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Abstract

Wound dressings are devices used to stop bleeding and provide appropriate environmental conditions to accelerate wound
healing. The effectiveness of wound dressing materials can be crucial to prevent deaths from excessive bleeding in surgeries
and promote complete restoration of the injury. Some requirements for an ideal wound dressing are rapid hemostatic effect,
high swelling capacity, antibacterial properties, biocompatibility, biodegradability, and mechanical strength. However, finding
all these properties in a single material remains a challenge. In this context, nanocomposites have demonstrated an excel-
lent capacity for this application because of their multifunctionality. One of the emerging materials used in nanocomposite
manufacture is cellulose nanocrystals (CNCs), which are rod-like crystalline nanometric structures present on cellulose
chains. These nanoparticles are attractive for wound healing applications because of their high aspect ratio, high mechani-
cal properties, functionality and low density. Hence, this work aimed to present an overview of nanocomposites constituted
by CNCs for wound healing applications. The review focuses on the most common materials used as matrices, the types
of dressing, and their fabrication techniques. Novel wound dressings composites have improved hemostatic, swelling, and
mechanical properties compared to other pure biopolymers while preserving their other biological properties. Films, nanofib-
ers mats, sponges, and hydrogels have been prepared with CNCs nanocomposites, and in vitro and in vivo tests have proved
their suitability for wound healing.
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1 Introduction

Wound dressings are essential materials to stop bleeding
in surgeries and promote hemostasis. They act as a barrier
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and control the oxygen and moisture crossing to the wound
(Moohan et al. 2020). Hemostatic agents for wound heal-
ing must have specific properties such as a rapid hemosta-
sis action, biocompatibility, nontoxicity, no antigenicity,
easy degradation in vivo, tunable mechanical properties,
good swelling ratio, low cost, and easy processing (Yang
et al. 2017; Zhang et al. 2020; Ghobril and Grinstaff 2015).
The primary biological hemostatic materials of available
commercial products are thrombin, fibrin, collagen, gela-
tin matrix and albumin, polysaccharides such as chitosan,
starch, oxidized cellulose (OC) and alginate, synthetic poly-
mers such as polyethylene glycol and cyanoacrylates, and
inorganic based materials such as smectite and kaolin (Yang
et al. 2017; Behrens et al. 2014).
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Among them, oxidized cellulose-based hemostatic mate-
rials such as oxidized regenerated cellulose (ORC) are one
of the most widely used topical hemostatic agents for inter-
nal bleeding control (Yuan et al. 2020). ORC is effective
for major bleeds due to its ability to absorb considerable
amounts of blood, more than multiple times its weight.
(Cheng et al. 2013). Other advantages are easy handling,
bactericidal effect, best times for clotting formation, and
complete degradation in a period between 14 to 30 days
(Cheng et al. 2016a; Khoshmohabat et al. 2019; Chen et al.
2020). However, some drawbacks related to ORC have been
reported. Some examples are cases of inflammatory reac-
tions caused by low pH due to the presence of acid carboxyl
groups and erroneous postoperative diagnosis due to the
appearance of a mass mimicking an abscess in ultrasound
images when the ORC is left in situ (Piozzi et al. 2018).

Recently, the development of novel hemostatic materi-
als based on nanocelluloses has been performed, mainly
because of their high surface to volume ratio and the pos-
sibility of being incorporated into other materials to improve
the hemostatic action and the wound healing process (Kho-
shmohabat et al. 2019; Moohan et al. 2020; Nakielski and
Pierini 2019). Furthermore, nanocelluloses are renewable
materials with high availability and relatively low cost as
they can be obtained from different biomass sources (Baca-
kova et al. 2019).

Cellulose nanocrystals (CNCs), or cellulose nanowhisk-
ers, are crystalline nanostructures stabilized by complex
hydrogen bond interactions and dispersed in amorphous
regions of cellulose (Habibi et al. 2010). This type of nano-
cellulose possesses biodegradable and biocompatible prop-
erties, high elastic modulus, nanoscale dimensions, high
aspect ratio, low density, and a large number of hydroxyl
groups on its surface that makes it suitable for chemi-
cal modifications (Gopi et al. 2019). Much work has been
done with the applications of cellulose nanocrystal-based
materials for wound dressings. However, a review cover-
ing the most common materials used as matrices, the types
of dressing, and their fabrication techniques all together
has not been published in the literature yet. So, this work
attempts to address this gap by reviewing the most critical
reported papers on fabricating CNCs-based nanocomposites
for wound healing applications.

2 CNCs sources and properties

Cellulose nanocrystals can be obtained from different
sources, and their properties vary due to the significant dif-
ferences between biosynthesis processes of raw materials,
which affect the cellulose chain stacking (Foster et al. 2018).
The primary sources used to isolate these nanoparticles are
lignocellulosic biomass as wood pulp, agricultural wastes
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and natural fibers, and more pure sources such as micro-
crystalline cellulose, algal cellulose and bacterial cellulose
(Mokhena and John 2020).

Wood pulp is derived from two types of industrial pro-
cess: (a) kraft process, which is performed with a mixture
of sodium hydroxide and sodium sulfide (NaOH and Na,S),
and (b) sulphite pulping, using various salts of sulfurous
acid (mostly sodium bisulphate NaHSOj; or sodium sulphate
Na,SO;) to remove the lignin content of the hard and soft-
wood (Leppénen et al. 2009). In wood sources, the cellu-
lose content is about 40—50%, and the CNCs obtained from
this raw material presents a degree of crystallinity between
50 and 83%, which are lower than other sources, but with
shorter dimensions (100-300 nm of length and 3-5 nm of
diameter) (Gopi et al. 2019; Beck-Candanedo et al. 2005).

Agricultural waste and natural fibers have been used to
extract cellulose nanocrystals, and they have received sig-
nificant attention for waste managing, exploring eco-friendly
resources, low cost, and availability (Golbaghi et al. 2017;
Rajinipriya et al. 2018; Linan et al. 2021). Usually, the non-
woody sources contain less lignin than the wood sources,
and the microfibrils are less tightly bound in the structure
of the cell walls. Therefore, the extraction of CNCs from
these sources employs less strong chemical and mechani-
cal treatments than those applied to wood sources (Trache
et al. 2017).

Microcrystalline cellulose (MCC) is a purified form of
cellulose obtained by acid hydrolysis with inorganic acids.
MCC from wood pulp is commercially available as the
trade name of Avicel®, a white powder with a size between
10-50 pm. Cellulose pulp is partially depolymerized in the
susceptible amorph regions to liberate the microcrystal-
line form of cellulose (Hindi 2017). MCC is used to iso-
late CNCs by different methods, such as those described in
Sect. 3 of this work.

Cellulose microfibrils may be found in the wall cells of
different species of algae (green, grey, red, yellow-green,
etc.) (Moon et al. 2011). Green algae species such as Cal-
dophora and Valonia have been more explored due to the
exceptionally high degree of crystallinity of their nanocel-
lulose (about 95%, obtained from XRD). Moreover, in con-
trast with plant cellulose, this presents solitary rosettes of six
hexagonally arranged subunits which generates thin microfi-
brils with random orientation (Mihranyan 2010). In addition,
the green algae cellulose possesses a linear type arrange-
ment capable of producing very thick microfibrils with a
high degree of orientation (Mihranyan 2010). Because of
these properties, it is used in biomedical and pharmaceutical
applications as well as in composites and in the manufacture
of paper filters and dialyzer membranes (Liu et al. 2017;
Mihranyan 2010). Furthermore, algae nanocellulose differs
from plant nanocellulose in dimension due to its micrometric
scale length (Table 1).
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Table 1 Dimensions and degree

o Source Length (nm) Width (nm) Degree of crys- References

o.f crystallinity of CNCs from tallinity (%)

different sources of cellulose

using sulfuric acid hydrolysis Wheat straw 120-600 15-20 71 Oun and Rhim (2016)
Rice straw 130-650 12-20 66.3 Oun and Rhim (2016)
Maize husk 940+70 6+2 51.66 Smyth et al. (2017)
Coconut fiber 208 +34 49+0.5 80 Nascimento et al. (2016)
Sugarcane bagasse 200-300 20-40 68.28 Sukyai et al. (2018)
Green algae 600 10-30 95 Mihranyan (2010)
Bacterial 622 +100 33.7+14 83-91 Vasconcelos et al. (2017)
Microcrystalline cellulose 270+ 122 17+8 85.5 Du et al. (2017)

Certain bacteria synthesize bacterial cellulose (BC) as
the Azotobacter, Pseudomonas, Salmonella and Sarcina ven-
triculi genera (de Fernandes et al. 2020). BC is extracted in
a purer form compared to cellulose from lignocellulosic bio-
mass because of the absence of other compounds found in
plant cells structure such as lignin, hemicellulose, and other
carbohydrates (Jozala et al. 2016). The mechanism of BC
synthesis consists of the same steps as any other organisms,
including plants, which is the formation of f—1 — 4 glucan
chain with the polymerization of glucan units, and assembly
and crystallization of cellulose chain (Fig. 1). Nevertheless,
the degree of polymerization differs from about 13,000 to
14,000 for plants and 2000 to 6000 for BC (Chawla et al.
2009).

Nanocrystals can be obtained from BC by acid hydrolysis
and, depending on the reaction conditions, CNCs from this
source can reach a high degree of crystallinity, as shown in
Table 1 (Vasconcelos et al. 2017).

