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Abstract  Cellulose has been intensively inves-
tigated for biomedical applications, because of its 
excellent properties, like biodegradability, biocompat-
ibility, abundant availability of renewable resources 
and cost-effectiveness. Among all sources of cellu-
lose, marine macroalgae or seaweeds, are acquiring 
tremendous attention, due to their high availability 
around the world. Moreover, the atypical proliferation 
of some exotic macroalgae species represents a seri-
ous problem to the ecosystems, since their accumu-
lation threatens native oceanic species and resources 
worldwide. Several studies already reported the suc-
cessfully extraction of cellulose and its derivatives 
from brown, green and red macroalgae. The extracted 
cellulose properties vary according to the type of 
algae, their maturity and the used extraction meth-
ods. This review will cover the main methods used 
to extract cellulose from algae, focusing on more sus-
tainable ones, as well as its further processing into the 
various cellulose derivatives. Electrospun nanofib-
ers have revealed great potential for biomedical 

applications, such as delivery of therapeutic agents, 
tissue engineering, wound dressings and enzyme 
immobilization. Pure cellulose presents some draw-
backs, such as limited solubility in organic solvents 
and its inability to fuse due to inter and intra-molecu-
lar hydrogen bonding. To overcome these limitations, 
cellulose derivatives, which includes microcrystalline 
cellulose, cellulose nanocrystals, cellulose nanofibers, 
cellulose acetate and carboxymethyl cellulose, have 
been extensively studied to generate electrospun fib-
ers. Therefore, this review aims to explore the marine 
seaweeds as a promising source of cellulose and its 
derivatives, the extraction methodologies of these 
compounds, as well as to demonstrate the potential of 
nanofibers developed by electrospinning with algae-
based cellulose for biomedical applications.
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Introduction

Polymers obtained from natural sources represent 
many ecological advantages over synthetic ones, 
because they are renewable, readily available, rela-
tively easy to isolate, biocompatible and non-toxic. 
Their use could reduce the large amount of non-
biodegradable waste produced daily by some indus-
tries. Among them, cellulose, a biodegradable and 
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biocompatible polymer, has been intensively inves-
tigated for biomedical applications, because of its 
chemical, optical, mechanical, and rheological prop-
erties. Some of the applications of cellulose-based 
materials are osseointegration, hemodialysis and 
biosensors, smart textile fibers, tissue engineering 
scaffolds, wound dressing and many others (Oprea 
and Voicu 2020; Surendran and Sherje 2022). While 
presenting a high potential for biomedical applica-
tions, cellulose also presents some drawbacks, such as 
moisture sensitivity, insolubility in water and in most 
common organic solvents, and low resistance against 
microbial attacks. Therefore, the exploration of its 
derivatives can be a promising approach to overcome 
these limitations (Seddiqi et al. 2021).

There are several derivatives that can be obtained 
from cellulose, such as microcrystalline cellulose 
(MCC), cellulose nanocrystals (CNCs) and cellulose 
nanofibers (CNFs). Furthermore, cellulose can be 
chemically modified by replacing its hydroxyl groups 
with functional groups, which generally includes 
etherification and esterification, to address less 
favorable properties or to develop new desired char-
acteristics. Cellulose acetate (CA), cellulose nitrate, 
cellulose sulfate, methyl cellulose and carboxymethyl 
cellulose (CMC) are some examples of chemically 
modified cellulose (Seddiqi et al. 2021). Table 1 sum-
marizes the cellulose derivatives.

Cellulose can be obtained from different sources, 
including plants, bacteria and algae. Among all 
the available resources, marine macroalgae or sea-
weeds, are becoming a promising renewable source 
of biopolymers, including cellulose, due to its high 
abundance and availability (Bombin et  al. 2020). 
Seaweeds are multicellular organisms that feed on 

atmospheric and dissolved carbon dioxide (CO2) in 
water, light, and nutrients and are the basis of most of 
the food chains in aquatic ecosystem (Pardilhó et al. 
2022). Besides presenting a high content of diverse 
polysaccharides, they are also a natural source of 
polyphenols, vitamins and peptides. Furthermore, 
seaweed simple growth requirements, rapid prolifera-
tion rates and fewer resources inputs for their culti-
vation (require no land and fertilizers, pesticides, and 
freshwater) makes them an attractive alternative com-
pared to the terrestrial biomass (Youssouf et al. 2017; 
Baghel et al. 2021; Bar-Shai et al. 2021).

In fact, marine algal biomass is widely available 
around the world, especially in the coastal zone. In 
some areas, the atypical proliferation of some mac-
roalgae species represents a serious problem to the 
ecosystems, since their accumulation may threaten 
native oceanic species and resources worldwide. 
Moreover, accumulation of unusually high amounts 
of biomass, leads to negative environmental impacts, 
mainly due to the release of greenhouse gases through 
decomposition, as well as health concerns associ-
ated with the emergence of disease vectors. Cur-
rently, algae waste is mostly sent to landfills or left 
abandoned on beaches due to the lack of appropriate 
management protocols for this residual biomass (Par-
dilhó et  al. 2021, 2022). Blooms of some invasive 
algae species have led to a significant negative impact 
on the landscape and pose a serious danger to the 
aquatic ecosystem, by causing seaweed blooms, clog-
ging nets, clogging waterways, and altering nutrient 
regimes in areas near fisheries, aquaculture systems, 
and desalination facilities. Recycling this algae waste 
should be a priority, instead of its disposal, being a 
new opportunity to use this algae biomass to produce 

Table 1   Cellulose 
derivatives Chemical modifications Cellulose ether Methyl cellulose

CMC
Ethyl cellulose
Hydroxyethyl cellulose (HEC)
Hydroxypropyl cellulose (HPC)

Cellulose ester CA
Cellulose nitrate
Cellulose sulfate

Extracted cellulose Crystalline cellulose CNF
MCC
CNC
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high value-added products, following the circular 
economy principles (Pardilhó et  al. 2022; Pereira 
et al. 2021).

Seaweed biomass has also been extensively har-
vested from the wild for the extraction of phycocol-
loids, such as alginates, carrageenan and agar, used 
in the biomedical and in the food industries. The 
extraction of these compounds from algae biomass 
generates large amount of solid waste, which cur-
rently has no value, and which is discharged into the 
environment after the removal of the phycocolloids. 
However, this solid waste can be used in its entirety 
to extract cellulose and its derivatives, promoting the 
circular economy and sustainability (Ilyas and Atikah 
2021).

For those reasons, marine macroalgae are ideal 
sources of different biomaterials with great potential 
to be used for the development of systems for tissue 
regeneration, drug delivery, wound healing applica-
tions, and others. Valorization and exploitation of 
this marine biomass waste is a promising approach 
to obtain several natural materials with outstanding 
properties for biomedical applications, in line with 
circular economy (Pinteus et  al. 2018). Cellulose 
is generally extracted from different algae sources 
by a combination of a bleaching, alkali treatments, 
and acid hydrolysis (Samiee et  al. 2019; Torres and 
De-la-Torre 2022). However, there is a need to look 
for more sustainable ways to improve the process’ 
efficiency, time and costs, along with the sustain-
able use of resources and materials. Implementing 
green chemistry in extraction processes will allow 
to address these concerns, aiming to achieve a faster 
extraction rate, a reduction in processing steps and a 
reduction of the use of hazardous solvents, which can 
be toxic to human health and the environment (Singh 
et al. 2021).

