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Chapter 1

Introductory Chapter: Introduction 
to Biocomposites – New Insights
Magdy M.M. Elnashar and Selcan Karakuş

 1. Introduction to Biocomposites

Biocomposites are increasingly gaining approval on the industrial scale due to 
their high adaptability and superior performance. Some examples of these applica-
tions are tissue engineering, drug delivery systems, restorative applications, storage 
devices, photocatalysts, biosensors, the encapsulation of enzymes and cells, construc-
tion, energy, rail cars, automobiles, aerospace, military applications, and packaging 
systems. Figure 1 is showing some of these applications.

Figure 1. 
Applications of biocomposites.
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Biocomposites are made of a matrix material (resins, biopolymers) and natural 
or synthetic fibers (reinforcing materials). In this context, the word “biocomposite” 
refers to fiber-reinforced polymer composite materials that contain bio-based fibers 
and/or bio-based matrix as shown in Figure 2. Depending on the type of polymer 
matrix employed, such as thermoplastics and thermosets, the characteristics of 
biocomposites change. The matrix plays a crucial role in holding the fibers together, 
transferring stresses onto them, and safeguarding them from mechanical harm and 
environmental deterioration.

2. Natural polymers (biopolymers)

Natural polymers (biopolymers) are more desirable than synthetic polymers due 
to their sustainable resources, low toxicity, biocompatibility, biodegradability, and 
ability to be modified, which enables tailoring of their properties to suit their applica-
tion especially in the pharmaceutical industry [1]. Biopolymers are classified into 
three major categories as shown in Figure 3 [2].

2.1 Applications of biopolymers

Biopolymers have a wide range of uses in the food, pharmaceutical, cosmetics, beauty, 
agricultural, biomedical, and many chemical industries [3–6]. The most common mate-
rials for such biopolymers are carboxymethyl cellulose (CMC), poly(amino acids), starch 
[7] poly(acrylamide) (PAAm), polydopamine, poly(lactide), poly(diethylaminoethyl 
methacrylate) (PDEAEMA), poly (acrylic acid) (PAA), poly(methacrylic acid) 
(PMAA), poly (ɛ-caprolactone) (PCL), gelatine, poly(dimethylaminoethyl methac-
rylate) (PDMAEMA), poly(2-methacryloyloxyethyl phosphorylcholine), albumin, 

Figure 2. 
Biocomposites structure.
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polyvinyl alcohol (PVA), alginate, chitosan, carrageenan, and polyethylene glycol (PEG) 
[3, 4, 7–17]. As given in Figure 4, alginate [18, 19], chitosan [20–23], carrageenan [24–27] 
were studied, for instance, in the immobilization of enzymes (e.g. lactase), drug delivery 
systems, encapsulation of food (e.g. Omega 3&6), and biofuel [28, 29]. According to a 
forecast by European Bioplastics, the market of biopolymers will increase from 1.4 mil-
lion tonnes in 2012 to roughly 6.2 million tonnes in 2027 [30].

Figure 3. 
Classification of biopolymers.

Figure 4. 
Applications of grafted biopolymers.
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Figure 5. 
Particulates prepared in the size of macro to nano including magnetized beads. Pictures reproduced from Elnashar 
(a) production of micro beads using the encapsulator [3], and (b) production of uniform gel sheets and disks 
using the parallel plate equipment [31, 32].
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2.2 Shapes of biopolymers

The biopolymers can be treated and produced in different shapes using the 
Innotech Encapsulator, vibrational jet-flow technology, ionic-gelation methods, 
parallel plates, dripping and interphase techniques. Gel sheets, disks, and beads were 
produced using the Innotech Encapsulator and the parallel plates as shown in Figure 5 
[3, 31]. Nanoparticles can be synthesized using a variety of techniques that fall under 
the top-down or bottom-up method categories [33].

Nanotechnology has become an attractive research field with a high potential 
in field of development of advanced nano-products due to their superior surface, 
physical, chemical, biological, and mechanical properties. That was also due to 
their nano-size, morphology, shape, solubility, biodegradability, and biocom-
patibility. Particularly, bio/nanocomposites have high surface to volume ration 
(small particles ranging from 1 to 100 nm in size), thus the interaction between 
the matrix (shell/biopolymer) and reinforcement (core/fiber) is particularly 
strong [34].

3. Fibers

The fibers provide strength and stiffness to the structure. The classification  
of fibers is presented in Table 1. Fibers are obtained either naturally or man-
made as shown in Table 1. Although synthetic and natural fibers can be used 
in  biocomposites, the use of natural fiber as reinforcement in polymeric com-
posites has been preferred due to environmental concerns and the high cost 
of synthetic fibers [35, 36]. Naturally occurring fibers can be classified into 
three main categories: mineral, animal, and plant fibers. The latter are the most 
abundant fibers among all the natural fibers. Silk fiber (animal fiber) has the 
highest tensile strength among all the natural fibers [37]. Whereas asbestos and 
ceramic (mineral fibers) can function in high temperatures [38]. More than 65% 
of  natural fiber-based composites are used in the packaging sector, with the 
remaining 35% being used in the medical, textile, electrical, and agricultural 
 sectors [39].

Biocomposites

Wood fibers Non-wood natural fibers

Recycled Non-
recycled

Seed/
fruits

Bast Grass Straw Leaf

Examples Papers, 
magazines, 
newspapers 
fibers

Soft and 
hard 
wood

Cotton, 
coconut, 
coir

Help, 
flax, 
jute, 
kenaf

Switch 
grass, 
elephant 
grass, 
bamboo, 
bamboo 
fiber

Wheat, 
corn, 
rice, 
straw

Pineapple 
leaf, sisal, 
henequen

Table 1. 
Classification of biocomposites’ fibers.
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4. Future overview

Recent developments in the study of bio-based nanostructures, with an emphasis 
on the environmentally sustainable production of biocomposites, have tremendously 
benefited biomedical applications. The low-cost, environmentally beneficial method 
of creating biocomposites with biodegradable and biocompatible polymers cur-
rently has a variety of advantages. The advantages of pH and temperature sensitive 
dual-stimuli responsive nano-systems should be investigated by next-generation 
drug delivery systems using in vitro or in vivo methods. These discoveries imply that 
additional research in this field is required given the lack of experimental knowledge 
and understanding of drug release systems, bio-sensing mechanism, and therapeutic 
effects of these biocomposites.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Physicochemical Characterization
of Nanobiocomposites
Isra Dmour

Abstract

Nanobiocomposites (NBCs) have many applications in drug delivery, tissue engi-
neering, etc. The need for NBC physicochemical characterization is mandatory before
investigating their usefulness in developing drug delivery systems. This chapter will
explore the basic and the most recent techniques used in the physicochemical charac-
terization of these biocomposites. Examples of physical properties include morpho-
logical properties using microscopy (size, porosity, etc.), particle size analysis and
surface charge, powder X-ray diffraction, thermal, mechanical, and rheological prop-
erties, etc. Examples of chemical properties include molecular weight determination,
solubility and purity assessment, degree of functionalization, and gelling properties,
using spectroscopic techniques (UV, MS, NMR, etc.). For each property, the following
points will be elucidated: sample preparation, factors affecting the accuracy of the test
results, examples of data interpretation from the recently published literature, and
test limitations, if any.

Keywords: nanobiocomposite, biocomposite, physicochemical, characterization,
drug delivery, nanoparticle

1. Introduction

Biodegradable polymers offer great potential in drug delivery using nano-scale
systems. However, natural polymers are more attractive for pharmaceutical applica-
tions as they have sustainable resources, low toxicity, biocompatibility, biodegrad-
ability, and the ability to be modified, allowing tuning of their properties to suit their
application in the pharmaceutical field [1]. Many polysaccharide polymers have been
investigated for drug delivery application, including chitin/chitosan, agarose, Bacte-
rial cellulose, gum arabic, tragacanth, alginate, gellan gum, starch, carrageenan, dex-
tran, nanocellulose, and Xanthan gum [2].

On the other hand, biocomposite materials consist of at least two components,
including a continuous matrix phase, which is usually a natural polymer, and discon-
tinuous reinforcement material, which will be used to reinforce the backbone of the
biopolymer. Polymers with counter ionic properties like cellulose and chitosan or
using a crosslinker like tripolyphosphate (TPP) are commonly used [3]. Reinforce-
ment can be performed using physical crosslinking methods, which typically
include electrostatic/ionic interactions, hydrophobic interactions, and π–π stacking
interactions. In comparison, chemical crosslinking methods are typically covalent
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crosslinking, which h can be a direct crosslinking or free-radical polymerization [4, 5].
For example, the fabrication of chitosan NPs using tripolyphosphate crosslinking,
followed by covalent crosslinking using coupling chemistry [6, 7]. As a result, the size
and properties of the NBCs offer excellent features in the drug delivery field [8]. In
addition, micro to nano particles, can be prepared by a variety of technologies, includ-
ing the Innotech Encapsulator, ionic-gelation techniques, vibrational jet-flow technol-
ogy, dripping, and interphase technique approach [9], can be used to create the tiny
micro- and nanocapsules [10, 11]. On the other hands, nanogels can be prepared in
uniform gel sheets or in macro disks using the parallel plates equipment [12].

In nanocomposites, the interaction between matrix and reinforcement is very high
due to the high surface-to-volume ratio [8, 13]. The improved properties of
nanocomposites depend on the properties of each component, their relative amounts,
and the overall geometry of the nanocomposites. Generally, when natural polymers
are utilized in the fabrication of NBCs, enhanced properties, such as NP size and
surface charge, mucoadhesiveness, adsorptive, etc., can be achieved [1, 3]. These
characteristics can be optimized to suit a wide range of applications in non-
conventional routes of administration, including nasal, rectal, buccal, etc. In addition,
many of these NBCs have been fabricated as stimuli-responsive drug delivery systems
(pH, temperature, light, etc.) [14, 15].

This chapter focuses on the physicochemical characterization of polysaccharides-
based biocomposites investigated as nano drug delivery systems. Before utilizing a
new polymer in NBCs fabrication, a complete characterization should be performed
using reliable and validated methods. Then, biocomposites can be characterized using
traditional and advanced methods, including spectroscopic techniques like Infrared
(IR), Nuclear Magnetic Resonance (NMR), etc. Additional properties like thermal,
mechanical, rheological, gelling, adsorptive, etc. are also part of the characterization
procedure commonly reported. Representative examples from the most recently
published literature will also be discussed. Figure 1 proposes a plan to follow in the
physicochemical characterization of natural polymers and their corresponding NBCs.

2. Chemical characterization

2.1 Ultraviolet: Visible (UV: VIS) spectroscopy

UV–VIS analysis is a simple, low-cost, and rapid technique that is based on expos-
ing the biocomposite sample to electromagnetic radiation in the UV–Vis region (typ-
ically 190 to 900 nm). The UV range usually extends from 100 to 400 nm, and the
visible range is approximately 400 to 800 nm. Upon exposure to light, molecules will
absorb or transmit light, depending on the chemical composition of the irradiated
material. A specific spectrum is generated with a specific wavelength corresponding
to the characteristic functional group of the scanned biocomposite [16]. Factors
affecting spectral characteristics are the chemical composition and sample light scat-
tering properties related to its microstructure. In order to use this method, the sample
should have functional groups that can absorb light in the UV–VIS region, for exam-
ple, an aromatic ring. This method also offers the rapid monitoring of changes in the
biocomposite when exposed to variable pH and temperatures [17].

Cazón et al. employed the UV technique to optimize the composition of films
based on vegetable and bacterial cellulose combined with chitosan and polyvinyl
alcohol (Figure 2). In addition, with the application of mathematical and statistical,
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they were able to quantitatively estimate the composition of each component with
high accuracy based on the data generated from UV–VIS–NIR spectra. Interestingly,
the proposed method enabled the discrimination of the geographic origin of the
investigated biopolymers [16].

Niroomand et al. used UV–visible spectroscopy to measuring the optical transmit-
tance and opacity of the pure cellulose and Nano-chitosan/cellulose films, by scanning
at 200–800-nm wavelengths using Eq. (1) [18]:

Opacity ¼ 1=4
Absorbance at 600 nm
Film thickness mmð Þ (1)

A high transmittance indicates film transparency. Additionally, the researchers
observed a slight increase in the film opacity at high dosing rates reaching 15% of
nano-chitosan particles, which can result from partial agglomeration of NBCs [18].

2.2 Fourier transform-infra red (FT-IR) and attenuated total reflection (ATR)

In order to use Infrared spectroscopy (IR) as a characterization tool, NBC mole-
cules must absorb light in the infrared region of the electromagnetic spectrum,
converting it to molecular vibration. This absorption is measured as a function of

Figure 1.
A proposed approach for the physicochemical characterization of natural polymers and their respective
nanobiocomposites (NBC).
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wavelength (as wave numbers, typically from 4000 to 600 cm�1). This absorption is
characteristic of a sample’s chemical bonds (stretching, binding, etc.) [19]. Using a
mathematical algorithm, the wave number raw data is transformed into an IR spec-
trum that serves as a characteristic “molecular fingerprint” that can be used in the
structural identification of organic samples. A solid sample is either ground with IR
potassium bromide (KBr) and pressed into a transparent disc or is thinly sliced and
placed onto a KBr window. While liquid samples are directly measured or diluted with
an IR transparent solvent [19, 20].

Other IR techniques based on reflection rather than transmittance are Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)and Attenuated Total
Reflection (ATR). In DRIFTS, the IR light only interacts with the surface of a material
to collect chemical information following mixing with KBr. Besides being a non-
destructive method, ATR is a simple handling technique that utilizes a limited amount
of the tested sample that is directly placed in a zinc selenide (ZnSe) crystal or diamond
without any other ingredient. It can be used to study soft, stiff, and rigid polymers.
However, ATR has the drawback of generating false data. ATR interrogates the sur-
face of the sample so that the chemistries on the surface are amplified. The refractive
index determines the strength of the reflection, so wherever an absorption band is
present, the extent of the reflection will change [21]. Generally, it is essential to
examine the unmodified polymer and each NBC component separately before scan-
ning the NBC itself. This allows the observation of new bands, changes in band
intensity, etc., that can be characteristic of the NBC. In addition, caution should be
made to avoid non-uniform particles or large particles that can affect the data gener-
ated in the DRIFTS and ATR. Some disadvantages include the interference of water,
CO2 effect, etc. [22].

IR has been widely applied in measuring grafted polymers’ functionalization prior
to NBC fabrication [23]. Figure 3 shows the IR spectrum of acrylic functionalization
of cellulose nanocrystals with 2-Isocyanatoethyl Methacrylate(IEM). Strong absorp-
tions at 1723 and 1640 cm�1 indicated the attachment of C]O and C]C groups on
modified cellulose nanocrystals (mCNCs). The disappearance of the �NCO peaks
from 2-isocyanatoethyl methacrylate and the appearance of the multiple absorption
peaks between 1200 and 1700 cm�1 is associated with the formed urethane linkage

Figure 2.
UV–VIS region spectra of the bacterial cellulose samples with chitosan and polyvinyl alcohol. MCQP is variable
composition of bacterial cellulose with chitosan and polyvinyl alcohol [16].
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between cellulose nanocrystals and IEM. A small increment of the absorption between
2900 and 3000 cm�1, and the increased CdH stretch of the methyl group of IEM
indicates functionalization [24]. Similar studies that reported the use of IR in
confirming functionalization include alginate [25], methoxylated pectin and amidated
LMP [13], chitosan functionalization with the PNIPAAm [26], cellulose-
propargylated chitosan [27], Melamine-Functionalized Chitosan: [28], etc.

IR can be used to study crosslinking within NBCs. For example, Stanescua et al.
reported using FT-IR to study crosslinking in NBC based on chitosan/bacterial cellu-
lose used as a wound dressing. FTIR spectra show three new peaks in the regions 2980,
2972, and 1425 cm�1, which can be attributed to the asymmetric stretching vibration
of CdH from methyl groups and for bending vibration of CdH from methyl groups
of the grafted chitosan, respectively (Figure 4). These vibrations suggest the genera-
tion of a new physically crosslinked network via hydrogen bonding [29].

In addition, IR can be used to confirm the immobilization of biomolecules onto NBCs
by observing the new bands or changes in the IR band pattern representing specific
chemical groups. İlgü et al. investigated the immobilization of recombinant esterase onto
chitosan nanoparticles (NPs) by physical adsorption under several immobilization condi-
tions. As seen in Figure 5, the chitosan nanoparticles (NP) and the enzyme immobilized
chitosan NP spectra ((C) and (D)), where the peak intensity at 1650 cm�1 has increased,
while twopeaks shifted from1560 to 1550 cm�1 and from 1413 to 1407 cm�1. The strength
of these two peaks’ intensity also decreased dramatically. These changes in the FTIR
spectrum confirmed the immobilization of esterase on chitosan NPs [30].

2.3 Nuclear magnetic resonance (NMR)

This technique is widely used in identifying and characterizing novel
functionalized polymers and their respective NBCs. It gives some idea about the NBC
chemical structure, and morphology, for example, the amount and orientation of
crystalline phases in semi-crystalline NBCs and the domain sizes in phase-separated
polymeric NBCs [31].

Figure 3.
ATR-FTIR spectra of Unmodified Cellulose nanocrystals (umCNC), modified Cellulose nanocrystals (mCNC),
and 2-isocyanatoethyl methacrylate (IEM) [24].
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NMR is based on exposing a charged nucleus like hydrogen (1H NMR) or carbon
(13C NMR), etc. to a strong magnetic field, which allows the transfer from a low
energy state to a high energy state corresponding to a certain radio frequency. The
energy is then emitted at the same frequency when the spin returns to its base level.
Capturing these signals will give an NMR spectrum with characteristic chemical shifts
for the spinning nucleus [32]. The precise resonant frequency of the energy transition
is affected by electron shielding, which in turn is dependent on the chemical environ-
ment (i.e., the functional group within a polymer). The presence of an electronegative
group around the nucleus will result in a higher resonant frequency in general. In

Figure 4.
FTIR spectra of uncrosslinked and physically crosslinked chitosan (individual component) [29].

Figure 5.
FT-IR spectra of (A) chitin, (B) chitosan, (C) chitosan NP, (D) enzyme immobilized chitosan nanoparticles [30].
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order to get accurate measures using this technique, the following factors should
be considered: signal-to-noise ratio, saturation effects, peak shape, resolution,
isotopic satellite, spinning sidebands, baseline slant, and curvature [33, 34].
The advancement of NMR to include computer-assisted methods enabled more
information on molecular modeling and conformational analysis of many natural
polymers [33].

NMR can be used to characterize liquid NBCs samples like gels, dispersion, melt,
and solutions with increased spectral specificity compared to solid samples [31, 32].
Consequently, dilution, dispersion, increased temperature, etc., can give more infor-
mation related to polymeric microstructure, its dynamics, and interactions with other
ingredients within an NBC [33]. Liquid state NMR can be classified into one-
denominational and multi-dimensional (2D and 3D) techniques. Hyphenated tech-
niques include On-line HPLC-NMR, Supercritical Fluid Chromatography (SFC)-
NMR, and Offline capillary electrophoresis. Isotopic labeling (13C, l9F, 15N, and 31P)
can facilitate relaxation studies of polymers hence, enabling studying crystallization
within these polymers. Nano-NMR can be used to study heterogeneous and limited
quantity samples [31, 35].

On the other hand, the solid-state NMR spectrum tends to have broad lines
because of chemical shift anisotropy and dipolar and quadrupolar couplings. High-
power dipolar decoupling, cross-polarization, and magic angle spinning to produce
high-resolution 13C NMR spectra avoid long instrument running time. Likewise, the
combined rotation and multi-pulse (CRAMPS) experiment can permit H spectra with
narrower line widths to be obtained [31, 33, 35].

NMR has been extensively used to determine the degree of functionalization of
many natural polymers and to characterize their corresponding NBCs through careful
measurement of peak heights or areas under the signal peak in the NMR spectrum
using a suitable reference standard. Examples of published literature about using 1H
NMR include: include N-carboxyethyl chitosan and glycol chitosan [36], 2,3-
epoxypropyltrimethylammonium chloride grafted starch [37], heteroaryl pyrazole
chitosan derivatives [38], sulfonated chitosans [5], Cellulose Nanocrystals with
2-Isocyanatoethyl Methacrylate [24] and many others. 1H NMR has also been used to
predict the rigidity of polymers and different phases of a polymer like cellulose [33].
The following paragraphs will discuss some of these published data.

Zhou et al., 2022 et al. used NMR spectroscopy to study the functionalization of
chitosan and to detect the suitable pH that enables optimum functionalization
(Figure 6). The location of the chemical shift of the aliphatic portions of the chitosan
and the aromatic protons of the grafted substituent is a confirmation of the grafting
procedure. Interestingly, signal intensity at δ 6.823 ppm (typical aromatic proton
signal of substituent) was dependent on the pH of the medium, i.e., higher
substitution was observed at pH 6.4 compared to pH 3.4 [39].

NMR can also be used to monitor the start and end of the gelation process in NBCs
and to predict stability over time. Craciun et al. reported the preparations of a high
water content chitosan-based hydrogel that was monitored in deuterated water over
22 days at room temperature (Figure 7) Gelation was driven by the formation of an
imine group between chitosan (NH2 group) and vitamin B6 precursor, pyridoxal
5-phosphate (aldehyde group). The beginning of the gelation process was evidenced
by the appearance of the chemical shifts of the imine group, while the progressive
diminishing of the integrals of imine and aldehyde protons and the appearance of the
enol proton (around 6.5 ppm) indicated the end of the process. This suggests that a too
diluted system favored the shifting of imination to the reagents and the stabilization of
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the enol form of aldehyde. Consequently, the water content of this hydrogel can limit
the storage duration at room temperature to less than 22 days [40].

Heinze et al. used 13C NMR to identify the functional groups following grafting
2,3-epoxypropyltrimethylammonium chloride to starch. The 13C NMR in Figure 8A
shows different carbons type in the backbone of the starch and its grafted conjugate.
Additionally, the researchers used Distortionless Enhancement by Polarization Trans-
fer (DEPT) NMR to confirm the connections between the carbons. DEPT can be easily
combined with a 1H isotropic-chemical-shift filter that selects NCH/OCH signals
versus CCH(C, C) signals (Figure 8B) [37].