3 Preparation methods of CNCs

CNCs are aleatorily distributed in the cellulose chain and
connected by amorph regions. Chemical, mechanical, or
even enzymatic treatments can isolate CNCs by disintegrat-
ing the disordered chains and preserving the crystal structure
simultaneously (Fig. 2). Amorph chains are more susceptible
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Fig. 1 Schematic representation of cellulose synthesis steps in organ-
isms (plants, bacterial, algae etc.). (1) polymerization of glucose units
by the formation of f—1—4 linkage, (2) assemble of glucan chains

to form cellulose molecule, (3) entanglement of cellulose molecules
into thin fibrils, (4) crystallization of cellulose fibrils and (5) arrange-
ment of cellulose microfibrils on crystal and amorph phase
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Fig.2 Schematic representation of the mechanisms applied on CNC
extraction methods. A Acid hydrolysis—protonated species (H") dis-
rupt amorphs regions liberating CNCs and degraded sugars, B oxida-
tive methods (ex. APS and TEMPO oxidation)—oxidant agents con-
vert alcoholic groups on the surface of cellulose chain into carboxyl
groups (COO™), these anionic charges create repulsive forces that
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break amorphs chains, C sub and supercritical water hydrolysis—at
high pressure and temperature the concentration of reactive hydro-
nium ion increases and breakdown amorphs regions of cellulose, D
enzymatic hydrolysis uses cellulases to disrupt the amorph phase and
liberate crystals and E mechanical treatments—shearing forces frac-
ture cellulose amorph chains and isolate CNCs



Biomedical Microdevices (2021) 23:43

Page50f23 43

to disruption due to weaker hydrogen bond interactions oper-
ating in that region (Moon et al. 2011).

The CNC preparation methods can be classified into two
general groups, namely conventional and green methods,
explained as follows.

3.1 Conventional preparation method

One of the conventional methods widely applied to isolate
CNCs from diverse sources is acid hydrolysis because of its
high efficiency on the cleavage of C-O linkage of amorph
chains. According to Xiang et al. (2003) researchers, protons
H* released by the reactant interact with cellulose glycosidic
bonds forming a conjugated acid, then, the cleavage of C-O
linkage occurs, and the free sugars are removed in the pres-
ence of water (Fig. 2a).

Strong inorganic acids such as sulfuric acid, hydrochloric
acid, and phosphoric acid can isolate CNCs with high crys-
talline index and small dimensions (Vanderfleet et al. 2018;
Pereira et al. 2020; Arserim-Ucar et al. 2021).

The reaction using sulfuric acid incorporates sulfate
groups on CNC'’s surface, which permits a good dispersion
in an aqueous medium but affects thermal stability and pro-
motes CNC’s degradation at high temperatures (Kargarza-
deh et al. 2018). Conversely, hydrochloric acid hydrolysis
produces CNCs with high thermal stability because it does
not introduce any sulfate group on CNC'’s surface. However,
the lack of anionic charges in the medium facilitates CNCs
agglomeration, and it might compromise their nanometric
properties (Nagarajan et al. 2021).

Despite the current broad applicability, these acids are
strongly discouraged for future works due to serious draw-
backs like corrosion, toxicity, high energy demand, and the
negative environmental impact (Liu et al. 2020).

3.2 Green methods

Environmental issues related to acid hydrolysis using strong
acids lead to the development of green methods. Although
organic acid hydrolysis and oxidation using ammonium
persulfate (APS) are more sustainable options compared to
strong acids because they use less polluting solvents, they
still damage the environment by producing acid residue in
the process. Other more eco-friendly approaches are acid-
free preparation methods such as subcritical and supercriti-
cal water hydrolysis, enzymatic hydrolysis, mechanical dis-
integration, and TEMPO-mediated oxidation (Chen et al.
2012; Novo et al. 2016; Zhou et al. 2018).

Organic acid hydrolysis has been studied as a sustainable
preparation method for CNCs production since they are eas-
ier to recover. The citric acid (Liu et al. 2020), maleic acid
(Seta et al. 2020), and formic acid (Du et al. 2016) hydrol-
ysis have been performed to prepare CNCs with thermal

stability and high yield. Nevertheless, prolonged reaction
times and high acid concentration are required to isolate
CNCs with these weak acids.

The oxidative method using ammonium persulfate (APS)
is a promising method to isolate CNCs because it dispenses
the pretreatment steps to remove lignin and hemicellulose
contents of lignocellulosic sources (Zhang et al. 2016). Gen-
erally, the method uses a solution with APS molar concen-
tration ranging from 1 to 2 M, time reaction between 14 and
16 h at 60 °C or 70 °C (Leung et al. 2011). These conditions
are tunable according to cellulosic raw materials to achieve
a higher yield. APS dissolution in water leads to the release
of sulfuric acid and oxygen peroxide. Thus, this method uses
two mechanisms to break down the disordered regions of
the cellulose chain and liberate the crystal structure: acid
hydrolysis and oxidation (Fig. 2) (Mascheroni et al. 2016).
Nonetheless, the low yield and the prolonged reaction time
are two main limitations associated with the APS method.

Subcritical and supercritical water is a green alternative
for CNCs production since it uses water as a solvent. This
method can cleavage cellulose glycosidic bonds because
the water dielectric constant declines at high pressure and
temperature, increasing the concentration of H;O" in the
medium (Fig. 2C). (Adschiri et al. 2011). Novo et al. (2015)
studied CNC's properties obtained from the subcritical pro-
cess and evaluated the costs compared to acid hydrolysis.
The thermal analysis demonstrated that the onset of tem-
perature degradation was higher to CNCs from subcritical
hydrolysis and the cost to produce them was lower than
acid hydrolysis without considering the purification pro-
cess. According to further research by Novo et al. (2016),
in subcritical water hydrolysis, the degree of crystallinity,
length and aspect ratio are mostly influenced by temperature,
while yields of CNCs is mainly affected by pressure. Despite
the aforementioned advantages of subcritical hydrolysis, it
requires a reactor under high pressure and temperature, rep-
resenting a limitation and high energy costs.

Enzymatic hydrolysis is an environmentally friendly
method to isolate CNCs as it does not consume either
chemical solvents or high energy levels. This method uses
enzymes named cellulases to attack cellulose glycosidic
bonds and convert amorph chains into reducing sugars
(Chen et al. 2012). Cellulases are mostly produced by fungi,
and they are comprised of endoglucanases (able to hydrolyze
internal amorph chains), exoglucanases (act at the nonreduc-
ing end of cellulose chain) and -glycosidases (release free
sugars from cellobiose repeated unit) (Fig. 2d). (Brandes
et al. 2020). The yield of CNCs prepared by the enzymatic
method depends on cellulases concentration, reaction time
and temperature. For example, Chen et al. (2012) obtained
rod-like NCCs from cotton fibers with the highest yield of
32.4% at low temperature, low concentration of cellulase
after two days of enzymatic reaction.
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Although enzymatic hydrolysis is a green and low-cost
method to isolate CNCs, it still suffers from some shortcom-
ings, including the requirement of a long time to convert
high solid loadings and the necessity of pre- and post-puri-
fication processes (Pereira and Arantes 2020).

Mechanical treatments, such as high-pressure homog-
enization, ball milling, and ultrasonication (Teo and Wahab
2020), use shearing forces to break cellulose microfibrillar
structure and liberate nanoscale particles (Fig. 2e). These
techniques are considered a sustainable pathway because
they do not use chemical materials (Nge et al. 2013). How-
ever, generally, the high content of amorph regions remains
after mechanical disintegration; thus, a combination with
chemical treatments is necessary to isolate CNCs.

4 Oxidation treatment of cellulose

Cellulose is a high molecular weight linear homopolymer
composed of several linkages of 1,4-anydro-p-glucose units
that are found twisted 180° with respect to its neighbours
(Al-Jawhari 2020). The repeating unit consists of two
anhydroglucose rings with polymerization degree range
from 10,000 to 15,000 depending on cellulose raw mate-
rial (Moon et al. 2011). The hydrogen bonds between the
hydroxyl groups and the oxygen of the nearby molecules
promote a strong intra and intermolecular interaction of
the cellulose chains and lead to an arrangement in stacks of
structures packed in microfibrils (Moon et al. 2011; Gopi
et al. 2019). Due to the lack of chemical or enzymatic pro-
cess, the microfibrils of native cellulose cannot be disinte-
grated into monomers in the human body; therefore, it has
to be chemically modified to be applied as a biomaterial
(Wang et al. 2016). Oxidized cellulose is one of the most
used cellulose derivatives for wound dressing because of its
high capacity to promote coagulation by contact activation
(Yuan et al. 2020). Additionally, this surface modification
has improved biodegradability and hemostatic effect com-
pared to the native cellulose (Sezer et al. 2019).

The oxidation process consists of introducing anionic
functional groups (carboxyl and aldehyde groups) on the
surface of the cellulose chains to few or more of the follow-
ing purposes: (a) to promote the defibrillation of the micro-
fibril structure and to facilitate the isolation process of the
nanoparticles; (b) to decrease the hydrophilicity, and to make
the material more compatible with hydrophobic matrices; (c)
to develop cellulose derivatives with greater biodegradabil-
ity and antibacterial activity (Khalil et al. 2014; Tavakolian
et al. 2020). In addition, the reaction involves the conversion
of alcoholic groups into carboxyl groups without changing
the polymeric structure, as it occurs through covalent bonds
on the cellulose surface (Luz et al. 2020; Cao et al. 2012).
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TEMPO-mediated catalytic oxidation is one of the main
methods to modify cellulose microfibrils surface as it pro-
motes selectively oxidation of hydroxyl groups in carbon
6 of the anhydroglucose rings (Cao et al. 2012; Sbiai et al.
2011). This method has already been applied in different
cellulose sources such as lignocellulosic fibers: cotton lint-
ers (Saito et al. , 2005, 2006), kraft cellulose (Sezer et al.
2019), and bacterial cellulose (Yuan et al. 2020). This type
of oxidation consists of adding NaClO as the primary oxi-
dizing agent in aqueous cellulose suspensions in the pres-
ence of catalytic amounts of tetramethyl-1-piperidinyloxy
(TEMPO) and NaBr under a pH range of around 10-11 and
ambient temperature (Fig. 3) (Missoum et al. 2013; Khalil
et al. 2014).