Several remarkable applications of algae-based 
cellulose have been developed in the form of electro-
spun nanofibers, nanoparticles, hydrogels, and aero-
gels. Recently, electrospinning technique has been 
acquiring increasing attention in the biomedical sec-
tor. Electrospinning is the most frequently and effi-
cient technique used to produce ultrafine polymeric 
fibers (Iliou et al. 2022). In fact, this technique stands 
out for its high versatility, cost-effectiveness, simplic-
ity of use, accuracy, and for the possibility to easily 
tune the composition and the mechanical character-
istics of nanofiber-based membranes, which can be 

processed with several strategies to improve their 
biological properties. Electrospinning allows the pro-
duction of fibers with controllable diameters ranging 
from micrometers (µm) to nanometers (nm), which 
demonstrate several advantages to be used in bio-
medical applications, for example, as wound dress-
ing systems. In fact, electrospun nanofibers exhibit 
similar microstructure to extracellular matrix (ECM), 
promoting cell adhesion, proliferation, migration and 
differentiation, which will lead to the regeneration 
of injured skin. Furthermore, the ability to incorpo-
rate bioactive compounds, either by adsorption onto 
nanofibers surface or encapsulation into nanofibers 
matrix, allows the development of new function-
alities, including antimicrobial activity (Costa et  al. 
2022; Ribeiro et al. 2021a, b; Ribeiro et al. 2021a, b; 
Samadian et al. 2020).

Therefore, this review aims to explore the great 
potential of algae as a natural and renewable source 
of cellulose and its derivatives and to show their 
posterior use in electrospun nanofibers for biomedi-
cal applications. Moreover, this review also aims to 
bring an updated overview of the main used extracted 
procedures of cellulose and its derivatives from algae, 
focusing on the green methodologies. The combina-
tion of cellulose-based nanofibers using cellulose 
extracted from seaweeds can be a very attractive 
approach to develop new scaffolds for biomedical 
applications.

Algae as a potential source of cellulose and its 
derivatives

Marine algae are one of the most ancient inhabitants 
of the planet. These are photosynthetic organisms 
with complex and peculiar taxonomy. Currently, they 
are classified in two main types of algae, macroalgae 
and microalgae, being macroalgae the focus of this 
review. Macroalgae, also referred as seaweeds, are 
large and multicellular photosynthetic aquatic organ-
isms. They inhabit the coastal zone at depths with 
sufficient light to conduct photosynthesis (Andryu-
kov et al. 2020; Wan et al. 2022). According to their 
pigmentation, they can be divided into three groups: 
Chlorophyta (green), Rhodophyta (red), and Ochro-
phyta-Phaeophyceae (brown) (Otero et  al. 2023). 
Over millions of years of existence in the marine eco-
system, these organisms have acquired the ability to 
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develop effective antibiotic protection mechanisms 
against pathogenic microorganisms, and numerous 
strategies for survival in extreme abiotic environ-
mental conditions. For these reasons, many of these 
organisms have a unique chemical structure that oth-
ers do not possess (Leandro et al. 2019; Shannon and 
Abu-Ghannam 2016).

As previously mentioned, invasive algae species 
often lead to negative consequences for the new host 
ecosystem causing environmental and health con-
cerns. Thus, the recycling of these algae and their 
appropriate utilization will have a high positive 
impact in circular economy, as well as the environ-
ment, by removing it from the ecosystems and using 
it as a natural resource, that supposedly has no longer 
any function, to develop high value products for dif-
ferent industries (Yu et al. 2021; Pardilhó et al. 2022). 
Some examples of algae species considered inva-
sive are: Cladophorales, Ulva, Chaetomorph (green 
macroalgaes) (Yu et al. 2021), Sargassum sp., Rugu-
lopteryx okamurae (brown macroalgae), (Robledo 
et  al. 2021; Roca et  al. 2022; Yan et  al. 2021) and 

Dasysiphonia japonica (red macroalgae) (Young 
et al. 2022).

Marine algae are rich sources of bioactive com-
pounds with anticancer, anticoagulant, antioxidant, 
anti-inflammatory, antimicrobial properties and cell 
proliferative effects. As a result, their compounds 
have been widely studied and used in the pharmaceu-
tical, cosmetic, and food industries (Iliou et al. 2022; 
Wang et al. 2017). Polysaccharides are the main com-
ponents of macroalgae, which includes agar, algi-
nates, carrageenans, ulvans, cellulose, fucoidans, lam-
inarin, and floridean starch (Birgersson et  al. 2023; 
Jönsson et al. 2020; Otero et al. 2023). Cellulose and 
other polysaccharides are presented in seaweed cell 
walls. Figure  1 describes the cell walls of the three 
types of algae. Figure 1A shows the cell wall structure 
of the green algae, which consists of four families of 
polysaccharides, ulvan and cellulose as main constitu-
ents, and certain hemicellulose constituents, such as 
β-1,4-D-glucuronan and β-1,4-D-xyloglucan as minor 
amounts. Figure 1B shows the cell wall of red algae, 
which are constituted by microfibrils of cellulose, 

Fig. 1   Representative cell wall composition of A green, B red and C brown seaweeds. Image retrieved with permission from 
(Baghel et al. 2021)
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glucomannan and hemicellulose material, consisting 
of sulfated glucan and xylogalactans. Finally, Fig. 1C 
shows the structure of brown algae cell wall, which 
contains sulfated polysaccharides, cellulose microfi-
brils, alginate (Baghel et al. 2021).

Cellulose extracted from various sources may con-
tain unique and distinct properties in terms of dimen-
sions, morphology, aspect ratio, crystallinity and 
physicochemical properties. Cellulose has been suc-
cessfully extracted from green, brown and red mac-
roalgae. Several studies investigated the cellulose 
content of different species of algae from different 
groups. It was concluded that in 19 species of green 
seaweeds studied, the percentage of cellulose found 
was in average of 9.67%, ranging from 1.5 to 34% on 
dry weight (DW) of biomass. In 15 species of brown 
seaweeds, the cellulose content ranged from 2.2 to 
10.2% on a DW basis, with an average of 7.88%. 
Finally, in 47 species of red seaweeds, the cellulose 
content ranged from 0.85 to 18% DW with an average 
of 4.75%. Therefore, the cellulose content reported 
for seaweed biomass ranges between 0.85 and 34% 
(Baghel et al. 2021).

Cellulose, the most abundant polysaccharide on 
earth, presents biocompatibility, biodegradability, 
renewability and non-toxicity, which make this poly-
mer and its derivatives very attractive for various 

biomedical applications. This polymer is composed 
of repeating d-glucose units (Fig. 2), linked together 
by β 1 → 4 glycosidic bonds (Birgersson et al. 2023; 
Seddiqi et  al. 2021; French 2017). The cellulose 
chains are joined together by hydrogen bonds and Van 
der Waals forces, constituting the primary elements 
of the supramolecular structure, named elementary 
nanofibrils, with a high degree of crystallinity and 
purity, that self-assemble in the form of microfibrils 
with alternating amorphous and crystalline regions. 
The strong inter and intra molecular bonds and the 
linearity of the cellulose molecules are responsible 
for its crystallinity. Moreover, the degree of crystal-
linity of this semi-crystalline polymer depends on its 
origin, extraction method, and pretreatment (Oprea 
and Voicu 2020; Seddiqi et al. 2021).

Cellulose exists in four different allomorphs, 
including cellulose I, II, III, and IV. Cellulose I is 
divided into the Iα and Iβ sub-allomorphs, with the 
Iα form found in algal and extra-cellular bacterial 
cellulose and the Iβ form found in trees, other higher 
plants, and tunicates. Both cellulose I forms have 
parallel chains in their crystallites (Nishiyama et  al. 
2002, 2003). Cellulose II (Langan et  al. 2001) can 
be obtained from cellulose I, by regeneration (disso-
lution and recrystallization) or mercerization (treat-
ment with aqueous NaOH). It is a more stable form of 
cellulose, and presents an antiparallel chain arrange-
ment. The difference in crystallinity of cellulose I 
and II leads to distinct properties. Cellulose III can be 
obtained by treatment of cellulose I or II with amines 
(Wada et  al. 2004, 2009). Furthermore, cellulose III 
can be transformed into cellulose IV with glycerol 
at high temperatures (Nunes 2017; Seddiqi et  al. 
2021; Surendran and Sherje 2022). Figure  3 shows 
the phase transition between various crystalline allo-
morphs of cellulose (Seddiqi et al. 2021).

