for catalytic 
activity (Vicente and Bergaya, 2013). Recently, ultrasonication is a commonly used disruptive force 
in laboratory-scale applications. However, for industrial-scale dispersion, media milling is a more 
common technique, which involves the use of micron-sized beads as grinding media to achieve the 
dispersion of nano-order particles. In order to achieve multifunctional functionalization of clay 
minerals, metal oxide impregnation and nanoparticle addition structures are increasingly being 
suggested (Benlı̇ and Gönül, 2021). 

 

5. 3D PRINTING IN REGENERATIVE MEDICINE 
3D printing has revolutionized the way we approach the development of new materials and devices, 
particularly in the field of medicine and wearable sensors. Extrusion based, inkjet based and laser 
assisted types of 3D printing are also possible (Figure 6). Using these technique layer by layer, 
tissue and/or organs could be possible and named as bioprinting. Development of bio-inks in 
essential for different applications since there are different aspects to be considered. To name some;  

1. Viscosity: the bio-ink should be fluid during and solid after dispensing. 
2. Gelatin process and stabilization: the resolution and viability of printed structure depends on 

the process of forming solid structure from bio-inks. The process should be fast and non-
toxic to cells.  

3. Biocompatibility: Natural bio-inks can’t endure harsh conditions. On the other hand, 
although synthetic bio-inks are applicable to large production capacity, they do not provide 
cell adhesion sites.  

4. Living cells can sense their environments movements and there for can change their 
behavior. Accordingly, by considering mechanical parameters of bio-inks we can control 
modifications of cell behaviors (Ramadan and Zourob 2021). 

Antibacterial composites, in particular, have been a focus of recent research, as they offer a 
potential solution to the ongoing issue of bacterial or viral infection (like corona virus) in medical 
devices (Anon n.d.-g). 3D printing allows for the precise control of material composition and 
structure, enabling the creation of antibacterial composites that have unique mechanical, thermal, 
and electrical properties. These composites can be tailored to specific applications, such as retentive 
medicine and wearable sensors, to provide improved performance and long-lasting protection 
against bacterial infection (Hospodiuk et al., 2017; Leppiniemi et al., 2017). 3D printed antibacterial 
composites offer the potential to improve the efficacy and safety of retentive medicine by providing 
a barrier against bacterial colonization and reducing the risk of infection. Wearable sensors, such as 
fitness trackers and smartwatches, are increasingly popular due to their convenience and ability to 
monitor health data in real-time. However, the close proximity of these devices to the skin presents 
a risk of bacterial infection. 3D printed antibacterial composites can be used to produce wearable 
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sensors that are not only functional but also safe and hygienic. Accordingly, bacteria after adhesion 
to the surface of 3D printed composite, was killed (Yue et al., 2015).  
In order to control and modify the physical and chemical characteristics of polymeric systems, like 
flow behavior, stiffness, swelling, decomposition, and function of the produced materials, nano-clay 
has been added to these systems. When nano-clay is added to polymers, the solution may develop 
an internal structure that allows for shear-thinning qualities and enhanced recoverability without 
damaging the molecular structure. One of the most popular clay based hydrogels printed with 3D 
printing is addition of nano-clay to polymeric solutions (PEG–alginate) mimic the properties of soft 
tissue (Hong et al., 2015). On the other hand, in alginate-based 3D printed material face collapses 
and shape fidelities. In this way cellulose is an alluring component to overcome these limitations by 
rheological modifying and improving mechanical properties (Gutierrez et al., 2019). Moreover, 
Figure 7 shows usage of carboxymethyl cellulose as bio ink in 3D printing and preparation of 
wound healing scaffold. 
 

 
Figure 6. 3D bio-printing process in tissue engineering and regenerative medicine (Azman, 2022). 
 
 

(a)   (b)  
Figure 7. Example of utilizing cellulose in scaffolds with 3D printing. Adapted from (Wei et al., 

2020; Anon. n.d.-j.). 
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FUTURE EXPECTATIONS 
Wearable sensors and sensor technology have been advancing at an unprecedented pace, with 
innovations that continue to shape and redefine the possibilities of healthcare, fitness, and overall 
wellness. The global market for wearable sensors is expected to grow significantly in the coming 
years, driven by a combination of factors, including the increasing demand for personalized 
healthcare solutions, rising prevalence of chronic diseases, and the growing awareness about health 
and fitness (Andreu-Perez et al., 2015).   
Another promising area of development in wearable sensors is the integration of machine learning 
and artificial intelligence (AI) algorithms, which can provide more accurate and personalized 
insights into an individual's health and fitness. By analyzing data collected from wearable sensors, 
machine learning algorithms can identify patterns and trends that can help predict potential health 
issues, and provide tailored recommendations for better health outcomes (Junaid et al., 2022; Shan 
et al., 2020). 
In addition, wearable sensors are becoming more sophisticated and specialized, with sensors 
designed for specific applications such as sports training, sleep monitoring, and stress management. 
For example, wearable sensors that can track an athlete's performance, monitor their progress, and 
detect early signs of injury can help optimize training and prevent injuries (Seshadri et al., 2019). 
However, there are still several challenges that need to be addressed before wearable sensors can 
fully realize their potential. For example, ensuring data privacy and security is a major concern, as 
wearable sensors collect sensitive health information that needs to be protected. Furthermore, there 
is a need for more standardization and interoperability in wearable sensor technology to ensure 
seamless integration and communication between different devices. In conclusion, wearable sensors 
and sensor technology have enormous potential to transform healthcare, fitness, and overall 
wellbeing. With ongoing advancements and innovations in the field, the future of wearable sensors 
looks promising, and we can expect to see even more sophisticated and specialized devices that can 
provide personalized health insights and improve overall health outcomes. 
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