The biodegradation, bioabsorbable, bactericidal effect
and physicochemical properties of oxidized cellulose are
intrinsically related to the oxidation level and can be tai-
lored with the percentage of carboxyl groups introduced in
cellulose chains (Zhang et al. 2020). For TEMPO-mediated
catalytic oxidation, the oxidation level depends on the oxi-
dant agent concentration, time reaction and the type of cel-
lulose used.

The oxidation level can be determined by different meth-
ods such as conductimetry, solid-state nuclear magnetic
resonance (NMR), methylene blue adsorption, quantitative
infrared and carbazole chemical method. da Perez et al.
(2003) reported that methylene blue adsorption underesti-
mates the carboxyl content because the insoluble fraction
of cellulose is partially solubilized during the method. The
same limitation has been found in the carbazole chemical
method because it requires the complete hydrolysis of cel-
lulose monosaccharides to determine the carboxyl content
precisely. Therefore, this work was focused on the conduc-
timetric, NMR and quantitative infrared methods, among
others.

The conductimetric method uses conductivity variation
with ions concentration in a solution to estimate the percent-
age of carboxyl groups per gram of cellulose. In a typical
experiment, a sample of oxidized cellulose is dispersed in
a dilute solution of a strong acid to convert all sodium car-
boxylate groups introduced during the oxidation into pro-
tonated carboxyl groups (Zhou et al. 2018). After that, the
suspension is titrated with a dilute solution of a strong basic
to neutralize the excess acid. Finally, the conductimetric
titration curve presents the volume of strong basic solution
related to the strong acid added and a volume equivalent
to the weak acid corresponding to carboxyl content in the
sample (da Perez et al. 2003).

Solid-state nuclear magnetic resonance (NMR) provides
the spectra of cellulose oxidized samples where the signals
are assigned to the carbons present in the anydroglucose
units. The regioselective TEMPO-mediated oxidation
is observed by the decrease in the intensity of the signal
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Fig.3 Schematic representation of the TEMPO-mediated oxidation of cellulose units

corresponding to carbons of primary hydroxyl groups (C6)
and the appearance of the signal at around 173 and 175 ppm
corresponding to the carboxyl groups (Rohaizu and Wanrosli
2017; Montanari et al. 2005). Thus, the integration of the
signal corresponding to the carboxyl groups allows finding
the oxidation level of the sample (Montanari et al. 2005).

Infrared spectroscopy can be used to determine the car-
boxylate content of oxidized cellulose samples. Accord-
ing to da Perez et al. (2003), the most significant change
in the spectra of cellulose regarding oxidized cellulose is
the appearance of the C=0 stretching band at 1608 cm™! or
1730 cm™!, related to carboxylate and acid groups, respec-
tively. The same authors quantified the carboxylate content
by acquiring spectra of non-oxidized cellulose and totally
oxidized cellulose. They used the same amount of samples
in all tests and normalized the curves, considering 0% oxi-
dation level as cellulose spectra area and 100% as totally
oxidized cellulose spectra area. Thus, the oxidation level of
partially oxidized samples was found by interpolation.

Isogai et al. (2011) verified the influence of NaClO
amount used as a primary oxidant agent in TEMPO/NaBr/
NaClO oxidation of bleached softwood pulp under pH con-
dition of 10.5 at room temperature. The experiments demon-
strated that carboxylate content increases with NaClO added
initially, while small amounts of aldehyde were found in
the oxidized cellulose. However, the oxidation with NaClO
in the range 5 to 10 mM/g reduced the degree of cellulose
polymerization to a half.

Saito et al. (2005) studied the influence of time reaction
on the oxidation of C6 primary hydroxyls of cellulose by

TEMPO-mediated oxidation using cotton linters as raw
material at a constant amount of NaClO of 4.84 mM/g cellu-
lose. The degree of oxidation for the oxidation times of 0.5, 2
and 24 h were found to be 7, 13 and 15%, respectively, which
indicates that the oxidation level of cellulose increases with
the reaction time. This study also revealed that carboxylate
and aldehyde groups were introduced just on the surfaces
of cellulose I crystallites; in other words, these structures
were not affected by oxidation reaction. Khalil et al. (2014)
explained that the initial materials significantly influence the
nature of the resultant material of TEMPO-mediate oxida-
tion. When native cellulose (identified as cellulose type I) is
used, even under harsh conditions, oxidation happens only
at the surfaces of the crystals.

In their subsequent work, Saito et al. (2006) investigated
TEMPO-mediated oxidation using cotton linters, ramie,
and spruce holocellulose as raw materials using 2.42 mM/g
of NaClO. The results showed that oxidation efficiency is
related to the crystal size of the native crystalline structure
of cellulose I. Therefore, the efficiency of the treatment
increases from cotton linters, which possesses a crystal size
of 6.2 nm, to spruce holocellulose that have 3.2 nm of crys-
tal size. Furthermore, the study revealed that neither car-
boxylate nor aldehyde groups are formed inside the crystal
structure.

In a more recent study, Sezer et al. (2019) studied the
hemostatic activity, degradation, and the bactericidal effect
of two types of OC and ORC. Hutchinson et al. (2013)
defined ORC as a material prepared through a chemical pro-
cess that uses native cellulose as the initial material. Thus,
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ORC has a lower molecular weight, a lower degree of crys-
tallinity and a more uniform fiber diameter, which leads to
more uniform and consistent oxidation.

In a first analysis, Sezer et al. (2019) found that OC and
ORC had different degrees of oxidation for the same condi-
tions and assumed that this could be correlated to the dif-
ferences between the amorphous and crystalline regions of
the raw materials. At the same time, an increasing trend was
found in the degree of oxidation with the reaction time. In
the hemolysis assay, the authors found that the hemostatic
rates increase with the degree of oxidation for the two types
of oxidized cellulose studied. However, in terms of degrada-
tion, the OC showed better results, mainly with the increase
in its degree of oxidation. Therefore, they concluded that
the two aspects must be considered when choosing the cel-
lulose-based material: the degree of oxidation and type of
cellulose.

TEMPO-mediated oxidation is also used to isolate cel-
lulose nanocrystals, named TEMPO-oxidized cellulose
nanocrystals (TOCNCs). Relevant analyses have demon-
strated the improvements in morphological, mechanical and
swelling properties when this nanoparticle is incorporated
on a polysaccharide matrix (Deepa et al. 2020). Therefore,
the oxidation treatment of cellulose nanocrystals may be
an appropriate option to achieve the required properties for
wound dressing applications.

5 Mechanism of hemostasis

Wound healing is a highly coordinated spatiotemporal regu-
lator that consists of multiple cellular and molecular events
and involves four highly integrated stages, as described in
Fig. 4: Hemostasis, inflammation, proliferation, and remod-
elling (Fazil and Nikhat 2020; Kordestani 2019; Moeini
et al. 2020; Oyama et al. 2020; Xiang et al. 2020).

Fig.4 Main stages of the
wound healing process

Hemostasis
Primary hemostasis
Secundary hemostasis
Fibrinolysis

After suffering a trauma (wound), there is a break in the
integrity of the tissue, which causes damage to the blood
vessels and the activation of the coagulation cascade. This
first stage of the healing process is called hemostasis and
occurs immediately after the injury to stop bleeding (Fazil
and Nikhat 2020; Kordestani 2019).

Hemostasis happens in three fast and coordinated stages
and mainly involves platelets and proteins responsible for
coagulation and fibrinolysis. The first stage, known as vas-
cular spasm or vasoconstriction primary hemostasis, is a
response of the organism immediately after the trauma.
Vasoconstriction of the injured vessel manifests itself to
decrease local blood flow and, thus, prevent hemorrhage
or thrombosis. When the second stage initiates, the free
platelets present in blood flow are activated and adhere to
the endothelium of the injured vessel using a glycoprotein
known as von Willebrand factor, which helps to stabilize
more platelets to the lesion site, forming a physical barrier
for the entry of pathogens (Fazil and Nikhat 2020; Kord-
estani 2019). Finally, in the following third stage of hemo-
stasis, a complex repair of the injury occurs by the coagula-
tion cascade with the activation of proteins responsible for
coagulation, and fibrinogen transformation into fibrin that
reinforces the primary platelet plug and, thus, stops bleed-
ing (Fazil and Nikhat 2020; Kordestani 2019). The Fibrin
network acts as a barrier against microorganisms and forms
a temporary matrix essential to cell migration. Fibrin tem-
porary matrix preserves tissue integrity, an essential factor
in wound healing (Gonzalez et al. 2016).

The next stage of healing is the inflammatory reaction,
which begins simultaneously with the initial healing process,
characterized by the main signs of inflammation, such as
edema, pain, and swelling (Fazil and Nikhat 2020). This
phase involves several immune system cells, molecular
mediators, and blood vessels (Fazil and Nikhat 2020; Xiang
et al. 2020). The first 24 h are dominated mainly by the
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action of neutrophils, leukocytes, and lysosomes responsi-
ble for phagocytosing debris and pathogens, releasing pro-
teolytic enzymes, chemokines, and cytokines at the injury
site induce tissue repair and fibrin degradation (Fazil and
Nikhat 2020; Kordestani 2019). During the early 72 h as
this process occurs, degradation products attract fibroblasts,
and epithelial cells and blood monocytes release tissue mac-
rophages. These macrophages, along with phagocytosis of
debris, release biological regulators, growth factors such
as TGF-f, MCP-1, and proteolytic enzymes that promote
the development of new tissues by stimulating fibroblasts
keratinocytes, and angiogenesis (Fazil and Nikhat 2020;
Kordestani 2019; Moeini et al. 2020).

