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ABSTRACT 

 

This literature review aims to highlight the developments and fu-

ture directions in the use of nanocellulose and phycocyanin as elec-

trospinning additives for biomedical applications, specifically in 

wound healing. Nanocellulose, a cellulose derivative known for its 

surface area, mechanical strength, and biocompatibility, is proposed 

as a sustainable alternative to enhancers of mechanical properties. 

Phycocyanin, a blue pigment from cyanobacteria, possesses anti-in-

flammatory, antioxidant, and antimicrobial properties, which may 

potentially enhance the performance of nanocellulose. The combi-

nation of the two components in electrospun fibers demonstrates 

significant promise for effective wound healing applications. How-

ever, progress is limited by the scarcity of experimental studies in-

tegrating both materials. One of the future directions of the study is 

improving the stability and shelf-life of phycocyanin within nano-

fibers, including approaches such as encapsulation and protective 

coatings. Scaling and manufacturing challenges, including high en-

ergy consumption and harsh chemical treatments in nanocellulose 

extraction, as well as the parameters of electrospinning, need to be 

addressed to enable mainstream commercialization. Further explo-

ration of sustainable and purely physical extraction methods for 

nanocellulose is also critical for environmentally friendly alterna-

tives to process scale-up and intensification. 
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Introduction 
Affordable and accessible disposable 

wooden utensils are one of the most common 
forms of waste produced, especially in Asian 
countries with booming street-food and restau-
rant businesses (Fu & Zhu, 2023). In China 
alone, 80 billion pairs of single-use chopsticks 
are consumed annually, leading to the defor-
estation of 20 million trees (Jodnok et al., 2021; 
Luo, 2013). Most disposable chopsticks are not 
recycled and end up in landfills, which also 
leads to the release of preservation chemicals 
such as paraffin, hydrogen peroxide, and sul-
phur (The Economist, 2014). To combat the 
waste and chemical pollution produced, nano-
cellulose is extracted from a variety of disposed 
wood, such as hardwood, processed wood, and 
fiberboards, for further conversion (Kumar, 
2022; Suzuki, 2018; Singh, 2023).  

Nanocellulose is a renewable bio‑based na‑
nomaterial notable for its large surface area, 
strong mechanical properties, and biocompati-
bility while being cost‑effective (Goswami et al., 
2024). Wound dressings made of nanocellulose 
are a promising alternative to traditional dress-
ings due to their wound care properties, such 
as biodegradability, antimicrobial properties, 
and customizability with compound additions 
(Resch et al., 2021). Moreover, recent reviews 
emphasize nanocellulose’s intrinsic hydro‑
philicity and high porosity, which enable mois-
ture retention and oxygen permeability—key 
factors that actively promote cell proliferation 
and accelerate wound healing (Abazari et al., 
2021; Applied Sciences)  

One possible addition to nanocellulose is 
phycocyanin, a pigment found in algae with 
anti-inflammatory, antioxidant, and antibacte-
rial properties that can aid wound closure 
(Meng et al., 2025). While other bioactive com-
pounds (i.e., plant extracts, essential oils, etc.) 
have been explored, phycocyanin stands out 
with its observed bioactive properties and 
sourcing from sustainable microalgae (Mouro 

et al., 2023; Fernandes et al., 2023). A leading 
method of synthesizing nanocellulose and 
other compounds into medical composites is 
electrospinning (Ahmed et al., 2025). Mimick-
ing the extracellular matrix, electrospinning 
creates a high porosity environment that pro-
motes cell growth and tissue regeneration 
(Chen et al., 2022). However, despite recent ad-
vancements, nanocellulose wound dressings 
are still in development and have yet to hit 
mainstream commercialization.  

The objective of this review paper is to eval-
uate the current state of electrospun nanocellu-
lose and phycocyanin for medical applications 
by compiling recent developments and ad-
dressing the gaps for further improvement. 
While there have been previous papers explor-
ing nanocellulose-based wound dressings and 
the integration of bioactive compounds, the po-
tential of phycocyanin, a sustainable and algae-
derived pigment with wound-healing proper-
ties, as an additive has been greatly overlooked. 
Moreover, only a few studies have utilized dis-
posable wooden utensils as a source for nano-
cellulose, despite their abundance, especially in 
Asian countries. This review aims to simultane-
ously address these gaps by integrating phy-
cocyanin and wood-waste-derived nanocellu-
lose dressing. 