On the other hand, 2D NMR like COSY (COrrelated SpectroscopY, H-H NMR) and
HSQC (cross-polarization heteronuclear single-quantum coherence, H-C NMR) can
be used to study correlations between two nuclei which are separated by one bond like
two hydrogens or hydrogen and carbon within a chemical structure. Since all NBCs
have carbon and hydrogen atoms, either in the grafted molecules or in the host
structure itself, 2D-NMR can be a valuable tool for studying the structural interactions
in NBCs [32]. The COSY technique involves plotting 1H NMR for each component to
detect the proton-proton interaction, which is then plotted as 2D contours in the XY
plane to detect interaction dynamics. Wang et al. used 2D-NMR (COSY) to study

Figure 6.
1H NMR spectra of sinapic acid (SA), chitosan (CS) and sinapic acid-graft-chitosan (SA-g-CS) conjugates
synthesize under different pH conditions (3.4–6.4) [39].
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drug-polymer interactions of N-succinyl chitosan-alginate grafted NPs loaded with
mangiferin (an anti-atherosclerotic drug). As seen in Figure 9A, the drug and
N-succinyl chitosan interact at several neighboring protons; for example, the phenolic
–OH of mangiferin (δ 9.25) interacts with the –COOH proton of the succinyl side
chain (δ 12.38).and the –OH of mangiferin and –CdO, –NH–, carboxyl of side chain –

NHC– – OCH2CH2COOH in N-succinyl chitosan [41]. On the other hand, HSQC
(1Hd13C) can also be used to study the interaction between hydrogen and carbon
atoms within a biopolymer. Huamani-Palomino et al. utilized the HSQC spectrum to
confirm the purification process of alginate (Figure 9B) by observing the coupling
bands of the alginate monomers (glucoronic acid and mannuronic acid) [25].

Figure 7.
Representative 1H-NMR spectra of hydrogels (a) with higher water content 1q, 2 t and (b) lower water content
3d, 4d, recorded over time (from up to down: 1, 7, 15, and 22 days) [40].

Figure 8.
(A) The 13C-NMR spectrum of cationic starch sample H 6 (degree of substitution (DS) =0.66) was measured in
D2O at 607C (R = H or cationic group according to DS). (B) DEPT-135 spectrum of cationic starch P 3 (degree of
substitution = 1.05) [37].
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2.4 Powder X-ray diffraction (XRD/PXRD)

It is well established that natural polymers show a variable proportion of their
disordered amorphous regions and ordered crystalline regions, which consequently
affect the characteristics and applications of their NBCs. The presence of amorphous
regions highly affects the polymer plasticity and flexibility, while the crystalline
regions affect the elasticity and stiffness of these materials [42]. The amorphous/
crystalline proportion of a natural polymer and their respective NBC are greatly
affected by purification and drying (solvent evaporation, lyophilization, etc.) [43].
X-Ray diffraction (XRD) is an analytical technique that is used to determine the solid
state, crystal size and shape, and phase identification with quantitative phase analysis
of materials. The theoretical basis of X-Ray diffraction stands on Bragg’s Equation
(Eq. (2)) [43]:

nλ ¼ 2d sinθ (2)

Where n is the order of reflection n = (1, 2, 3,… .) λ, the wavelength, d the distance
between parallel lattice planes, and Ө the angle between the incident beam and a lattice
plane, known as Bragg angle [44]. The geometry of the crystal lattice determines the
position of the peaks in an X-ray diffraction pattern. In general, as the material
became more symmetrical, the peaks became fewer in its diffraction pattern. The
peak intensities associated with the diffraction intensity are determined by the
arrangement of atoms within the crystal lattice [45].

Experimentally, there are two methods of XRD, the Laue method, where θ is kept
constant and λ varied, and the powder diffraction method, where λ remains constant,
and θ is varied. In both methods, the intensity of the diffracted X-ray beam against
diffraction angle 2θ is measured, which gives the diffraction pattern of the material.
The pattern obtained in crystalline materials shows sharp maxima, called peaks, at
their respective diffraction angle, and in amorphous solids, the orderly structure is
absent, which gives rise to broad maxima called a hump [42]. X-ray scattering

Figure 9.
(A)2D NMR (COSY) spectra of mangiferin loaded NSC-alginate formulation. C-denotes proton peaks for N-
succinyl chitosan and m-depicts proton peaks for mangiferin [41]. (B) HSQC spectrum of purified alginate
(AlgP) [25].
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provides structural information at three different length scales by performing scatter-
ing experiments at such as 1 (wide XRD), 10 (small XRD), and 100 nm (ultrasmall
XRD) angles. Natural polymers in general are not fully crystalline; so XRD is used to
measure their degree of crystallinity [45]. Three important information are needed
when interpreting an XRD diffractogram:

1.The position of the diffraction peaks.

2.The peak intensities.

3.The intensity distribution as a function of diffraction angle.

Prior to performing any XRD measure for an NBC, it is essential to scan each
component alone (drug alone, polymer alone, crosslinker alone, etc.) followed by a
scan of the physical mixture of two or more components, and finally, the NBC in
order to compare the molecular interaction (Figure 10) [6]. Any peak position or
intensity change indicates an interaction between the drug and the polymer upon
NBC fabrication. At the same time, the broadening of peaks (halo-pattern) or
decreased intensity of a peak indicates amorphous transition or the presence of an
amorphous state [45].

Drug-polymer interaction within NBCs can also be studied by detecting the pres-
ence or absence of new peaks. For example, the XRD of mebeverine(MB) loaded
chitosan NPs shows broad peaks indicating an amorphous state within the polymer or

Figure 10.
XRD spectrum for chitosan polymer (CS), crosslinker (STPP), Mebeverine Hydrochloride(MB.HCl), and
Chitosan nanoparticles loaded with MB.HCl (CS + MB. HCl + STPP) [6].
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the NP (Figure 10). Moreover, the absence of additional peaks indicates the purity of
the formulations. Bragg Law was used to calculate the crystallization of the chitosan
polymer crystal practices, and it reached 4.5. Upon comparing the XRD of the NPs and
that of each component, it can be concluded that the peak at 2ϴ = 26.9o is due to the
sodium tripolyphosphate (STPP) crosslinker-drug interaction, while the peak at
2ϴ = 17.9o is related to the loaded drug mebeverine. Additionally, the absence of any
additional peak indicates no change in the degree of crystallinity of the polymer
during the fabrication of the NPs [6].

Similarly, Shahid et al. used XRD to predict the type of interaction within Ticagrelor-
loaded chitosan-based NPs [46]. Ahmad et al. reported the use of XRD to study the
crystallite structure within starch-based NPs prepared using mild alkali hydrolysis and
an ultra-sonication process. Using the quantitative measurement of the area under the
amorphous region and diffraction peaks the researchers concluded a decrease in crys-
tallinity. The increased amorphous region was accompanied by diminished diffraction
peaks following the size reduction of starch to the nanoscale [44].

The stability of NBCs during storage can also be assessed using XRD through the
evaluation of their crystallinity over time. Burapapadh et al. evaluated the degree of
crystallinity of itraconazole (ITZ) pectin-loaded NPs. Figure 11A shows that pectin
alone exhibited a halo pattern indicating the amorphous state of the polymer, while
the sharp peaks (17.45 and 17.95 (doublet), 20.30, and 23.45 2θ) of the drug alone
suggest its high crystalline nature. The XRD patterns of drug-polymer physical mix-
tures showed similar peaks as untreated drug, indicating no change in drug crystal-
linity during the mixing process, while the XRD patterns of NPs showed the absence
of the characteristic crystalline drug peaks (a typical broad hump of amorphous
material), indicating that the drug is present on the noncrystalline form within the
NPs. Likewise, the assessment of the XRD of the prepared sample after one-year
storage at 25°C, showed (Figure 11B) the halo-pattern of the molecularly dispersed
amorphous drug. However, there were some crystallinity peaks presented at approx-
imately 12 and 21 2θ degrees. This indicates the start of transformation from amor-
phous to crystalline solid upon storage of the NPs for 12 months [43].

Small-angle X-ray scattering (SAXS) method utilizes smaller angles in scanning,
typically from 0.1 to 10°, where the elastic scattering of X-rays caused by nanoscale

Figure 11.
(A) Powder X-ray diffraction patterns of ITZ, physical mixture of ITZ, and various types of pectin and
nanoparticles prepared from nanoemulsion templates. (B) Powder X-ray diffraction patterns of various
nanoparticles prepared from nanoemulsion templates, using a mechanical homogenizer, after 1-year storage at
ambient condition (25°C) [43].
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structures in the polymer is recorded. This enables studying NBCs in the range of 0.5–
100 nm up to 1000 nm. Such information includes size, shape, pore sizes, and other
characteristic distances of partially ordered materials collected [36, 42]. Lin Y et al.
reported sing SAXS coherent X-ray scattering (CXS) in studying the dynamics and
gelation mechanism of glycol and carboxyethyl chitosan-based hydrogels with different
dynamic interactions. In situ SAXS enables getting information about the nucleation
and growth mechanism during the gelation process to form a hydrogel. Moreover, the
continuous time-resolved CXS profile unveiled the dynamic behavior of different self-
healing hydrogels in mesoscale, supported by rheological experiments [36].

2.5 Elemental analysis (EA)

This method is based on determining the molecular compositions by calculating
the ratios of each element within a polymer, for example, carbon, nitrogen, hydrogen,
etc., in addition to halogens. In the elemental analyzer, the sample is combusted at
1000°C in a special furnace. The analysis is accomplished by the quantities of CO2,
H2O, and NO2 produced by the combustion of the dried carbonaceous materials in
excess oxygen. The weights of these combustion products are used to calculate the
combustion of samples. The weight percentage of C and H is determined by infrared
detection, whereas N content is measured by thermal conductivity detection [24, 47].

Li et al. reported using EA to detect the functionalization of glucose-conjugated
chitosan nanoparticles (GCNPs). EA was used to determine the percentages of C, H,
and N and the degree of N-succinyl glucosamine substitution (DS). The method is
based on calculating the percentage ratio of the atomic mass of C, H, and N to the
substituted and the unsubstituted chitosan [48].

One of the advantages of EA is the small amount of sample to be tested (5 mg).
However, the sample should be as pure as possible and completely dry. Any impurities
or trace solvents will interfere with the results and make the interpretation difficult.
Ideally, solid samples should be tested in powder form. The analysis should be carried
out under the nitrogen gas purge for air-sensitive samples.

Sample Reagent Content (% m/m) Substitution (mol%)

N C H Degree of amidation

1 0 32.85 5.20 —

2 methanol 0 38.01 5.39 —

3 n-butylamine 4.58 46.00 6.95 77.86

4 n-hexylamine 4.07 49.83 7.59 72.34

5 n-octylamine 4.08 52.98 8.20 83.96

6 n-dodecylamine 2.87 54.94 8.77 57.94

7 n-octadecylamine 2.62 58.11 9.12 76.55

8 ethylendiamine 7.79 34.02 6.24 73.24

9 ethanolamine 5.37 38.84 6.29 93.19

10 hydrazine 6.21 29.84 4.90 53.52

11 hydroxylamine 2.52 34.94 5.35 37.15

Table 1.
Organic elementary analysis of the alginic acid and its derivatives [55].
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Elemental analysis has been widely used to estimate the degree of functionalized
pectin with Polyacrylamide [49], alkyl pectin [50], histidine-pectin [51]. Elemental
analysis was also used to characterize cellulose grafted polymers: phenylacetic acid and
hydrocinnamic acid [52], 2-propynoic acid, 4-pentenoic acid, 2-bromopropionic acid, or
3-mercaptopropionic acid [53], acryloyl cellulose [24]. Chitosan grafting with poly N
isopropyl acrylamide [26], Melamine [28], 5-nitroisatin [54], mono- and di- sulfonic
[5], maltol and ethyl maltol [38], cellulose beads [27], Alginic acid with cysteine [25], N-
alkylamides, hydrazide, and hydroxamic acid [55]. Starch with 2,3-epoxypropyltri-
methylammonium [37], 3- chloro-2-hydroxypropyl) trimethylammonium chloride
[56], poly(methyl methacrylate-co-styrene [57]. Taubner et al. reported the elemental
analysis of amidated alginic acid. Table 1 shows the content % of carbon, nitrogen, and
hydrogen in addition to the degree of amidation of the various samples [55].

3. Physical characterization

3.1 Thermal analysis

These are a group of methods that examine changes in a solid sample when heated as
a function of temperature and time. Information that can be obtained includes crystal-
linity (melting point), amorphous state (Glass Transition (Tg)), the heat of reaction
(enthalpy (H)), thermal stability/degradation, etc. In this section, the most common
thermal methods used in NBCs characterization will be discussed: Differential Scanning
Calorimetry (DSC), Thermogravimetric (TGA), and Thermal Mechanical Analysis
(TMA). It is well established that many features within a thermogram indicate certain
transformations within NBCs as described in the following paragraphs [58].

3.1.1 Differential scanning calorimetry (DSC)

DSC determines the solid transitions as a function of temperature and time. It is
used to identify solid–solid transitions (crystallization, polymorphism, etc.), melting,
decomposition, and others [58]. In general, an initial transition that is observed in
DSC is the solvent evaporation while the final thermal peaks can be due to polymer
decomposition [58, 59]. Solid-state transitions can be detected following cooling of the
sample by re-running the thermal analysis provided the sample is stable with no signs
of degradation (change in color, gas evolving, etc.). Crystallization is a kinetic process
that is detected by an exothermic peak in a DSC thermogram. The endothermic (heat
absorption) and exothermic (heat released) peaks and magnitudes indicate the ther-
mal phase transformation of the composites. The principal thermal data extracted
from this analysis are the glass-transition temperature (Tg), degree of crystallization
(Xc), crystallization temperature (Tc), and fusion temperature (Tm). The enthalpy
variation and heat capacity of the composite can also be determined [60, 61].

3.1.2 Crystallinity and amorphous state of NBCs

Many natural polymers exhibit various degrees of crystallinity. DSC can differenti-
ate these degrees by measuring the Glass Transition (Tg) which is the softening tem-
perature characteristic of an amorphous state. This is attributed to the molecular
mobility within the solid sample. This transition highly affects solubility, drug release,
drug-polymer interaction, stability during storage, and many other physical properties.
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Figure 12 shows DSC thermograms of physical mixtures of high methoxyl (HM)
pectin or low methoxyl (LM) pectin and amidated LM pectin (ALMP) used to deliver
itraconazole(a poorly water-soluble drug) and their respective NBCs. The thermal
properties of physical mixtures of itraconazole and various types of pectin at a ratio of
1:6 were compared to those of their respective NPs. The melting peak of itraconazole
crystals can be observed in the first three physical mixtures with an endothermic peak
at 166–168°C. However, following encapsulation within the NP, this peak
disappeared, indicating molecular dispersion of the drug within the polymer [43].

Xiao et al. utilized DSC to evaluate a series of novel cellulose esters containing phos-
phorus, including cellulose diphenyl phosphate (C-Dp) and cellulose acetate (CA)–
diphenyl phosphatemixed esters. Figure 13(A) depicts the Tg of the various grafted poly-
mers compared to native cellulose,which does not exhibit a glass transitionwhen subjected
to heat. The thermogram shows a decrease in the Tg value with increasing the degree of
substitution of cellulose whichwas attributed to disrupting the hydrogen bonding in the
cellulose hydroxyl groups affectingmolecularmobility within the cellulose chain [62].

Likewise, Zheng et al. evaluated the Alkyl pectin with various fatty acid (C4–C16)
bromides using DSC. As shown in Figure 13B, with longer alkyl chain lengths

Figure 12.
DSC thermograms of physical mixture of itraconazole and high methoxyl (HM) pectin or low methoxyl (LM)
pectin of pectin and nanoparticles [43].

Figure 13.
(A) DSC thermograms of unmodified cellulose, C-Dp (DS = 0.99) and C-A–Dp M1 - M5 with increasing degree
of substitution [62]. (B) DSC of unmodified and acylated pectins with different acyl lengths (DS: 10–20%) [50].
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(C8dC16), the glass temperature peaks became higher while the peak areas became
broader when compared to native pectin [50].

3.1.3 Thermogravimetric analysis (TGA)

TGA is used to study the change in the samples’ weight as a function of tempera-
ture. Weight loss includes water and solvent evaporation, decomposition, etc. TGA
has been widely used to study the effect of varying the type and percentage of
nanofillers within an NBC. Polymer decomposition, either in the presence of oxidative
or non-oxidative gas, significantly depends on the presence of fillers and their disper-
sion scale [58]. On the other hand, Derivative thermogravimetry (DTG) is another
useful technique that can be used to evaluate the thermal stability of NBCs. Hu et al.
reported the use of TGA and DTG to study double-layer hydrogel based on sodium
alginate (SA) -carboxymethyl cellulose (CMC) as a sustained drug delivery system. As
seen in Figure 14A and B there are three major weight losses in hydrogels, each
corresponding to a change in the nature of the sample. The first weight loss below
100°C is due to water desorption, the second one at 270°C is due to the destruction of
glycosidic bonds within the hydrogel, and the third one at about 400°C is due to the
destruction of outlayer polymer. Additionally, the incorporation of outlayer polymer
(poly(N,N-dimethylacrylamide) (PDMA) or poly (acrylamide) (PAA)) into the
hydrogel composition added to the thermal stability and some changes in the degra-
dation pattern. Interestingly, the pronounced delay in the degradation phase (third
phase) was attributed to the inclusion of the synthetic polymer (poly(N,N-
dimethylacrylamide) (PDMA) or poly (acrylamide) (PAA) in the outer layer of the
hydrogel formula [63].

Chang et al. studied the stability of starch-based NPs upon using anionic, cationic,
and amphoteric starch NPs. As can be seen in Figure 15A and B, starch-modified NPs
exhibited a lower maximum degradation temperature compared to the maximum
degradation temperature of unmodified starch NPs (310.83°C). The results indicated
that the thermal stability of modified starch NPs (cationic, anionic, and amphoteric)
decreased, evidenced by a lower decomposition temperature, compared to the non-
modified starch NPs. This degradation was attributed to the intermolecular forces
acting on the starch NPs [56].

Figure 14.
(A) The TG curves of on NBCs Based on sodium alginate (SA) -carboxymethyl cellulose (CMC) and (poly(N,N-
dimethylacrylamide) (PDMA) or poly (acrylamide) (PAA), SA-CMC@PDMA-1, 2,3 and SA-CMC@PAA-1;
(B) The DTG curves of SA-CMC@PDMA-1, 2,3 and SA-CMC@PAA-1 [63].
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Similar findings were reported by Kahdestani et al. during investigating the
teicoplanin-loaded NPs based on chitosan/TPP. The TGA was used to evaluate drug
and NP degradation over temperature changes. They reported a weight loss of 21.64%
occurred between 127 and 226°C related to the removal of the residual water of the
NPs and degradation of the polymer (Figure 16). Additionally, the authors attributed
the increased stability of the NPs to the existence of phosphate groups (P]O and
PdO) in chitosan NP leading to less degradation. However, TGA data showed a
reduction in the thermal stability of chitosan NPs due to decreased crystallinity within
the NPs compared to chitosan alone [64].

In another study, Kassab et al. reported the identification of the various decompo-
sition phases in the range of 120–440°C within NBCs based on sulfuric-acid hydro-
lyzed cellulose nanocrystal (CNC) extracted from sugarcane bagasse (Figure 17). The
glycosyl units of cellulose can undergo degradation due to decarboxylation,

Figure 15.
Thermogravimetry (A) and derivative thermogravimetry (B) of Unmodified starch NPs (SNPs), anionic
(CMSNPs), cationic (CSNPs-1, CSNPs-2), Amphoteric (CM-SNPs-C-2, and CM-SNPs-C-1) [56].

Figure 16.
TGA thermograms for (a) chitosan, (b) chitosan nanoparticles, (c) chitosan nanoparticles containing drug and
(d) teicoplanin [64].
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depolymerization, and decomposition. It is reported that the highly sulfated amor-
phous domains are more sensitive to low-temperature degradation compared to non-
sulfated crystalline domains, which are more sensitive to higher temperature decom-
position. This impacts the activation energies of the degradation process. The nega-
tively sulfated groups contributed to the decreased thermal stability introduced on the
outer surface of cellulose nanocrystal during the sulfuric acid hydrolysis [65].

3.1.4 Thermal mechanical analysis (TMA)

Mechanical properties are very important for thin film evaluation, mainly in the
ocular delivery of drugs, since it highly affects drug release rate, swelling, mechanical
stability, and other properties [66, 67]. TMA measures the expansion and contraction
of NBCs and the effect of crosslinking of the polymers or the enforcing materials [58].
TMA can be used to measure the coefficient of thermal expansion (CTE) of
nanocomposite materials which indicates stiffness and energy losses as a function of
temperature depending on the degree and the scale of dispersion of nanofillers within
NBCs. It also allows the measurement of two different moduli of the nanocomposites,
the storage modulus (E0), which is related to the ability of the material to return or
store mechanical energy, and the loss modulus (E″), which is related to the ability of
the material to dissipate energy as a function of temperature. DMTA data generally
showed significant improvements in the storage modulus over a wide temperature
range for a large number of polymer nanocomposites [58]. Figure 18 shows the use of
DTMA to evaluate the storage of pectin/cellulose nanocrystal nanocomposite films
with varying compositions of (NCC) [68].

3.1.5 Integrated thermal analysis techniques

The integration of thermal analyzers with the microscopy allows visual monitoring
of the solid transitions thus, capturing solid-state changes as a function of tempera-
tures and time. For example, Hot Stage Microscopy (HSM) is a combined microscop-
ical technique with DSC/TGA [59]. It has the advantage of evaluating sample
morphology, solid state (amorphous, crystalline, polymorphism) transitions,
desolvation, and miscibility. Figure 19 shows the optical micrographs of cellulose

Figure 17.
TGA/DTG curves of sulfuric-acid hydrolyzed cellulose nanocrystal (CNC) [65].
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diphenyl phosphate at different temperatures. It can be seen that the product started
to soften up at 150°C with a complete softening at 170°C [62]. Additionally, HSM can
be combined with FTIR and or scanning electron microscopy enabling detailed infor-
mation about the solid state of NBCs [59].

Additionally, gas evolving during the heating process can be trapped and analyzed
using Gas chromatography–mass spectroscopy (GC–MS) techniques. These gases can
also be chemically characterized using FT-IR and mass spectroscopy. Additionally, it
is possible to combine AFM with DSC, TGA, or any other thermal analyzer enabling
the evaluation NBCs [61].

3.2 Morphological properties using microscopy

The size and surface characteristics of NBCs can be acquired by microscopic
methods. Optical detection and spectroscopy of a single nano-object can be achieved
via detection of NBC interaction with a light beam, i.e., its elastic or inelastic

Figure 18.
DMTA curves with Storage modulus (E0) for the neat pectin film and pectin/ CNC20, pectin/CNC50, and pectin/
CNC80 nanocomposite films with 8% filler. (a) [68].