The third stage of the healing mechanism is the prolif-
eration, characterized by the gradual closure of the wound
through the migration of keratinocytes, collagen formation,
revascularization, regeneration of epithelial tissue, and epi-
dermis restoration, making it again continuous and func-
tional. (Fazil and Nikhat 2020; Kordestani 2019; Moeini
et al. 2020). This phase is dominated by the action of fibro-
blasts, leukocytes, pericytes, and endothelial cells and lasts
from 3 to 21 days after the injury (Fazil and Nikhat 2020;
Kordestani 2019).

Finally, the remodelling of the injury site, as the last heal-
ing step, can take, depending on the case, 2-3 weeks or more
than a year, and it is responsible for the increase in tensile
strength, the contraction of the wound, and the decrease in
the scar (Fazil and Nikhat 2020; Kordestani 2019). This pro-
cess is characterized by changes in the composition of the
extracellular matrix and the replacement of type III to type
I collagen so that the newly synthesized collagen fibers are
crosslinked and organized along the tension lines (Kord-
estani 2019; Moeini et al. 2020). It is worth mentioning that
even after one year, the wound will still have less organized
collagen, and the tensile strength of the scar tissue will reach
around 80% but never return to 100% (Kordestani 2019).

5.1 Therole of cellulose in the mechanism
of hemostasis

As previously discussed, the hemostasis process is the
first stage of wound healing. The success of this stage is
essential to prevent severe hemorrhage that could even lead
the patient to death during or after surgical intervention.
A strategy to provide rapid hemostasis in emergencies is
using hemostatic agents, as polysaccharides (chitosan, algi-
nate, collagen, starch, others), which have stood out in recent
years (Yang et al. 2017; Zhang et al. 2020). Natural polymers
derived from cellulose have shown interesting properties in
hemostasis in the long term, but the comprehension of their
hemostasis mechanism remains unclear and needs further
investigations (Cheng et al. 2016b; Yang et al. 2017; Zhang
et al. 2020).

Before discussing the hemostatic mechanisms of cel-
lulose, it is worth mentioning that an excellent hemostatic
agent must have rapid hemostasis, high biocompatibility,
non-cytotoxicity, good biodegradability, high capacity to
stimulate the healing process, low cost, and easy processing
(Yang et al. 2017; Zhang et al. 2020).

The mechanisms of hemostasis are activated when suf-
fering an injury and will depend on many factors, such as
the types of hemorrhages and the properties of the material.
The mechanism can be performed by activating the coagula-
tion cascade or blocking the bleeding site (Yang et al. 2017;
Zhang et al. 2020). Cellulose, in particular, stands out more
in this last-mentioned route, also called the passive route
(Yang et al. 2017). The latest studies show that materials
based on oxidized cellulose, especially hydrogels and foams,
can quickly absorb most of the liquid in the blood, increasing
the concentration of blood clotting factors and accelerating
the formation of a fibrin clot (Cheng et al. 2013; Yang et al.
2017; Zhang et al. 2020) (Fig. 5). This process is independ-
ent of the coagulation cascade.

Another phenomenon is the onset of coagulation via
autoactivation of coagulation factor XII by the negative net
charge on the cellulose surface due to carboxylate anions.
(Cheng et al. 2016b, 2013; Yang et al. 2017). In addition,
low pH conditions related to carboxyl groups causes non-
specific platelet aggregation due to the strong complexing
capacity of the Fe** with Hemoglobin, thus promoting the
formation of an artificial clot (Cheng et al. 2013; Martina
et al. 2009). However, this low pH limits applications to
sensitive tissues, such as tissues of the nervous and cardiac
systems, as well as causing an increase in the cytotoxicity
of the material (Ohta et al. 2015; Wu et al. 2018b). Figure 5
presents a scheme of one of the possible mechanisms for
hemostasis using the ORC device.

Another important point highlighted by Cheng et al.
(Cheng et al. 2016a) is that ORC with larger microscopic
dimensions (> 80 pm) decreases the absorption of blood flu-
ids, which limits its application, being used only in minor
wounds with less intense bleeding. This fact shows the need
to manufacture materials with larger contact areas, such as
dressings obtained on the nanometric scale, ensuring greater
fluid absorption efficiency.

Cheng et al. (2016a) proposed an oxidized microcrys-
talline cellulose (OMCC) dressing. The authors evaluated
the homeostatic effect of OMCC and compared the results
with a traditional gauze with oxidized regenerated cellu-
lose (ORC) and the ORC/OMCC composite. The cell via-
bility results showed that in the first 24 h, ORC showed a
decrease in cell proliferation, while OMCC and the ORC/
OMCC composite increased cell proliferation. On the
other hand, after 48 h, there was a similar increase in cell
proliferation in all tested materials (Fig. 6a). In vivo bio-
degradation tests showed that with two weeks of testing,
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Photomicrographs of ORC-
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there were still remnants of the ORC/OMCC compound
at the implanted site (Fig. 6b), and complete degradation
occurred only within four weeks (Fig. 6¢).

The authors also showed that the ORC/OMCC com-
posite exhibited prominent hemostatic property in the
aspect of shorter average hemostatic time and less blood
loss when compared with ORC and OMCC alone and with
gauze. The study was conducted in two models: The mid-
dle ear artery model and the liver trauma model. In the
rabbit liver injury model, the hemostatic time of three
materials (ORC, 257 +33 s; OMCC-64 h, 176 +42 s and
ORC/OMCC-64 h composite, 173 +22 s) were signifi-
cantly less than the Gauze group (> 600 s). In the rabbit
ear artery injury model, the hemostatic speed of the ORC/
OMCC64 h composite (131 +42 s) was faster than the
ORC (178 48 s), OMCC-64 h (151 £32 s), and gauze
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Fig. 7 The Effecting trend of different samples to the various factors.
The release of PF4 (A) and B-TG (B) are enhanced just after platelets
are activated. Factor FXIla (A) increase plays a vital role to start the
intrinsic coagulation pathway. The concentration of GP IIb/Illa (B)

(> 600 s). The difference was statistically significant as
p <0.05 (Cheng et al. 2016a).

Finally, the authors evaluated the clotting process in vitro
by determining small changes in the concentrations of dif-
ferent blood clotting factors by ELISA. The results, shown
in Fig. 7, indicate that the progress of hemostasis occurred
from intrinsic coagulation; that is, all the components nec-
essary for the clotting process to proceed are found in the
blood, and the activation of factor XII initiated the coagula-
tion process. Thus, the authors concluded that the hemosta-
sis mechanism of the ORC/OMCC composite is a combi-
nation of physical adsorption and physiological hemostasis
(Cheng et al. 2016a).

Liu et al. (2018) created a green nanocomposite hydro-
gel by introducing aminated silver nanoparticles (Ag-NH2
NPs) and gelatin (G) in carboxylated cellulose nanofibers
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increases when the activated platelets aggregate. Reproduced with
permission from Ref. (Cheng et al. 2016a). Copyright 2016, Springer
Nature
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Fig.8 The blood clotting results as measured by (A) absorbance of haemoglobin, (B) platelet adhesion, and (C) thrombin generation as evalu-
ated from thrombin—antithrombin complex. Reproduced with permission from Ref. (Liu et al. 2018). Copyright 2018, Elsevier
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(CNF). The results, which are shown in Fig. 8, showed that
the CNF/G/Ag interpenetrating network had higher blood-
clotting capacity (Fig. 8a), more platelets (Fig. 8b), and
thrombin-antithrombin complex (Fig. 8c), which shows
that the multi-component structure benefited the hemostatic
properties.

The in vivo tests showed that the treatment of the wounds
of mice with CNF/G/Ag was highly favourable and that the
results were especially favoured by the synergy between the
components of the formulation (Fig. 9).

Cheng et al. (Cheng et al. 2017) prepared oxidized cel-
lulose nanocrystals (TONC)/alginate (SA) composite films
and sponges with different weight proportions. The results
showed that the blood loss of sponges for both the rabbit
liver injury model and the ear artery injury model was lower
than that of films (Fig. 10).

In general, the hemostatic effect of the TOCN-30/SA
composite sponge was better than the TOCN-30/SA film
due to its excellent hemostatic properties, such as blood loss
and hemostatic time. The authors suggest that these results
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are related to the porous structure presented by this material,
which was beneficial for quickly absorbing the blood on its
surface with great capacity, that made it more conducive to
promote the aggregation of platelets and induce erythrocytes
to accelerate the clotting of the blood (Cheng et al. 2017).
Few clinical studies in the literature have demonstrated
the efficacy and safety of ORC as a hemostatic agent. Masci
et al. (2018) made a retrospective analysis of data from
patients undergoing laparoscopic cholecystectomy in the
Division of General Surgery, Hospital Edoardo Bassini,
Cinisello Balsamo, Italy, between October 2014 and Febru-
ary 2016. In the 16 months, 530 patients underwent lapa-
roscopic cholecystectomy. The use of ORC gauze during
surgery was required in 24 (4.5%) patients [10 males and
14 females, median age 58 years (range 18-84)], as con-
ventional methods (monopolar or bipolar electrocautery)
failed to adequately control bleeding from the liver bed
who underwent laparoscopic cholecystectomy. The authors'
main objective was to describe the use and results of topi-
cal hemostasis with ORC in patients with difficult-to-treat
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Fig.9 Mice by different dressing treatment: (A) photographs, (B) wound size change, (C) weight change, and (D) survival. Reproduced with

permission from Ref. (Liu et al. 2018). Copyright 2018, Elsevier
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Fig. 10 Hemostatic effect of
neat SA, TOCN/SA composite (A)
films, and TOCN/SA composite

Liver trauma model

(B) Ear artery model

sponges on the different trauma
of the rabbit: (A) the liver and
(B) the ear artery. Adapted with
permission from Ref. (Cheng
etal. 2017). Copyright 2017,
ACS Publications

Film

Sponge

bleeding during laparoscopic cholecystectomy. Difficult-to-
treat bleeding was assessed based on the flow and depth of
bleeding during laparoscopic cholecystectomy. If bleeding
continued uncontrolled for a few minutes despite conven-
tional hemostatic techniques, ORC gauze was applied to
the liver bed to avoid prolonged use of electrocautery to
prevent damage to the parenchymal tissue. The results were
excellent compared to conventional methods that were not
efficient in this case. The authors found that a disadvantage
of using ORC is its potential to swell, which causes pressure
on adjacent tissues and organs; so, ORC removal is required
after the surgery close to the sensitive areas. Despite this, the
study highlighted the great potential of its applicability and
opened new doors for more investigations for improving the
material by controlling its swelling degree.