In this review, a preliminary search was 
conducted using the keywords nanocellulose, 
nanocellulose extraction, nanocellulose charac-
terization, electrospinning, and phycocyanin 
within research databases such as Scopus, Else-
vier, Google Scholar, etc. This review focuses on 
existing methods for nanocellulose extraction 
from disposable wooden utensils and conver-
sion of nanocellulose into wound dressings via 
electrospinning. Studies were selected based 
on recognition, relevancy, and commonly re-
peated techniques. Each method’s results and 
limitations were examined to provide a bal-
anced analysis. 
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Functional Properties for Wound Healing Patches 
Table 1. Properties observed from wound patches 

Author & 
Year 

Material Used 
Property 

Tested 
Outcome Conclusion 

Zaman et al. 
(2011) 

Gelatin-based bio-
adhesive mem-
brane 

Tensile 
strength 

12.7 MPa tensile 
strength; 40.4% 
elongation at break 

Demonstrated good 
mechanical properties 
for wound protection 

Bülbül et al. 
(2022) 

Various synthetic 
and natural dress-
ings (review) 

Tensile 
strength  
(review) 

Ideal range: 2.5–35 
MPa; elongation 70–
78% 

Set baseline values for 
effective mechanical 
properties 

Kaya & Der-
man (2023) 

Nanofiber and hy-
drogel dressings 

Swelling ratio Hydrogel: higher 
swelling; nanofiber: 
lower swelling 

Hydrogels more suita-
ble for highly exuding 
wounds 

Mutlu et al. 
(2017) 

PHBV nanofibers + 
Curcumin 

Swelling ratio Swelling ratio in-
creased from 50% to 
332% with curcumin 
addition 

Curcumin enhances 
fluid absorption capa-
bility 

Khandual et 
al. (2021) 

Drug-loaded poly-
mer composites 

Loading effi-
ciency 

High loading effi-
ciency with minimal 
active compound 
loss 

Improved delivery 
system with opti-
mized bioactive com-
pound retention 

Trushina et 
al. (2022) 

General reference 
(review on drug 
delivery systems) 

Loading effi-
ciency (def.) 

Defined loading effi-
ciency as % of en-
trapped compound 

Provided theoretical 
framework for evalu-
ating loading in drug 
delivery systems 

 
Wound dressings are essential materials 

for the promotion of wound healing and the 
prevention of further infection and injury 
(Wcw-Admin-Support, 2023). Several charac-
teristics of an ideal wound dressing include the 
ability to: control moisture around the wound, 
protect the wound from infections and micro-
organisms, decrease the surface necrosis of the 
wound, and give mechanical protection (Ghomi 
et al., 2019). To evaluate and assess the effec-
tiveness of wound dressings, several methods 
for testing different properties have been cre-
ated. Three of these include the testing of ten-
sile strength, which was done in the study of Za-
man et al. (2011), swelling ratio, which was 
done by Kaya & Derman (2023), and loading ef-
ficiency, which was performed by Khandual et 
al. (2021).  

Tensile strength, elongation at break, and 
Young’s modulus are measurements of the me‑
chanical properties of wound dressings (Bülbül 
et al., 2022). Tensile strength is the amount of 
force a material can withstand before breaking. 
It is one of the most important properties to be 

considered in assessing the effectiveness of 
wound dressings, as those that possess good 
tensile strength have the ability to withstand 
mechanical stresses, allowing wounds to be 
properly protected. According to Bülbül et al. 
(2022), the ideal tensile strength of wound 
dressings ranges from 2.5 to 35 MPa and has a 
breaking elongation ranging from 70% to 78% 
in healthy conditions. A study that made use of 
tensile testing was the experiment of Zaman et 
al. (2011), wherein a gelatin-based bioadhesive 
wound dressing was produced and character-
ized. The membranes resulted in a tensile 
strength of 12.7 MPa and a 40.4% elongation at 
break. 

Swelling capacity and swelling ratio are two 
ways to quantify a material’s ability to absorb 
and retain liquid. These are measured to ob-
serve the moisture balance in wound dressings. 
An ideal wound dressing has a high swelling ca-
pacity and swelling ratio to absorb exudates 
from the wound to keep the wound bed clean, 
which can shorten treatment times. Supple-
ments, such as citric acid, carboxymethyl  
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cellulose, and curcumin, can be added to the 
formation of wound dressings to increase this 
property. Nanofiber dressings have noticeably 
less swelling capacity than hydrogel dressings, 
which makes them more suitable for wounds 
with less exudate (Kaya & Derman, 2023). In a 
study by Mutlu et al. (2022), swelling ratios 
were greatly increased from 50% to 332% by 
adding curcumin to PHBV nanofibers.  