Figure 19.
Optical micrographs of C-A–Dp (sample M5 DSP = 1.19, DSA = 1.53) at different temperatures [62].
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scattering or absorption, or nonlinear ones (such as hyper-Rayleigh scattering or four-
wave mixing) [69]. Surface roughness and/ or porousness, homogeneity, diameter,
etc., are highly affected by solvent separation, for example, by evaporation resulting
in shrinkage and wrinkle formation. Polarized Light Microscopy (POM) is primarily
used in NBCs hydrogel evaluation due to their modest sample preparation steps.
Craciun et al. investigated the chitosan self-healing hydrogels, designed as carriers for
local drug delivery by parenteral administration. Based on the formation of an imine
between chitosan and pyridoxal 5-phosphate, the active form of vitamin B6. POM
images showed an intense birefringence in a sample of chitosan/pyridoxal 5-phos-
phate hydrogel, indicating the signature of an ordering degree (Figure 20). By cou-
pling X-ray and POM data, it can detect the intermolecular forces that directed a
supramolecular arrangement of the imino-chitosan chains [40].

High-resolution methods are now used to get precise dimensions of the NBCs; in
addition, they can be used to assess changes over time with regard to agglomeration,
swellability, and shear-induced configuration. etc. [29, 70]. NBCs morphology using
scattering techniques includes polarized and depolarized light scattering (DLS and
DDLS, respectively). Electron microscopy is a technique with a nanometer scale
resolution and is capable of imaging NBCs including Transmission Electron Micro-
scope(TEM), Scanning Electron Microscope(SEM), and Atomic Force Microscopy
(AFM). Electron microscopy enables the direct observation of the dimensions (i.e.,
length and width) of a given particle [71].

3.2.1 Transmission electron microscope (TEM)

TEM images provide good nanometric (and often subnanometric) resolution,
allowing rapid screening of a large population of particles, thus avoiding major sam-
pling issues. The method involves using a high-energy electron beam to bombard the
sample. However, as TEM images are projections of the objects along the incident
beam direction, it may be difficult to accurately measure the particle thickness.
Depending on the amount of energy that was absorbed by the sample, the intensity of
the beam that hits the viewing screen varies, and an image is made [71, 72].

Figure 20.
(A) Representative POM image of xerogel 1.5 t (to be representative, the hydrogels given in the figure have a
different molar ratio of glucosamine/aldehyde units and/or different water volumes [40]. (B) Transmission
electron microscope (TEM) images of the modified xanthan gum. Nanoparticles [14].
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In order to get an accurate measurement using TEM, the sample should be extremely
thin (thickness below well below 1 μm) and well dispersed (no agglomerate) to allow
transmission of electrons; additionally, the atomic number, density of the observed
material, and on the energy of the incident electrons should be considered. Usually, this
can be achieved using sectioning techniques for solid samples or preparation of NBCs
using dilute suspensions (dispersion) [71]. Then, the sample is deposited on thin circular
metallic grids (copper, carbon, etc.) with typical meshes around a few 10 of microme-
ters and accurately mounted in the sample holder for microscopy. Caution should be
taken to avoid degradation of the copper grids when a high or low pH dispersion is
investigated. Moreover, to avoid aqueous sample accumulation due to the hydropho-
bicity of the grids, glow discharge should be performed by placing the carbon-coated
grids inside a partly evacuated chamber connected to a power supply. This allows the
electron potential to ionize the gas within the chamber where negatively charged ions
deposit on the carbon, giving the carbon film an overall hydrophilic (water-attracting)
surface [71, 72]. Figure 20(B) depicts TEM image of modified xanthan-gum based [14].

NBCs main components, carbon, oxygen, nitrogen, and hydrogen, are not very
dense, so sample staining is needed since the number of electrons they absorb is
minimal compared to the intensity of the electron beam. Therefore, a heavy metal salt
that readily absorbs electrons like lead, tungsten, molybdenum, vanadium, or
depleted uranium is usually used. After staining, the sample is blotted, air dried, and
ready to be examined in the microscope [71].

3.2.2 Scanning electron microscope (SEM)

SEM analysis technique uses electron selective detection methods capable of nano-
resolution and chemical characterization of NBCs [70]. SEM micrographs can be used to
study NBC porosity, the uniformity of pores, pore interconnectivity, and their size. NBC
porosity can be a measure of the ability of NBCs to swell and deswell, which highly
affects drug release mechanisms. Figure 21 depicts the uniform porousity of hydrogel
NBCs based on chitosan (CS), xanthan gum (XG), monomer 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) that was successfully used to deliver acyclovir [73].
Pore dimensions are highly affected by the water content and the degree of crosslinking

Figure 21.
SEM images of acyclovir loaded hydrogel (A) At 200 μm (B) At 100 μm [73].
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within the NBC. Crosslinking highly affects intermolecular physical connections among
the chitosan. SEM can provide a detailed histogram describing the change in the number
of pores with water content to enable optimization of the dispersion volume of NBCs, as
depicted in Figure 22 [40].

3.2.3 Integrated SEM techniques

SEM- Energy Dispersive X-ray Analysis (EDAX) can be used to study the mor-
phological appearance of the hydrogels. Stanescu et al. Used SEM-EDAX integrated
with elemental analysis to detect the proportions of elements like carbon and oxygen
in chitosan and bacterial cellulose NBCs for wound dressing (Figure 23) [29].

3.2.4 Field emission gun scanning electron microscopy (FEG-SEM)

FE-SEM can be used to study the distribution and cross sections of the
nanocomposites within a matrix [74, 75]. Niroomand et al. used FESEM to study the
morphology of the cellulosic matrix and NBCs films [18]. Figure 24 depicts FE-SEM
of differences in sample preparation of dried BC nanofiber, or NBCs film prepared by
blender (Figure 24A) or homogenizer (Figure 24B) [18]. The film was coated with
gold to minimize the electron charge (Figure 24C) [18].

3.2.5 Atomic force microscopy (AFM)

AFM provides information on morphology, surface topography (roughness and
transparency), mechanical properties, and adhesion of NBCs. It also provides accurate
measurement of NBCs size and size distribution. The high spatial and force resolution of

Figure 22.
SEM images for representative xerogels (scale bar: 50 μm) and corresponding histograms (to be representative, the
samples given in the figure have a different molar ratio of glucosamine/aldehyde units and/or different water
volumes) [40].
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AFM up to sub-nanometer scale and pico newton forces offers several unique advan-
tages. It can also provide high-resolution mechanical testing along with images [70, 72].
Additionally, it also works with some special in-situ settings, such as imaging samples
with fluid layers or wet samples. However, due to the scanning mechanism of AFM, an
artifact may be introduced by contamination layers, temperature change, surface shear,
or complex surface topography. The AFM scanning in high resolution also requires very
small scanning steps. Along with the distance limitation of non-contact or tapping
mode, the scanning of relatively large non-smooth areas or complex overall shapes can

Figure 23.
SEM images of: (a,c)BC/chitosan membrane surface; (b,d); lateral view of BC/chitosan; (e); scattering
distribution crude chitosan surface, (f) EDAX elemental analysis [29].

Figure 24.
FESEM morphology of bacterial cellulose nanofibers after treatment with (A) blender and (B) homogenizer [76].
(C) FE-SEM image of the synthesized Nano-CS particles [18].
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be very challenging [70]. Niroomand et al. reported the use of AFM to monitor the
effect of nanochitosan addition on cellulose NBCs As can be seen in Figures 25 and 26.
The 3-D AFM overviews showed a decrease in transparency and roughness of the
cellulose-based NBCs when dosages of nanochitosan were increased, compared to the
addition of 15% nanochitosan, which resulted in a rougher surface [18].

3.3 Hydrophilicity of nanobiocomposite

Hydrophilicity is highly dependent on the NBC morphology, surface chemistry,
water absorption, solid state, and porousity of an NBC. It greatly affects the wettabil-
ity and dispersibility of NBCs and adhesion to the mucous membranes, and ability to
adjust to curves and uneven textures like skin [18]. It is usually determined by
monitoring the contact angle (CA)of a water droplet on a surface on NBCs film or
matrix using a goniometer or a contact angle analyzer. The spreading out of a water
droplet on an NBC surface indicates its hydrophilicity, while the resistance to spread-
ing indicates hydrophobicity [77]. A low CA (below 90) between the droplet and the
surface indicates hydrophilicity and wettability [18].

It has been reported that polysaccharides like chitosan and alginate are highly
wettable; however, they have low mechanical strength. Their ability to absorb water is
due to the presence of hydrophilic groups on the surface of their relevant NBCS. Thus,
NBCs of these polymers usually have a hydrophilic nature. Once functionalized, the
polymer will change the NBCs wettability depending on the functional group exposed
to the surface. Additionally, the presence of a more compact microstructure of the
nanocomposites due to the strong interaction within a polymer or the NBC will affect
its wettability. It is important that surface hydrophilic group are free to interact with
water in order to enhance wettability and is not fully engaged. Moreover, the presence
of an amorphous state in an NBC allows the free movability of hydrophilic groups to
interact with water, hence enhancing its water absorption and wettability [18].

Figure 25.
AFM images of the NBC film surfaces are shown as a three-dimensional structure with their root mean square
(RMS) roughness value: a cellulose film; b (2%), c (5), and d (15%) cellulose film containing 2, 5, and 15%
nanochitosan particles, respectively [18].
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Espino-Pérez et al. reported the increased hydrophilicity on NBCs based on cellu-
lose nanocrystals (CNC) surface following esterification with phenylacetic acid and
hydrocinnamic acid [52]. Similarly, Chiaoprakobkij et al. evaluated the water contact
angle of films based on mechanically-disintegrated bacterial cellulose, alginate, and
gelatin (BCAGG), plasticized with glycerol before and after curcumin loading
(BCAGG-C). The study showed an increase in the angle with increasing curcumin
content, as shown in Figure 27 4A–D. The water contact angle of the drug-free NBCs
was 49.5, while after loading with curcumin concentrations (2, 4, 6, and 8 mg/mL),
the contact angle ranged 54.7–73.3, indicating the hydrophilic nature of the drug-free
NBCs [78].

3.4 Particle size distribution and determination and surface charge

NPs size plays an important role in cellular uptake and fate of the NPs within the
body, consequently it affects the drug’s half-life and therapeutic efficacy. In addition,
the particle charge (zeta-potential) has a large impact on surface recognition, surface
interaction with biomolecules, and cellular targeting. Importantly, size and zeta-
potential contribute significantly to the NP storage stability [79, 80]. The need for a
monodisperse NP dispersion mandate the use of very advanced and facile methods
that facilitate monitoring of NP size over time and following exposure to changes in
temperature and pHs. The most recent methods in NPs size determination are
dynamic light scattering (DLS) and laser Doppler electrophoresis (LDE) [80, 81].

Visually, colloidal samples should be slightly hazy with a homogenous appearance
termed the Tyndall effect. Figure 28 depicts NPs based on chitosan succinate 0.1%

Figure 26.
AFM image of the nanochitosan particles and the histogram demonstrating the average size and size distribution of
the nanochitosan particles [18].
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NPs crosslinked with polyphosphate and dispersed in 4.8 mM HCl [75]. In a colloid,
the light scatters in different directions due to the colliding dispersed particles. It
occurs when the diameter of an NP is in the range of roughly 40 to 900 nm, i.e.,
somewhat below or near the wavelengths of visible light (400–750 nm). Light scat-
tering will occur when the diameter of dispersed particles is much smaller than the
wavelength of light used [7, 75].

DLS technique is based on exposing NP dispersion to a monochromatic coherent
laser beam where the particle will move as a result of Brownian motion. With contin-
uous collision between the particles, the distance between them will also change and
hence fluctuations of the phase relations of the scattered light will be detected
[82, 83]. Since the particle has different diameters, the number of particles within the
scattering volume will vary in sedimentation with time. By observing the change in
light intensity, this will be digitally correlated by photon analysis [84]. The DLS
system measures the rate of intensity fluctuations and then uses this to calculate the
size of the particles as defined in the Stokes-Einstein equation (Eq. (3) [81–82]:

Figure 28.
Responses of ionotropic chitosan succinyl amide NPs (CS-H-80-TPP/EDC) to variable CaCl2 concentrations [7].

Figure 27.
Water contact angles of NBCs based on bacterial cellulose, alginate, gelatin: (A) 2 mg/mL; (B), 4 mg/mL; (C),
6 mg/mL; and, 8 mg/mL (D)), solutions of curcumin at concentrations of 2, 4, 6 and 8 mg/mL [78].
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D ¼
�RT
NA

1
6πη r

(3)

where, D is the diffusion constant; �R is the gas constant; T is the absolute temper-
ature; η is the dynamic viscosity; r is the radius of the spherical particle; NA is
Avogadro’s Number. Depending on the dispersity of the sample particle, light inten-
sity and its decay will be correlated to give an idea about the size distribution of the
sample NPs. The quality of measurement depends on the sample and the measuring
device (the laser source, the detector precision, the correlator software, etc.) [80, 81].

It should be emphasized that several factors contribute to the accuracy of mea-
surements. For example, a high sample concentration will affect the length of the
path, allowing for the particle collisions resulting in a small path; hence, multiple
collisions interfere with the measurement. Simple DLS instruments can measure at a
fixed angle to determine the mean particle size in a limited size range. Since NBCs are
mostly characterized by polydispersity, the light scattering by large particles can
overwhelm the one by smaller particles. A multi-angle instrument that allows full
particle size distribution is needed for accurate readings [80, 81].

In order to measure the size using this technique, the sample should be dispersed in
the correct solvent (known refractive index, RI) at the optimum concentration and
proper dilution. DLS measurement for dry samples can be achieved following disper-
sion in the proper solvent, as described before. The most commonly reported disper-
sion media is double deionized water (RI 193.39 nm at 25C) for pharmaceutical
applications. In addition, glycerol and ethanol were also used with diluted concentra-
tions [81]. Other measurements were done using methanol and toluene. The stability
of the sample in the solvent is crucial, i.e. the particles should remain dispensed
(undissolved with no aggregation) during the measurement. The purity of the dis-
persed particle and solvent and the exclusion of fiber and dust are highly needed prior
to applying this technique appropriately [81, 82]. Figure 29 depicts an example of the
particle size distribution of DLS investigation with NP dimensional distribution: NP
from 0.5% PNIPAM/PVA concentration with various methyl oleate concentrations
(top); nanoparticles from 5% PNIPAM/PVA concentration with various methyl oleate
concentrations (bottom) [29].

Published data related to NBC size characterization include but are not limited to
grafted pectin [13], chitosan phthalate and phenyl succinate [7, 79], thiolated chitosan
[5], chitosan [30, 85], cellulose [86] and many others.

3.4.1 NBC surface charge (Zeta potential) measurement

The zeta potential is a measure of the electric charge at the surface of NPs, being an
indirect assessment of their physical stability. The surface properties of NBCs will
greatly impact the affecting the release properties and the interaction between the
drug delivery system and the cellular receptor. The presence of specific chemical
groups on the surface of the NBCs will also enable further functionalization by anti-
bodies or by enzymes [41]. These properties greatly affect drug targeting resulting in
site-specific drug delivery, for example, in tumor treatment [46].

Laser Doppler electrophoresis (LDE) involves measuring the change in the light
scattering intensity due to the shift in the frequency of the wave as a result of
interaction between a particle surface charge and the electric field. The direction and
velocity of the motion are a function of particle charge, the suspending medium, and
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the electric field strength. Particle velocity is then measured by observing the Doppler
shift in the scattered light. The particle velocity is proportional to the electrical poten-
tial of the particle at the shear plane, which is zeta potential [80].

When NPs are dispersed in water, they will gain electric charges. As a conse-
quence, a concentration of oppositely charged ions (counterions) builds up at the
particle surface. If these counterions are separated from or sheared off the particle by
electrophoresis, a streaming potential can be measured in mV (Figure 30B). The
measurement usually involves converting the electrophoretic mobility by the equip-
ment software into zeta potential data through Smoluchwski’s approximation [24].
When performing the zeta potential measurement, it is important that the pH and the
temperature are controlled with continuous dispersion of the NBC [83]. A negative

Figure 29.
DLS investigation with nanoparticles’ dimensional distribution: nanoparticles from 0.5% PNIPAM/PVA
concentration with various methyl oleate concentrations (top); nanoparticles from 5% PNIPAM/PVA
concentration with various methyl oleate concentrations (bottom) [29].

Figure 30.
(A) ZETA potential of PVA, PNIPAM, and PNIPAM/PVA/MO nanoparticles (a); Schematic representation of
nanoparticles core-shell structure (b) [29]. (B) Effect of initial solution pH on zeta potential of amphoteric SNPs
(CM-SNPs- C-2), CMSNPs, and CSNPs-2 [56].
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charge in an NBC surface favors the stability and prevents aggregation (self-
accumulation) of NPs. Zhou et al. reported enhanced stability of negatively charged
sinapic acid-grafted-chitosan NPs loaded with black rice anthocyanins when com-
pared to chitosan NPs alone [39]. Wang et al. reported the presence of a negative
surface charge following grafting succinyl chitosan, which can be attributed to the
ionizable –COOH group present at the NP surface at pH 7.4 [41]. Similar observations
were reported by Chang et al. while monitoring the zeta potential change with pH in
starch-modified NPs [56] (Figure 30B).

Many published data have reported the use of zeta potential in NBCs characteri-
zation. The following are examples: cellulose NBCs [86], glucose-conjugated chitosan
[48], starch [44], pectin [43], chitosan [7, 46], lecithin/chitosan phthalate and Phenyl
succinate [79], etc.

3.5 Adsorptive properties

Surface adsorptive properties of NBCs, have a significant impact on its application
as a drug delivery system, for example, for surface drug loading, functionalization by
ligands (antigens, antibodies, etc.), enzyme immobilization, etc. [87, 88]. Addition-
ally, It affects NBCs recognition, phagocytosis, elimination by macrophages, which
can then further affect their transport and fate in the body [3, 15, 89].

Depending on the type of biocomposite, adsorption is highly affected by pH, ionic
strength, adsorbent concentration, contact time, and temperature. Adsorption exper-
iments can usually be conducted by shaking the NBCs or the polymer with variable
concentrations of an adsorbent in a suitable container for a proposed time interval.
The solutions are usually agitated at a constant speed in a temperature-controlled
water bath at different temperatures for the required period. At a predetermined
interval, samples are withdrawn, centrifuged, and the concentration of the adsorbent
is analyzed using a suitable quantifying technique like UV [90, 91].

Natural polymers like chitosan have –NH2 and –OH adjacent to –NH2 in its back-
bone, which enhances its adsorption properties for many metal ions such as alumi-
num, silver, zinc, etc. [90]. Lee et al. investigated the adsorption of mucin to chitosan
(mucoadhesiveness) during evaluating thiolated CS Intranasal delivery of theophyl-
line [92] Similarly, the hydroxyl groups on the surface of nanocellulose(cellulose
nanofibrils and cellulose nanocrystals) allowed electrostatic adsorption, making them
suitable for enzyme/protein immobilization [93].

Adsorption evaluation generally involves gentle mixing of a precise volume of
NBCs dispersion with a fixed volume of drug, enzyme, or metal solution, etc., with
continuous shaking at a specific speed in a thermostat-regulated shaker at 25°C. Once
equilibration is attained (e.g., 20 h), the mixture is filtered, and the concentration of
residual adsorbent (enzyme, etc.) in the filtrate is determined by UV–VIS spectro-
photometry. Oshima et al. reported this method in measuring the adsorption of
protein (lysozyme) to the surface of phosphorylated cellulose using Eq. (4) [91]:

%Adsorption ¼ Co� Ce
Co

� 100% (4)

Amountadsorbed qð Þ umol=gm½ � ¼ Co� Ce
W

� V

Where C0 and Ce are the protein concentrations before and after adsorption in
mol/ml, W is the dry mass of adsorbent in gm, and V is the volume of solution in ml.
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Adsorption isotherms of enzymes like lysozyme can be obtained at constant temper-
ature (for example, 30°C) using aqueous solutions containing varying concentrations
of lysozyme and adsorbents [91].

The effect of molecular weight on NBCs has a great role in adsorption
properties. Riegger et al. investigated the impact of molecular weight of six
commercially available, highly deacetylated chitosan based NP on the adsorption of
diclofenac and carbamazepine. They reported an adsorption capacity of up to
351.8 mg/g diclofenac for low MW chitosan NPs, and all chitosan NPs showed supe-
rior adsorptions when compared to untreated chitosan. Hence, the results suggested
the use of the prepared chitosan NPs as promising adsorbers for diclofenac and
carbamazepine [85].

3.6 Gelling properties

Gel formation can be obtained using many natural polymers like alginate and
chitosan, etc., which are capable of forming a 3Dimetnional structure upon
crosslinking of their polymeric chains. Remarkably, a hydrogel is one type of gel that
swells upon exposure to water, enabling its use in the delivery of many drugs [94].
The type and degree of crosslinking affect the nature of the gel, either tough or soft
gel, the solubility, and its mechanical strength [4, 95]. There are two types of methods
to prepare gels: physically (by a change in pH or temperature) and chemically (by
electrostatic, covalent crosslinking, biological cell crosslinking, free radical polymeri-
zation, and click chemistry) [40, 66]. In general, ionic gelation favors mild conditions
and results in soft gels (solvent, pH and temperate, etc.) [96]. Alginate has dominated
among all hydrogels and is the most widely used hydrogel for encapsulation due to its
low cost, high availability, and durability, as well as its nontoxicity to host organisms
and well-established encapsulation process. When multivalent cations like Ca2+ are
present in an aqueous solution, certain polymers like alginates and the like have the
necessary characteristics to construct suitable matrices [11, 97]. Alginate has been
successfully used to encapsulate cells [98].

On the other hand, covalent crosslinking involves harsh conditions (toxic materials
like glutaraldehyde, high temperature, etc.) and favors more tough gels [29, 66].
Biocomposites like pectin/chitosan gel prepared by the casting method have been
optimized by varying their components using lactic acid or glycerol as solvents. Also,
an antibacterial test against Bacillus subtilis confirms that the pectin and chitosan
retains their antibacterial property in biocomposite materials [99].

3.6.1 Visual, optical transparency (clarity) and surface evaluation of hydrogels

The clarity and surface smoothness of gels mainly depends on the presence and
structure of insoluble components [100]. The transparency of a gel indicates the
solubility of the components and homogeneity of the fabrication process. Direct
evaluation of visual transparency is performed by the eye, while the optical transpar-
ency of the formulated hydrogel is analyzed by a UV as described previously [101].
100% light transmittance in distilled water indicates the optical transparency of a
hydrogel. It is important that both of these measurements are performed at different
temperatures, for example, 25 and 37°C, accompanied by pH measurement. Addi-
tionally, SEM analysis is usually performed to evaluate the smoothness, homogeneity,
or heterogeneity of the gel surface [66].
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3.6.2 Sol–gel transition behavior, gelation time, and gelation temperature

A sol–gel transition occurs through additional intermolecular interactions of a
hydrophobic nature, leading to the formation of a turbid gel that can be achieved by
exposure to variable temperature, pH, or shaking. It must be determined at a physio-
logical temperature 37°C) since it will greatly affect the drug release, injectability and
storage conditions [96]. The gelation temperature is usually measured by placing the
polymer solution in a glass vial and exposing it to heat with gentle shaking. The
content is observed for gelation on intervals while inverting the glass vial at a 90°
angle for 1 min. Once flowability is stopped, the temperature is recorded as a gelation
temperature. The time needed for a solution to stop flowing (gel formation) is termed
gelation time [96, 102].