Another interesting case study was presented by Capozza
et al. (2016), in which a 54-year-old male patient, previously
operated for meningioma (grade II) using Surgicel™ (ORC)
to prevent bleeding in the surgical site, complained of weak-
ness in his left arm one month after surgery. After imaging
exams (computed tomography and magnetic resonance), it
was shown granulomatous reaction by a foreign body, which
rarely occurs in practice.

Both clinical studies presented here exhibit the need for
further studies and show that the patient's demographic and
clinical characteristics are fundamental for the application
of ORC.

6 Nanocomposites with CNCs for wound
healing

Nanocomposites are classified as a class of materials com-
posed of a disperse phase, named matrix, and a reinforcing
phase with particles in nanometric scale, 1-100 nm. The

-_\““' .-
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advantage of using nanocomposites is their capacity to
improve and bring together the properties of different com-
ponents by incorporating structures with small sizes. Cel-
lulose nanocrystals (CNCs) have been extensively studied
as reinforcing material due to their outstanding mechani-
cal properties, availability for chemical modification, high
contact surface, and renewability. Furthermore, combining
CNCs with other biopolymers leads to the fabrication of
nanocomposites for wound healing applications, improving
their physical and biological properties. This section pre-
sents the most common biopolymers used as a matrix for
CNCs nanocomposites and their preparation to be applied
as wound healing.

6.1 Chitosan

Chitosan (CS) is a polysaccharide formed by the deacety-
lation of chitin, one of the most abundant natural polysac-
charides on earth (Dai et al. 2011). Chitosan has a poly-
morphic crystalline structure, and it is composed of very
reactive molecules with an amino-functional group and
two hydroxyl groups, which allows the modification of the
surface and the excellent interaction with other molecules
(Archana et al. 2016).

Positively charged chitosan has intrinsic antimicrobial
properties against gram-positive and gram-negative bacteria
types and fungi. This fact is attributed to the interaction of
ammonium groups of CS with the negatively charged surface
of the microbial cell membranes (Dai et al. 2011; Archana
et al. 2016). Additionally, CS has hemostatic and biocompat-
ible properties and improving properties because CS decom-
position leads to fibroblast proliferation and orderly collagen
deposition (Ostadhossein et al. 2015).

Naseri et al. (2015) made a bionanocomposite with
Chitosan/Polyethylene Oxide (PEO) blend as a matrix

@ Springer



43 Page 14 0of 23

Biomedical Microdevices (2021) 23:43

phase and cellulose nanocrystals as the reinforcing agent
and studied its properties for wound dressing applica-
tion. Porous fibers mats of CS/PEO/CNC were obtained
through electrospinning technique, and the analysis of its
mechanical properties revealed that the inclusion of CNCs,
in the matrix phase led to an improvement in the tensile
strength. This characteristic behaviour is important since
dressing materials are supposed to be soft and flexible to
bear the stress caused by some parts of the body. Further-
more, permeability tests with CS/PEO/CNC mats dem-
onstrated that the introduction of CNCs has two opposite
impacts on wound healing rate. On one side, it increases
the permeability of O, and water vapour, facilitating the
wound healing process by allowing collagen synthesis and
angiogenesis and preventing the cell from dying for dehy-
dration. On the other side, it increases the CO, diffusivity
that hinders the healing rate. Moreover, in vitro analysis
showed that fiber mats bionanocomposites did not present
any cytotoxicity or inhibition zone of cell growth after
seven days, making them a favourable biocompatible mate-
rial for wound dressing.

A study made by Poonguzhali et al. (2018) verified
the properties of a bionanocomposite of Chitosan/PVP/
nanocellulose as a candidate for wound dressing applica-
tions. The mechanical tests of the thin and porous material
revealed that the elongation at break with 3% of CNCs in
the matrix was higher than the nanocomposite with 5% of
CNGCs. This result was because the motion of the CNCs
in the polymer matrix chains at higher concentrations was
limited. As for wound dressing materials, flexibility is
essential to cover the wound surface adequately; the com-
posite with 3% CNCs presented better mechanical proper-
ties for this application.

The swelling analysis of Poonguzhali et al. (2018)
showed that the incorporation of nanocellulose increased
the swelling capacity of the matrix as a result of the inter-
action between the hydroxyl groups of the water and
hydroxyl and carboxyl groups of the cellulose molecules.
This result is clear evidence of the better capacity of this
material to absorb the exudates from the wound.

Other results from Poonguzhali et al. (2018) were found
in the biological properties of the bionanocomposities
when CNCs were introduced in the CS/PVP matrix. It was
verified better antibacterial responses for both gram-posi-
tive and gram-negative bacteria for composites containing
3% and 5% of CNCs. The in vivo wound healing tests,
carried out using Albino rats, revealed superior wound
healing efficiency for the CS/PVP membranes and biona-
nocomposite with 3% of CNCs, compared to the control
(Povidoneiodine ointment). In addition, CS/PVP/CNC 3%
provided a completely wound restoration after 21 days,
while the control and CS/PVP membrane presented a low
healing rate.

@ Springer

6.2 Collagen

Collagen (COL) is a fibrous structured protein found in
the extracellular matrix of diverse animals such as bovine,
equine, porcine, frog, bird, and some of marine origin as
catfish, marine sponge, squid, redfish, etc. (Albu et al. 2011).
It is the principal constituent of connective tissues such as
skin, tendons, ligaments, cartilage, cornea, and bones. In
addition, it plays a structural hole in vertebral bodies (Rod-
rigues et al. 2017).

Collagen is constructed by polypeptides containing tri-
amino acid blocks formed into triple helix microfibrils that
can assemble in different arrangements to supply different
functions (Ulery et al., 2011).

The use of COL in the biomedical application is recog-
nized for its remarkable biological properties such as bio-
compatibility, low toxicity, cell adaptability, high structural
support for tissue regeneration and controlled biodegradabil-
ity (Rodrigues et al. 2017; Cheng et al. 2016b). Moreover,
this biomaterial has been the subject of studies for its effi-
cient use as a hemostatic sealant in wound healing appli-
cations because it promotes the natural clotting formation
by activating fibrogen conversion into fibrin and because it
coats the wound surface properly (Ulery et al. 2011).

Slezak et al. (2018) compared the mechanical proper-
ties, swelling capacity and in vivo adhesion formation of
collagen-based hemostatic (PCC) patch and oxidized cel-
lulose-based patch (PCOC). The study demonstrated bet-
ter mechanical stability for PCC, after two h of incubation
in human plasma, and a loss of the mechanical proper-
ties by PCOC due to the faster degradation of the cellu-
lose molecules than collagen, by phagocytosis process in
which foreign substances are ingested by specific cells as a
defence mechanism. Furthermore, the swelling test showed
that although the PCOC has greater swelling capacity than
the PCC, its volume and thickness increased significantly,
which may limit its use in confined spaces. Moreover, the
PCC showed less formation of adhesions in vivo than the
PCOC, which means that PCC may offer fewer postopera-
tive complications.

In another study, Cheng et al. (2016b) prepared ultra
porous collagen/ORC hemostatic composites in a sponge
form and verified physical properties, biological safety
in vitro and hemostatic and biodegradability properties when
applied in vivo. Contents of 0.25, 0.5 and 1% of ORC were
added to the collagen matrix and evaluated physical and
biological properties. In addition, they checked that the col-
lagen sponge presented higher tensile strength values than
the composites. Nonetheless, the composite with 0.25% of
ORC presented the highest density of pores and more water
absorption capacity, which could be helpful to enhance
blood absorption and, consequently, increase the concen-
tration of coagulating agents in the blood. Furthermore,
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cytotoxicity tests showed that the composites with ORC
mass fractions of 0.25 and 0.5% did not present any toxicity
to the cells. However, slight toxicity was observed in the
composite with 1% ORC, and it was attributed to a possible
increase in the acidic environment by the presence of more
carboxyl content.

Moreover, the COL—0.25% ORC composite presented
the shortest hemostatic time and the lowest bleeding amount
for the two evaluated injury models. Thus, COL—0.25%
ORC demonstrated a better capacity to activate blood coagu-
lation factors than the control and COL sponges. Its ultra
porous surface, wettability capacity, and hydrophilic car-
boxyl groups are the main reasons for its good hemostatic
performance. Finally, the biological degradation test showed
a complete degradation after 28 days for Control material
(Trauer collagen without ORC), COL, and COL—0.25%
ORC sponges, but pure collagen and COL—0.25% ORC
afforded a better tissue restoration.