Loading efficiency refers to the amount of 
entrapped compound from the initial loading 
amount added (Trushina et al., 2022). Optimiz-
ing the loading efficiency minimizes the loss of 
active compounds used in the product while 
maximizing the amount absorbed. 

 
Nanocellulose as a Mechanical Property 
Enhancer for Electrospinning 

Nanocellulose as a mechanical property en-
hancer for products such as wound dressings 
and food packaging provides multiple notable 
characteristics, including its large surface area, 
strong mechanical properties, and biocompati-
bility, while being cost-effective as a bio-based 
nanomaterial (Goswami et al., 2024). This un-
derlines its importance in integration in syn-
thetic materials as a physical strengthener. As 
an increasingly researched topic with a wide 
range of studies, its physical and chemical 
properties, botanically varying sources, and 
common and high-yield extraction methods 
were extensively looked into. 

 
Properties and Applications of Nanocellulose  

Nanocellulose has been gaining significant 
attention due to its low density and remarkable 
mechanical strength (Kargarzadeh et al., 2018). 
As defined by Usov et al. (2015), it refers to a 
group of cellulose-based materials with at least 
one dimension in the nanoscale range, typically 
under 100 nanometers. Known for its excep-
tional tensile strength and stiffness—compara-
ble to synthetic materials like Kevlar—nanocel-
lulose consists of semicrystalline cellulose mi-
crofibrils, which contain both crystalline and 
amorphous regions. These properties make it 
an attractive material for various advanced ap-
plications. 

Nanocellulose is typically classified into 
three main types: cellulose nanocrystals 
(CNCs), cellulose nanofibrils (CNFs), and  

bacterial nanocellulose (BNC), each obtained 
through different processes depending on the 
cellulose source and extraction method (Kar-
garzadeh et al., 2018; Patil et al., 2021). CNCs 
are produced through acid hydrolysis, a chemi-
cal process that isolates crystalline cellulosic 
regions (Shankaran, 2018), resulting in needle-
like structures that are particularly effective for 
reinforcing nanocomposites, especially in bio-
medical applications (Moon et al., 2016). CNFs, 
generated through mechanical disintegration 
with chemical treatment, are valued for their 
flexibility and viscosity, making them useful in 
food coatings and as thickening agents (Kargar-
zadeh et al., 2018). In contrast, BNC is synthe-
sized by bacteria and is known for its high pu-
rity and excellent water absorption, which 
makes it ideal for biomedical uses such as 
wound dressings (Patil et al., 2021). 

Nanocellulose, because of its properties, 
has been used in different areas of biomedicine. 
As an effective nanocarrier, nanocellulose can 
be formulated into aerogels, hydrogels, pow-
ders, and capsules for controlled release of 
therapeutic agents (Leong et al., 2023). Its abil-
ity to enhance cellular binding improves drug 
delivery effectiveness while minimizing sys-
temic exposure. In wound healing, nanocellu-
lose dressings promote moisture retention and 
support cell proliferation, facilitating rapid 
healing and infection prevention through slow-
release antimicrobial agents (Khan et al., 2021; 
Singh et al., 2020). In tissue engineering, nano-
cellulose scaffolds mimic the extracellular ma-
trix (ECM), which is a large network of proteins 
and other molecules that surround, support, 
and give structure to cells and tissues in the 
body, thereby providing an environment con-
ducive to cell growth. Moreover, its antimicro-
bial properties make it a promising candidate 
for combating antibiotic resistance by inhibit-
ing bacterial growth when combined with anti-
microbial agents (Tamo, 2024). 

 
Nanocellulose as Electrospinning Additive 

Electrospinning has become a more com-
mon method of converting and incorporating 
nanocellulose into various materials, particu-
larly in electrospinning wound dressings (Ji et 
al., 2021). The integration of nanocellulose 
drastically improves the nanofibers’ physical 
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integrity, particularly in morphology, viscosity, 
and crystallinity. Additionally, it also shows 
chemical improvements in terms of water va-
por transmission rate, conductivity, and ther-
mal ability (Ribeiro et al., 2021).  