3.6.3 Sol–gel fraction

Sol–gel fraction examination is carried out to determine the sol and gel fraction in
any prepared hydrogel. The liquid portion of the hydrogel is expressed as the sol
fraction. In this test, discs of the dried hydrogel are weighed(Wi) and kept in boiling
water at 100°C for approximately 4 h. After a certain time, the discs are removed from
the water bath and dried at room temperature for 24 h or a low-temperature oven to a
constant weight (Wd). For calculating the sol and gel fraction of the hydrogel, Eq. (5)
is employed [103]:

GF% ¼ Wd
Wi

� 100% (5)

s ¼ 1�GF

where s is the sol fraction, GF is the gel fraction.

3.6.4 Water absorption capacity (WAC)/fluid uptake ability

This test usually involves immersing an accurately weighed film or hydrogel in
water or suitable fluid at room temperature and allowing it to equilibrate. Following a
specific time (6 and 24 h), the sample is removed, and the surface water fluid is
removed (wiped) gently and re-weighed. Water content /fluid uptake (%WAS) is
usually determined by a precise balance and calculated using the Eq. (6) [103]:

%WAC ¼ Ws�Wd
Wd

� 100% (6)

where Wd and Ws are the weights of the dry sample and wet sample, respectively.
A similar procedure is applied in measuring the Fluid uptake ability by immersing the
weighed samples in PBS (pH 7.4) and artificial saliva (pH 6.2) at 37°C.

Additional tests to characterize NBCs-based gels include:

3.6.5 Surface wettability

This can be evaluated as a static water contact angle by monitoring a water droplet
from different locations using a contact angle analyzer [103].
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3.6.6 Hydrogel oxygen and water permeability

The oxygen transmission rate (OTR) of the films is needed for dermal dressing to
ensure the non-occlusiveness of hydrogel/films. Usually, it is determined by an oxy-
gen permeation analyzer at 25°C and 0% relative humidity. In this test, one side of the
sample is exposed to a nitrogen atmosphere, while the other side is exposed to an
oxygen atmosphere. When the concentration of oxygen on the nitrogen side becomes
constant, the test is considered complete [104].

On the other hand, water vapor permeation is measured by a water permeability
analyzer. The pre-weighed sample is placed in a test dish containing a desiccant, and
the assembly is placed in a controlled atmosphere at 37°C and 98% relative humidity.
Periodic weighting is performed to determine the rate of water vapor movement
through the specimen into the desiccant and plotted against time [103].

3.7 Mechanical properties

The need to measure the mechanical properties (elasticity and flexibility) is man-
datory in formulations applied directly to the skin or the tissues. NBCs hydrogels are
flexible, porous and can be fabricated by chemical or physical crosslinking
nanomaterials as described previously. Varying the conditions of the crosslinking
process (crosslinker type, time, temperature, etc.) can be used to achieve a strong,
flexible hydrogel [105].

Among the important mechanical properties are tensile strength (TS) and elonga-
tion at break (EB), which are measured using a tensile strength tester. TS and EB are
usually calculated using the Eq. (7) [106]:

TS ¼ Maximum force : Film thicknessð Þ � Film widthð Þ (7)

EB ¼ ΔL� L0
100

Where ΔL and L0 are the elongation of the specimen at the moment of break, and
the initial length of the specimen, respectively.

The effect of additives on the mechanical strength of NBCs has been studied by
Kassab et al. They investigated their mechanical reinforcement capability for k-
carrageenan biopolymer on cellulose nanocrystals (CNC). The obtained CNC was
dispersed into a k-carrageenan biopolymer matrix at various CNC contents (1, 3, 5,
and 8 wt%), and the prepared films were further characterized. The incorporation of
CNC enhanced the mechanical properties compared with the neat k-carrageenan (k-
CA) film, as seen in Figure 31. All nanocomposite films have higher tensile strength
compared to films based on neat k-CA biopolymer. This is attributed to the great
improvement attained by the addition of CNC. Furthermore, the researchers reported
an increase in the modulus and strength by increasing the CNC content from 1 to 8 wt
%, with slight variation in the toughness of CNC of the biocomposite [65].

Chaichi et al. implemented a statistical optimization approach to study the effect of
additives like Ca2+ as a crosslinker and glycerol on the tensile strength of NBCs. The
researchers demonstrated that Ca2+ ions could significantly reduce the swelling and
elongation to break while increasing the tensile strength of the NBCs [106]. In a
similar study, Chiaoprakobkij et al. reported curcumin-loaded film’s formulation
based on bacterial cellulose/alginate/gelatin using mechanical and casting methods.
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Films were stretchable with the appropriate stiffness and enduring deformation,
which enabled dermal application when sufficiently hydrated. Additionally, the films
have good mucoadhesive properties, which enhance the antibacterial activity of
curcumin against E. coli and S. aureus [78].

3.7.1 Tensile strength and elongation to break

The consistency among the polymer chains, flexibility (elongation before break-
age), and ability to resist extension can be measured using tensile strength [106].
Adam et al. studied the effect of incorporating gum Arabic κ-carrageenan
biocomposite in hydroxypropyl methylcellulose (HPMC) hard capsules shell. The
optimization involved the use of variable ratios of the hard capsule constituents in
order to achieve a capsule with good tensile strength and optimum disintegration
time. The researchers suggested that this biocomposite can be an alternative to
ordinary gelatin used in capsule shell formulation [107].

3.7.2 Stiffness of the material

Kurowiak et al. described the measurement of sodium alginate-based hydrogel
when subjected to static tensile testing to determine its elasticity (Young’s modulus).
The studies showed that hydrogel crosslinked with calcium ions showed a lower
mechanical strength compared to the one crosslinked with Ba2+ cations (Figure 32).
The researchers attributed the difference to the increased barium affinity to alginate
monomers (G blocks), resulting in a hydrogel by forming the egg-box structure,
characteristic of alginate NPs [108].

3.8 Rheological properties

Rheology is the study of how materials deform when a force (shear) is applied to
them. Rheological properties affect fabrication conditions and the quality of the
fabricated products. These materials are mostly liquids or liquid-like materials.
Rheological measurements are also very useful for characterizing the flow properties
of emulsion systems and predicting their behavior during manufacturing, storage, and
drug administration [66, 109].

Figure 31.
Typical stress–strain curves of neat k-carrageenan (k-CA) film and its nanocomposites at different CNC contents
(1–8 wt%) [65].
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Basically, the rheological properties of NBCs are affected by the natural polymer
properties and the additives included within the formula and the technique used in the
formulation. The control of these two factors allows the optimization of the formula to
suit the application in relation to the route of administration, for example, ocular,
nasal, at the tumor site by injection, etc. Properties that can affect the rheology of
NBCs include molecular weight (MW) and its distribution (MWD), morphological,
molecular structure, and orientation under electric or magnetic fields. High molecular
weight polymer exhibits thixotropic behavior with high resistance to extreme tem-
peratures, freeze–thaw cycles, pHs, and salt concentrations [15]. Formulation factors
include the presence of an additional compound or impurities (crosslinkers, surfac-
tants, stabilizer, etc.), the solvent used, ionic strength, pH, NBCs concentration,
pressure, and temperature [71]. It should be noted that in strongly crosslinked sam-
ples, no rheological measurements could be performed due to their brittle properties.
Sample assessment includes carful control of temperature and prevention of the
solvent evaporation [66, 71].

Rheometers can be divided into two categories: rotational and capillary types. Two
major types of rheological experiments can be performed utilizing parallel-plate or
rotational rheometer, the sweep tests (varying strain, frequency, and temperature)
and the steady shear sweeps (Figure 33) [110]. The principle of each test and exam-
ples are described in the following paragraphs.

3.8.1 Flow curves (steady shear flow)

The importance of having a consistent viscosity during storage is a vital feature of
drug delivery systems. Flow curves describe the rheological behavior of a material,
more specifically, the dependency of the viscosity on the applied shear rate and the
tendency of a material to flow. The plot is represented by viscosity as a function of
shear rate (log relationship can be used). These are usually used to evaluate the
viscosity of hydrogels using different crosslinking ratios. Formulation of NBCs in the
nanoscale can increase the viscosity. Ahmad et al. reported that the viscosity of starch-
based NPs dispersion was influenced by the shape, size, and distribution of the starch

Figure 32.
Strain–strain analysis plot for the proposed sodium alginate-based material cross-linked with Ca2+ or Ba2+ cations
using different cross-linking times after 72 h cross-linking time [108].
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granules and also by the amylose content with variable viscosity depending on the
source of starch. As can be shown in Figure 34, a decrease in the size of starch at the
nanoscale increased the viscosity of the dispersion compared to the native starch [44].

Mishra et al. reported improved shear stability of the polyacrylamide-grafted pec-
tin hydrogel compared to the pectin-based hydrogel. The viscosity of the polymer
solutions decreases with an increase in shear rate. Both the aqueous 5% solutions of
grafted Pectin and Pectin showed strong pseudoplastic behavior. As can be seen in

Figure 33.
(A)Time sweep, (B) Strain sweep, (C)Temperature sweep, (D) Frequency sweep, and (E)Creep Compliance,
(F)Creep Recovery [95].

Figure 34.
Flow curves (steady shear flow) for native and nano starch particles against shear rate.: Horse chestnut particle
(HSP), Water chestnut Particle (WSP), Lotus stem particles (LSP), Horse chestnut (HS), Water chestnut (WS),
and Lotus stem (LS) [44].
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Figure 35, at low and high shear rates, the viscosity of the grafted pectin solution was
higher than the pectin solution. This suggests that grafted pectin solution was more
shear stable than the ungrafted pectin, which can be attributed to longer branches in
the grafted pectin [49].

In addition, studying the viscosity dependence on the shear rate enables the clas-
sification of the hydrogel into those which exhibit thixotropy or its opposite phenom-
enon, rheopexy behavior. In this test, the sample is exposed to an increased shear rate,
and the viscosity of the hydrogel decreases up to a certain minimum which indicates
thixotropic behavior. After this, the shear rate is reduced, which leads to increased
values in the viscosity, which are higher than the original viscosity values for the
respective shear rate. This phenomenon is known as negative thixotropy or rheopexy.

3.8.2 Time sweep test

This test evaluates structural changes for a specific material after applying a shear
over a certain time. These changes can be observed following evaporation of the
solvent, curing, gelation, polymer degradation, or recovery. For example, the gelation
time can be related to the kinetics of the gelation reaction, which is defined as the
crossover point of the storage (G0) and loss (G″) modulus [95]. It should be empha-
sized that no rheological measurements could be performed for strongly crosslinked
samples due to their brittle properties [111]. Stanescu et al. reported that the
uncrosslinked samples of bacterial cellulose (BC)/chitosan NBCs loaded with silver
sulfadiazine showed the lowest shear viscosity values compared to crosslinked NBCS
(Figure 36A) which, can be attributed to network development during crosslinking
process. The prolonged exposure to the crosslinker resulted in a higher shear viscosity.
Additionally, the presence of BC reduces CS shear viscosity when compared to CS
alone (Figure 36B), which showed higher shear viscosity values [29].

Strain sweep test (amplitude sweep).
This test is used to characterize hydrogels using increasing oscillatory strain at a

constant frequency on the storage (G0) and loss (G″) modulus of the hydrogel to
determine the linear viscoelastic region (LVR) (Figure 37A) Jannatamani et al.

Figure 35.
Viscosity versus shear rate curve of 5% grafted pectin solution(A); Viscosity versus shear rate curve of 5% pectin
solution(B) [49].
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evaluated nano-hydrogels and films based on the wood Cellulose NanoFibers
(WCNF), Bacterial Cellulose NanoFibers (BCNF), and Chitin NanoFibers (ChNF
LVR). At low shear stress, the moduli are independent of the increasing stress. How-
ever, as the stress is increased, the G0-G″ crossover point potentially reaches, at which
the gel–sol transformation occurs, and the material starts to behave like a fluid.
Additionally, a Strain sweep in hydrogels can be used to estimate the threshold strain
required above which shear thinning behavior is observed (Figure 37B) [112].

3.8.3 Temperature sweep

Sometimes it is termed the temperature ramp test, which enables predicting the
structure of the hydrogel, and its stability when subjected to a certain range of

Figure 36.
Rheological behavior (shear viscosity) measurements for (A) Bacterial Cellulose (BC)/chitosan and (B) chitosan
alone [29].

Figure 37.
Storage and loss modulus of 0.5 wt% (A) and 1 wt% (B) concentration of WCNF, BCNF, and ChNF nano-
hydrogels as a function of strain [112].
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temperatures. This can be achieved by studying the storage (G0) and loss (G″) modu-
lus in a certain temperature range with an evaluation of the sol–gel transition of the
hydrogel (Figure 33C). The point at which the viscosity drops suggests the tempera-
ture above which the hydrogel starts to degrade or de-crosslink. Plotting the viscosity
vs. temperature will enable predicting the temperature when a hydrogel will degrade
or uncrosslinked [95].

3.8.4 Frequency sweep

The effect of additives on viscoelastic properties of hydrogel can be studied by
varying the frequency and evaluating its relationship with the storage (G0) and loss
(G″) modulus (Figure 38). Ajovalasit et al. used a frequency sweep test to evaluate the
impact of additives like glutaraldehyde glycerol and PVA on the properties of
Xyloglucan-based hydrogel films for wound dressing. They found that the addition of
glycerol does not impact the rheological properties, whereas the addition of glutaral-
dehyde moves the G0 and G″ crossover point to lower frequencies. Interestingly, the
addition of PVA decreases the storage and loss modulus values (G0 and G″) [113].

3.8.5 Creep compliance, creep recovery, and stress relaxation

This test is used to evaluate the elasticity of hydrogel films when a sample is
subjected to a constant static load (strain) and how the structure recover following
withdrawing this strain. In addition, it enables predicting hydrogel behavior following
frequent use in real. Thus an increasing strain reaches an equilibrium after a certain
time. After that, no further stress is applied, and the recovery of the sample is
recorded over a certain fixed time [95].

Stress relaxation is the inverse of the creep compliance test, where a stress relaxa-
tion test subjects the sample to a constant strain and measures the stress exerted by the
sample. It gives an idea of how well materials can dissipate stress over time at a
constant strain. Craciun et al. evaluated the rheological properties of chitosan-based
hydrogel compared to chitosan/ pyridoxal 5-phosphate (vitamin B6 precursor) based
hydrogels used for local action, in tumors or on wounds. Chitosan (NH2 source) and

Figure 38.
Dynamic mechanical analysis in frequency sweep mode of precursor dispersions and films. Solid symbols: storage
modulus; open symbols: loss modulus. (A) Aqueous XG and XG/ PVA before (XG_disp and XG-PVA_disp) and
after addition of glycerol (XG(Gro 1)_disp and XG-PVA(Gro 1)_disp). (B) Precursor aqueous dispersions of the
chemical films obtained by addition of glutaraldehyde in the same samples illustrated in panel (a) [113].
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the aldehyde of pyridoxal (CHO) form hydrogel simultaneously due to imine group
formation. The study revealed the dependence of gel formation on the ratio of NH2/
aldehyde ratio of chitosan /pyridoxal 5-phosphate (Figure 39). A higher recovery
degree was achieved when the ratio was less than 3 [40].

4. Conclusion

Nanobiocomposites have been investigated in many fields, including the medical
and pharmaceutical fields. For a successful application of NBCs as a drug delivery
system, it is essential to perform an extensive physicochemical characterization of
these NBCs. Each property discussed in this chapter has an extreme effect on the final
appropriateness of these NBC as a drug delivery system. The impact of these proper-
ties can vary from drug-polymer interaction to therapeutic efficacy, safety, and sta-
bility. Therefore, a comprehensive characterization of each property will enhance
achieving a safe and effective drug delivery system.
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Figure 39.
Effect of NH2/aldehyde ratio on the structure recovery ability determined by the continuous step strain
measurements with various dilutions and NH2/CHO ratios [40].
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Chapter 3

Reactive Extrusion as an 
Environmentally Friendly 
Technology for the Production of  
Bio(Nano)Composites: 
Implementation and Characterization
Silvester Bolka and Blaž Nardin

Abstract

The influences of reactive extrusion of poly(lactic acid) (PLA)-based bio(nano)
composites on their properties are described. Reactive compatibilizers were used to 
enable good dispersion of natural (nano)fibers in the thermoplastic matrix consisting 
of PLA/poly(butylene adipate-co-terephthalate) (PBAT) and PLA/polycarbonate 
(PC) blends. At the same time, chain extenders were used for the modification of 
immiscible thermoplastics, PLA and PBAT, in order to achieve good miscibility of the 
PLA/PBAT blend. In the experimental part, the main obstacle of PLA, its brittleness, 
was improved in three different series of bio(nano)composites. Reactive extrusion 
with PLA/PBAT blends and the addition of hops as a chain extender and compatibil-
izer increased the elongation at break of the bio(nano)composite by more than 240% 
and the impact strength by 200% compared to neat PLA. Reactive extrusion of PLA/
PBAT blends and addition of 1% nanocrystalline cellulose (NCC) with additives 
increased the elongation at break by more than 730% compared to pure PLA, and 
the sample did not break during the impact testing. Reactive extrusion with PLA/
PC blends and the addition of 1 wt% NCC with additives increased the elongation at 
break by more than 90% and the impact strength by more than 160% compared to 
pure PLA.

Keywords: bio(nano)composites, reactive compounding, hops fibers, NCC, 
characterization

1. Introduction

Biopolymers, biopolymer blends, and biocomposites are becoming more and 
more interesting for research and industry because they have less impact on the 
environment. Researchers are making great efforts to avoid the disadvantages of 
biopolymers. Environmentally friendly materials, especially biodegradable ones, such 
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as PLA, poly(3-hydroxybutyrate) (PHB), poly(ɛ-caprolactone) (PCL), poly(butylene 
succinate) (PBA), and PBAT, are attracting great interest from researchers and 
industry [1]. The properties of PLA together with its processability on conventional 
equipment make it possible to replace conventional petroleum-based thermoplastics 
[2, 3]. There are numerous research efforts in the field of reactive modification of 
biopolymers using various reactive agents, such as organic peroxides and multi-
functional coagents, for modification with crosslinking [4–6]. Researchers reported 
the degradation of PLA in combination with crosslinking by modifying PLA with 
peroxides [7–12]. Compatibilization can be used for the modification of biopolymers. 
Compatibilization of immiscible polymers can be performed by adding nonreac-
tive agents, reactive agents, crosslinking, and double-functionalized polymers or 
with mechanochemistry where temperature and shear create macroradicals during 
compounding. Reactive compatibilization is a very cost-effective processing tech-
nology, an environmentally friendly process because it is solvent free, requires no 
special equipment, and can be easily up-scaled to industrial production [13]. A chain 
extender was used for the PLA/PBAT blend, which improved elongation at break, 
tensile strength, and impact resistance [14]. For the PLA/poly(3-hydroxybutyrate-
co-3-hydroxyvalerate)/PBAT ternary blend, an epoxy-based styrene-acrylic oligomer 
with low functionality was used, which improved tensile strength and elongation at 
break [15]. For the PLA/PBAT blend, a bio-based chain extender (epoxidized car-
danol prepolymer) was used, which improved tensile strength, elongation at break, 
and toughness [16]. Epoxy-functionalized oligomer as a chain extender was used for 
PLA/PBAT/flax fiber composites, where stiffness and strength were improved [17]. 
For microcellulose and nanocellulose, the cellulose surface is chemically modified to 
improve the surface interaction of cellulose with the polymer matrix, usually by ester-
ification and silanization or by plasma and corona surface treatment, which is also 
required in the case of PLA matrix [18]. Unmodified bacterial cellulose nanowhiskers 
were incorporated into the PLA matrix by electrospinning, followed by the incorpora-
tion of nanostructured fiber into the PLA matrix by melt blending. The stiffness and 
strength were increased, while the ductility remained at the level of pure PLA [19]. 
Major research efforts have been devoted to improve the reactive compatibility of 
PLA, including with petroleum-based polymers. Chain extenders were used for the 
PLA/PC blend to increase toughness [20]. The tougher PLA base blend was mixed 
with PC, hydrogenated styrene-butadiene-styrene block copolymer and using a reac-
tive compatibilizer and poly(ethylene-co-glycidyl methacrylate). Thermal stability 
and excellent toughness were achieved [21].

2. Materials and methods

2.1 Samples

Commercially available PLA with the trade name Ingeo 4043D was provided by 
Plastika Trček, Slovenia. A commercially available PC with the trade name Lexan 243 
R was purchased from the company Sabic, Austria. NCC was donated by the company 
Navitas, Slovenia. Commercially available SEBS-g-MA with the trade name FG 1901 
GT was purchased from Kraton, Germany. Commercially available TPU copolymer 
with trade name Kuramiron U TU-S5265 was purchased from Kuraray, Germany. 
Commercially available CaCO3 with the trade name Calplex Extra was donated by 
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Calcit, Slovenia. A commercially available chain extender with the trade name Joncryl 
ADR 4468 was purchased from the company BASF, Netherlands. Commercially 
available PBAT with the trade name Ecoflex F Blend C1200 was purchased from the 
company BASF, Netherlands. Commercially available hops with the trade name Styrian 
Aurora were donated by the Slovenian Institute of Hop Research and Brewing, Slovenia.

Three different series of samples were produced. The first series was a toughness 
modification of PLA by blending with PBAT, adding a Joncryl chain extender to 
improve the miscibility of PLA and PBAT, and adding a modified TPU compatibilizer 
to improve the interactions between the hops and the thermoplastic matrix, since 
hops without surface treatment were used. The composition of the samples of the first 
series is shown in Table 1.

For the second series of samples, the toughest version from the first batch of 
samples was used, to which 1 wt% NCC was added. The composition of the second 
series of samples is shown in Table 2.

For the third series of samples, PLA was blended with PC to increase toughness 
and maintain stiffness and strength at a high level. NCC was added to the thermoplas-
tic blend, to which two compatibilizers were added, at three different concentrations. 
In addition to the modified TPU, modified SEBS was also used to maximize the tough-
ness of the bio(nano)composite because it has a high content of PC and the toughness 
is limited. The reactive compounding was performed twice. The composition of the 
third series of samples is shown in Table 3.