The poor processability of cellulose due to the 
limited solubility in water and many organic sol-
vents, resulting from the strong intra-molecular and 

Fig. 2   Repeating unit (glucose residues) of cellulose. Created 
with ChemDraw (French 2017)

Fig. 3   Schematic diagram 
of the phase transition 
between various crystalline 
allomorphs of cellulose 
(cellulose I, II, III, and IV). 
Image retrieved under the 
terms of the CC-BY license 
from (Seddiqi et al. 2021)
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inter-molecular hydrogen bonds that are present 
between the individual chains, limits its use. In this 
way, the exploration of cellulose derivatives has 
been the focus of several research studies, consider-
ing their better dissolution ability (Hosny et al. 2022). 
The difference between the various cellulose deriva-
tives is related to the shape, size and degree of crys-
tallinity of their particles (Shokri and Adibkia 2013). 
Nanocellulose, including CNCs and CNFs, can be 
extracted by chemical or mechanical treatments. In 
addition, cellulose can be also chemically modified, 
through its hydroxyl groups, mainly the primary 
alcohol group, originating different cellulose deriva-
tives. The main advantage of this modification is to 
broaden its application and to improve its compat-
ibility with other materials (Gomri et al. 2022). Two 
of the main groups of cellulose derivatives are cel-
lulose esters and ethers with different physicochemi-
cal and mechanical properties. Various types of cel-
lulose esters, which are generally water insoluble 
polymers with good film forming characteristics, have 
been used in commercial products or in pharmaceu-
tical investigations, such as CA. On the other hand, 
cellulose ethers are high molecular weight com-
pounds produced by replacing the hydrogen atoms of 
hydroxyl groups of cellulose with alkyl or substituted 
alkyl groups. Their properties can be determined by 
their molecular weights, chemical structure and dis-
tribution of the substituent groups, degree of substitu-
tion and molar substitution. One of these examples, is 
the CMC (Shokri and Adibkia 2013). In the following 
section, the extraction methodologies of the different 
cellulose derivatives will be explored.

Extraction methodologies of cellulose and its 
derivatives from algae

Cellulose and its derivatives have been success-
fully extracted from green (El-Sheekh et  al. 2023; 
Wahlström et  al. 2020), brown (Doh and Whiteside 
2020) and red (El et  al. 2018) macroalgae. Several 
macroalgae have been characterized with high cel-
lulose content, such as Ceramium (18.5%), Chaeto-
morpha (36.5–41%), Chondria (16.4%), Cladophora 
(20–45%), Corallina (15.2%), Fucus (13.5%), Geli-
diella (11.3–13.6%), Gracilaria (10.5%), Griffith-
sia (22%), Halidrys (14%), Hypnea (11.4%), Lami-
naria (1.1–20%), Rhizoclonium (38.6%) and Ulva 

(1.8–19%) (Aswathi Mohan et  al. 2022). The physi-
cal and chemical properties of the extracted cellulose 
can vary according to the sources, the maturity of the 
biomass, and extraction methods used, as well as pre 
and post treatments, although the molecular structure 
of cellulose from different sources is identical (Ham-
ouda and Abdel-Hamid 2022; Trache et  al. 2020; 
Wahlström et al. 2020).

The extraction of cellulose by fractionation tech-
niques is an essential step, since cellulosic fibers do 
not occur as an isolated component, and the other 
non-cellulosic components may negatively affect 
the cellulose modification and dissolution processes 
(Araújo et  al. 2020). The extraction of cellulose 
can involve a washing pre-treatment of the mate-
rial in order to remove dirt and other impurities. 
Subsequently, the size reduction of raw materials 
using mechanical processes is performed in order to 
expand the raw material and chemical contact sur-
face area (Samiee et al. 2019). Afterwards, the most 
common and effective step-treatment is the combi-
nation of bleaching and alkaline pre-treatments, fol-
lowed by dilute acid hydrolysis. The bleaching step 
aims to remove pigments, in order to obtain highly 
purified, whiteness extracted cellulose. In this step, 
sodium chlorite (NaClO2) and hydrogen peroxide 
(H2O2) are mainly used, however, chlorite-free H2O2 
is preferred because it is considered a more envi-
ronmentally friendly bleaching agent. The alkaline 
treatment uses mainly sodium hydroxide (NaOH) to 
remove the hemicellulose and lignin. Finally, the acid 
hydrolysis is used to cause the cleavage of glycosidic 
bonds through acid penetration into the cellulose fib-
ers, being the most used process. In this step, strong 
mineral acids, like hydrochloric acid (HCl) and sulfu-
ric acid (H2SO4), are commonly employed (Pardilhó 
et al. 2021; Singh et al. 2017; Tarchoun et al. 2019; 
Wang et al. 2020; Zanchetta et al. 2021). Finally, sev-
eral post-treatments can be applied, such as solvent 
elimination, neutralization, washing, centrifugation, 
drying, among others (Trache et al. 2020; Wahlström 
et al. 2020).

However, these processes generate toxic and haz-
ardous wastes, require the use of high temperatures, 
time and energy, which leads to negative impact on 
the environment (Flórez-Fernández et  al. 2019; Tra-
che et  al. 2020; Zanchetta et  al. 2021). In alkaline 
step, due to the strong alkaline nature of NaOH, mas-
sive amount of acid/water is required to neutralize/
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dilute the effluent. Moreover, acid hydrolysis, with 
the mineral acids has many disadvantages, like diffi-
cult economic recovery of acid, the requirement of a 
large amount of alkali to neutralize the effluent along 
with the generation of high amount of salt and low 
thermal stability of the extracted cellulose (Sankhla 
et  al. 2021). Thus, green and sustainable methods 
have recently been explored for the extraction of cel-
lulose and other compounds from algae, which can 
reduce the application of harmful solvents (Flórez-
Fernández et al. 2019; Singh et al. 2021). Therefore, 
seeking for a sustainable and economic approaches 
able to improve the efficiency and the easiness of the 
processes, and at the same time to reduce their envi-
ronmental impact is of extremely importance (Trache 
et al. 2020). In this context, the use of less toxic sol-
vents and the application of less energy-intensive pro-
cesses can be a suitable alternative to achieve higher 
sustainability of the processes (Morais et  al. 2020). 
The production of cellulose from land-based biomass 
requires strong delignification processes to break the 
lignin. The use of macroalgae as source of cellulose 
and its derivatives can simplify the purification pro-
cess of cellulose, since most macroalgae are lignin 
free or contain low lignin content, allowing the use 
of less severe extraction conditions. This can result 
in more environmentally friendly processes (He et al. 
2018; Wahlström et al. 2020; Zanchetta et al. 2021). 
The extraction processes of the different cellulose 
derivatives from algae and their characteristics will 
be explored in the following subsections.