Several studies on electrospinning nanocel-
lulose in different combinations with polymers 
such as chitosan, polyvinyl alcohol, polyeth-
ylene oxide, and polylactic acid have been con-
ducted. Although there are a number of these 
studies, the research is still limited and more 
studies involving optimization of extraction 
and electrospinning conditions need to be 
tested, similar to the study conducted by Vergel 
de Dios et al. (2025). These combinations in-
clude Chitosan, polyethylene oxide, and Acacia 
extract (Ribeiro et al., 2021), polyvinyl alcohol 
alone (Ji et al., 2021), polyvinyl alcohol and Chi-
tosan (Wang et al., 2018), and polyvinyl alco-
hol, polyethylene oxide, and polylactic acid 
(Hsieh, 2018). Polyvinyl alcohol (PVA) is highly 
documented and has become the preferred pol-
ymer with nanocellulose due to its biodegrada-
bility and compatibility. The electrospinning 
conditions, including the voltage and flow rate, 
vary among different studies. Across these 
studies, the integration of nanocellulose con-
tributed positively to the resulting spun fibers 
by enhancing their physical characteristics and 
complementing the attributes of other poly-
mers.  

In Ribeiro et al. (2021), an electrospun 
wound dressing was made out of Chitosan (CS), 
polyethylene oxide (PEO), and nanocellulose, 
with added Acacia extract for antibacterial and 
antifungal properties. Nanocellulose was 
tested in different portions of the total solution 
(0.1, 0.5, 1, 2 %w/v) to determine the most ef-
fective ratio of nanocellulose to the CS/PEO 
polymer. The paper showed that the electro-
spun solution containing 1% w/v of nanocellu-
lose had the most notable results in terms of 
morphology and uniform diameter distribu-
tion. Overall, the addition of nanocellulose to 
the solution granted improved thermal stabil-
ity, conductivity, and better conditions for elec-
trospinning.  

 

Nanocellulose, alongside polyvinyl alcohol 
(PVA), was incorporated for the development 
of wound dressings by Ji et al. (2021) in order 
to address its drawbacks of low physical 
strength and a lack of absorption capabilities. 
The results of this study also analyzed the 
structures of hydrogen alongside the different 
percentages of nanocellulose in the solution (0, 
1, 2, 4, 6, 7, 8 wt%). Across the tests of mechan-
ical strength, hydrogen bond fitting, porosity, 
contact angle, liquid absorption, and cytotoxi-
city, the 6 wt% nanocellulose solution per-
formed the best overall. Incorporating nanocel-
lulose into the electrospinning process comple-
mented the weaknesses of PVA, adding to the 
spun fiber's mechanical strength and water ab-
sorption characteristics.  

Wang et al. (2018) combined nanocellulose 
alongside chitosan and polyvinyl alcohol to cre-
ate a nanofibrous film for water treatment. The 
purpose of integrating nanocellulose was to 
identify if it could counteract the negative re-
sultant properties of the combination of the 
CS/PVA solution. Different nanocellulose con-
centrations (0, 5, 10, 20 wt%) were tested in 
this study. Results show that 5 wt% nanocellu-
lose was able to produce the best results in 
terms of adsorption of metal ions by the films. 
Overall, the nanocellulose successfully in-
creased conductivity, surface tension, rough-
ness, and diameter, albeit decreasing tensile 
strength and viscosity.  

Hsieh (2018) synthesized a wound dressing 
using a combination of polyvinyl alcohol, poly-
ethylene oxide, and polylactic acid. Starting 
with a concentration of 0.5% nanocellulose, in-
creasing the concentration increased viscosity 
and difficulty in electrospinning. However, lim-
itations are found with this method, with its 
tendency to form hydrogen bonds leading to 
aggregation and difficulty in achieving uniform 
fiber formations.  

The summary of polymers enhanced by 
nanocellulose is highlighted in Table 1. In sum-
mary, the integration of nanocellulose has been 
utilized in numerous applications to augment 
the mechanical, thermal, and barrier properties 
of wound dressing materials.  
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Table 2. Enhancement of electrospun fibers using nanocellulose 

Composite 
Fibers 

Polymers 
Integrated 

Solution Preparation 
Effect of CNC 
Integration 

Reference 

PVA/NC 
Wound 

Dressings 

●  Polyvinyl alco-
hol (PVA) 

●  Nanocellulose 
(NC) 

●  Excluded unstable 
solutions (1% NC 
content) before 
proceeding to elec-
trospinning 

●  Increased 
strength 

●  Increased water 
absorption 

Ji et al., 
2021 

CNC/CS/PV
A Composite 
Nanofibrous 

Films 

●  Polyvinyl alco-
hol (PVA) 