2.2 Reactive compounding

Reactive compounding was used to improve the surface interaction of NCC and 
hops with the thermoplastic matrix. The NCC and hops used were not surface-
treated. The role of the compatibilizer was to ensure good surface interaction of  
the NCC and hops with the thermoplastic matrix and to ensure good dispersion of the 

Sample PLA (wt%) PBAT 
(wt%)

TPU (wt%) Joncryl 
(wt%)

NCC 
(wt%)

PLA 100 0 0 0 0

PLA15PBAT10H 70 15 4.5 0.5 10

PLA15PBAT5H 75 15 4.5 0.5 5

PLA20PBAT5H 70 20 4.5 0.5 5

Table 1. 
Composition of the samples of the first series.

Sample PLA (wt%) PBAT (wt%) TPU (wt%) Joncryl (wt%) NCC 
(wt%)

PLA20PBAT 74.5 20 5 0.5 0

PLA20PBAT 
1NCC-1

73.5 20 5 0.5 1

Table 2. 
Composition of the samples of the second series.
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NCC and hops in the thermoplastic matrix by qualitatively wetting the surface of  
the NCC and hops to prevent its agglomeration. To ensure good wettability of the 
NCC surface and its dispersion, high shear was used in reactive compounding and, 
in the case of the PLAPC samples, multiple compounding cycles were used. High 
shear was achieved by high screw speeds during reactive compounding and the lowest 
possible processing temperature for the bio(nano)composites. In parallel, multiple 
reactive compounding cycles can be used to mimic the recycling of bio(nano)com-
posites. The behavioral changes during multiple processing of bio(nano)composites 
can be studied. Reactive compounding is an existing technology for modifying PLA. 
Thus, the main drawback of PLA, namely its brittleness, can be improved by reactive 
compounding by preparing a blend of PLA and a tough thermoplastic with the addi-
tion of natural fibers and a reactive additive.

For the first reactive extrusion cycle, the materials were mixed separately and 
extruded on the Labtech LTE 20–44 twin-screw extruder. The screw diameter was 
20 mm, the L/D ratio was 44:1, and the screw speed was 600 rpm. The temperature 
profile for the PLAPC and PLAPBAT samples increased from the hopper (165°C and 
145°C, respectively) to the die (200°C and 180°C, respectively). Vacuum extraction 
was performed during reactive extrusion to remove the volatile gaseous products 
of reactive extrusion. The vacuum was set at 50 mbar. After compounding, the two 
produced filaments with a diameter of 3 mm were cooled in a water bath and formed 
into pellets with a length of about 5 mm and a diameter of 3 mm.

In the case of the second reactive extrusion cycle in the samples PLAPC, the 
produced pellets of bio(nano)composites were extruded on the same extruder with 
identical extruder settings.

2.3 Injection molding

Injection molding was performed on Krauss Maffei 50–180 CX injection molding 
machine with a screw diameter of 30 mm and a clamping force of 500 kN. The cold 
runner mold was used to produce the samples. The mold had two cavities, one with a 

Sample PLA 
(wt%)

PC 
(wt%)

SEBS 
(wt%)

TPU 
(wt%)

CaCO3 
(wt%)

NCC 
(wt%)

Compounding 
cycles

PLAPC 42 40 10 5 3 0 1

PLAPC 
1NCC-1

41 40 10 5 3 1 1

PLAPC 
1NCC-2

41 40 10 5 3 1 2

PLAPC 
2NCC-1

40 40 10 5 3 2 1

PLAPC 
2NCC-2

40 40 10 5 3 2 2

PLAPC 
5NCC-1

37 40 10 5 3 5 1

PLAPC 
5NCC-2

37 40 10 5 3 5 2

Table 3. 
Composition of the samples of the third series and the number of compounding cycles.
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dumbbell-shaped mold of type 1BA (ISO 527-1), and the second with a cuboid shape 
(ISO 178/ISO 179). The temperature profile for the PLAPC and PLAPBAT samples 
was increasing from the hopper (185°C and 165°C, respectively) to the mold (200°C 
and 185°C, respectively), the injection speed was set to 60 mm/min, and the mold 
temperature was set to 30°C and 20°C, respectively, and the cooling time was set to 
10 s and 15 s, respectively. During plastification, the backpressure for the PLAPC 
and PLAPBAT samples was set to 150 bar and 250 bar, respectively, and the screw 
speed was set to 50 rpm and 200 rpm, respectively. The high backpressure was used 
to remove air pockets in the melt and to achieve the best possible homogeneity of the 
melt. For the PLAPC samples, a low screw speed was used to prevent thermal degra-
dation of the bio(nano)composite melt and to minimize shear during processing due 
to the higher processing temperature of the PLAPC samples.

2.4 Methods for characterization of the bio(nano)composites

Flexural and tensile tests were performed on the Shimadzu AG-X plus according to 
ISO 178 and ISO 527-1, respectively. Five measurements were taken for each speci-
men. In tensile tests, tensile stiffness (Et), tensile strength (σm), tensile yield strain 
(ɛm), and elongation at break (ɛtb) were determined. In bending, the flexural stiffness 
(Ef), flexural strength (σfM), and yield strain (ɛfM) were evaluated.

Thermomechanical properties were investigated using a Perkin Elmer DMA 8000 
dynamic mechanical analyzer. TT_DMA software, version 14,310, was used to evalu-
ate the results. The viscoelastic properties of the samples were analyzed by recording 
the storage modulus (E’), loss modulus (E”), and loss factor (tan δ) as a function of 
temperature. The viscoelastic analyses were performed on specimens with dimen-
sions of approximately 42 x 5 x 2 mm. The samples were heated at 2°C/min from room 
temperature (23°C) to 180°C under an air atmosphere. A frequency of 1 Hz and an 
amplitude of 20 μm were used in dual-cantilever mode.

Thermal measurements were performed using a differential scanning calorimeter 
(DSC 2, Mettler Toledo) under a nitrogen atmosphere (20 mL/min). The temperature 
of the samples was raised from 0 to 200°C at a heating rate of 10°C/min and held in 
the molten state for 5 min to erase their thermal history. After cooling at 10°C/min, 
the samples were reheated at 200°C at 10°C/min. The crystallization temperature 
(Tc), crystallization enthalpy (ΔHc), glass transition temperature (Tg), cold crystal-
lization temperature (Tcc), cold crystallization enthalpy (ΔHcc), melting temperature 
(Tm), and melting enthalpy (ΔHm) were determined using the cooling and the second 
heating scan.

Crystallization behavior on samples PLAPC was determined on Mettler Toledo 
Flash DSC 1 with Huber intercooler TC45 and nitrogen purge gas (50 mL/min). 
Samples were cooled from melt (200°C) to the desired temperature, rapidly heated to 
the aging temperature (90°C for 100 s), rapidly cooled to 15°C, reheated at 120°C, and 
then cold crystallized at 120°C at various times (from 0.1 s to 2400 s). All cooling and 
heating segments were rapidly cooled and heated (500°C/s) to prevent crystallization 
during cooling and heating. The first heating run was performed from 15–200°C. 
For the evaluation of the heating section, segment No. 12 was taken and the melting 
temperature and melting enthalpy were characterized. The mass of the samples was 
determined using the normalized change in specific heat capacity at the glass transi-
tion based on the evaluation of DSC 2 measurements.

Impact tests were performed on Pendel Dongguan Liyi test equipment, type LY -XJJD5 
impact testing machine according to ISO 179. The impact test specimens were injection 
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molded according to ISO 179 and had dimensions of 80 x 10 x 4 mm. The pendulum with 
5 J was used for the evaluation of the impact test.

3. Results and discussion

3.1 Mechanical properties

The tensile and flexural results are shown in Table 4 and Figure 1. The results for 
the PLA sample are used as reference values for all other modifications by reactive 
compounding and for evaluating the usability of reactive compounding.

3.1.1 Results of the first-reactive compounding series

When hops were added to the blend of PLA and PBAT, increasing hops decreased 
tensile stiffness, strength and elongation at break, slightly increased flexural stiff-
ness, decreased flexural strength, and flexural elongation. Simultaneously decreasing 
the hops content and increasing the PBAT content had no effect on tensile stiffness 
and decreased strength, but dramatically increased elongation at break, decreased 
flexural stiffness and strength, and increased elongation at flexural strength. It can be 
concluded that the addition of hops to the biocomposites lowered the strength, tensile 
stiffness, flexural stiffness, and elongation. The addition of PBAT lowered the stiff-
ness and strength, but dramatically increased the elongation at break. Adding PBAT 
to PLA can improve PLA’s biggest drawback, its brittleness. The second conclusion is 
that reactive compounding for the combination of the thermoplastic matrix of PLA 
and PBAT modified with the chain extender and the compatibilizer with the addition 

Sample Tensile test results Flexural test results

Et (GPa) σm (MPa) ɛtb (%) Ef (GPa) σfM (MPa) ɛfM (%)

PLA 3.17 ± 0.21 71.8 ± 1.0 4.8 ± 0.3 3.38 ± 0.07 105.2 ± 0.8 4.49 ± 0.04

PLA15PBAT 10H 2.47 ± 0.23 46.9 ± 0.7 3.9 ± 0.2 2.87 ± 0.02 71.5 ± 0.2 3.38 ± 0.01

PLA15PBAT 5H 2.59 ± 0.17 50.4 ± 0.5 8.9 ± 1.2 2.84 ± 0.01 74.1 ± 0.3 3.50 ± 0.01

PLA20PBAT 5H 2.45 ± 0.33 42.9 ± 0.8 16.5 ± 2.0 2.48 ± 0.01 64.3 ± 0.2 3.85 ± 0.04

PLA20PBAT 2.65 ± 0.24 44.7 ± 0.5 61.2 ± 10.6 2.16 ± 0.02 55.2 ± 0.4 3.74 ± 0.05

PLA20PBAT 
1NCC

2.15 ± 0.15 44.1 ± 0.4 39.9 ± 5.3 2.13 ± 0.01 53.2 ± 0.3 3.84 ± 0.03

PLAPC 2.17 ± 0.16 31.6 ± 0.3 4.8 ± 0.6 2.03 ± 0.02 48.2 ± 1.1 3.13 ± 0.28

PLAPC 1NCC-1 2.37 ± 0.31 40.5 ± 0.2 9.6 ± 0.4 2.08 ± 0.01 57.6 ± 0.3 4.68 ± 0.08

PLAPC 1NCC-2 2.44 ± 0.24 40.7 ± 0.4 9.5 ± 0.8 2.02 ± 0.01 55.6 ± 0.3 4.71 ± 0.06

PLAPC 2NCC-1 2.38 ± 0.27 37.4 ± 0.2 8.7 ± 0.9 1.95 ± 0.01 52.6 ± 0.3 4.84 ± 0.11

PLAPC 2NCC-2 2.33 ± 0.11 37.3 ± 0.4 8.8 ± 1.0 1.88 ± 0.01 51.1 ± 0.2 4.86 ± 0.14

PLAPC 5NCC-1 2.23 ± 0.07 36.6 ± 0.5 8.6 ± 0.6 1.94 ± 0.01 51.6 ± 0.5 4.77 ± 0.13

PLAPC 5NCC-2 2.01 ± 0.13 31.5 ± 0.6 4.6 ± 0.3 1.81 ± 0.01 40.4 ± 2.4 3.00 ± 0.49

Table 4. 
Summarized results from the tensile and flexural tests.
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of hops is the right technological approach for the production of biocomposites. The 
miscibility of the thermoplastics was achieved by the correct choice of the chain 
extender at the appropriate concentration, as the elongation at break at 20 wt% addi-
tion of PBAT to PLA and simultaneous addition of 5 wt% hops increased dramatically 
compared to the other biocomposites. Compared to the reference values for pure PLA, 
the stiffness and strength decreased significantly, but at the same time the elongation 
at break and an indicator of toughness was drastically increased.

3.1.2 Results of the second-reactive compounding series

The addition of NCC was compared with the mixture PLA/PBAT as a reference 
for the second series of samples. The addition of 1 wt% NCC decreased the stiff-
ness, strength, and elongation at break, but increased the flexural strain. Compared 
with the sample from the first series PLA20PBAT 5H, the stiffness of the sample 
PLA20PBAT 1NCC was lower, the strength was higher, and the elongation at break 
was much higher. The flexural properties were all lower. It can be concluded that the 
addition of 1 wt% NCC decreased the strength, stiffness, and elongation due to the 
poorer wettability of NCC. The processing conditions of bio(nano)composites are not 
optimal for the incorporation of NCC into the thermoplastic matrix. Nevertheless, 
the elongation at break of bio(nano)composites with NCC is significantly higher 
compared to the hops composite, indicating that NCC is a suitable additive to increase 
the toughness of PLA-based bio(nano)composites. Despite the nonoptimal reaction 
conditions, a drastically higher toughness was achieved compared to PLA/PBAT/hops 
biocomposites and also to the PLA reference.

3.1.3 Results of the third-reactive compounding series

The third series of samples was used to test NCC and the effect of multiple 
compounding cycles on the properties of bio(nano)composites. For this series, 
the PLAPC blend was used as a reference. Compared with the pure PLA, the blend 
exhibited lower stiffness and strength and the same elongation at break. Further 

Figure 1. 
Summarized results of the tensile strength (bars) and strain at break (line).
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addition of NCC increased tensile stiffness and flexural elongation at 2 wt% addi-
tion, but decreased strength and elongation at break. Adding 5 wt% NCC decreased 
stiffness, strength, and elongation. An additional compounding cycle with 1 wt% 
NCC addition increased tensile stiffness and strength and maintained elongation at 
break, increased flexural strength, and decreased flexural stiffness and strength. An 
additional compounding cycle with 2 wt% NCC additive lowered tensile stiffness 
while maintaining tensile strength and elongation at break, lowered flexural stiffness 
and strength, and increased flexural strength. An additional compounding cycle with 
5 wt% NCC addition reduced stiffness, strength, and elongation. Elongation was 
lower than for the PLA reference. It can be concluded that the reaction compounding 
conditions ensure good interfacial interactions between the thermoplastic matrix and 
the NCC and ensure good dispersion of the NCC in the thermoplastic matrix at NCC 
concentrations below 5 wt%. Comparing the first and the second reactive compound-
ing cycles, it can be concluded that with one additional cycle of the reactive com-
pounding with 2 wt% and 5 wt% NCC addition, degradation of PLA and possibly also 
of NCC already occurs, as evidenced by a decrease in tensile strength and elongation, 
which in the case of the PLA matrix is a good indicator of the onset of degradation of 
the PLA matrix, while the lower stiffness is an indicator of the onset of degradation 
of NCC. The degradation is most likely due to the high temperatures during reactive 
compounding and injection molding. It is more pronounced at higher NCC content, 
indicating simultaneous partial degradation of both the thermoplastic matrix and 
NCC. Reactive compounding of PLA and PC in the presence of a combination of two 
compatibilizers and a filler provides good miscibility of PLA and PC while ensuring 
good interfacial interactions and dispersion of NCC in the thermoplastic matrix at 
NCC concentrations below 2 wt%.

The highest tensile stiffness and strength were obtained for PLA15PBAT 5H with 
2.59 GPa and 50.4 MPa, lower than the PLA reference (3.17 GPa and 71.8 MPa). The 
highest elongation at break was obtained for PLA20PBAT 1NCC with 39.9%, much 
higher than the pure PLA reference (4.8%). If good thermal stability of the bio(nano)
composite is also required, then PLAPC 1NCC with a tensile stiffness of 2.37 GPa, 
strength of 40.5 MPa, and elongation at break of 9.6% would be the best choice.

3.2 Thermomechanical properties

The results of the dynamic mechanical evaluation are shown in Figures 2–9. 
The results for the PLA sample are used as reference values for all other modifica-
tions by reactive compounding and for the evaluation of the usability of the reactive 
compounding.

3.2.1 Results of the first-reactive compounding series

When hops were added to the blend of PLA and PBAT, the increasing amount of 
hops lowered the storage modulus in the glass transition region and allowed cold crys-
tallization at lower temperatures. Simultaneously reducing the amount of hops and 
increasing the PBAT content further lowered the storage modulus from room temper-
ature to the glass transition region. The onset of cold crystallization was comparable, 
and the height of the storage modulus was lower than that of the PLA15PBAT sample. 
The height of the peak of the loss factor at the glass transition of PLA in biocom-
posites decreased with increasing PBAT content. The position of the peak decreased 
with increasing hop content, and it also decreased with increasing PBAT content. 
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Compared with the pure PLA reference material, all PLAPBAT biocomposites with 
hops had a lower storage modulus and also a lower glass transition temperature. The 
onset of cold crystallization in the biocomposites indicated good interfacial adhesion 
between the thermoplastic matrix and hops. PLA and PBAT, as well as homogenized 
hops, were successfully blended into biocomposites by reactive compounding.

3.2.2 Results of the second reactive compounding series

The addition of NCC was compared with the mixture of PLA/PBAT as a reference 
for the second series of samples. The addition of 1 wt% NCC reduced the storage 
modulus at the beginning of the glass transition and in other regions was comparable 

Figure 2. 
Summarized results of storage modulus for the first series of the samples.

Figure 3. 
Summarized results of loss factor for the first series of the samples.
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with the reference PLA20PBAT. Compared with the sample from the first series 
PLA20PBAT 5H, the storage modulus of the sample PLA20PBAT 1NCC was lower due 
to the higher TPU content. The same results are shown in the dissipation factor, where 
the dissipation factor of the sample PLA20PBAT 1 NCC at the beginning of the glass 
transition was slightly higher than that of the reference PLA20PBAT. In addition, the 
onset of cold crystallization is seen slightly earlier and the peak is higher. The reactive 
compounding allowed good surface interactions between the thermoplastic matrix 
and the NCC, homogeneous dispersion of the NCC in the matrix, and good mixing of 
PLA and PBAT.

Figure 4. 
Summarized results of storage modulus for the second series of the samples.

Figure 5. 
Summarized results of loss factor for the second series of the samples.
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3.2.3 Results of the third-reactive compounding series

Storage modulus curves showed the first drop in glass transition temperature for 
PLA. The drop is more significant for PLA-based blends compared to PLA-based 
blends with NCC. The storage modulus was higher in this range (75–100°C) with 
higher NCC content. Above 100°C, the storage modulus increased due to cold crystal-
lization of the material. The lowest peak for the cold crystallization temperature was 
for sample PLAPC (114°C), and the highest peak was for sample PLAPC 1NCC-2 
(119°C). For all samples with NCC addition, the peak for cold crystallization tem-
perature in the second compounding cycle was at a higher temperature than in the 

Figure 6. 
Summarized results of storage modulus for the first compounding cycle.

Figure 7. 
Summarized results of loss factor for the first compounding cycle.
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first compounding cycle. The addition of NCC to PLA-based compounds inhibited 
the cold crystallization of PLA. At low NCC loading (1 wt%), the NCC acted as a 
reinforcement for the PLA-based blend; at higher loadings (2 wt% and 5 wt%), the 
stiffness of the nanocomposites decreased below the stiffness of the neat matrix. 
Despite the inhibitory effect of NCC on cold crystallization, the NCC prevented 
softening of the PLA-based matrix after the glass transition temperature of PLA. The 
dissipation factor curve shows two sharp peaks at 69°C and 160°C (Figures 4 and 5) 
for PLA and PC matrices, respectively. The height of the first peak is the lowest for 
sample PLAPC 1NCC and the highest for sample PLAPC. The height of the second 
peak is the lowest for sample PLAPC and the highest for sample PLAPC 1NCC. In 
the second compounding cycle, the heights of the peaks were higher, indicating the 

Figure 8. 
Summarized results of storage modulus for the second compounding cycle.

Figure 9. 
Summarized results of loss factor for the second compounding cycle.
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beginning of the degradation of the matrix. The most elastic behavior is exhibited by 
sample PLAPC 1NCC after the first compounding cycle. The good surface interaction 
of NCC with the matrix due to the compatibilizer in sample PLAPC 1NCC increased 
the storage modulus maintained the storage modulus at a high level and decreased the 
height of the peak of the loss factor for PLA. The higher peak of dissipation factor for 
sample PC is due to the highest cold crystallization temperature for sample PLAPC 
1NCC, and thus the overlap of the glass transition temperature of PC and the onset of 
melting of PLA.

The highest tensile stiffness and strength were obtained for PLA15PBAT 5H with 
2.59 GPa and 50.4 MPa, which is lower than the PLA reference (3.17 GPa and 71.8 MPa).

The highest storage modulus up to the glass transition zone was achieved by the 
PLAPBAT samples with the addition of hops. The highest temperature stability was 
achieved with sample PLAPC 1NCC. All DMA results show that reactive extrusion 
is a suitable processing technology for bio(nano)composites even without surface 
modification of natural fibers.

3.3 Thermal properties

The results of the DSC evaluation are shown in Table 5 and Figures 10 and 11. 
The results for the PLA sample were used as reference values for all other modifica-
tions by reactive compounding and for the evaluation of the usability of the reactive 
compounding.

3.3.1 Results of the first-reactive compounding series

When hops were added to the blend of PLA and PBAT, the increasing amount 
of hops lowered the cold crystallization temperature and melting temperature 

Sample Tg (°C) ΔCp (J/gK) Tcc (°C) ΔHcc (J/g) Tm (°C) ΔHm (J/g) Diff. ΔHm (J/g)

PLA 59.7 0.24 118.5 13.32 152.5 13.47 0.15

PLA15PBAT 10H 58.5 0.14 126.4 7.48 153.7 8.07 0.59

PLA15PBAT 5H 59.5 0.19 129.4 4.75 154.0 5.05 0.30

PLA20PBAT 5H 59.9 0.16 131.6 1.82 154.3 2.74 0.92

PLA20PBAT 60.5 0.33 125.8 4.01 150.8 5.82 1.81

PLA20PBAT 
1NCC

60.3 0.36 139.1 0.29 150.9 0.60 0.31

PLAPC 59.8 0.11 123.6 5.35 152.0 5.37 0.02

PLAPC 1NCC-1 60.8 0.09 133.3 0.32 152.2 0.37 0.05

PLAPC 1NCC-2 60.6 0.09 128.3 0.04 152.2 0.33 0.29

PLAPC 2NCC-1 61.1 0.08 133.4 0.13 152.4 0.31 0.18

PLAPC 2NCC-2 60.7 0.09 131.6 0.18 152.8 0.52 0.34

PLAPC 5NCC-1 61.1 0.06 130.4 0.24 153.2 0.48 0.24

PLAPC 5NCC-2 60.1 0.08 128.4 1.28 152.9 1.67 0.39

Table 5. 
Summarized results from the second heating from DSC tests.
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and improved the crystallinity. The glass transition temperature was not affected. 
Simultaneously reducing the hops content and increasing the PBAT content increased 
the cold crystallization temperature, melting temperature, and crystallinity. 
Increasing the PBAT content increased the cold crystallization temperature and crys-
tallinity. Compared with the pure PLA reference, the cold crystallization temperature, 
melting temperature, and crystallinity were increased for biocomposites.