Extraction of microcrystalline cellulose (MCC) from 
macroalgae

MCC is a purified form of partially depolymerized 
cellulose with a diameter in micron scale (Seddiqi 
et  al. 2021). MCC possesses unique mechanical and 
physicochemical properties, such as renewability, 
biodegradability, biocompatibility, non-toxicity, high 
mechanical properties, low density, large surface 
area, and good hygroscopicity. During the extraction 
process of MCC, the length of the cellulosic poly-
mer chains decreases, and the amorphous regions are 
removed, while the crystalline ones remain intact, 
leaving the MCC with a high degree of crystallinity, 
ranging from 55 to 80% (Baruah et al. 2020). Depend-
ing on the cellulose source and processing conditions, 
such as the reaction time and temperature, and drying 

conditions, the degree of crystallinity of MCC var-
ies, which can affect its functionality (Samiee et  al. 
2019). MCC is used in different industries due to its 
unique mechanical and physicochemical properties, 
such as stiffness and mechanical strength. For this 
reason, MCC is commonly used as a green reinforc-
ing agent, allowing the development of biodegradable 
biocomposites. They can also be applied in cosmetic 
(thickeners, binders), pharmaceutical compounds (as 
binders or adsorbents), food (stabilizers, anti-caking 
agents, fat substitutes and emulsifiers), among others 
(Tarchoun et al. 2019; Thielemans et al. 2022).

MCC can be extracted and purified from cellu-
lose using different methodologies, including enzy-
matic hydrolysis, steam explosion, and acid hydroly-
sis, the latter being the most used one. Thus, MCC 
is generally isolated using three treatments: alkaline 
treatment, oxidative bleaching and acid hydrolysis 
(Samiee et al. 2019; Tarchoun et al. 2019).

Acid hydrolysis and mechanical treatment can 
also be combined. For example, He et  al. reported 
the extraction of MCC from Saccharina japonica 
algae by combining chemical and mechanical treat-
ments. For the extraction of cellulose, the algae were 
subjected to successive washing, bleaching, alkali 
and finally acid treatments to remove proteins, min-
erals and other impurities. To decrease the degree 
of polymerization (DP) and maximally remove the 
amorphous regions to obtain MCC, the extracted cel-
lulose was then hydrolyzed with HCl, followed by 
ball-milling and sieving. In this case, the mechanical 
treatment promoted a further decrease of the DP in a 
moderate manner. The extracted cellulose presented a 
DP of 695, and a highly crystalline structure (CrI of 
90.9%), while MCC exhibited a DP of 235 and a CrI 
of 88.6% (He et al. 2018).

Extraction of nanocellulose from macroalgae

Nanocellulose is referred to cellulosic material with at 
least one dimension in the nanometer range. Nanocel-
lulose mainly includes three subcategories: (i) CNCs, 
(ii) CNFs and (iii) bacterial nanocellulose (BNC). 
The main differences between CNCs and CNFs lie 
in their dimensions, crystallinity and shape (Fig.  4). 
CNCs consist of cylindrical, elongated, less flex-
ible, and rod like shape, with higher crystallinity and 
relatively smaller sizes (2–15 nm wide, 100–500 nm 
long), while CNFs refer to an entangled network 
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structure with flexible, longer and wide nanofib-
ers (20–50 nm wide, 500–1500 nm long) with lower 
crystallinity. Nevertheless, their dimensions as well 
as other properties are dependent on the cellulose 
source, extraction method and processing conditions 
(pre and post treatments) (Tayeb et  al. 2018; Teix-
eira et al. 2020; Trache et al. 2020; Ross et al. 2021; 
Zanchetta et al. 2021). CNCs and CNFs exhibit char-
acteristics such as biocompatibility, biodegradabil-
ity, low cytotoxicity, active functionalization groups, 
large surface area and high mechanical strength, mak-
ing them very attractive for biomedical applications, 
including for drug delivery systems, wound dressings 
and medical implants. Additionally, they can act as 
fillers, allowing for instance the production of bio-
based electrospun nanofibers with improved perfor-
mance (Ribeiro et al. 2021a, b; Ribeiro et al. 2021a, 
b; Yu et al. 2021). On the other hand, BNC, refers to 
nanostructured cellulose produced by bacteria (Tra-
che et al. 2020).

Cellulose nanocrystals (CNCs)

The production of CNCs involves breaking down 
larger units (cm) into smaller units (nm), where the 
amorphous nature of the cellulose is separated from 
the fibers in order to collect only the crystalline 
component. Various approaches are available for 
CNC extraction, such as acid hydrolysis, ionic liquid 
method, TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)
oxidanyl) oxidation method and enzymatic hydroly-
sis, being the strong acid hydrolysis (generally around 
60% H2SO4) the most common used (Mali and Sherje 
2022; Pradeep et al. 2022). Afterwards, CNCs can be 

purified and dispersed (by mechanical treatments) (El 
et al. 2018; Salminen et al. 2017).

Achaby et  al. reported the successful extraction 
of CNCs from red algae waste, using an alkali and 
bleaching treatments followed by acid hydrolysis with 
64 wt% H2SO4 at 50 °C (Fig. 5). In this case, the influ-
ence of the hydrolysis time (30, 40 and 80 min) on the 
properties of the extracted CNCs were evaluated. The 
obtained CNCs presented a needle-like shape, which 
was not affected by the duration of hydrolysis. Nev-
ertheless, increasing the hydrolysis time resulted in 
large amount of negatively charged sulfate groups on 
the surface of CNCs; reduction of the extraction yield 
(13.76, 12.9 and 11.18%, respectively, with respect to 
the starting raw materials); reduction of CNC diam-
eters (9.1, 7.6 and 5.2 nm, respectively) and lengths 
(315.7, 294.5 and 285.4 nm, respectively); increase of 
CNC aspect ratio (35, 42 and 57, respectively); reduc-
tion of CNC thermal stability; and increase of the CrI 
(81, 83 and 87%, respectively) (El et al. 2018).

Liu et  al. also used acid hydrolysis to extract 
CNCs from kelp (Laminaria japonica) waste. Sev-
eral processing conditions were also evaluated, and 
the optimized one was achieved using 51 wt% H2SO4 
at 30 °C for 70 min, which allowed the extraction of 
CNCs with rod shape, an extraction yield of 52.3%, 
and a CrI of 69.4% (Liu et al. 2017).

Besides the characteristics of CNCs being affected 
by process conditions, they could also vary according 
to the source. In this way, the properties of the CNCs 
extracted from three different groups of algae (red, 
brown and green) were studied. Isolating CNCs was 
accomplished with a four-step process: de-polym-
erization, bleaching, acid hydrolysis (51% H2SO4, 
at 45  °C for 30  min), and mechanical dispersion 

Fig. 4   TEM images of a 
CNCs and b CNFs. Image 
retrieved under the terms 
of the CC-BY license from 
(Tayeb et al. 2018)
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(ultrasonication). All the extracted CNCs showed rod 
shaped. The results showed that brown algae achieved 
the highest yield (26.1 and 25.8% for kombu and sar-
gassum, respectively), followed by the green algae 
(16.3% for sea lettuce) and the red algae (13.3 and 
17.4% for dulse and nori, respectively). The obtained 
CNCs presented an aspect ratio as about 2–15, which 
is in accordance with the typical aspect ratio of CNCs 
that varies from 1 to 100. Moreover, brown seaweed 
group had higher aspect ratio than other two groups. 
Regarding the crystallinity, the CNCs extracted from 
kombu exhibited the highest CrI (98.89%), while the 
one extracted from sea lettuce presented the lowest 
one (CrI 66.97%). CNCs from sargassum, dulse, and 

nori, showed CrI of 83.06, 84.91 and 87.54%, respec-
tively, demonstrating that all samples showed enough 
CrI to act as a filler, promoting an increase of the 
mechanical and barrier properties of polymer films 
(Doh et al. 2020).