●  Chitosan (CS) 
●  Cellulose nano-

crystals (CNC 

●  CNC preparation by 
acid hydrolysis 

●  CS powder dis-
solved in acetic acid 
and water solution 
(90:10 vol%) 

●  PVA aqueous solu-
tion at 90 °C for 2 h  

●  CS and PVA solu-
tion (60:40) under 
magnetic stirring at 
room temperature 
for 10 h 

●  Increased tur-
bidity/opacity 

●  Increased 
roughness of the 
fiber surface 

●  Increased diam-
eter of nano-
fibers, surface 
tension, and 
conductivity 

●  Decreased vis-
cosity and ten-
sile properties 
increased  

Wang et al., 
2018 

PEO, PLA, 
and PVA fi-

ber-forming 
water-solu-

ble polymers 

●  Polyvinyl alco-
hol (PVA) 

●  Polyethylene 
oxide (PEO) 

●  Polylactic acid 
(PLA)  

●  Nanocellulose is 
first extracted and 
purified. 

●  It is then dispersed 
in a suitable sol-
vent, such as water 
or an organic sol-
vent. 

●  The concentration 
is adjusted to the 
desired level. 

●  Enhances the 
following: me-
chanical proper-
ties, thermal 
properties, and 
barrier proper-
ties  

●  The CNCs can 
be: dispersed 
within the nano-
cellulose matrix 
or used as rein-
forcing agents 

Hsieh, 2018 
 

Phycocyanin: A Sustainable Antioxidant 
from Microalgae for Wound Healing Ap-
plication 

In finding the antioxidant for ideal wound 
dressings, Phycocyanin is a pigment protein 
produced by cyanobacteria commonly used as 
a food colorant, a dietary supplement, and in 
recent years has been utilized as a nutraceuti-
cal compound due to its antioxidant activity 
(Fernandes et al., 2023). Although Phycocyanin 
is a rather unutilized component in electrospun 
products, many studies have proven its antimi-
crobial, antioxidative, and antibacterial  
properties as proven in papers by Safari et al. 

(2020), Izadi and Latifi (2022), Shanmugam et 
al. (2017), Adli et al. (2020), and summarized 
by Dranseikienė et al (2022). 

Safari et al. (2020) explored the antioxidant 
and antibacterial properties of phycocyanin ex-
tracted from Spirulina platensis. Antioxidant 
activity was demonstrated and evaluated spe-
cifically through the DPPH radical scavenging 
assay, while antibacterial effects were ob-
served via agar well diffusion and microdilu-
tion methods using bacterial strains such as 
Escherichia coli, Staphylococcus aureus,  
Listeria monocytogenes, Streptococcus iniae, 
and Yersinia ruckeri. The results indicated that 
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phycocyanin possesses high in vitro antioxi-
dant potential, making it a viable natural anti-
oxidant for use in foods and cosmetic products. 
Similarly, Izadi and Latifi (2022) compared the 
antibacterial properties of pure phycocyanin 
and phycocyanin-silver nanoparticles (AgNPs). 
Their study examined the compatibility of 
these two antibacterial substances by testing 
their effects on multiple bacterial strains as 
well as on rat blood cells and liver enzymes. 
Both formulations exhibited enhanced antibac-
terial activity against Enterococcus faecalis, 
Escherichia coli, Serratia marcescens, and 
Staphylococcus aureus. 

Shanmugam et al. (2017) evaluated the an-
tibacterial activity of phycocyanin extracted 
from Oscillatoria sp., collected from dam water. 
The extracted compound was compared with 
the antibiotic Streptomycin against gram-posi-
tive bacterial pathogens. Results showed par-
ticularly strong antibacterial effects against 
Klebsiella sp., Pseudomonas aeruginosa, and 
Staphylococcus aureus, suggesting the poten-
tial of phycocyanin as an alternative antimicro-
bial agent. In addition to its antibacterial effi-
cacy, this study also demonstrated an efficient 
method for phycocyanin extraction and identi-
fied promising implications for future anti-
cancer research. 

Further supporting its application in bio-
medical materials, Adli et al. (2020) developed 
biodegradable cosmetic patches using a pol-
ylactic acid/phycocyanin-alginate composite 
through a solvent-casting method. The antioxi-
dant activity of phycocyanin in the patches was 
evaluated using the DPPH radical scavenging 
assay, which revealed high antioxidant capac-
ity. The study also found that the formulation 
exhibited no cytotoxicity, indicating its safety 
for human skin. Overall, the creation of these 
cosmetic wound patches emphasized phycocy-
anin's potential as a safe, effective, and multi-
functional component in wound healing appli-
cations. 