Figure 10. 
Summarized results of crystallization enthalpy of the samples after aging at 90°C for 100 s and various cold 
crystallization times at 120°C.

Figure 11. 
Summarized results of melting temperature of the samples after aging at 90°C for 100 s and various cold 
crystallization times at 120°C.
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3.3.2 Results of the second-reactive compounding series

The addition of NCC was compared with the mixture of PLA/PBAT as a reference 
for the second series of samples. With the addition of 1 wt% NCC, the cold crystal-
lization temperature increased and the crystallinity was reduced.

3.3.3 Results of the third-reactive compounding series

At the first compounding cycle, the cold crystallization temperature, melting 
temperature, and crystallinity were increased for all bio(nano)composite samples 
compared with the PLAPC reference. During the second compounding cycle, the cold 
crystallization temperatures were decreased and the crystallinity was increased.

Higher crystallinity indicates good homogeneity of the bio(nano)composites.
The crystallization kinetics were characterized with flash DSC for the third series 

of samples (Figures 10 and 11). The onset of formation of the crystal units was after 
aging at 90°C for 100 s and crystallization at 120°C after 100 s for all samples. The 
shorter time is not sufficient for the formation of the crystal moieties formation. 
Higher NCC loading promoted the crystal moieties formation as well as the second 
compounding cycle. The fastest and largest increase in crystal moieties was for sample 
PLAPC 5NCC-2 up to the cold crystallization time 600 s, and then for sample PLAPC 
1NCC-2. Therefore, the conclusion can be made that NCC inhibited cold crystalliza-
tion at shorter times and enhanced cold crystallization at longer times at elevated 
temperatures. The mobility of PLA chains at elevated temperatures reached a thresh-
old for the formation of crystal units after 600 s at 1 wt% and 2 wt% NCC loading. At 
5 wt% NCC loading, 100 s is sufficient due to the higher amount of NCC particles in 
the matrix. From the results, we can also conclude that agglomeration of NCC occurs 
to a smaller extent and increases with increasing NCC content.

3.4 Impact properties

The results of the toughness evaluation are shown in Figure 12. The results for 
the PLA sample are used as reference values for all other modifications by reactive 
compounding and for the evaluation of the usability of the reactive compounding.

3.4.1 Results of the first-reactive compounding series

Higher hops content and lower PBAT content in biocomposites PLAPBAT/hops 
lowered impact strength. On the contrary, a lower hops loading and a higher PBAT 
loading led to a larger scatter of the measurement results.

3.4.2 Results of the second-reactive compounding series

The addition of NCC was compared with the mixture of PLA/PBAT as a reference 
for the second series of samples. Both the reference and the PLA20PBAT 1NCC sample 
showed excellent impact resistance, as they did not break during the impact test.

3.4.3 Results of the third-reactive compounding series

The addition of NCC to the PLAPC mixture improved the toughness of the 
bio(nano)composites. The exception is the sample PLAPC 5NCC-2 due to the 
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degradation of PLA and NCC. The best toughness was obtained for sample PLAPC 
1NCC-1. Higher NCC loading decreased the toughness as well as the second com-
pounding cycle.

Sample PLA20PBAT 1NCC showed the best toughness, followed by sample PLAPC 
1NCC and sample PLA20PBAT 5H. It is obvious that NCC has successfully improved 
the toughness of bio(nano)composites through the appropriate processing technol-
ogy—reactive compounding.

4. Conclusion

Reactive compounding was used for bio(nano)composites with PBAT and PC 
in addition to the main PLA matrix together with appropriate compatibilizers and 
(processing) additives. The adequacy of the reactive compounding was evaluated by 
characterizing the mechanical, thermomechanical, and thermal properties, as well as 
toughness.

The evaluation of mechanical properties showed that novel properties were 
achieved by the addition of NCC. The blend was able to achieve either high tough-
ness with the addition of PBAT or high-temperature stability with the addition of 
PC. The prepared bio(nano)composites showed good miscibility of PLA and PBAT 
or PLA and PC and good surface interaction between the thermoplastic matrix 
and the natural fibers, although the surface of the natural fibers was not modified. 
Furthermore, the flash DSC results showed an altered morphology behavior of the 
PLAPC 1NCC-2 bio(nano)composite. Longer residence time at elevated temperature 
accelerates crystallization as a result of the degradation of PLA and NCC due to 
shorter PLA chains and smaller NCC particles, which acts as nuclei for the initiation 
of heterogeneous crystallization of PLA. At the same time, we can observe that the 
NCC is well distributed in the thermoplastic matrix due to the increasing crystallinity. 
For the PLA/PBAT blends, good miscibility was achieved with the proper process-
ing parameters and by using appropriate chain extenders. Good surface interaction 

Figure 12. 
Summarized results of impact strength.
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between the thermoplastic matrix and the natural fibers was achieved with the proper 
compatibilizers and loading. The adequacy of the reactive compounding was evalu-
ated by the simultaneous increase in stiffness and elongation at break in the tensile 
test, the change in storage modulus and loss factor in DMA, the change in cold crys-
tallization temperature and crystallinity in DSC, and the increase in impact strength. 
The prepared bio(nano)composites showed tougher behavior while maintaining 
high stiffness and strength. The addition of NCC also affected the morphology of the 
bio(nano)composites, which can be controlled by the processing parameters. The 
second reactive compounding cycle at 1 wt% NCC loading showed that recycling of 
the novel bio(nano)composites can also be performed without much influence on the 
properties of the recycled products. The present work shows that the existing polymer 
processing equipment is suitable for the production of bio(nano)composites and their 
recycling. Sustainable design was the guiding principle for conducting the research 
with surface-unmodified natural fibers to avoid the use of chemicals and thus mini-
mize the impact of bio(nano)composites on the environment.

Reactive compounding is a suitable processing technology for bio(nano)compos-
ites, even if the surface of natural fibers is not modified, to achieve novel properties 
of PLA-based blends with natural fibers (preferably NCC). The desired proper-
ties can be developed by suitable compatibilizers and processing additives during 
reactive compounding. To describe the dependence on the amount of added NCC 
in bio(nano)composites, the addition of less than 1 wt% NCC in PLA-based blends 
bio(nano)composites should be investigated in further research.
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Chapter 4

The Porosity of Nanofiber Layers
Sedigheh Aghayari

Abstract

Nanofiber layers have recently received lots of attention. These layers can be 
produced in various methods, but the most common is electrospinning. Therefore, 
this chapter focuses on the nanofiber layers from electrospinning. The porosity of 
nanofiber layers is a critical property. Several methods can be used to measure this 
value. Also, there are numerous methods for controlling and changing it. The poros-
ity is an essential property for the application of nanofiber layers. Each application 
requires a unique set of porosities. As a result, measuring and controlling the porosity 
with high precision is critical for applying nanofiber layers. This chapter concentrated 
on porosity measurement and control methods and the importance of porosity in 
applications.

Keywords: nanofiber, porosity, electrospinning, nanofiber layers, porosity 
measurement methods

1. Introduction

In recent years, multifunctional properties for nanofibers derived from polymers, 
metal composites, and metal oxides have been expressed. Additionally, surface-
modified nanofibers are simple and inexpensive to manufacture. It is due to the 
unique properties of nanofibers, which include high tensile strength, high specific 
surface area (surface area per unit mass), and porosity [1, 2]. The length-to-diameter 
ratio of nanofibers is high [3]. As a result, nanofiber properties are critical for high-
performance filters, absorbent textiles, medical textiles, drug release, and many other 
applications [1, 4].

Electrospinning is a continuous method for producing nanofibers with diameters 
ranging from micrometers to nanometers. Layers with a high specific surface area, 
high porosity, and good mechanical properties can be produced using this method [5].

Electrospinning is a popular method for preparing scaffolds. Various electrospun 
nanofiber patterns are used to prepare layers with medical applications ranging from 
artificial skin to endocrine organs and from the nervous system to cardiovascular 
applications [6].

The porosity of electrospun layers varies depending on their application. In some 
applications, porosity is required less than usual, while in others, it is required more 
than usual. Therefore, there are various methods for achieving sufficient porosity.

The only way to prepare large-scale nanofibers is through electrospinning. The 
reason for this is the ease of control, high speed, low solution consumption, control 
of diameter and pores and fibers alignment, ease of the process, low cost, simple and 
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reproducible fiber production process, and technological advances [7]. This process 
can use a wide range of polymers to obtain polymer fibers in the submicron range, 
which is difficult to achieve with traditional spinning methods [8]. Electrospinning 
is affected by various environmental and solubility parameters and processes. Two 
environmental parameters include temperature and relative humidity. Also, concen-
tration, conductivity, molecular weight, and viscosity are the solubility parameters. 
The process parameter includes feeding rate, voltage, and needle distance to the 
collector. The diameter of fibers decreases with increasing temperature and increases 
with increasing humidity [6, 7]. The electrospun fibers had diameters ranging from 
10 nm to 100 μm. Polymer solutions are most commonly used for electrospinning. 
However, in some cases, polymeric melts with higher direct current voltages can also 
produce fibers with diameters less than micrometers [6].

Electrospinning is an electrohydrodynamic process in which the liquid droplet is 
affected by electricity to make a jet (accelerated flow of liquid). It is then stretched 
and bent to form fibers or nanofibers with the main components of the high voltage 
supply, a power pump (in the form of a syringe), a spinner (typically a special subcu-
taneous injection needle with a tipless head), and a conductive collector. Power can be 
supplied in either a direct or alternating current. Surface tension causes the liquid to 
be removed from the filament during electrospinning, resulting in a hanging drop. As 
soon as the droplet is electrified, the repulsive force between the same surface loads 
reshapes it as a Taylor cone, ejecting a loaded jet. The jet is first drawn in a line (this 
occurs due to polymer tying in a polymer solution and prevents the jet from turning 
into droplets [9]), and then it undergoes rapid whipping movements due to bending 
instability (this occurs due to high surface load density [9]). The jet quickly solidifies 
as it is drawn to finer diameters, resulting in solid fiber deposition on the surface of 
the collector attached to the ground. Typically, the electrospinning process is divided 
into four consecutive steps:

1. Charging liquid drops and formation of Taylor cones or cone-shaped jets;

2. Drawing the charged jet along a straight line;

3. Jet thinning in the presence of an electric field and increasing electrical bending 
instability (also known as whipping instability); and

4. Freezing and collecting jets in the form of fibers or solid forks on the grounded 
collector [10].

Because of their fine diameter, these layers have a high specific surface area, high 
porosity, and small pore sizes [11, 12]. If the fibers also have pores, the porosity and the 
specific surface area will also increase [10]. Femme and his colleagues demonstrated that 
increasing the diameter of the fibers increased the pore size [13]. This increase will cause 
a reduction in the specific surface area. Therefore, if high specific surface area, fine 
diameters, and large pores are required in applications, the pore size must be de-linked 
from the fiber diameter. Both theoretical models and experimental studies have shown 
that nanofiber diameter strongly affects the pore diameter with smaller nanofiber 
diameters resulting in smaller pores [11] (which will be discussed in the future). Higher 
pressure is also required for any fluid to enter the layer (higher surface tension) [8].

Smart layers, filtration membranes, fuel cells, batteries, wound dressings, sensors, 
catalysts, energy storage cells, electronics, and spintronics use electrospinning [1]. 
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Drug delivery, tissue engineering, and protective textiles benefit from porosity and 
high specific surface area [4]. Because of their high porosity, good mechanical proper-
ties, and high-water permeability, electrospun membranes will be practical for air 
filtration and water purification [5]. Electrospun layers are used in multi-structural 
thin films, ultrafiltration, nanofiltration, reverse osmosis, and distillation membranes 
as porous protective layers. Today, distillation membranes are highly regarded. Multi-
structural thin film membranes have three layers:

1. An upper layer that is very thin for filtration,

2. A middle layer that is a porous protective layer, and

3. The underlying layer that is a nonwoven textile [7].

For automotive air filters, nanofibers are coated on a standard filter environment 
to allow high efficiency and long filter life, which occurs with the lowest increase in 
pressure drop [12].

Electrospun nanofiber layers have a high specific surface area, controllable poros-
ity, interconnective pores, microscale interstitial distance, and flexibility because of 
their various sizes and morphologies. Due to these advantages, they are appealing in 
applications [14]. However, because of electrospinning disadvantages, such as high 
voltage sources, it is necessary to use toxic organic solvents and low production rates 
[15]. Synthesis conditions (like high humidity) can affect nanofibers’ morphology, 
such as mesoporous fibers [16], resulting in a higher specific surface area of nanofi-
bers that can improve their properties.

The amount of air, gas, or vacuum in a solid material is often expressed as the 
percentage of the nonsolid portion volume divided by the total volume (total solid and 
nonsolid volume) of a unit of matter [17]. Porosity is the fluid volume or space in the 
filter media to the total volume of the filter ratio. It has no unit, and its value can range 
from zero to one. One of the essential parameters in the design and operation of filters is 
porosity. Nanofiber layers have made nanofiber coatings the most important candidates 
for high-performance filters due to their porosity and sufficient surface area [12]. The 
membrane’s porosity, pore size distribution, and bending make it simple to pass steam 
through and collect steam as a filter outlet [9]. Previous research has shown that changing 
fibers’ sedimentation rate can control the nanofiber layer’s thickness and porosity. The 
pore space in the layer is related to the total porosity in the electrospinning layers [12].

Nonwoven materials have a pore structure, which is critical in their application. 
There can be three types of pores in a matter [18]. Closed pores are inaccessible, they 
also restrict the blind pores within the material and prevent fluid from passing through. 
Open pores are outwards and allow fluid to pass through, many nonwoven textile 
applications benefit from open pores. Their main characteristics are the largest pore 
diameter, pore distribution, high specific surface area, and gas permeability liquid pas-
sage. Through pores are pores which are in the entire thickness of the layer and the fluid 
can enter and then leave the layer through them.

1.1 Methods of changing the porosity of nanofibrous webs

Porosity can be created on the fibers and referred to as porous nanofibers. 
However, porosity can also be created between the fibers. The porosity that forms on 
the fibers can be reduced using the following methods:
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1. Phase separation between polymer and solvent (breath figure) [10, 19];

2. Phase separation between polymer and nonsolvent [20];

3. Phase separation of the liquid section in polymer, nonsolvent, and solvent  
systems [21];

4. Collecting the nanofibers in a nonsolvent bath [21];

5. Selective removal of one phase of nanofiber [10]; and

6. Thermal degradation of one phase [22].

Many methods are used to increase the porosity of layers in which the porous scaf-
fold structure is naturally placed together by adding the macroporous structure. This 
process is accomplished by aligning crystalline structures like ice or salt crystals parallel 
to the electrospinning. However, these methods increase cell penetration in the electro-
spun scaffold while preventing the actual pore effect defined by single fibers [10].

Fiber collection on a rotating axis is a technique for modifying porosity and pore 
size independently of fiber diameter. Porosity decreases as axis speed increases due 
to increased layer density. At the same time, the diameter of the fibers decreases 
slightly [10].

1.2 Performing a final treatment

In this case, one of the components must be water soluble while the other is not. 
The pore size of a fiber changes when it is dissolved in water. It has been demonstrated 
that dissolving a component in water causes the pore size to increase exponentially. 
The effect on cell penetration is minimal in this condition, but the significant fiber 
removal from the layer affects the mechanical properties. Another person demon-
strated that this work doubled the size of the pores and completed penetration into 
the cell, whereas previous work only affected penetration into the surface cell [23].

Of course, numerous methods exist for modifying pore size and porosity inde-
pendent of the fiber diameter [24]. According to studies, the diameter of the fibers 
strongly influences the diameter of the pores and the porosity. The smaller diameter 
of the fibers, the smaller the pores. However, for some applications, it is appealing to 
combine the increased specific surface area provided by fine fibers with large pores 
for cell or fluid transport. For this purpose, the increase in pore size should be made 
independent of the fiber diameter.

To this end, two different polymers can be purposefully mixed during electrospin-
ning. Then, one of these polymers is selectively dissolved, increasing the void volume 
and the pore size. The layer is created for this purpose by electrospinning two poly-
mers from two unique devices (side-by-side arrangement). This configuration can 
result in high output.

The resulting fibers are layered on top of one another but are not intentionally 
mixed. The tendency of the resulting fibers to prevent material mixing in the case 
of side-by-side charged jets can be explained simply by the electrostatic repulsion of 
materials with the same charge. For this purpose, one can use the core/shell or side-
by-side arrangement with a spinning machine and various other arrangements. In this 
case, the spinning conditions for both polymers cannot be independent.
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Moreover, both polymers must be solvent-soluble, and the applied voltage must be 
the same [11]. A simple arrangement can spin two polymers with different solvents 
and applied voltages. Each material has its unique spinneret and voltage supply. 
Because the charged droplets are evenly spaced on the grounded collector, no electric 
field is applied to the rotating collector, and no electric field is observed. The collector 
rotates fast enough to mix the different fibers. However, it cannot make arranged or 
non-isotropic layers. Two electrospinning units are placed facing each other with a 
collector. Each machine’s electrospinning parameters are controlled independently. 
The fibers are mixed by the collector connected to the ground to form a non-woven 
layer [11].

By performing an end treatment on the two-dimensional (2D) layer, three-dimen-
sional foam can be obtained. A suspension of short fibers is frequently obtained by 
shearing and homogenizing the layer in a liquid (usually water or ethanol depending 
on the solubility of the nanofibers). After drying and cooling, a super elastic three-
dimensional (3D) super light nano fiber foam is obtained. This foam has a low density 
and extremely high porosity. A cross-linking agent is required to increase the interac-
tion between these short fibers [10]. Fiber collection engineering is a straightforward 
method for directly assembling nanofibers in three dimensions by engineering the 
aggregate [10]. Another method for creating 3D foams is to immerse the two-dimen-
sional layer in a sodium borohydride aqueous solution. When this material is rapidly 
hydrolyzed in water, hydrogen gas passes through the 2D layer under applied pres-
sure, separating the nanofibers and forming a 3D structure [25]. Furthermore, dry ice 
causes the same process by producing carbon dioxide; however, this method does not 
require water usage. The porosity is significantly high with this method [10].

The last three methods are for creating a 3D sponge with an irregular structure 
that lacks topographical cues. The materials required for these methods are excep-
tional. To overcome this limitation, the gas sponge method, which employs borohy-
dride to create a very regular 3D sponge, employs a non-axially regularized layer [10].

Scaffold porosity is affected by electrospinning conditions, and fibers with vary-
ing fiber diameters made from various polymers can be produced in a controlled and 
reproducible manner [26–28].

Applying photoinduced thiol-ene cross-linking reactions to the electrospun layer 
is a versatile and efficient method for tuning the porosity of the nanofiber’s web. 
Aside from preventing the polymer cold flow and freezing the structure obtained by 
electrospinning, the photocuring step finely controls the morphology of the nanofi-
ber layers [29].

Electrospun porous nanofibers loaded with photocatalytic particles can increase 
the particle contact area with light, shorten the electron transfer path, and improve 
photocatalytic activity, which has applications in pollutant degradation [24].

Porosity can be calculated using the formula with the nanofibers’ pore size and 
diameter [5].

2. Application of reducing and increasing layer porosity

An example of electrospinning layers with typical porosity and low porosity 
obtained by electrospinning with two pumps is examined. A wide lumen with no 
leakage necessitates blood flow in the lumen of a scaffold with no vessel leakage. An 
important parameter to consider is the size of the pore. If the pore size is too small, it 
prevents penetration into the cell. On the other hand, if it is too large, blood leakage 
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occurs. According to research, the performance of double-layered scaffolds inside and 
outside the body, with one layer with low porosity (62%) and another with high poros-
ity (81%), is also placed in the conduit or external coating. A comparison of vascular 
scaffolds made of a single layer of nanofibers with high porosity, with two-layer scaf-
folds that significantly reduce blood leakage, reveals that a layer with low porosity is 
required. Also, when a multilayered vascular scaffold is made, leakage is possible. The 
blood level should be low and cell penetration should be done well. Cell infiltration 
from the connective tissue surrounding the scaffold was also concluded to be greater 
than flowing blood [10]. It is necessary to compactly place fibers with a very small 
diameter to achieve a layer with low porosity. In general, a two-pump electrospinning 
machine is required for this lumen. This is done to keep the two polymer solutions 
from mixing. The transfer is continuous in these layers, and the layers are not sepa-
rated. Less electrospinning time is required to produce a layer with less porosity. The 
electrospinning conditions of each layer are different from the others [30]. Therefore, 
in some applications, a layer with low porosity and small pore size is required, whereas 
other common electrospun layers are suitable. Of course, in some applications, it is 
necessary to make an ultra-porous layer with large pore size and fine fibers to transport 
cells or fluid [11]. A layer with high porosity and good protection is required in some 
applications, such as wound dressing. Wound dressing permeability against oxygen, 
control of water vapor exit, and fluid passage occur due to high porosity in the layer of 
nanofibers, resulting in wound healing [17].

3. Porosity measurement methods

Electrospun polymeric nanofibers have broad applications, such as automobile 
air filters. High specific surface area, small pores, flexibility, and sufficient porosity 
are essential for improving the filter media performance, so measuring porosity is 
critical. Porosity affects several material properties, such as sorption capacity and 
mechanical, thermal, and electrical properties [31]. For example, porous materials 
can store and transport gas. Their porosity affects hydrate formation and gas-storage 
capacity [32]. Also, the quality of the dental composite depends on its degree of 
porosity [33, 34], so measuring the porosity by the most accurate method is very 
important. Porosity measurement methods such as the density method, mercury 
porosimetry, image analysis, and capillary flow porometry are relatively inaccurate 
methods, and all have disadvantages for measuring the porosity of nanofibers. 
Another way to measure porosity is by expanding gas, which works with helium gas. 
To date, accurate porosity measurement in nanofiber layers has been challenging.

3.1 Density method

The overall porosity is obtained following the conventional method per the follow-
ing equation [8]:

 = − 1  Total Porosity Layer Density  (1)

In this equation, the material density relates to the material from which the layer 
is obtained. Also, layer density is calculated by dividing weight by layer volume. This 
method is a good alternative when there is no access to the right equipment because it 
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is convenient and fast. Samples should be prepared carefully, and dimension mea-
surements should be accurate to achieve precise accuracy. A micrometer was used 
to obtain the samples’ thickness, and the diameter of the samples was used to obtain 
the sample size [8, 35]. This method causes many errors in the actual porosity [36]. 
Of course, this method is suitable for nanofiber layers that cannot withstand high 
pressure [37].