Composite films containing collagen and cellulose
nanocrystals (CNCs) were produced by Li et al. (2014) and
evaluated regarding their physical-chemical properties and
cell viability. The swelling capacity of the films increased
until the concentration of CNCs reached 5%; higher con-
centrations led to a decline in the swelling ratio. Neverthe-
less, the nanocrystals were attractive for use as a charge
of the collagen matrix because they facilitated the interior
ordering and stability of the films and improved the swell-
ing rate. Furthermore, the addition of CNCs in the collagen
matrix also improved thermal properties by increasing the
degradation temperature from 310 °C for pure collagen film
to 350 °C for collagen/CNC composite film with 7 wt% of
CNCs. Furthermore, in contrast to the result obtained for
the collagen/ORC composites, the mechanical analysis of
collagen/CNCs films showed a significant improvement of
the mechanical properties, sustaining more stress, especially
at high strain levels. Lastly, the cell viability test exhibited
a biocompatible behaviour for both collagen and collagen/
CNC composite film with 7 wt% of CNCs. All these charac-
teristics envisage the composite films of COL/CNCs appro-
priate for use as wound dressings.

It is worth noticing that introducing cellulose nanocrystal
in the collagen matrix improved mechanical and thermal
properties due to its outstanding reinforcing properties and
good dispersion without diminishing the biological proper-
ties. Thus, CNCs could be a more attractive choice for the
reinforcing phase in collagen than ORC.

6.3 Gelatin

Gelatin is a biomaterial derived from collagen through
the denaturation process where the well-establish triple
helix structure of collagen is separated into individual coil
chain structures due to the breaking down of the hydrogen

bonds (Djabourov and Papon 1983). As well as collagen,
the gelatin has biological properties that make it suita-
ble for biomedical applications such as biocompatibility,
biodegradability and non-immunogenicity. Besides, after
being solubilized in an aqueous solution, it can be molded
in a physically stable gel with the same helix conformation
of collagen at temperatures lower than 35 °C and can form
a coil structure, like proteins, at higher temperatures, after
melting to form a solution (Kuijpers et al. 1999).

Gelatin has gained attention for its use as wound dress-
ings because of its hemostatic properties, capacity to pro-
mote cellular attachment and growth and porous structure
that absorb wound exudates and maintain a moist environ-
ment in the wound (Gaspar-Pintiliescu et al. 2019). How-
ever, gelatin does not present desired mechanical proper-
ties on its own to be applied as a sealant material in wound
healing applications. For this reason, this biomaterial is
commonly used with other polymeric additives to improve
its performance (Cohen et al. 2014).

Hivechi et al. (2019) investigated the effects of CNCs
incorporation into gelatin nanofibers on their morpho-
logical, mechanical and biological properties. The nano-
composites were produced by electrospinning technique
with different amounts of CNCs (0-15% w/w), and an
increase of the viscosity was observed as a function of
the CNCs content added in the solution. The statistical
evaluation of the tensile strain tests revealed that the
mechanical properties were significantly affected by the
introduction of CNCs in gelatin nanofibers. An increase
in modulus and tensile strength was observed up to the
5% CNCs nanocomposite. Conversely, for higher levels
of CNCs, a decrease in these properties was observed.
This behaviour was explained by the particle agglomera-
tion of CNCs that created stress regions in the structure of
the mat. Besides, the elongation at break decreased with
the amount of CNCs introduced into gelatin nanofibers,
representing an obstacle since wound dressing material is
supposed to have good flexibility. Concerning biological
properties, biodegradability measurements during 7, 14,
21, and 28 days were performed, and their results exhib-
ited an improvement of this property with the introduc-
tion of CNCs in gelatin nanofibers. While for pure gelatin
nanofibers, the weight reduction after 28 days was about
10%, for the nanocomposites with CNCs were reached
between 15 and 25% after the same time. The highest
weight reduction belonged to the composites with 2.5%
and 5% of CNCs. The authors pointed out the high concen-
tration of hydroxyl groups on the surface of CNCs, which
can absorb more water and accelerate hydrolysis, as the
reason for nanocomposites reaching higher degradation
rates. Moreover, the MTT assay, SEM imagens and live/
dead cell assay evaluation demonstrated that both pure
gelatin mats and nanocomposites with CNCs allowed the
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growth and proliferation of cells. No statistical signifi-
cance was observed about the influence of CNCs addition
in the gelatin nanofibers.

In another study, Yin et al. (2019) prepared and char-
acterized 3D porous hydrogels composites using gelatin
(GA), hyaluronic acid (HA) and CNCs. According to Graca
et al. (2020), HA is a natural macromolecule in the extra-
cellular matrix with high hydrophilicity that could maintain
the wound hydrated and perform exudate absorption. The
hydrogels were prepared by the freeze-drying method, and
micrograph images showed that the introduction of CNCs in
both GA and HA matrices provided more circular and uni-
form pores. As a result, a smooth and porous structure with
pore size from 80 to 120 pm, suitable for cell growth, was
obtained in the GA-HA composite matrix case. The swelling
ratio is an important characteristic to ensure a moist envi-
ronment at the wound site. Tests presented better results for
GA-HA-CNC hydrogel than GA-HA and GA-CNCs com-
posites, and the data also revealed an improvement due to
the embed of CNCs in the gelatin and hyaluronic acid matri-
ces separately. Additionally, an enhancing of the hydrogel
mechanical properties was observed with the incorporation
of CNCs. This nano charge increased the tensile modulus
of both pure GA and pure HA hydrogels, and better results
were obtained for the GA-HA matrix containing CNCs com-
pared to GA-HA hydrogel.

Moreover, in the same study, the cytotoxicity tests
revealed that GA-HA-CNCs hydrogel improved cell metab-
olism by increasing time culture. The authors detailed that
this behaviour could be credited to the good diffusion pro-
moted by hydrophilic gelatin, hyaluronic acid and cellu-
lose matrix that allowed the transport of nutrients from the
medium culture. Finally, live/dead analysis showed that after
two days of culture, basically no dead cells were found in the
GA-HA-CNC hydrogel structure, suggesting that it can sup-
ply a survival environment for cells growth and proliferation.

6.4 Alginates

Alginates cover substances derived from alginic acid, char-
acterized as natural anionic polysaccharides extracted from
brown algae (Aramwit 2016). At pH above 4, the alginate
carboxyl groups can interact with divalent cations, which
act as crosslinkers to form stable gel complexes (Agulhon
et al. 2012; Rhein-Knudsen et al. 2015; Hatami et al. 2020).

As hydrocolloids, alginate and its derivates have been
explored as biomaterials for medical applications such
as drug delivery, tissue regeneration and wound healing
(Hariyadi and Islam 2020). In addition, some studies dem-
onstrated its capacity to promote angiogenesis, stimulate
collagen types formation during the remodelling phase,
promote the production of coagulator factors, and its
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outstanding swelling performances (Wang et al. 2019, 2015;
Balakrishnan et al. 2005).

Moreover, other advantages of using alginate are man-
ufacturing dressings that can be easily removed from the
wound, causing less pain in the process and the ability to
aggregate other biomaterials and bioactive molecules with
careful control of their structures (Varaprasad et al. 2020).

The introduction of cellulose nanocrystals in the alginate
matrix has been widely studied because of the compatibility
of these two biomaterials, which belong to the same polysac-
charide family. Also, the three-dimensional structure cre-
ated by the interaction of alginate and divalent cations, like
calcium, provide a good dispersibility of CNCs (Lin et al.
2011). This property helps to avoid the self-aggregation
of the nanoparticles and improves the homogeneity of the
nanocomposite, which is crucial to its mechanical properties.

A recent study by Deepa et al. (2020) evaluated the intro-
duction of two types of nanocelluloses, cellulose nanofibrils
and cellulose nanocrystals, in a sodium alginate matrix.
Nanofibrils and nanocrystals were chemically modified with
TEMPO oxidation treatment to prepare bionanocomposite
films and investigate their effects on structural, morphologi-
cal and surface properties. The morphological analysis dem-
onstrated that the oxidation treatment produced smoother
surfaces compared to non-oxidized types of nanocellulose.
Though, a higher tendency of agglomeration was observed
in the composite with cellulose nanofibrils. The decrease of
roughness indicates the excellent dispersion of nanostruc-
tures in the composite matrix. AFM images proved that com-
posites with CNCs presented lower roughness than compos-
ites with nanofibrils and that oxidation and ultrasonication
processes can induce a better dispersion of nanoparticles in
the sodium alginate matrix.

A study by Zhao et al. (2020) showed that incorporat-
ing 1% wt CNCs in the calcium crosslinked alginate matrix
significantly improved the hydrogel swelling properties.
Moreover, the nanocomposite provided a better drug load-
ing capacity and slower release rates. These characteristics
can make these composites studied attractive biomaterials
for wound dressing and drug delivery applications.

Cheng et al. (2017a) produced two types of dressings,
film and sponges, by incorporating different amounts of
TEMPO-oxidized cellulose nanocrystals (TOCNCs) in an
alginate matrix crosslinked with Ca®* cations. The mor-
phological analysis showed a good interaction between
cellulose nanoparticles and alginate with no aggregates,
resulting in a homogeneous 3D porous structure. Further-
more, it was found to increase the porosity, compared to
pure alginate matrix, from 82% to values above 90% for the
composites. As a consequence, the swelling capacity was
improved for both materials, films and sponges. Nonetheless,
the sponges presented higher swelling ratios than the films
due to their large contact surface area and internal network.
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The mechanical test revealed that the introduction of TOC-
NCs enhanced the tensile strength of neat alginate films and
sponges and that composites with 30% of TOCNCs showed
better performances for both types of dressings in compari-
son to those with 10% and 50%.