Aforementioned benefits and properties of 
phycocyanin were summarized in the paper by 
Dranseikienė et al. (2022). This has compiled 
its many effects on human skin as well as its im-
plications for future medicine. It covers the 
many previously researched effects of Phy-
cocyanin, such as wound healing capabilities, 
and antimicrobial, anti-oxidative, anti-inflam-
matory, anti-melanogenic, and anticancer 
properties. The summary of the sources, for-
mulations, and therapeutic properties is found 
in Table 2. 
 

 
Table 3. Bioactive properties of phycocyanin derived from microalgae 

Source Formulation Therapeutic Properties Reference 
Spirulina platensis Pure phycocyanin Antioxidant 

Antibacterial  
Safari et al., 2020 

Spirulina platensis Pure phycocyanin Antibacterial  Izadi and Latifi, 
2022 

Oscillatoria sp. Pure phycocyanin Antibacterial 
Antibiotic 
Anticancer 

Shanmugam et al., 
2017 

Spirulina sp. Polylactic acid/phy-
cocyanin-alginate 

composite 

Antioxidant 
Cytocompatible 

Adli et al., 2020 

Filamentous cyano-
bacteria Arthrospira 

platensis Gomont 
(Spirulina) 

Pure phycocyanin Wound Healing  
Antimicrobial 
Anti-oxidative 

Anti-inflammatory 
Anti-melanogenic 

Anticancer  

Dranseikienė et 
al., 2022 
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Electrospinning Technology for Compo-
site Nanofibers 

In creating products using the combination 
of nanocellulose and Phycocyanin, electrospin-
ning, a process driven by an electro-hydrody-
namic occurrence, can be used to reform and 
integrate polymers to create a singular fused fi-
ber with combined properties of its compo-
nents. Using this method, a polymer solution is 
electrified and sprayed through a syringe to 
form small fibers (Das et al., 2021). When an 
electric force, usually 10 to 30 kV, is applied to 
a viscous fluid, the solution will be turned into 
a jet fluid through a needle towards a collector. 
When the electric field force overpowers the 
surface tension force of the solution, a conical 
shape known as the Taylor cone of fibers will 
be formed (Aruna et al., 2017). The basic setup 
includes a reservoir containing a solution, a 
needle for spraying the solution, a pump, a 
high-voltage power source, and a collector 
where the liquid jet will be collected and set as 
fibers. As the most frequently used method for 
synthesizing nanofibers, electrospinning is ad-
vantageous for its cost-effectiveness, versatil-
ity, and the desirable properties of its produced 
fibers, such as mechanical flexibility and high 
surface area (Gao et al., 2023).  

 
Effect of Parameters on the Electrospinning 
of Nanocellulose and Phycocyanin-Loaded Fi-
bers 

Numerous factors affect the electrospin-
ning process, which in turn affects the fibers' 
morphology and production. Specific condi-
tions such as voltage, temperature, humidity, 
flow rate, and deposition time affect the quality 
of the resultant fiber and its properties. The 
summary of current studies that summarized 
the electrospinning parameters on the result-
ing electrospun fibers is found in Table 3. 

 
Effect of Flow Rate  

Flow rate has a significant effect on the effi-
ciency and quality of the electrospinning pro-
cess and the electrospun fibers. A low flow rate 
would lead to a depleted Taylor cone (Kho-
dayari et al., 2025). On the other hand, a high 
flow rate would cause an excessive electrospin-
ning cone, which causes dripping, wet, and 
fused fibers. Additionally, it increases the fiber 

diameter but also leads to bead formation since 
the nanofiber jet does not completely dry on 
the way to the collector. To avoid bead for-
mation, Refate et al. (2023) argue to minimize 
the flow rate, just enough to form a stable jet 
cone.  

 
Effect of Temperature and Humidity 

Environmental conditions such as tempera-
ture and humidity create a significant effect in 
determining fiber morphology (Zahra et al., 
2024). Temperature affects solvent evapora-
tion, while humidity may cause excessive water 
absorption, which slows solidification of hy-
droscopic polymers (De Vrieze et al., 2009; 
Tripatanasuwan et al., 2007). According to 
Yang et al. (2017), increased temperature has 
both positive and negative consequences on 
polymer nanofiber formation. Temperature in-
crease negatively affects surface tension and 
viscosity but improves electrospinnability by 
accelerating evaporation of solvent from fluid 
jets.  