3.2 Mercury method

This method is frequently used to characterize structures with nonwoven pores. 
Mercury is not very destructive to soils because the surface free energy between 
mercury and soil is more sizable than between gas and soil. Mercury does not enter 
the pores. However, it can enter with force. Pressure is needed to enter mercury into 
the pore, obtained by the pore diameter. The measurement of injectable pressure 
and intrusive volume obtains the diameter and volume of blind and open pores. In 
this method, mercury enters the pores with compulsion and pressure, the volume of 
mercury is penetrated, and the pressure is measured. This method only reveals the 
volume of pores and the diameter of blind and open pores. Here, the essential charac-
teristics are no longer measured.

Additionally, this method requires high pressure, which can significantly damage 
the pore structure of nonwoven materials. Mercury is used in this method, which 
harms one’s health and pollutes the environment. The pressure applied in mercury 
porosity is slightly higher than 0.5 to 60,000 pounds per square inch. Biological 
materials that can be compressed or degraded at high pressures must be analyzed with 
relatively quantitative pressures, or a correction for compression capability should be 
applied to experimental measurements. The pressure is obtained as per the following 
equation:

 = 2 /  Pressure Pore Diameter  (2)

Open porosity (obtained by the mercury measurement method) is obtained from 
the following equation:

 = −     Open Porosity Mercury Penetration Total Volume Layer Volume  (3)

Finally, the closed porosity, which cannot be calculated by mercury porosity, is 
determined by the following equation [38]:

 = −   Close Porosity Total Porosity Open Porosity  (4)

This method obtains the average pore diameter, size distribution, and total vol-
ume fraction of pores [19, 39]. It should be noted that mercury is expensive and toxic.

However, it should be noted that this method is generally a liquid penetrating 
method that can be used with Vaseline. In this case, the layer is weighed and remains 
in Vaseline at room temperature with a mechanical stirrer for one day to allow the 
liquid to penetrate the volume of the layer. The surface of the samples was then dried 
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and weighed again to obtain the weight of the penetrated Vaseline. Measurements are 
performed on five samples, and porosity is obtained from the following relationship:

 =   /   Porosity Total Vaseline Volume Volume of layer  (5)

The Vaseline volume is derived from the division of primary and secondary 
Vaseline mass differences. The layer volume was obtained from the total Vaseline 
volume and the volume of fibers. Fibers’ volume is derived by dividing the primary 
mass by the density of the polymer of the layer manufacturer [8].

3.3 Liquid intrusion method

The fluid intrusion method can also achieve open porosity. This method is derived 
from the method for calculating the pore diameter. First, the method for calculating 
pore size is investigated. This method provides the most detailed information about 
the structure of the pores within the layer and is appropriate for testing the polymeric 
nanofiber layer. The general rule is that a liquid with a lower surface energy than the 
sample with gas is used to fill the pores of the sample. A decrease in the system’s free 
energy causes pores to fill spontaneously. Gas can transport liquid through pores, and 
the gas increases the free energy of the surface, allowing the free energy of the surface 
to be moved from the low-level free energy between the sample and the liquid to the 
high-level free energy between the sample and the gas.

If the sample is simply dropped into the liquid and removed, the porosity can 
be calculated using the fluid displacement method as shown below. After removing 
the saturated layer from the liquid, the residual liquid volume and open porosity are 
calculated using the following equation [38]:

 =    Porosity residue liquid volumeInitial Volume  (6)

However, according to some sources, this liquid should not cause the layer to 
accumulate and swell [40].

3.4 Scanning electron microscopy images

Various computer software programs analyze this method to determine porosity, 
particularly pore size. Samples of various sizes are used for statistical analysis. Finally, 
they shoot and analyze the porosity and pore size in layers using industrial shears. In 
short, isotropic incision information is obtained and reconstructed into two-dimen-
sional images, which are then written and analyzed to create 3D photographs and to 
obtain few morphological details.

Surface porosity is calculated using scanning electron microscopy images by 
dividing the free area by the total area of the sample. For the fiber area, the average 
diameter is used [8].

 ( )= − ∗    /   100Porosity Total sample area total fiber area total sample area  (7)
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However, in this case, only surface pores are considered. Regardless of the layer 
with higher fiber density, the porosity values in this method are comparable to those 
in the liquid intrusion method [8].

3.5 Gas expansion

In this method, the solid density is measured using a volume of 150 cc. The volume 
of nanofibers can be calculated using a density meter and porosity based on the ratio 
of empty space volume to total volume. The total volume of the image thickness was 
determined by scanning electron microscopy (SEM). The use of a density meter 
to calculate pore volume is not novel, but it is new for determining the porosity of 
nanofiber layers via filtration. The density meter measures volume; however, the 
density can be calculated using the sample’s mass. The helium gas density meter is in 
accordance with the gas law. In this device, the volume is measured by the amount 
of fluid pressure change, resulting in the displacement of the sample in a constant vol-
ume. This method begins with one chamber (chamber 1) that is initially empty and 
has atmospheric pressure. As a result, the first chamber’s confusing pressure is zero. 
Chamber 1 have pressures and volumes of P1 and V1. The pressure and volume of 
the second chamber are P2 and V2, respectively. In the initial state, the valve is open 
and the two chambers are at equilibrium pressure P3, so the equilibrium equation is 
written as follows:

 ( )+ =3 1 2 2 2P V V P V  (8)

Next, the sample is placed in chamber 1, and the pressure of the second chamber is 
set to P4.

 ( )( )− + =5 1 2 4 2P V Vf V P V  (9)

 ( ) ( )= − − −1 3 1 5 4 5 3 2VF V P V P P P P P  (10)

As a result, the volume of VF nanofibers can be obtained by setting up the density 
meter twice and measuring the pressure of P2, P3, P4, and P5 with the specified vol-
ume of V1. Also, the volume of fibers can be calculated as porosity with the following 
equation:

 1 (   /Porosity Total Fiber Volume TotalWebVolume)= −  (11)

This method has less porosity than the traditional method and has advantages over 
the others mentioned previously. The density of polyamide 6 chips was measured to 
control the accuracy of this method.

1. The minimum damage to the fibers,

2. Chemical entry,
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3. In this method, meso- and micropores are both measured, and

4. Using another medium is not required due to applying static pressure on the 
layer [12].

The nanofiber layer’s porosity is an important property, and any application 
requires specific porosity [41]. All of the porosity measurement methods that were 
discussed had drawbacks. Methods based on liquids had more difficulty creating 
the sample, resulting in changes in structure and measurement errors. In addition, 
non-wetting liquids can damage the structure due to the need for pressure, which 
can change the structure and even damage the layer. The density method also has 
errors due to the need to measure dimensions, and a scale with appropriate accuracy 
is required. Of course, SEM images can be used to accurately measure dimensions. 
However, there are some issues to consider. The thickness of the layers is not uniform 
because the dimensions are too large, so the error increases. On the other hand, 
many methods are incapable of measuring the pore size of the pores, which are much 
smaller than the pores of nanofiber layers. SEM images are two-dimensional with 
layers stacked together. To consider pores the best method is nano-computed tomog-
raphy (nano-CT) [36, 42, 43], but this device is not widely available. Its advantages 
include measuring pore size by machine and operator, providing completely accurate 
information about layer structure, and being very precise. Nanofiber imaging with 
micro-computed tomography (micro-CT) scanners is not possible due to the limita-
tion of not being visible at distances less than 200 μm.

4. Conclusions

Methods for measuring and controlling porosity, as well as the importance of 
porosity in applications, are discussed in this chapter. The best method for measur-
ing the porosity of the nanofiber layers was introduced as nano-CT. The focus of 
future work will be on controlling the porosity for various applications and making 
electrospun layers suitable for new applications. In addition, new porosity-controlling 
methods may be introduced in future works.
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Abstract

Over the past ten years, there has been a significant increase in research into the study 
of nanocomposites. Nanocomposites vary in their physical and chemical properties. 
In today’s era, eco-friendly, nontoxic, biocompatible, biobased fillers and composites 
should be synthesized to increase their societal value in various aspects. These materi-
als have seen extensive use across several industries, from biosensors to biomedicine. 
Great strides have been made in the field of Microbiology, particularly as Antibacterial 
agents, among these applications. The objective of this review is to present a thorough 
analysis of several Nanocomposites that reveal promising antibacterial activity. Such 
Nanocomposites are reviewed in detail, as well as their antibacterial efficacy is discussed.

Keywords: antibacterial activities, antifungal activities, antiviral activities, 
nanocomposites, antibacterial agents

1. Introduction

A composite material is referred to as a nanocomposites when it contains a phase 
with nanoscale morphology, such as nanoparticles, nanotubes, or lamellar nano-
structure. As a result of their numerous phases, they qualify as multiphase materials, 
and at least one of those phases must have a diameter between 10 and 100 nm. In 
order to get beyond the limits of present engineering materials, nanocomposites have 
developed as suitable substitutes. Nanocomposites may be categorized based on their 
dispersed matrix and dispersed phase materials [1]. Thanks to this rapidly emerg-
ing field, it is now possible to generate a wide range of exciting new materials with 
distinctive properties.

The interfacial and morphological features of the originals, together with their 
own characteristics, had a significant impact on the so-called found’s characteristics. 
It is evident that, parent component parts are unaware of the newly created feature 
in the composite material and this intricate structure enhances its applicability [2, 3]. 
In order to create new materials with amazing flexibility and an increase in their 
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physical properties, nanocomposites are based on the idea of employing building 
pieces that have dimensions in the nano scale range. Nanocomposites are made up of a 
bulk matrix and one or more nano dimensional phase(s) that differ from one another 
in terms of their chemical and structural makeup and properties. Inorganic nanoclu-
sters, fullerenes, clays, and biological molecules can be mixed with a range of organic 
polymers, organic and organometallic chemicals, biological molecules, enzymes, 
and sol-gel produced polymers. Inorganic nanoclusters, fullerenes, clays, metals, 
oxides, or semiconductors can be mixed with a range of organic polymers, organic 
and organometallic chemicals, biological molecules, enzymes, and sol-gel produced 
polymers to produce nanocomposites.

2. Nanocomposites that reveal promising antibacterial activity

Antimicrobially active products are a recent development in nanoparticle-based 
materials that have gained significant attention. It has been documented that 
nanoscaled materials, such as fabrics, plastics, and metals coated with nano-silver, 
as well as nanocomponents based on titanium dioxide, magnesium oxide, cop-
per, copper oxide, zinc oxide, cadmium selenide/telluride, chitosan, and carbon 
nanotubes, possess biocidal or bacteriostatic properties [4]. Both gram-positive 
and gram-negative bacteria, including Escherichia coli and Pseudomonas aeruginosa, 
have demonstrated the antibacterial activity of nanosized metal compounds. These 
bacteria include Staphylococcus aureus and Bacillus subtilis. The most frequently used 
antibacterial agents are nanomaterials with a silver base [5]. The antibacterial proper-
ties of metallic, ionic, and nanoscale silver compounds added to alumina nanopowder 
were described. However, gram-positive and gram-negative bacteria differ in their 
sensitivity to silver-doped nanocrystalline material [6].

Antimicrobially effective nanomaterials exist in the form of salts, oxides, com-
plexes, and elemental nanoparticles. Because of their small size, chemical toxicity, 
and distinctive shape, they are effective at damaging cell membranes. Cell membrane 
surface loading and permeability may be disturbed as a result of nanoparticles’ 
detrimental effects. Probably the most frequent method by which nanoparticles affect 
bacteria is through the production of reactive oxygen species (ROS) [7]. On “model” 
bacterial strains like E. coli, newly developed or modified nanoparticles’ antimicrobial 
properties are typically tested. An assay for turbidity, a microdilution method, and 
the disc diffusion method are the main procedures. The antimicrobial activity of some 
industrial products was tested using a number of ISO regulations, such as ISO 20743 
for textile products and ISO 22196 for plastics and other non-porous materials [8].

In tests with E. coli, P. aeruginosa, S. aureus, and B. subtilis, a potential wound heal-
ing nano-based material composed of genipin-crosslinked chitosan, poly (ethylene 
glycol), zinc oxide, and silver produced significant antibacterial activity [9]. With 
the addition of silver nanoparticles to hydrogels, researchers successfully achieved a 
significant antimicrobial impact for chitosan films, making them potentially useful 
in wound dressings as well [10]. The antimicrobial effect of the combination of silver 
nitrate and titanium dioxide nanoparticles applied to facemasks was described [11]. 
After 48 hours of testing, they noticed a 100% decrease in viable E. coli cells. The 
magnetic nanocomposite film created after dispersing magnetic nano—Fe2O3 in a 
chitosan matrix has potential uses in biosensors and tissue [12].

The use of highly toxic chemical reagents in the production of nanoparticles for 
medical applications should be avoided, especially when using materials containing 
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silver (Ag). As a result, a “green synthesis approach” is taken into account. For 
instance, aqueous solutions of AgNO3, glucose, and starch can be used to produce 
starch-protected Ag nanoparticles. Using these solutions, the reduction of Ag (NH3)2+ 
by carbohydrates results in the production of nano-Ag films (50–200 nm), Ag hydro-
sols (20–50 nm), and Ag colloids. Can also be used to reduce Ag (NH3)2+. In tests 
with E. coli, P. aeruginosa, S. aureus, and B. subtilis, a nano-based substance with the 
potential to treat wounds and containing genipin-crosslinked chitosan, poly (ethylene 
glycol), zinc oxide, and silver, demonstrated antibacterial activity [13].

Since chitosan nanoproducts have been shown to have potential antimicrobial 
properties, many medical applications of nanoproducts (chitosan-carbon dots, chi-
tosan-i-cysteine quantum dots, chitosan-based biosensors and biomarkers) [14] are 
based on these materials. Chitosan-poly(N-vinylpyrrolidone)-TiO2 Nanocomposite 
was proposed as a wound dressing material due to its significant antibacterial impact 
against P. aeruginosa, E. coli, S. aureus, and B. subtilis. In this study, the titanium diox-
ide nanocomponent was suggested to be responsible for the adsorption of bacteria 
and their inactivation [15].

By combining chitosan and 4-(ethoxycarbonyl) phenyl-1-amino-oxobutanoic 
acid with nano-Ag, Srivastava et al., 2011. created a nanocomposite. The effect of the 
obtained nano-film on bacteria like S. aureus, E. coli, and P. aeruginosa led to its pro-
posal as a material for use in medicine [16]. Numerous medical applications benefit 
from the antibacterial properties of nanoparticle-based materials, including implants, 
wound and burn dressings, medical devices, filters, and dental plaque reduction 
materials. One of the most crucial justifications for the application of novel nano-
composites for clinical use is their potential impact on antibiotic-resistant bacteria, 
which pose a serious problem in current medical settings. In textile modification and 
impregnation, as well as “construction” elements for implants, cements, and resins, 
in the antibacterial coatings of external ventricular drains and venous catheters that 
lessen the risk of potential infections, nanocomposites can be used [4].

The most promising areas of nanotechnology applications are in the development 
of new antibacterial agents. Nanocluster engineering can broaden the application 
of Ag- and Au-based antimicrobial preparations. The commercial application of 
nanoproducts should also be carefully monitored because of their potential negative 
environmental effects. The use of Au, Ag, and Cu-based nanoclusters in medicine and 
biosensing is widespread. According to Zheng et al., 2016 the generation of ROS is the 
mechanism that most likely causes pathogenic bacteria to be destroyed in the presence 
of Ag-nanoclusters, whereas the core surface speciation of the nanoclusters may be 
related to their cellular toxicity. Due to the significantly higher surface-to-volume 
ratio they can achieve due to their ultra small size and interaction with intracellular 
components, they have a stronger antibacterial effect. It’s possible that adding Ag 
nanoclusters to medications will enhance their therapeutic effects. In the presence of 
combined daptomycin-Ag nanoclusters, damage to microbial DNA was noted [17]. 
The nucleation and growth mechanism of Thiolate-protected Au nanoclusters with 
different topologies within the inner core of various clusters were described [18].

The development of polypyrrole-based nanocomposites as alternative antibacte-
rial agents also represents a promising strategy to be applied against the prevailing 
multi-resistant bacteria. The composites are made up of different fillers (metal 
nanoparticles, carbon nanotubes, and polysaccharides) and strategies to improve 
their action (such as light and electrical stimulation) [19]. Graphene oxide–silver 
(Ag–GO) nanocomposite has emerged as a vital antibacterial agent very recently. 
It was successfully applied to E. coli to investigate antibacterial activity by varying 



Biocomposites - Recent Advances

102

its dose concentration. The functional groups of GO facilitated the binding of Ag 
nanoparticles to silver nanoparticles. The antibacterial properties of GO-Ag nano-
composite were studied using gram-negative E. coli ATCC 25922 and gram-positive 
S. aureus ATCC 6538 and showed excellent antibacterial activity. In this study, results 
demonstrated that GO-Ag nanocomposite, as a kind of antibacterial material, had 
great promise for application in a wide range of biomedical applications [20].

The Cu2O-GO nanocomposites have rarely been studied before. The Cu2O-GO 
nanocomposites show potent antibacterial activities against both E. coli and S. aureus. 
Bactericidal activity was also observed for the Cu based bionanocomposite samples 
against both gram-positive (S. aureus) and gram-negative (Klebsiella pneumoniae) 
bacteria. Enhancement of antibacterial activity was observed with increasing cop-
per content in nanocomposites. Results confirm the potential of bionanocomposites 
containing copper nanostructures as new antimicrobial materials [21].

Cellulose/Ag nanocomposites were prepared using two distinct methodologies and 
two different cellulose substrates: vegetable and bacterial cellulose. Detailed studies 
on their antibacterial activity were conducted on B. subtilis, S. aureus, and K. pneu-
moniae. Silver nanoparticles present in these cellulosic fibers in concentrations as low 
as 5.0 wt% make them effective antibacterial materials [22].

The antibacterial activity of AuNPs-COOH/AgNO3, MnFe2O4@SiO2@Au and Bi2S3 
nanocomposites against a wide range of gram-negative bacteria has been demon-
strated. Green synthesis methods were applied and showed good activity against 
some gram-negative bacterial strains. A photocatalytic system comprising TNTs/Au/
CDs was developed for a bactericidal approach. An Ag–Au/CeO2 nanostructure was 
produced with a maximum zone of inhibition against S. aureus and E. coli strains. The 
produced nanohybrid showed acceptable antibacterial activity and was applicable for 
marine antifouling paint and sewage treatment. Au@TiO2-NT was light-independent 
and applicable to the dark environment inside tissues, such as for orthopedic devices 
and implants [23, 24].

Nanocomposites and a composite based on poly (butylene adipate-co-terephthal-
ate) were synthesized using commercial copper nanoparticles. The materials showed 
good inhibitory responses against the nonresistant strains Enterococcus faecalis, 
Streptococcus mutans, and S. aureus. They had the highest biocidal effect, even against 
resistant bacteria like Acinetobacter baumannii [25].

Magnetic cores loaded with metallic nanoparticles can be promising nano-carriers 
for successful drug delivery at infectious sites. The cobalt acetate was synthesized, 
and the decoration of AgNPs was carried out with silver acetate. The antibacterial 
performance of nanocomposites against E. coli and B. subtilis was found to be density-
dependent. Silver nanocomposites exhibiting antiviral, antifungal, antibacterial, 
antiangiogenic, and antiinflammatory activities are discussed as potential candidates 
for several biomedical applications due to their ability to bind with the biomolecules 
of microbial cells [26].

In brief, the antibacterial GN/Ni (OH)2 composite has been prepared using a 
facile method, providing powerful antibacterial capacity, good biocompatibility, and 
long-term effectiveness. The antibacterial activity of GN/Ni (OH)2 was dose depen-
dent and obviously exceeded that of rGO and GO. The GN/Ni(OH)2 could efficiently 
kill gram-negative or positive bacteria with a low dose and exert low toxicity toward 
normal cells, motivating their potential safe applications. The results revealed that 
the improved 3D contact between GN/Ni(OH)2 and bacteria enhanced the physical 
punctures on cells, causing severe leakage of intracellular components and leading 
to cell apoptosis. The GN/Ni(OH)2 could not induce a remarkable increase in ROS 
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production, indicating that the ROS-dependent oxidative stress induced by GN/
Ni(OH)2 will not affect antibacterial efficiency [27]. Nanocomposites that reveal 
various modes of antimicrobial Activities were enlisted in Figure 1.

3. Nanocomposites that reveal promising antifungal activity

Growing worldwide populations as a result of medical developments make more 
patients vulnerable to superficial and serious fungal infections. Dermatophytes 
like Microsporum, Epidermophtyon, and Trichophyton, as well as species from the 
genera Candida, Aspergillosis, and Cryptococcus, are among the fungi that are 
frequently linked to these disorders. Additionally, as the world’s population rises, 
so do agricultural needs. Therefore, owing to food insecurity, fungal infections of 
preharvested crops and stored food by plant diseases such as Magnaporthe oryzae 
and Fusarium oxysporum might have negative socioeconomic impacts. The major-
ity of current antifungal treatment plans are based on small molecule antifungal 
medications. Poor solubility and bioavailability, however, place restrictions on 
these medications. Additionally, there is an increase in antifungal resistance to 
these medications. A significant worldwide healthcare concern is the effect of 
fungal illnesses and the development of antimicrobial drugs against pathogenic 
fungus. Silver-loaded hydroxyapatite (Ag/HAP) nanocomposites (NCs) with 
varying Ag contents were tested against susceptible and resistant Candida species 
for their antifungal efficacy. Candida krusei had the inhibitory impact, followed by 
Candida parapsilosis sensu stricto and Candida tropicalis [28].

Antimicrobial polymers thus provide a different approach to combat fungi. The 
cationic regions of antifungal polymers have been reported to react with microbial 
phospholipids and membranes, and the hydrophobic areas are known to repel water. 
Such synthetic or natural polymers exhibit various antifungal activities, like fungal 
cell membrane permeabilization or fungal cell membrane depolarization. It might be 
challenging to determine their relative importance as Antifungal candidates. Due to 

Figure 1. 
Various modes of antibacterial and antifungal activities of different nanocomposites.
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these polymers’ chemical structure, they can be coupled to provide synergistic effects 
with other antimicrobial substances such as metal ions, charcoal, lipids, and current 
antifungal medications. In certain instances, antifungal nanocomposites and poly-
mers surpass typical small molecule antifungal drugs in terms of antifungal efficacy 
or toxicity [29, 30].