In the attempt to use a greener extraction method, 
Singh et  al. extracted CNCs from a red seaweed 
(Gelidiella aceroso) using a microwave-assisted 
alkali treatment. In the traditional alkali method, the 
solution should be heated for 2–4 h to remove lignin 
and hemicellulose. However, in this process, micro-
wave radiation can be used as an alternative energy 
source, due to its ability to rapidly generate heat, and 
thus, reducing the process time. The bleaching and 

Fig. 5   Schematic representation of CNC extraction at different hydrolysis times and digital images of the obtained products. Image 
retrieved under the terms of the CC-BY license from (El et al. 2018)
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acid hydrolysis using ultrasonication were performed, 
and the extracted CNCs presented rod-like shape, a 
CrI of 60%, an extraction yield of 30%, an average 
diameter of 32 nm ranging from 14 to 50 nm, and an 
average size of 408  nm ranging from 305–512  nm. 
Therefore, this method revealed to be a more efficient 
and greener approach for the isolation of CNCs from 
seaweed {Formatting Citation}. The same methodol-
ogy was used to extract CNCs from red seaweed bio-
mass, which were used to improve the mechanical, 
barrier and thermal properties of poly(vinyl alcohol) 
(PVA) films (Singh et al. 2018).

Cellulose nanofibrils (CNFs)

CNFs are produced by disintegration of cellulose fib-
ers into particles with diameters in nanoscale, and 
contains both crystalline and amorphous regions, 
being the crystalline regions responsible for its 
strength, while the amorphous domains provide a cer-
tain flexibility (Teixeira et al. 2020; Wahlström et al. 
2020). The extraction of CNFs from algae involves (i) 
separating cellulose from other impurities, (ii) pre-
treatment of the cellulose (mechanical, biological, or 
chemical), to improve the defibrillation of the cellu-
lose and (iii) mechanical disintegration of the fibers 
where cellulose bundles are completely delaminated 
to individual nanofibrils (Zanchetta et  al. 2021). 
Regarding the mechanical pre-treatments, the most 
commonly used are high-pressure homogenization, 
microfluidization, and grinding. However, these pro-
cesses require high energy consumption, so biologi-
cal or chemical pre-treatments are usually used, prior 
to mechanical disintegration. These pre-treatments 
could also improve the defibrillation of the cellulose 
allowing the production of well-separated nanofibrils 
with a proper crystallinity. Typically, the enzymatic 
hydrolysis method uses two enzymes, laccase, for the 
degradation of lignin and hemicellulose, and cellu-
lase for the hydrolysis of extra cellulose compounds. 
The combination of enzymatic hydrolysis together 
with high pressure shearing and homogenization 
can lead to controlled fibrillation of CNF (Mitbum-
rung et al. 2022; Surendran and Sherje 2022; Xiang 
et  al. 2016). TEMPO-mediated oxidation, etherifica-
tion, periodate and chlorite oxidation, ionic liquids, 
deep eutectic solvents, and phosphorylation are some 
examples of chemical pre-treatments. These give rise 
to a higher degree of fibrillation, bringing them closer 

to the ideal characteristics, and also lead to a sig-
nificant reduction in energy consumption (Jonasson 
et al. 2020). Finally, the mechanical process aims to 
achieve a total fibrillation to individual cellulose fib-
ers, being the most used high-pressure homogeniza-
tion (homogenizer, microfluidizer), ultra-fine friction 
grinding and refining (Zanchetta et al. 2021).

Xiang et al. conducted a study in which cellulose 
was extracted from the green macroalgae Cladophora 
glomerata and subjected to microfluidization, with or 
without enzymatic hydrolysis pre-treatment to pro-
duce CNF. After the bleaching, alkali treatment and 
acid hydrolysis, the extracted cellulose passed through 
the microfluidizer 10 or 20 passes. It was found that 
increasing microfluidization times produced CNF 
with reduced crystallinity and with smaller and more 
uniform sizes. The pre-treatment was also evaluated, 
and the CNF produced by enzymatic hydrolysis fol-
lowed by microfluidization presented lower crys-
tallinity, in comparison to CNF produced only with 
mechanical treatment. Moreover, the enzymatic pre-
treatment did not have evident effect on the diameter 
distribution of CNF, which can be due to the fact that 
CNF produced by only microfluidization already pre-
sented the microfibril levels. Finally, CNF produced 
from macroalgae showed higher crystallinity, lower 
diameters and higher thermal stability compared to 
CNF produced from bleached eucalyptus pulp (BEP), 
showing the potential of algae source for the obten-
tion of nanocellulose (Xiang et al. 2016).

One the other hand, Wahlstrom et  al. reported a 
successful extraction of CNF from green macroal-
gae Ulva lactuca (Ulva fenestrata), without any pre-
treatment prior the mechanical homogenization pro-
cess. Cellulose was extracted and then disintegrated 
into lignin-free CNF using a mechanical process. The 
obtained CNF showed characteristic peaks for the cel-
lulose I allomorph and a CrI of 48%, confirming that 
the nanofibrils were semicrystalline. Characterization 
of the CNF morphology showed nanofibrils similar to 
those found in lignocellulose. The absence of lignin in 
Ulva lactuca macroalgae, make this source even more 
attractive compared with land-based biomass, since 
delignification is energy consuming and the final cel-
lulose fraction may contain residual chemicals from 
the lignin removing process (Wahlström et al. 2020). 
In another study, CNF was also successfully extracted 
from Laminaria Hyperborea brown seaweed using 
high-pressure homogenization, without the need for 
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mechanical, biological or chemical pre-treatments. 
Only a single pass through the 200 µm and 100 µm 
interaction chambers of the high-pressure homog-
enizer was required. The produced CNFs were found 
to have a good degree of crystallinity, high storage 
modulus, high water retention values, good morpho-
logical properties, high aspect ratio and good thermal 
properties (Onyianta et al. 2020).

Extraction of cellulose from macroalgae and its 
modification to cellulose acetate (CA)

CA, the acetate ester form of cellulose, has environ-
mentally friendly properties, namely, biodegradabil-
ity, wettability, and renewability coupled with excel-
lent processibility. Furthermore, it is biocompatible 
and presents excellent mechanical strength (Zamel 
and Khan 2021; Janmohammadi et  al. 2023). Com-
pared to the poor solubility of cellulose, CA is solu-
ble in some organic solvents, being the solubility 
dependent on the degree of the substitution of acetate 
groups, which make this polymer very advantageous 
for different applications. Among cellulose deriva-
tives, CA stands out as it has been widely applied for 
the production of electrospun nanofibers, showing 
great potential to be used in drug delivery applica-
tions as well as in wound healing systems (Khoshne-
visan et al. 2018, 2019). Figure 6 shows the chemical 
structure of CA.

CA is usually produced by the acetylation of 
hydroxyl groups of cellulose with acetic anhydride, 
acetic acid (solvent), and sulfuric acid (catalyst) (Sed-
diqi et al. 2021). However, more sustainable routes to 
perform the acetylation are being explored, namely 
the replacement of sulfuric and acetic acids, by 

environmentally friendly reagents, such as iodine as 
catalyst in the presence of acetic anhydride, phospho-
tungstic acid as catalyst and ionic liquid at room tem-
perature. Although the application of these reagents 
represents potential environmental benefits, they still 
need more research and better environmental impact 
assessments using standardized and reliable tools 
(Araújo et al. 2020).

Up to date, only studies with the most common 
techniques are reported, and the green ones are still 
under investigation. Madub et al. reported the extrac-
tion of cellulose from green seaweeds of the Ulva 
genus followed by its chemically modification to 
obtain CA, using acetic anhydride and acetic acid. 
The yield of the acetylated product was about 78%, 
the % acetylation was 44.6, and the degree of substi-
tution (DS) was 3.00, which translates into an average 
of 3 hydroxyl groups being acetylated per disaccha-
ride unit (Madub et al. 2021).