Concerning biological properties, hemostatic evalua-
tion in vivo compared commercial gauze, pure alginate and
composites. The composites showed lower bleeding and
lower hemostasis time than gauze and alginate dressings for
liver and ear injuries. In addition, the composite with 30%
of TOCNCs achieved the best performance. The authors
mentioned that the charges present on TOCNC’s surface
could attract and activate platelets; also, the combination
with Ca?* cations of crosslinked alginate promoted water
absorption from the blood, which may concentrate clotting
factors and accelerate clot formation. Moreover, the evalu-
ation of biological degradation demonstrated the complete
absorption of the composites with 30% of TOCNCs after
21 days and the stimulation of the growth of new tissue.
Thus, the physical and biological properties of TOCNCs/
alginate composites can make them promisor materials for
wound healing applications (Cheng et al. 2017).

7 Types of wound dressing materials

Dressings are a class of devices of great interest for the bio-
medical and pharmaceutical fields. Although dressing has
been widely disseminated in the literature, numerous dis-
coveries about them and the wound itself have changed their
perspective. The big turning point came with discovering

that the wound's hot and humid environment provides faster
and more successful healing. It is pertinent to note that ear-
lier, the dressings had the function of keeping the wound
dry, allowing the exudates from the wound to evaporate and
preventing the penetration of harmful bacteria (Boateng
et al. 2008).

Furthermore, when developing a new dressing, it must
have the ability to absorb exudate during the process, as well
as it must not have rigid adherence to repair material on the
desiccated wound surface to avoid a new trauma during its
removal (Huang et al. 2018).

Based on these characteristics, many dressings have been
developed to overcome the disadvantages of traditional
dressings and numerous devices have been investigated,
such as hydrogels, thin films, ointments, tapes, sponges
and many others. However, the choice of a material and its
physical properties depends on the type of wound (acute,
chronic, exudative or dry wounds, etc.) and on the different
stages involved in the healing process, since there is not a
single dressing for the management of all types and stages
of wound (Boateng et al. 2008).

Cellulose nanocrystals have been demonstrated to be
attractive in manufacturing dressings that promote wound
healing (Du et al. 2019a; Karimian et al. 2019; Younas et al.
2019; Zubik et al. al. 2017). However, the most suitable
polymeric matrix to obtain the best properties of the final
material is still the subject of recent studies. Table 2 presents
some of the most addressed matrices in recent years.

According to Table 2, the latest research has shown
that chitosan is the most studied polymeric matrix for this
type of application. Along with their biocompatibility, low

Table 2 Main materials researched for wound dressings with CNCs carried out in the last two decades

Dressing type Polymeric matrix Year References
Thin films Chitosan 2014 Trigueiro et al. (2014)
Films Sodium carboxymethyl cellulose 2016 Oun and Rhim (2016)

Films and sponges ~ Alginate 2017 Shojaeiarani et al. (2019)

Films Poly(lactic acid) 2017 Paletal. (2017)

Hydrogels Poly(N-isopropylacrylamide) 2017 Zubik et al. (2017)

Hydrogels Cellulose nanocrystals isolated from Dendrocalamus hamiltonii and Bambusa bamboos 2017 Singla et al. (2017b)
leaves

Ointments and films Cellulose nanocrystals isolated from Dendrocalamus hamiltonii and Bambusa bamboos 2017 Singla et al. (2017a)
leaves

Ointments and strips Cellulose nanocrystals isolated from Syzygium cumini leaves 2017 Singla et al. (2017¢)

Films Chitosan 2018 Dong and Li (2018)

Hydrogels Carboxymethyl chitosan 2018 Huang et al. (2018)

Filaments Chitin 2018 Wuetal. (2018a)

Films Polyvinyl alcohol 2018 Tong et al. (2018)

Films Chitosan and gelatin 2019 Akhavan-Kharazian and

Izadi-Vasafi (2019)
Hydrogels Solution-mixing of N,N-dimethylacrylamide-stat-3-acrylamidophenylboronicacid statis- 2019 Du et al. (2019b)

tical copolymers and poly(glycerolmonomethacrylate) chains
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immunogenicity, and biodegradability, the amine groups of
chitosan promote its mucoadhesiveness when protonated
through electrostatic interactions between the polycation
formed and the negatively charged mucus (dependent on
the pH of the medium). Furthermore, the great adhesion to
mucous tissues results in a process favouring the healing
stages (Akhavan-Kharazian and Izadi-Vasafi 2019; Xiang
et al. 2020; Yang et al. 2017; Younas et al. 2019).

Regarding the structure, films have been the main type of
dressing developed to obtain CNCs materials, mainly due
to the ease and low cost of processing. In general, they are
obtained by solution casting, which allows obtaining inde-
pendent films with controllable thicknesses, besides present-
ing high reproducibility (Lizundia et al. 2020; Younas et al.
2019). Despite some limitations, such as low mechanical
resistance and complex handling, hydrogels have notable
representativeness among CNC dressings because they can
absorb and retain exudate from the wound and maintain an
ideal moisture environment for healing while protecting the
wound site (Huang et al. 2018; Xiang et al. 2020).

Akhavan-Kharazian and Izadi-Vasafi (2019) studied
films based on chitosan, CNCs and calcium peroxide for
potential applications as wound dressings. They showed
that the association of these materials presented synergistic
effects, increased mechanical properties, reduced swelling
and increased antibacterial activity. Besides, according to
Capozza et al. (2016) the films did not show cytotoxicity
and provided an increase in the growth of human fibroblast
cells for 7 days.

In addition to the traditional films, Cheng et al. (2017b)
developed sponges of nanocrystals of oxidized cellulose
with sodium alginate, in the proportion of 30/70% (w/w),
which showed high hemostatic efficiency (~70 s) with low
blood loss in trauma models of rabbit ear and hepatic artery.
Also, these sponges were completely biodegraded without
an inflammatory reaction after three weeks.

Regardless of the chosen structure and the desired poly-
meric matrix, these nanocomposites, aside from being bio-
compatible, can keep a balance of ambient humidity while
preventing the proliferation of unwanted pathogens. Besides
the features presented, the proposed material must stimulate
the healing process, absorb blood quickly, and be bioabsorb-
able at an efficient rate for proper wound healing.

8 Biocomposites preparation techniques

Introducing cellulose nanocrystals in natural and synthetic
polymer matrices has improved diverse mechanical, ther-
mal, morphological, and biological characteristics. To this
end, however, it is important to ensure that the processing
method will promote a good dispersion of the nanoparti-
cles in the matrix. In addition, a technique to prepare bio
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nanocomposites should be compatible with the type of
dressing and prevent aggregation of nanofillers. The main
techniques used to prepare bionanocomposites with CNCs
are solution casting, electrospinning, freeze-drying, and 3D
printing.

8.1 Solution casting

The solution casting technique consists of dissolving the two
materials in a common solvent, stirring the suspension to
achieve a homogeneous phase with a rigid percolating net-
work, and evaporating the solvent to form a solid nanocom-
posite film (Oksman et al. 2016). The processing parameters
that influence the homogeneity of nanocomposites are solu-
bility in the solvent, stirring and evaporation time, tempera-
ture and compatibility, which must be adjusted according to
the nature of the charge and matrix. Although, for example,
water is a common solvent used to prepare nanocomposites
with CNCs and water-soluble polymers because of their
strong hydrophilic interaction, slow processing can lead to
nanocrystals self-organization and formation of percolating
networks (Oksman et al. 2016). Temperature selection can
be perceived by comparing the studies of Li et al. (2014),
who prepared collagen/CNCs films by solution casting stir-
ring the mixture for 24 h and air-drying at room tempera-
ture, and Cheng et al. (2017b), who produced alginate/CNCs
films through the same method, by stirring the mixture at
60-70 °C for 1 h and oven-drying at 40 °C for two days.
In both cases, the parameters were chosen according to the
nature of the matrix since collagen is comprised of proteins
and should not be exposed to high temperatures, whereas
alginate can bear temperature variation.

8.2 Electrospinning

Electrospinning is a recent technique developed in the last
two decades used to produce continuous polymer fibers in
a diameter scale ranging from nano to micrometric size
(Rogina 2014; Bombin et al. 2020). It consists of apply-
ing high voltage to overcome the superficial tension of
the melted polymer or a polymer solution to form a jet,
which is constantly deposited in a collector during the
process (Khamforoush et al. 2014a). The polymeric solu-
tion is filled into a syringe and flows at a constant rate with
the aid of a pump to a feed tube connected to a spinneret
(Pilehvar-Soltanahmadi et al. 2018). When the voltage is
applied, opposite charges in the spinneret and the collector
produce an electrical field (Khamforoush et al. 2015; Bom-
bin et al. 2020). At the end of the spinneret, the polymer
droplet changes its shape into a conic by electrical forces
since the voltage reaches a high enough value to overcome
the superficial tension (Khamforoush et al. 2014b). Thus,
the polymeric solution is ejected into the collector and the
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solvent evaporates in the process, resulting in an isotropi-
cally oriented fiber mat (Megelski et al. 2002; Castro et al.
2021). Three types of parameters influence the properties
of the nanofiber mats according to Rogina (2014): solution
parameters (viscosity, concentration, molecular weight,
surface tension, conductivity, dipole moment, dielectric
strength), processing parameters (flow rate, electric field
strength, tip-to-collector distance, needle (tip) shape, col-
lector composition and geometry), and finally, ambient
parameters including temperature, humidity and airflow.
Hivechi et al. (2019) produced gelatin nanofibers with dif-
ferent amounts of CNCs and evaluated their viscosity and
conductivity. They observed an increase of viscosity with
the concentration of CNCs, which is supposed to increase
nanofiber diameters. At the same time, they detected a rise
in conductivity with the amount of CNCs, because the
extraction with sulfuric acid introduced anionic charges
on their surfaces. The increase in conductivity induced
a decrease in nanofiber diameters. Thus, the increase of
viscosity and conductivity together produced a plateau for
nanofibers diameter, which allowed a more homogeneous
structure to the mats.