 
Effect of Voltage  

While electrospinning biopolymers of cellu-
lose and chitosan, Refate et al. (2023) observed 
that fiber diameter generally increases with 
higher applied voltage due to reduced Taylor 
cone size and increased jet velocity. However, 
this could also cause increased bead formation. 
The increase of fiber diameter along with the 
increase of voltage was also observed by Bakar 
et al. (2018). Lower voltage runs resulted in 
thinner fiber but also more uniform diameters. 
This is due to the overall longer flight time of 
the spun solution, which allows for better elon-
gation and division. Increasing the voltage may 
also lead to disadvantageous effects like induc-
ing the surface area, resulting in fibers with un-
desired morphology (Khodayari et al., 2025).  

 
Effect of Needle-to-Collector Distance 

When the fiber jet is stretched for a longer 
period of time, the fiber diameter tends to de-
crease, which explains how increasing the 
working distance between the needle and the 
collector decreases the diameter (Zahra et al., 
2024). As the distance increases, the fiber di-
ameter caps and does not decrease further. 
However, it does improve the uniformity 
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throughout the whole run.  Singh et al. (2020) 
further reinforced the finding of the diameter 
decreasing as the distance increases, but also 

found that the diameter begins to increase 
again after a certain threshold. 

 
Table 4. Parameters that affect the electrospinning of polymer solutions 

Product Voltage Temperature Flow Rate 
Needle-Collec-

tor Distance 
Reference 

PVA/NC Wound Dress-
ings 

22.00 ± 1 kV 34 ± 1 °C 1 mL/h N/A Ji et al., 
2021 

CNC/CS/PVA Compo-
site Nanofibrous Films 

17 kV 
 

25 °C 
 

0.4 mL/h 18 cm Wang et 
al., 2018 

Cellulose acetate (CA) 
nanofibers filled with 
cellulose nanocrystals 

(CNCs) 

12.5 kV 25 °C (for 
 solution char-
acterization) 

5 mL/h 12 cm Khodayari 
et al., 2025 

 

Lower Molecular 
Weight Polymers (Pol-

yvinylpyrrolidone 
(PVP)) 

15 kV ~ 25 °C (room 
temperature) 

0.5 mL/h 12 cm Zahra et 
al., 2024 

Cellulose Acetate (CA) 
nanofibers 

25–30 kV ~22 °C 1.36–3.0 
mL/h 

15-20 cm  Refate et 
al., 2023 

Poly-(vinyl alco-
hol)/wooden utensil 

nanocellulose 
(WUNC)/phycocyanin 

(PC) 

25-30 kV 37°C (room 
temperature) 

1 mL/h 15 cm Vergel De 
Dios et al., 

2025 

Among the studies, similarities in the re-
sults of nanocellulose integration are notable; a 
consistent finding is the addition of higher ther-
mal and conductive capacities. However, due to 
the many differences in electrospinning proce-
dures because of the different polymers and 
methods used, similarities in terms of electro-
spinning conditions were not found. Voltage 
ranged from 29, 22±1, and 17 kV, while the flow 
rate ranged from 4, 1, and 0.1 mL/h. As for the 
integration of nanocellulose into the creation of 
wound dressings, overall, it was found to be a 
suitable polymer due to its ability to strengthen 
mechanical properties. The concentrations of 
nanocellulose ranged from 0 to 20 wt%. The 
most effective percentages were 5 wt% for 
Wang et al. (2018) and 6 wt% for Ji et al. 
(2021).  

 
Challenges in Electrospinning Nanocel-
lulose and Phycocyanin  

While nanocellulose and phycocyanin-
based electrospun wound dressings show great 

promise, there are several limitations and gaps 
in knowledge that hinder their advancement 
towards mainstream medical use. More promi-
nently, there is a huge gap in the actual experi-
mentation of nanocellulose/phycocyanin 
wound dressings. To optimize performance 
and ensure practical application, future re-
search should address the following areas: 

 
Stability and Shelf-life of the Produced Dress-
ing and Phycocyanin in Nanofibers  

Despite its wound healing capabilities of 
antioxidative and antimicrobial properties, 
phycocyanin has been observed to be unstable 
under stressful conditions such as light, heat, 
and pH fluctuations (Dranseikienė et al., 2022; 
Jaeschke et al., 2021). There is also a lack of 
high-yield phycocyanin extraction methods, 
which hinders its path to commercialization. 
The long-term stability, activity retention, 
wound healing effectiveness, and biocompati-
bility of nanocellulose/phycocyanin are still 
unexplored, which requires future research to 
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focus on testing its shelf-life and effectiveness 
over time. This also prompts research for pro-
tective coatings and encapsulation, a method to 
entrap phycocyanin within the nanofiber ma-
trix to preserve the phycocyanin bioactivity. Bi-
ocompatibility studies, such as sterility or deg-
radation testing, cytotoxicity testing, and anti-
oxidant/antibacterial testing, among others, 
are necessary to confirm its viability as a medi-
cal bioactive patch and to further validate the 
appropriateness of the biomedical device in the 
clinical and commercial setting (Zhou et al., 
2025).  