Extraction of cellulose from macroalgae and its 
modification to carboxymethyl cellulose (CMC)

CMC is an anionic, water-soluble derivative of cel-
lulose, prepared by adding carboxymethyl groups 
(-CH2-COOH) to some of the hydroxyl groups of the 
cellulose chain (Rahman et al. 2021). The molecular 
weight, DS, and the distribution of carboxymethyl 
substituents along the polymer chain will affect the 
properties of CMC (Seddiqi et  al. 2021). Recently, 
CMC-based dressings have received some attention 
due to their physicochemical properties, namely for 
being flexible, able to absorb exudate, to promote 
angiogenesis and autolytic debridement. In addition, 
CMC is not toxic to humans, and it can maintain a 
moist environment at the wound surrounding areas, 
which will help in the growth of ECM and re-epithe-
lialization (El-Newehy et al. 2016; Kanikireddy et al. 
2020). Nowadays, CMC is the most widely used cel-
lulose ether with applications in several industries 
(Jia et al. 2016). Figure 7 shows the chemical struc-
ture of CMC.

Lakshmi et al. extracted cellulose from green sea-
weed Ulva fasciata, followed by its modification into 
CMC. For the preparation of CMC, the extracted 
cellulose, was mixed with NaOH solution and iso-
propanol, followed by chloroacetic acid. The DS of 
CMC was 0.51, and this parameter plays an impor-
tant role in the water solubility of CMC, since its 

Fig. 6   Chemical structure of CA. Image adapted under the 
terms of the CC-BY license from (Teramoto 2015)
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hydro affinity increases with increasing DS. CMC 
was used to produce films, which showed to be more 
transparent (70%) than the films containing commer-
cial CMC (60%). Moreover, CMC films with silver 
(Ag) nanoparticles and CMC films with leaf extracts 
demonstrated antibacterial activity against Escheri-
chia coli (E. coli). Furthermore, the biodegradable 
nature of algae CMC film was also confirmed. Thus, 
it was concluded that CMC algae films exhibit poten-
tial applications in several industries (Lakshmi et al. 
2017).

The studies exploring the extraction methodolo-
gies of cellulose and its derivatives as well as their 
properties are summarized in Table 2.

Cellulose‑based electrospun nanofibers 
for biomedical applications

The combination of electrospinning technique with 
cellulose-based materials allows the production of 
ultrafine nanofibrous membranes with highly porous 
structure, biocompatibility, biodegradability, hydro-
philicity, low density, thermostability, flexibility and 
easy chemical modification. However, the production 
of cellulose nanofibers by electrospinning remains 
a challenge, due to its poor solubility in commonly 
used solvents. Thus, for some applications, cellulose 
derivatives, particularly CA, have been widely used, 
due to their improved solubility in many organic and 
inorganic solvents (Teixeira et al. 2020; Zhang et al. 
2021). Despite the potential of algae as a renewable 
and valuable source of cellulose, the production of 
electrospun nanofibers using seaweed extracted cel-
lulose and its derivatives is still poor explored. In the 

following section, a briefly explanation of the electro-
spinning technique as well as the advantages of using 
these membranes in different biomedical applications 
will be presented. Moreover, the potential of cellu-
lose-based electrospun nanofibers for the same appli-
cations will be also addressed, considering cellulose 
derived from algae and other sources.

Electrospinning technique

Electrospinning is an electro-hydrodynamic tech-
nique used to produce thin fibers with diameters 
ranging from µm to nm. A variety of materials (e.g., 
polymers, ceramics and metals) can be used to pro-
duce these fibers, and they can present different mor-
phologies, patterns and functionalities. Electrospun 
micro/nanofibers demonstrate unique properties, 
such as large surface area, high encapsulation effi-
ciency, high porosity, physical structure that mimics 
the ECM, thus supporting cell adhesion, proliferation, 
migration and differentiation, flexibility, possibility of 
loading and release a variety of drugs, vast possibili-
ties for surface functionalization and wide selection 
of the matrix materials. All these characteristics make 
electrospinning a very attractive technique for differ-
ent applications, including in biomedical field (Costa 
et al. 2022).

The electrospinning device consists of a high-volt-
age power supply, a spinneret connected to a syringe 
pump, and a metal collector (Fig. 8). This technique 
is simple to use, straightforward, versatile and cost-
effective, with the possibility of large-scale produc-
tion. Initially, a polymer solution is loaded into a 
syringe, and the solution is passed to the tip of the 
needle, to form a pendant droplet. Upon electrifica-
tion, the electrostatic repulsion among the surface 
charges deforms the droplet into a conical shape, 
known as Taylor cone. When the repulsive electric 
forces overcome the surface tension of polymeric 
droplet, a charged liquid jet is ejected from the tip 
of Taylor cone, which is continuously elongated and 
whipped. As the jet travels towards the metallic col-
lector, the solvent evaporates and the nanofibers are 
continuously deposited in the collector (Costa et  al. 
2022; Xue et al. 2019).

There are multiple strategies for incorporating bio-
active compounds into electrospun fibers, including 
blend, emulsion and co-axial electrospinning, as well 
as surface immobilization (Fahimirad and Ajalloueian 

Fig. 7   Chemical structure of CMC. Image adapted under the 
terms of the CC-BY license from (Teramoto 2015)
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2019). This versatile technique allows the production 
of different types of fibers (superficial porous, hollow, 
with a core–shell structure, etc.) and fibrous struc-
tures (non-woven, aligned fibers, multilayer, etc.). Its 
applications include drug delivery systems, wound 
dressings, tissue engineering scaffolding, biosensors, 
filtration membranes, etc. (Li and Wang 2021).

The formation of fibers from the polymer jet 
depends on the solution (type of polymer and its 
blend with other polymer(s), polymer’s molecular 
weight and concentration; type, volatility and con-
centration of the solvent(s); solution’s surface tension, 
viscosity and conductivity), process (applied voltage, 
flow rate, distance between the spinneret and collec-
tor, needle diameter, and type of collector) and the 
environmental (temperature and humidity) param-
eters (Gruppuso et al. 2021).

Regarding the solution parameters, the polymer 
molecular weight and concentration, as well as the 
type of solvent, are very important to the characteris-
tics of the final membranes, since the intrinsic viscos-
ity of the solution is related to the molecular weight 
and concentration of the polymer and the conductiv-
ity depends on the specific solvent mixture. Solu-
tions with higher polymer concentration, and conse-
quently, higher viscosity, promote the formation of 
larger fibers with reduced defects. Solutions with high 
conductivity leads to the formation of homogeneous 
nanofibers with smaller diameters, due to the increase 
of charge density, resulting in stronger elongation 
forces in ejected jet (Costa et al. 2022; Bombin et al. 
2020). Considering the process conditions, the col-
lector and the spinneret are connected to electrodes, 
acquiring opposite charges. The voltage applied at the 
spinneret might be positive or negative. As the volt-
age increases, the spherical morphology of the drop-
let transitions into a more elongated, conical shape. 
As the voltage is further increased, the electric forces 
dominate over the surface tension and the electrically 
charged polymer solution is extruded towards the 
grounded collector. Regarding the flow rate, when it 
is too low, polymer ejection is difficult to be achieved, 
because the replacement of the solution ejected from 
the tip of the capillary is not sufficient. On the other 
hand, when the flow rate is too high, beaded nanofiber 
formation can occur as a result of Taylor cone defor-
mation. It is also necessary to provide a minimum 
distance between the spinneret and the collector, so 
that the solvent can evaporate before reaching the Ta
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collector. However, too long distances can promote 
the formation of other defects, such as non-uniform 
or sharp-beaded nanofibers (Bombin et  al. 2020; 
Xue et  al. 2019). Finally, the environmental param-
eters, such as temperature and humidity, should also 
be considered. An increase in temperature promotes 
a decrease in the viscosity of the polymer solution, 
and consequently, a decrease in the diameters of the 
electrospun nanofibers. The relative humidity will 
affect the evaporation rate of the solvent, and conse-
quently, the solidification rate of the jet. Generally, 
lower relative humidity values cause rapid solvent 
evaporation, resulting in the production of fibers with 
higher diameters. Therefore, all of these parameters 
need to be properly adjusted and optimized in order 
to achieve the highest quality of the final nanofibers 
for the desirable application (Costa et  al. 2022; Xue 
et al. 2019).