8.3 Freeze-drying

Freeze-drying is a technique to prepare composites with
high porosity, and it is based on the principle of producing
thermodynamic instability in a system through rapid cool-
ing to cause phase separation and removing the solvent by
sublimation (Annabi et al. 2010). The porosity of composites
prepared by this technique, also named lyophilization, can be
influenced by the cooling rate. A rapid cooling rate leads to
uncontrolled nucleation of the ice crystals, and the growth
phase of crystallization may not be completed, leading to
heterogeneity in the porous structure (O’Brien et al. 2004).
Mueller et al. (2015) prepared CNC/PVOH aerogels using
two procedures of freeze-drying: submerging the suspen-
sion in liquid nitrogen at — 196 °C for 5 min, named as fast-
freezing (FF) and storage it in a freezer at —26 °C for 24 h,
referred as slow freezing (SF). The results demonstrate lower
elastic modulus values for composites prepared by FF than
those made by SF for all compositions. SEM micrographs
revealed a sheet-like structure for the FF composites and
a three-dimensional structure for the SF aerogels. There-
fore, slow freezing can be a favourable procedure to prepare
composites for wound dressing by freeze-drying since it
improves the mechanical properties and influences the mor-
phology of the porous. As mentioned in this work, improved
mechanical properties leads to more stable and resistant
materials capable of bearing body stress. While the porous
structure can directly influence the blood absorption and,
consequently, induce outstanding hemostatic performances.

8.4 3D-printing

3D printing is a group of techniques to fabricate com-
plex structures in three dimensions with high accuracy by
depositing the printing material in a patterned way until
they reach the desired size, ranging from sub-microme-
tre to several meters (Farahani et al. 2016). The process
involves solidifying the printing material, which can be
liquid resins, powders and molten polymers (Farahani
and Dubé 2018). The 3D printing of nanocomposites can
develop functional materials and tailor their properties
for a specific application. The processing parameters
are related to the type of technique used to fabricate
the nanocomposite. For injection printing, voltage, fre-
quency, nozzle diameter, viscosity, and ink surface ten-
sion must be adjusted (Farahani et al. 2016). According
to Chen et al. (2018), the inks applied on 3D printing
should possess shear-thinning behaviour and recovering
properties after printing. During the printing process, the
ink materials are subjected to a high pressure to flow
through the nozzle. After that, the forces are removed,
and the material should maintain its shape and remain
stable for a long time.

Hydrogels composed by nanocelluloses have been pre-
pared through 3D bioprinting, a subset of 3D printing
techniques that applies a precise layer-by-layer position-
ing of biological materials, biochemicals and living cells
to form 3D structures (Murphy and Atala 2014; Rees et al.
2015; Leppiniemi et al. 2017; Wu et al. 2018a; Jessop
et al. 2019; Wei et al. 2020; Monfared et al. 2021).

Rees et al. (2015) constructed a wound dressing by 3D
bioprinting technique using oxidized cellulose nanocrys-
tals (CNCs) and nanofibrils (CNF). CNCs gels presented
more pronounced shear-thinning behaviour, which is a val-
uable characteristic of 3D printing. That can be explained
due to the facility of CNCs particles to become aligned
when shear-stressed.

Jessop et al. (2019) studied bioink formulations using
nanocelluloses and alginate and evaluated the printa-
bility and cell viability using human nasoseptal chon-
drocytes. The rheological measurements revealed that
all bioink formulations with nanocellulose presented a
shear-thinning behaviour since the viscosity decreased
with increasing the shear rate. Moreover, unlike pure
alginate bioinks, all formulations with nanocellulose
exhibited higher storage Moduli (G’) than loss Moduli
(G”). These results indicated that the insertion of nano-
celluloses in alginate bioink formulations might increase
their post-printing stability. Finally, the cell viability
test showed better performance for bioinks containing
nanocelluloses and alginate than the control sample (cell
culture in plastic alone).
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9 Challenges and perspectives for CNC
applications

Although cellulose nanocrystals are recognized as mul-
tifunctional materials that can be applied in different
areas because of their unique properties and renewable
and sustainable sources, the great challenge in their wide
use remains on large-scale production. The main source
to obtain CNCs is wood, and the process of extraction
includes acid hydrolysis with sulfuric acid that is recycla-
ble and cheaper than other acids. The hydrolyzed by-prod-
uct generated in the reaction can be used to obtain biofu-
els, but its treatment investments demand high energy and
costs (Thomas et al. 2020). Other issues in acid hydroly-
sis that can increase production prices are its low yield,
approximately 50%, and the high capital investment in the
drying process due to a large amount of water in the final
suspensions (de Assis et al. 2017). The manufacturing cost
of CNCs is estimated from 3632 USD/t to 4420 USD/t
(dry equivalent), including depreciation costs (de Assis
et al. 2017). Besides, the current production is larger than
the market demand for the commodity ( Nanocellulose
Mark 2019). Therefore, efforts have been made to apply
readily available sources in their manufactures, such as
agricultural biomass and industrial waste, which present
economic and ecological benefits (Rajinipriya et al. 2018).

Nevertheless, cellulose nanocrystals are promising nano-
materials for diverse applications such as food packaging,
biomedical field, cosmetics, electronics, optical materials,
automobile, construction, aerospace, textiles, paper industry
and water purification (Reshmy et al. 2020). They have been
a competitive material in the nanomaterial market, especially
for their mechanical properties comparable to Kevlar and for
being extracted from sustainable sources.

There are many companies for CNCs production around
the world. CelluForce is a Canadian company leader in
CNC:s large scale production with 300 tons per year (Cel-
luforce 2021). Their product is available in the market
named CelluForce NCC®, and it is obtained by sulfuric acid
hydrolysis (Mokhena and John 2020). CelluForce offers its
customers various product grades according to their appli-
cation requirements, which is a prerequisite to being highly
competitive in the field (Celluforce 2021). American Pro-
cess Inc., Imerys-UK and Nippon Paper Industries-Japan
are other examples of entities that produce CNCs on a large
scale worldwide (Mokhena and John 2020).

For wound healing applications, there are at least
three products in the market: wound dressings CelMat®,
EpiProtect® and Nanoderm™, all are based on bacterial
nanocellulose. The unique properties of this type of nano-
cellulose are related to its high purity, high degree of crys-
tallinity and 3D nanostructure (Bowil/Biotech 2021).
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Napavichayanun et al. (2016) tested the safety of a wound
dressing containing bacterial nanocellulose, polyhexameth-
ylene biguanide (PHMB) and sericin in vitro (mouse fibro-
blast cells), in vivo (implanted subcutaneously in rats), and
with clinical studies (normal skin of healthy volunteers to
evaluate the irritation). The dressing promoted cell growth
and proliferation and demonstrated biocompatibility as good
as the commercially available control Bactigras® (0.5% chlo-
rhexidine acetate in soft white paraffin). In addition, good
results were achieved for both in vivo and clinical tests. The
dressing showed a lower inflammation reaction than the con-
trol when implanted in rats, and it did not cause any irrita-
tion to the skin of the volunteers.

Meschini et al. (2020) tested the toxicity of CNCs from
bleached cellulose pulps obtained by TEMPO-mediated
oxidation and the hydrogels produced by crosslinking of
CNCs with different cations. CNCs self-assembled did not
present cytotoxicity to cell culture (Melanoma A375 and
M14) after 24 h of incubation. CNC hydrogels prepared with
Ca®* and Mg?* demonstrated high cell viability after 24 h
of incubation when soaked in ultra-pure water for five days
to remove the unbound cations. However, the mechanical
shearing of CNCs hydrogels on cell monolayers decreased
the cell viability significantly, and this effect needs to be
further investigated.

Besides, inflammatory responses are reported for CNCs
applied in vivo and in vitro models, probably due to their
high aspect ratio, insolubility and biopersistency (Ventura
et al. 2020). Therefore, the safety of this nanomaterial must
be examined in detail to apply in clinical studies.

10 Conclusions

This work addresses the application of cellulose nanocrys-
tals to prepare nanocomposites for the specific area of wound
healing. Oxidized cellulose is widely applied for this appli-
cation, but some clinical studies have contested its efficiency
and safety. Novel wound dressings have been prepared using
nanocomposites with cellulose nanocrystals (CNCs). The
CNCs versatility in the preparation of different dressings
(films, filaments, hydrogels, ointments and sponges) amplify
the range of its applications according to the type of wound.
A dressing containing CNCs presented outstanding perfor-
mances on absorbing fluids and exudates, attributed to their
large surface area and hydrophilicity. Enhanced mechanical
properties were found in all bionanocomposites presented
in this work, confirming the reinforcement properties of this
nanomaterial. However, high contents of CNCs in polymeric
matrices can cause two undesired effects: the decreasing
absorption capacity because they can easily penetrate the
porous structure in the matrix; and the flexibility of dressings
due to the limitation of chains mobility. The good dispersion
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of CNCs in the biopolymers matrices was identified as an
important characteristic to achieve the desired properties for
the materials. Moreover, the oxidation treatment of CNCs
had a significant influence on the hemostatic and biodegrad-
able performance of the dressings. Finally, bionanocom-
posites with CNCs demonstrated good biocompatibility,
promoting cell growth and proliferation, but inflammation
reactions need more investigation to prove their safety. Thus,
cellulose nanocrystals are a potential option for developing
new high-performance wound dressings, but more effort is
still required in this direction.
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