 
Scaling and Manufacturing Challenges 

While nanocellulose wound dressings 
could be found in the market, they are far from 
being recognized in the medical field as an al-
ternative to traditional synthetic dressings. The 
majority of existing studies in this review paper 
and to date are confined to laboratory-scale ex-
perimentation and characterization with very 
limited batch sizes (Hsieh, 2018; Ji et al., 2021). 
Nanocellulose extraction poses issues with sus-
tainability due to the common harsh chemical 
treatments and high energy consumption re-
quired for the processing (Singh et al. 2023; 
Couret et al., 2021; Raju et al., 2023). Further 
exploring sustainable and purely physical 
methods, like steam explosion, is critical in be-
coming a more environmentally-friendly alter-
native in the market. Scaling with electrospin-
ning also has challenges with its energy con-
sumption, variability, and traditionally slow 
flow rates, which make it a time-consuming 
process (Hao et al., 2024). In summary, optimi-
zation of methods such as high-yield extraction 
of nanocellulose, electrospinning nanocellu-
lose/phycocyanin solutions, and mass manu-
facturing nanocellulose wound patches may be 
done to improve the developing methods that 
are presently available.  

 
Conclusion 

Overall, functional properties of wound 
healing patches, such as tensile strength, swell-
ing capacity, and loading efficiency, play im-
portant roles in optimizing dressing quality—
particularly in ensuring consistency in wound 
healing and maintaining structural stability. 
Reviewed studies highlighted nanocellulose as 

an adaptable biomaterial with wide-ranging 
applications in the medical field, including gels, 
powders, and capsules. This versatility is at-
tributed to its low density, high mechanical 
strength, and widely documented ability to en-
hance physical characteristics such as mechan-
ical strength, water absorption, and thermal 
stability. Phycocyanin was also identified as a 
promising sustainable additive for wound heal-
ing, owing to its consistently reported antioxi-
dant and antibacterial properties across multi-
ple studies. Additionally, four key electrospin-
ning parameters—flow rate, temperature and 
humidity, voltage, and needle-to-collector dis-
tance—were investigated for their effects on 
the properties of electrospun fibers. Despite 
these advancements, a research gap remains in 
the combined application of nanocellulose and 
phycocyanin in wound dressings. 

 
Material Stability 

Future research could address the gap by 
exploring the stability and shelf life of nanocel-
lulose/phycocyanin composites, especially 
considering phycocyanin’s sensitivity to light, 
heat, and pH. Future studies should consider 
encapsulation methods and stabilizing agents, 
which could help preserve phyocyanin’s func‑
tional properties. Moreover, evaluating how 
these materials behave during storage and un-
der different conditions is essential to ensure 
consistent quality, safety, and commercial via-
bility in real-life applications. 

 
Real-life Application and Commercialization 

Possible product concepts to derive from 
this study mainly involve wound dressing pro-
duction for advanced and specialized wound 
healing, revolving around the properties of 
Phycocyanin. Multiple clinical trials may focus 
on the applicability and suitability of the prod-
uct to the skin and its effectiveness over peri-
ods of time. Moreover, mass production must 
overcome the environmental drawbacks of cur-
rent nanocellulose extraction methods. 

 
Future Recommendations 

Beyond the studies reviewed, further re-
search may focus on biochemical evaluations 
and optimization of physical and chemical 
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properties related to nanocellulose, phycocya-
nin, electrospinning processes, and sustainable 
manufacturing approaches. 

In summary, to address the gaps, it is rec-
ommended for academic institutions to de-
velop stabilization strategies for nanocellu-
lose/phycocyanin composites while optimizing 
material properties and electrospinning pa-
rameters. Research institutions should conduct 
clinical trials to test the efficacy of products and 
their compatibility with the skin. Industry 
stakeholders are responsible for the commer-
cialization of nanocellulose/phycocyanin elec-
trospun fibers into wound dressings, scaling up 
production, and ensuring product consistency. 
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