Cellulose and its derivatives for the production of 
electrospun nanofibers to be applied in biomedical 
applications

Electrospun nanofibers have been extensively 
researched and used for multifaceted biomedi-
cal applications, such as delivery of therapeutic 
agents, tissue engineering, wound dressings, enzyme 

immobilization and so on. As previously mentioned, 
the exceptional properties of cellulose, like biodeg-
radability, biocompatibility, abundant availability 
of renewable resources and cost-effectiveness, make 
this polymer very attractive for medical field. How-
ever, biomedical applications of cellulose have some 
obstacles, such as the limited solubility of organic 
solvent in general and its inability to melt due to inter 
and intra-molecular hydrogen bonding, which diffi-
cult its use for example in electrospinning. Thus, cel-
lulose derivatives, have been extensively investigated 
to overcome these obstacles and generate electrospun 
nanofibers, that can be transformed into cellulose fib-
ers by various processes (Khoshnevisan et  al. 2018, 
2019).

To date, and to the best of authors’ knowledge, 
only very few studies have reported the use of algae-
based cellulose for the manufacture of nanofibrous 
scaffolds for medical field. Nevertheless, cellulose 
and its derivatives extracted from other sources than 
algae have already demonstrated great potential and 
advantages to be applied in electrospinning, aiming 
the production of membranes for biomedical appli-
cations. Therefore, the next section aims to give an 
overview of the potential of electrospun cellulose-
based membranes for several medical applications, 
using cellulose and its derivatives extracted from 
algae and other sources.

Fig. 8   Representation of 
a typical electrospinning 
setup. Image retrieved with 
permission from (Costa 
et al. 2022)
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CA is one of the most widely used cellulose deriv-
atives in biomedical applications (Wsoo et al. 2020). 
The extraction of cellulose from green seaweeds, its 
subsequently chemical modification into CA, and the 
use of this polymer in electrospinning was already 
reported by Madub et al. The obtained CA was used 
in electrospinning alone and blended with poly-L-
lactide (PLLA), poly-DL-lactide (PDLLA) or poly-
dioxanone (PDX) to develop nanofibrous mats. Dea-
cetylation of the mats was also performed to obtain 
regenerative cellulose nanofibers. These cellulose-
based scaffolds were evaluated in vitro, showing good 
cell-material interaction with fibroblast cells with 
formation of actin filament, filopodial and lamelipo-
dial protrusions from the cells. In  vivo biocompat-
ibility studies using a Wistar rat model indicated no 
foreign body response and enhanced angiogenesis. 
Thus, these results demonstrated the potential of the 
use of nanofibrous mats with cellulose from Ulva sp. 
in improving diabetic wound healing (Madub et  al. 
2021). In another study, CNCs were extracted from 
green seaweeds by mercerization, bleaching and acid 
hydrolysis, which were then mixed with polyethylene 
oxide (PEO)/Eudragit E-100. The addition of differ-
ent CNC contents allowed the successfully produc-
tion of nanofibers, being the formation of nano-net 
dependent on CNC content. The addition of CNCs is 
expected to reinforce the mechanical properties of the 
developed mats to be applied in tissue engineering 
and biotechnological fields (Ko et al. 2019).

Electrospinning of CA extracted from seaweeds 
is still being explored, so there are not many stud-
ies published yet. However, there are already several 
studies that prove the successful production of CA 
nanofibers from other sources than algae for biomedi-
cal applications. For example, commercial CA was 
used to prepare porous fibrous membranes contain-
ing different amounts of thymol (THY) by electro-
spinning technique. The results indicated that nano-
pores were generated on the surface of the fibers 
in  situ, in which air was trapped and resulted in an 
increase in the hydrophobicity of the porous fibrous 
membranes. The in  vitro drug release tests demon-
strated that the porous fibrous membranes loaded 
with THY had slower initial drug release and longer 
drug release time, when compared with nonporous 
THY-loaded fibrous membrane, showing that surface 
structure had significant impact on drug release pro-
file. Moreover, porous THY-CA nanofibers presented 

higher antibacterial activity against gram-positive and 
gram-negative bacteria as well as better cytocom-
patibility comparing to nonporous ones. Therefore, 
these results show the potential of porous CA-based 
nanofibers as new wound healing materials (Chen 
et al. 2020). The blend of commercial CA with other 
polymer for the development of electrospun mats for 
wound dressing applications was also reported. CA 
was blended with poly (ɛ-caprolactone) (PCL) and 
dextran. The incorporation of tetracycline hydro-
chloride (TCH), an antibacterial drug, improved the 
cell proliferation, enhanced blood clotting ability and 
cell attachment as well as antimicrobial activity of 
the membranes. PCL/CA/dextran/TCH mats showed 
good bioactivity, high cell attachment and prolifera-
tion as well as effective antibacterial activity, indicat-
ing the potential of these mats to be used as bioactive 
dressings (Liao et al. 2015).

In other study, Farahani et  al. developed multi-
functional nanofibrous CA/gelatin/Zataria multiflora-
nanoemulsion (CA/Gel/ZM-nano) for wound dress-
ing, where ZM-nano represents a nanoemulsion of 
a natural antibacterial active plant. The developed 
nanofibers incorporated with ZM-nano, with lower 
CA/Gel ratios, presented a more controlled drug 
release profile than higher ratios and adequate anti-
bacterial activity against E. coli and Staphylococ-
cus aureus (S. aureus). Additionally, nanofibers with 
lower CA/Gel ratio promoted higher adhesion and 
proliferation of L929 fibroblast cells. In vivo wound 
healing evaluation revealed that the nanofibrous mats 
incorporated with ZM-nano, considerably accelerated 
the wound healing process, being the CA/Gel ratio of 
50:50 the one with best healing performance, as dem-
onstrated in Fig. 9 (Farahani et al. 2020).

There are also some examples of published stud-
ies where other cellulose derivatives from various 
sources are used to develop electrospun nanofibers 
for biomedical applications. For instance, the addi-
tion of CNCs into electrospun nanofibers can contrib-
ute to the improvement of the mechanical, thermal 
and hydrophilic properties of the mats as well as to 
achieve long-term sustained drug release (Ali et  al. 
2022; Bellani et  al. 2016; Cheng et  al. 2017). For 
example, Cheng et  al. prepared electrospun nanofib-
ers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) and CNCs, loaded with tetracycline hydro-
chloride (TH). The CNCs were used to improve the 
mechanical, thermal, and hydrophilic properties 
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of the PHBV membranes. It was found that 6 wt% 
CNC content increased the tensile strength by 125%, 
Young’s modulus by 110% and maximum decompo-
sition temperature (Tmax) by 24.3 °C. In addition, the 
hydrophilicity of the membranes gradually improved 
with CNC introduction, which is advantageous for 
biomedical applications. The maximum drug loading 
was 25% and the drug loading efficiency was 98.8%, 
respectively, and more than 86% drug was delivered 
within 540  h from PHBV/CNC membranes (Cheng 
et al. 2017).

In another study, Ribeiro et al. developed nanofib-
ers based on chitosan (CS), poly (ethylene oxide) 
(PEO), CNCs and acacia plant-based extract by elec-
trospinning, which showed great potential to act as 
localized drug delivery systems for wound care appli-
cations. The authors showed that the incorporation of 
CNCs improved the physical integrity of the nanofib-
ers, their morphology, diameters, water vapor trans-
mission rate, and thermal properties. In addition, they 
showed that the introduction of acacia into the CS/
PEO/CNC system, revealed antibacterial effect while 
maintaining antifungal activity, demonstrating its 
great effect against a wide range of microorganisms, 
which is crucial for preventing or treating infections. 
All developed systems demonstrated no cytotoxicity 
in non-tumor cells, suggesting their biocompatibility 
(Ribeiro et al. 2021a, b).

Regarding the use of MCC in electrospinning, 
there are some studies that mentioned the advantages 
of using MCC to improve the mechanical proper-
ties of the electrospun membranes. However, there’s 
only few which report the possible applications of 
those mats in biomedical applications. Guzman-Puyol 
et al. demonstrated that MCC/fibroin nanofibers pre-
sented higher stiffness, showing elastic modulus of 
293 MPa, when compared to only fibroin nanofibers 
(125  MPa). Nevertheless, the addition of MCC pro-
moted a decrease in elongation, suggesting that MCC 
can act as a reinforcing agent rather than a plasti-
cizer. Moreover, MCC/fibroin nanofibers exhibited 
excellent cell compatibility (higher than the control) 
and no cytotoxic effects, demonstrating the potential 
applicability in biomedical sector (Guzman-Puyol 
et  al. 2016). CA and cellulose composite scaffolds 
containing MCC and cellulose whisker (CW) were 
electrospun from CA solutions, followed by deacety-
lation of the mats. Electrospun scaffolds containing 
MCC exhibited higher hydrophilicity than CW. After 

deacetylation, cellulose scaffolds presented better bio-
compatibility than the CA scaffolds. Nevertheless, the 
addition of both MCC and CW promoted an improve-
ment in biocompatibility when compared to pure cel-
lulose nanofibers, as well as to those nanofibers with 
only one of the fillers. The scaffolds with micro- and 
nano-scale organization were able to better mimic the 
ECM, which can promote an enhancement of cell via-
bility, adhesion and proliferation, demonstrating the 
advantages of cellulose-based structures in biomedi-
cal field (Jia et al. 2013).

CMC also shows great potential for the develop-
ment of electrospun mats for biomedical applications, 
since it is reported that CMC can improve the prop-
erties of the membranes, including the mechanical 
ones. For example, the work performed by Kazemi-
nava et al., showed a green, simple and cost-effective 
protocol to prepare highly efficient antimicrobial 
nanofibers based on PVA mixed with CMC, and 
crosslinked with citric acid-based quantum dots (CA-
QDs). Colistin (CL), which is an antibacterial agent, 
was also incorporated into the polymeric formula-
tion. The addition of CMC promoted the formation of 
nanofibers with larger diameters and with improved 
mechanical properties. The developed CMC/PVA/
CL/CA-QDs nanofibers demonstrated the desired 
hydrophilicity, cell proliferation, and cytotoxicity, 
maintaining the cell viability of the samples above 
80% even after 5  days, against human skin fibro-
blast cell lines (HFF-1), and remarkable antibacte-
rial activity for different bacterial strains (S. aureus, 
K. pneumoniae, P. aeruginosa, and E. coli bacte-
ria). Nanofibers’ cytocompatibility can be related 
to the good cytotoxic nature of CMC and CA-QDs. 
Thus, the developed nanofibrous membranes can act 
as wound dressings to control microbial infection in 
wounds (Kazeminava et  al. 2022). In another study, 
Allafchian et  al., developed CMC/PVA nanofibers 
loaded with flufenamic acid (FFA) for drug delivery 
applications. It was found that the CMC/PVA ratio 
controlled the diameter of the fibers. Furthermore, the 
drug release was more prolonged in nanofibers con-
taining the cross-linker EDC (1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide) (Allafchian et al. 2020).

In conclusion, it can be said that the combination 
of electrospinning technology and cellulose (and 
its derivatives) provides a feasible approach to pro-
duce nanostructured fibrous structures with prom-
ising functionalities, flexibility, renewability and 
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biodegradability for biomedical applications. At the 
same time, it enables value-added applications of 
cellulose and its derivatives that are obtained from 
nature or even biomass waste.

Conclusions

Marine macroalgae are becoming a promising renew-
able source of cellulose, due to its high abundance 
and availability. Moreover, their atypical prolifera-
tion and accumulation in some cases leads to negative 
environmental impacts as well as health concerns and 

Fig. 9   a Representative 
images of burn wound heal-
ing process in rats treated 
with (a) commercial gauze, 
(b) CA/Gel (100:0) nanofib-
ers, (c) CA/Gel (50:50) 
nanofibers, (d) drug-loaded 
CA/Gel (100:0) nanofibers, 
(e) drug-loaded CA/Gel 
(50:50) nanofibers. b H&E 
staining histological images 
22 days post-operation. c 
Relative wound areas meas-
ured at 5, 15 and 22 days 
post-operation. Image 
retrieved with permission 
from (Farahani et al. 2020)
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may pose a serious danger to the aquatic ecosystem. 
Therefore, the use and valorization of this resource, 
including when presented in the form of waste, is a 
suitable strategy to overcome these issues and, at the 
same time, to obtain different valuable compounds, in 
line with the circular economy concept. In fact, mac-
roalgae are a very interesting biomass due to its high 
content of polysaccharides and bioactive compounds, 
demonstrating high potential as natural sources of 
high added-value compounds.

Cellulose presents great properties such as bio-
compatibility, biodegradability, renewability and 
non-toxicity, which make it a very attractive mate-
rial for various biomedical applications. Cellulose 
may contain unique and distinct properties in terms 
of dimensions, morphology, aspect ratio, crystallinity 
and physicochemical properties. Moreover, cellulose 
presents several derivatives, such as MCC, CNCs, 
CNFs, CA and CMC, that can be extracted from 
algae or modified from the extracted cellulose. The 
main extraction methodologies of cellulose, and some 
derivatives, from algae are based on a combination of 
alkaline and bleaching treatments, followed by acid 
hydrolysis. However, it presents environmental dis-
advantages, since it uses harmful solvents, generates 
harmful residues, requires the use of high tempera-
tures, time and energy. Hence, the search for greener 
and more sustainable methodologies for extraction of 
cellulose and its derivatives from marine seaweeds is 
of extreme importance.

Nanofibers produced by electrospinning have dem-
onstrated great potential to be applied in different 
biomedical applications due to their unique proper-
ties. The combination of cellulose with electrospin-
ning allows the production of ultrafine nanofibrous 
membranes with highly porous structure, biocom-
patibility, biodegradability and flexibility. However, 
the poor solubility of cellulose in commonly used 
solvents limits its use in electrospinning. Thus, cel-
lulose derivatives have been widely used to provide 
a viable approach to produce nanostructured fibrous 
materials with promising functionalities for biomedi-
cal applications.

Regarding future perspectives, it can be concluded 
that there are several studies reporting the develop-
ment of nanofibers by electrospinning of cellulose 
extracted from other sources than algae, many of 
which are already being used in biomedical applica-
tions. However, when it comes to cellulose and its 

derivatives extracted from algae, it is still a field that 
needs more research and development, especially 
when it comes to the use of greener extraction meth-
ods. However, given the potentiality of the results 
so far, and as we move towards a more sustainable 
world, electrospun nanofibers with cellulose extracted 
from algae can be a promising approach to develop 
new solutions for biomedical field.
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