Cationic antimicrobial polymers and nanocomposites with antifungal activity as 
well as the state of knowledge on the antifungal mode of action were studied. The 
innate immune response includes antimicrobial peptides (AMPs), sometimes referred 
to as host defense peptides. The host is shielded against encroaching diseases by these 
substances, which are generated by plants, animals, and microbes. These peptides have 
short, amphiphilic sequences with an average length of 100 amino acids. The majority 
of AMPs are cationic, but those with high levels of histidine have powerful antifungal 
properties. Cathelicidins are an illustration of this. The primary storage location for 
this class of antifungal AMPs in macrophages is the lysosome, which is a component of 
the human innate immune system. However, certain AMPs with anionic charges need 
metal ions to be activated biologically. For membrane permeabilization, anionic AMPs 
bind metal ions to create cationic salt bridges with anionic microbial membranes. Even 
though certain anionic AMPs are credited with this mechanism, less is known about 
their antibacterial action than with cationic AMPs [31, 32].

In order to study the antifungal efficacy of these peptides against Candida albi-
cans, Ramamourthy et al. (2020) synthesized peptides with various numbers of lysine 
and tryptophan repetitions (KWn-NH2). The antifungal and biofilm-eradication 
abilities of these peptides increase with peptide length, with the longest peptide, 
KW5, exhibiting toxicity in a human keratinocyte cell line, while the smallest peptide, 
KW2, showed no antifungal activity by Ramamourthy et al., 2020. The membranes 
of fungus cells were not damaged by the KW4 peptide. However, KW4 was shown to 
be linked to fungal RNA in the cytoplasm of C. albicans, as revealed by laser-scanning 
Confocal Microscopy. This indicates that not all of these peptides antifungal mecha-
nisms include membrane permeabilization. Instead, these synthetic AMPs localize 
within the cell where they disrupt cellular activities by attaching to specific receptors 
after entering fungal cells [33].

Despite synthetic AMPs showing broad-spectrum antifungal activity and low tox-
icity, research into antimicrobial polymers is often focused on synthetic polymers as 
they are considerably cheaper to produce in comparison and share functional cationic 
similarities with AMPs. Polyhexamethylene biguanide (PHMB) is a synthetic quarter-
nary ammonium polymer which has been established to be an effective antimicrobial 
agent with the added advantages of low toxicity. It exhibits a high therapeutic index 
and broad-spectrum antifungal activity due to its biguanide groups and is commonly 
used as a preservative in cosmetics, water purification systems, and contact lens 
cleaning solutions. It is also used clinically for wound cleaning, where it shows excel-
lent biocompatibility. Although PHMB shows membrane disruption abilities due to its 
phospholipid binding, the exact antifungal mechanism of action remains unclear. The 
antifungal mechanism is thought to involve cell wall destabilization and membrane 
permeabilization. Gene expression studies in Saccharomyces cerevisiae indicated an 
increase in the expression of cell wall integrity genes and protein kinase C, which 
regulates cell maintenance. This suggests PHMB also damages the β-glucan structure 
of the S. cerevisiae cell wall [34].

Polyethylenimines (PEI) are amine-containing polymers with a two-carbon 
(CH2CH2) spacer. At room temperature, they can be found in branched and 
linear polymeric forms in various states. They have been widely used in in vitro 
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transfections and drug delivery. Such study has demonstrated depolarization of C. 
albicans membranes for its inactivation, though the precise antifungal mechanism is 
unknown [35, 36].

HTCC, a chitosan derivative used as a preservative in the cosmetics industry, 
is an antimicrobial polymer. In a study by Hoque et al. 2016, HTCC was shown to 
have strong antifungal activity (MIC = 125,250 g/ml), with killing occurring in just 
two hours. It targets the fungal cell membrane, increasing membrane permeability, 
similarly to chitosan, and exhibits extremely low toxicity (HC50 = > 100 g/ml) in a 
mouse model [37, 38].

Polymethacrylates (PMMA) is a polymer made of methacrylic acid esters. It is 
used as a wrinkle filler in cosmetics and as an intraocular lens in ophthalmology. 
Because it is used in medical devices, it is susceptible to microbial colonization by 
pathogens like C. albicans. Undecylenic acid (UA), a monounsaturated lipid with 
established antifungal activity at various UA concentrations (3–12%), changed the 
surface of PMMA by making it more hydrophilic. At UA concentrations of 6%, C. 
albicans exposed to these PMMA-UA composites exhibited decreased attachment, 
growth, and increased death of these fungal cells. Despite the fact that UA concentra-
tions of 9% showed a 95% eradication of C. albicans, these composites were extremely 
toxic to human cells, with a 50% reduction in viability [39].

Antimicrobial metal nanoparticles (NPs) are used more frequently than anti-
microbial drugs because they reduce the risk of antimicrobial resistance. They 
do, however, have a toxic reputation. They can be incorporated into biomaterials 
like proteins, peptides, and sugars to increase biocompatibility. The Ag-Au alloy 
nanoparticles (Ag-AuNPs) with potential broad-spectrum uses, such as a coat-
ing material for medical devices or for drug delivery, were created using a green 
synthesis approach [7].

 The concentration of Ag used in the synthesis of NPs determines its size and 
shape. Due to the silver ions, these nanocomposites effectively combatted C. albicans. 
The Ag-Au alloy nanoparticles, however, displayed improved performance. Due to 
its broad-spectrum antibacterial activity and low toxicity toward mammalian cells, 
cotton is the most commonly used natural fiber for textiles today. Silver nanoparticles 
have recently been added to it [40].

Likewise functionalized fabric treated with a nanocomposite made of silver 
nanoparticles and carboxymethyl chitosan had excellent antifungal and antibacte-
rial properties against C. albicans and Aspergillus niger (AgNPs-CMC). This fabric 
was functionalized to demonstrate how this fabric could be used to make hospital 
clothing to lower nosocomial infections. In this research, reported synthesis of 
silver-incorporated Chitosan nanocomposites (Ag@CS), CS was used as a reducing 
and stabilizing agent. The fungicide Antracol (An) was then combined with Ag@CS/
An to effectively combat Phytophthora capsici. Researchers discovered that Ag@CS/An 
was found to have significantly stronger and synergistic antifungal ability than Ag@
CS nanocomposites or Antracol nanocomposites, which had diameters upto 44.6 nm 
[41]. The TiO2-NPs, in particular, are also effective as antimicrobial agents due to their 
high aspect ratio, large surface-to-volume ratio, and reactivity [42].

Nanomaterials made upof metals or metal oxides are produced using living things 
or their components. AgNPs against Candida glabrata were made in spherical or rod 
shapes with crystal structures made of 80% anatase and 20% rutile. Under spheri-
cal AgNPs (with a diameter range of 1–24 nm) produced by a filtrated suspension 
of Aspergillus sydowii fungi, C. glabrata has demonstrated a minimum inhibitory 
concentration of 0.125 ppm [43]. Additionally, a hydrothermal technique was used 
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to decorate TiO2@ZnO nanocomposites with AuNPs that shown antifungal activity 
against C. albicans (MTCC 282) and an antiproteinase activity [44].

Hesperidin, a flavanone disaccharide extracted from orange peel, was used to 
make ZnONPs, which demonstrated notable antiviral activity against the Hepatitis 
A virus and Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2). They also displayed 
activity that was suitable for treating HIV infection (50% inhibition at 100 ppm) [45].

Seven novel silver chromite nanocomposites were synthesized and assayed to 
evaluate their antimicrobial, antiviral, and cytotoxic activities. Five bacterial species 
were used in this study: three gram-positive (B. subtilis, Micrococcus luteus, and S. 
aureus) and two gram-negative (E. coli, and Salmonella enterica). Three fungal species 
were also tested: C. albicans, A. niger, and Aspergillus flavus. The MIC of the tested 
compounds was determined using the bifold serial dilution method. These tested 
compounds could be attractive and alternative antibacterial compounds that open a 
new path in chemotherapy [46].

A sustainable and green method was used to prepare silver nanoparticles 
(Ag-NPs), followed by their incorporation into a tertiary nanocomposite consisting 
of starch, oxidized cellulose, and ethyl cellulose. Ag-NC significantly suppressed the 
growth of tested bacterial strains (E. coli, P. aeruginosa, S. aureus, and B. subtilis) as 
compared with controls. It has also exhibited antiviral effects against Herpes Simplex 
Virus, Adenovirus and Coxsackie B Virus in a dose-dependent manner. In conclusion, 
the prepared tertiary Ag-NCs had promising antibacterial, antifungal, as well as 
antiviral activities [7, 40].

Binary TiO2/AgBr nanocomposites were synthesized using a facile ultrasonic 
irradiation route and characterized by various instruments. After adding AgBr 
nanoparticles, the antifungal activity was markedly enhanced. Silver ions in AgBr 
have a broad antimicrobial spectrum and can inhibit the growth of fungi. A sample 
with 20% of silver bromide represented the highest inhibitory concentration for the 
mycelial growth of F. graminearum and S. sclerotiorum. The inactivation rate decreased 
with increasing ultrasound irradiation time [47].

The negative effects of various biotic and/or biotic stresses on plants may be 
mitigated by silicon and its nanomaterials. For regulating the growth parameters and 
yield of faba beans infected with Botrytis cinerea, the antifungal role of silver/silicon 
dioxide nanocomposite (Ag/SiO2NC) biosynthesized using a free-cell supernatant of 
E. coli was examined. In vitro tests revealed significant in vitro activity with a mini-
mal inhibitory concentration (MIC) of 40 ppm. These are all encouraging findings 
for the use of the biosynthesized Ag/SiO2NC as a secure and efficient antifungal 
agent against B. cinerea [48].

Nanocomposites that reveal various modes of antimicrobial inhibition enlisted in 
Figure 1.

4. Nanocomposites that reveal promising antiviral activity

The most recent research on viruses-designed coating materials as well as potential 
nanocoatings to stop the spread of the contagious SARS-COV-2 virus in response to 
the global health outbreak was well explored. Due to viral adhesion/colonization, 
subsequent proliferation, and biofilm formation, the exposed surfaces are contami-
nated. Hence, surface contamination possibly removed using the traditional disin-
fecting cleaning method, but studies shown that disinfecting only offers a momentary 
relief. The field of antiviral coating has seen some promising work, but more study 
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is undoubtedly needed. In the creation of antiviral coatings, it is thought that nano-
materials like metal oxide nanostructures, Graphene, Carbon Nano Tube, Carbon 
quantum dots, Titanium dioxide, bio-based nanoparticles like chitosan, capped silver, 
Graphene, Gold and Silicon nanoparticles could play a key role [49, 50].

A team of researchers has shown that surface-adsorbed viruses can be effectively 
removed from surfaces using nanoparticles. The antiviral effect, which most likely 
results from a “contact killing mechanism,” is highly dependent on the type of 
polymer and the affinity of the nanoparticles for the polymer. In this regard surface 
coatings made of nanocomposite materials with a polymer matrix and Cu/CuO 
nanoparticles synthesized and shown that surface-adsorbed viruses could be effec-
tively removed [51].

Numerous viruses can survive and maintain their infectiousness on plastics for 
several days when exposed to ambient conditions. Measuring the persistence of vari-
ous virus types on frequently used composite materials, like carbon-epoxy and glass-
polyester laminates, is necessary. The polymer composites community has received a 
clear message from the SARS-CoV-2 global pandemic that there are opportunities for 
next-generation materials with virus-resistant surfaces [52].

Polymer Nano-Composites (PNC), such as polysaccharides nanocomposites, may 
play a significant role in the development of an antiviral drug for Covid-19. PNC 
could manage the health system, reduce lockdown times, and reduce social isolation 
while also saving money and energy [53].

The unique structure of graphene oxide sheets could contribute to the inhibition 
of infection by feline coronavirus with a lipid envelope. GO sheets with silver par-
ticles exhibited antiviral activity against both enveloped viruses and non-enveloped 
viruses. Negatively charged GO can absorb positively charged lipid membranes and 
induce rupture of membranes. The interactions between GO and the membrane can 
attract the absorption of more lipid membranes [54].

This study, proposed a blocking strategy against model respiratory viruses, severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pseudovirus and porcine 
reproductive and respiratory syndrome virus (PRRSV) (PRRSV and SARS-CoV-2) 
infection by heparan sulfate analogue-modified two-dimensional (2D) transition 
metal carbides (MXenes) nanocomposites. The functional 2D nanocomposites with 
excellent physicochemical properties and abundant heparin analogue (MPS) dem-
onstrated several unique advantages for antiviral research. Firstly, the Ti3C2-Au-MPS 
nanocomposites with a relatively uniform particle size and excellent biocompatibility 
can be synthesized in a facile method. Secondly, Ti3C2-Au-MPS nanocomposites 
can block PRRSV infection by inactivating PRRS virions in vitro and inhibiting its 
adsorption and invasion in host cells. Thirdly, Ti3C2-Au MPS nanocomposites have 
a potent inhibitory effect on SARS-CoV-2 infection, suggesting that these materials 
have broadspectrum antiviral activity against PRRSV and SARS-CoV-2 [55].

According to a study, aqueous medium was used to create Ag NP/Chitosan com-
posites with antiviral activity against the Influenza A virus. Unreacted Ag NPs were 
not found in the composites, which were obtained as yellow or brown flocs. The 
experimental results demonstrate that virions and composites interacted. The synthe-
sis methods control the antiviral and cytotoxic properties of the silver nanoparticle 
or nanocomposite by modifying its size, shape, morphology, and surface charge. As 
discussed in this work, biological approaches have emerged as a result of the short-
comings of physical and chemical approaches [56].

Antibacterial, antifungal, and antiviral properties of ZnO NPs and Activated 
Carbon nanoparticles were synthesized. On the human WI38 cell line, their 
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cytotoxicity was tested. Such nanocomposites reported as lethal at minimally toxic 
concentration reduced the Herpes Simplex Virus1 count by about 83%. (MNTC) [57].

The suggested TiO2 PL-DNA nanocomposites can be used to effectively and spe-
cifically inhibit different subtypes of influenza A virus. The proposed TiO2 PL-DNA 
nanocomposites have remarkable antiviral activity, making them excellent platforms 
for drug development against a wide range of nucleic acid-related diseases, from 
infectious diseases to hereditary disorders [58]. Various Nanocomposites discussed 
above have shown antiviral activities against respected viruses. Possible Mechanisms 
of Antiviral activities were enlisted in Figure 2.

5. Conclusion

Antibacterial nanocomposites incorporating inorganic nanoparticles present 
higher antibacterial activity compared with their bulk counterparts due to their 
higher surface-to-volume ratio, resulting in improved contact with microorganisms. 
Antibacterial properties have been usually tested on nonpathogenic bacterial strains 
like E. coli and S. aureus as model organisms, but research should focus on other bac-
terial pathogens of different families. This would account for the increasing antibiotic 
resistance among various bacteria and their association as a severe hazard to world-
wide public health. Some Graphene like nanocomposites with small-sized NPs are 
more effective against Gram-negative bacteria since they have larger surface area in 
contact with the bacteria. Well-dispersed nanomaterials show stronger antibacterial 
activity than the aggregated ones. The main challenge is obtaining reliable informa-
tion on the interaction between bacteria and nano-structures. Another challenge is to 
analyze the toxicity associated with them. Antifungal polymers can be combined with 
other anti-microbial compounds to enhance their antibacterial activity. This flexibil-
ity provides great promise for applications that range from postharvest food preserva-
tion to healthcare, according to the World Health Organization (WHO). The potential 
of antifungal composites to replace antifungal drugs still remained unexplored. 
Likewise viral infections are difficult to treat because viruses spread and multiply 
quickly. Numerous new, deadly viruses, including the Coronavirus, Ebola virus, 
Dengue virus, HIV, and Influenza virus, are already causing chaos on people. Moreover 
Silver and biobased polymers as Nanocomposites which are selective antimicrobial 

Figure 2. 
Various modes of antiviral activities of different nanocomposites.
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compounds should be explored in future to enhance its applicability. Silver biobased 
nanocomposites are thought to be a powerful and cutting-edge pharmacological agent 
with strong antiviral activity against these viruses and microorganisms. This is to be 
thoroughly studied in all respects.
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Tissue-Electronics Interfaces
Shahab Ahmadi Seyedkhani and Raheleh Mohammadpour

Abstract

Tissue-electronics interfaces provide a two-way communication between biological 
tissue and external electronics devices to record electrophysiological signals and stimu-
lation of the living organs. This chapter presents an overview of significant progresses 
in tissue-electronics interfaces. At first, we evaluate principal properties of the living 
tissue microenvironment important for tissue-specific equipment design. Next, we 
study charge transfer mechanisms in the biological tissues, bulk electrode materials, 
and tissue-electronics interfaces. After that, we highlight the current developing and 
promising advanced biomaterials for the neural electrodes, significantly leading to 
the development of bionanoelectronics and bionic organs. Finally, the challenges and 
future outlook of the neural interfaces will be discussed.

Keywords: bioelectronics, neural interfaces, biomaterials, composites,  
neural recording, electrical stimulation, charge transfer

1. Introduction

The discovery that human cells are capable of producing electrical signals and 
responding to electrical stimulation, has encouraged researchers to develop technolo-
gies based on monitoring the body’s electrophysiological activities and electrical 
stimulation of living tissues. To understand that how the electronic systems interact 
efficiently with biological tissues, dominating over the structural complexity and 
function of the host tissue is essential. Biological tissue often contains the cells 
distributed in an extracellular matrix (ECM). The ECM is a specific biochemical 
composition consisting of various sugars and proteins in an aqueous medium. In 
addition to mechanical support, the ECM has biochemical and topological proper-
ties that affect the cellular functions such as migration, proliferation, differentiation 
and growth mechanisms. The properties of the ECM are different according to the 
type of tissue. Therefore, the biomaterial’s performances can be different based on 
the microenvironment that the biomaterial is implanted in. Accordingly, to create 
harmony and constructive interaction between implantable devices and living tissues 
in a bioelectricity system, matching the properties of each component is vital [1].

Based on this, the need for new materials to extract data through advanced, imme-
diate and accurate methods has developed different types of materials and methods to 
improve the interaction of implantable equipment with the biological organs, tissues 
and cells. Todays, developing of the new high efficient neural interfaces is progressing 
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rapidly, which is mostly due to the development of new materials. Meanwhile, the 
current electrodes are usually made of the metals such as platinum (Pt), iridium 
(Ir) and other materials such as stainless steel and nickel-chromium (Ni-Cr) alloys. 
Figure 1 shows various commercial electrodes that are currently used in clinical appli-
cations. However, these materials have significant shortcomings such as mechanical 
mismatch, low biocompatibility, and weak electrochemical performances. Therefore, 
various new advanced materials such as hydrogels, conductive polymers, and hybrid 
composites have been developed, so that they are expected to cause the great improve-
ments in bioelectronics and online health monitoring.

2. Essential considerations

2.1 Dynamics and mechanical properties

Reducing the damage to the biological tissue and minimizing the interfering 
effects on the function of the organ are fundamental considerations in the design  
and implantation of a device in the body. From the muscle dynamics caused by heart 
and lung activities to peristalsis of the digestive system and the mobility of bones and 
joints, may affect the performance of the implant. On the other hand, the presence 
of biomedical implants in the body can slow down or disrupt the activity of dynamic 
organs. The forces caused by continuous movements around the implant can easily 
lead to the destruction of the bioelectronic device. In addition, the stiffness of the 

Figure 1. 
Different commercial neural electrodes: (a) an iridium (or platinum, gold) multi-arrays electrode fabricated 
using state-of-the-art silicon microelectromechanical systems (MEMs). (b) a vector array made of silicon (inset: 
optical images of the electrode size in comparison with a coin), and (c) ultra-flexible Pt electrodes on a polyimide 
substrate. (d, e) Cardiac surface grid on heart surface. All images are adapted with permission from products of 
the NeuroNexus company (USA).
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living tissue can also affect the performance of the implant. Most biological tissues, 
except bones and teeth, are soft and have an elastic modulus of less than 1 kPa (such 
as central nervous system) to higher than 100 kPa (such as lungs, kidneys, arteries) 
[2]. Meanwhile, pathological conditions can lead to the transformation and increase 
of stiffness of biological tissues [3]. Subsequently, changing the ECM’s stiffness 
affects the behavior and function of the cells. Therefore, the soft nature of most 
biological organs and tissues makes them highly vulnerable when faced with biologi-
cal implants. Accordingly, it is important to understand the dynamics and mechanics 
of the living tissues.

2.2 Immune responses to implants

After implantation, a layer of proteins, such as fibronectins, collagens, laminins, 
are quickly absorbed on the implant’s surface [4]. This layer is determined by the 
immune system, leading to foreign body responses (FBR) [5]. The FBR is a phenom-
enon in which many immune cells undergo apoptosis. This compromises the immune 
system that may result in formation of a biofilm around the implant and tissue 
infection [6]. During this process, the formed fibrotic capsule around the implant 
separates the electronic device from the biological target.

The immune system reactions are altered based on the tissue. In the central 
nervous system, which is resistant to foreign antigens and immune response [7], the 
FBR causes the glial scar formation. The resulting scar isolates the bioelectric implant 
and ultimately impairs the electrical recording/stimulation function. Infections and 
glial scars caused by the presence of an implant in the body are generally attributed 
to various reasons such as the mechanical mismatch of the implant with the host 
tissue [8]. Hence, tailoring the mechanical properties to minimize the FBR is a major 
consideration when designing an efficient implant. Figure 2 shows the immune 
responses, including glial encapsulation and tissue/electrode separation processes, to 
the implants.

2.3 Chemical environment

The chemical microenvironment surrounding the implant plays an essential role in 
the stabilization, interaction and performance of the bioelectricity system. Biological 
tissues are moist and somewhat alkaline microenvironment, which may be aggressive 
to electronics system components such as sulfate, chloride, carbonate, and phosphate 
[10]. The combination of the chemical microenvironment with reactive oxygen spe-
cies (ROS), which are produced during intracellular metabolic processes, can cause 
the FBR caused by oxidative processes. This disrupts the implant’s interaction with the 
biological tissue, and the subsequent entire functioning of the bioelectricity system.

Ideal biomedical implants should be compatible with the underlying living tissue. 
This adaptation results in a sincere but not restrictive interaction with the organ’s 
topography. Therefore, to minimize inflammation of the immune system, bioelec-
tronic materials and designs must be biocompatible, and neutral to proteins absorp-
tion and immune cells stimulation. For example, applying an inert encapsulating 
material aims to reduce the direct interaction zone between the electrode and biologi-
cal tissue, reducing electrical noise and potential electrode degradation. Hence, one 
of the most effective ways to reduce inflammation and infection, is designing new 
materials and modifying the implant’s surface to be more compatible with biological 
microenvironments.
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3. Charge transfer mechanisms

3.1 Charge transfer at tissue-biomaterial interfaces

Accurate monitoring of the electrophysiological signals produced by the nervous 
system and operative tissue stimulation are important parameters for evaluat-
ing the performance of the tissue-electronics interface [11]. The generation and 
transmission of electrophysiological signals are conducted by stimulating ions to 
pass through the cell’s membrane and changing the charge concentration in the 
ECM. These ions carry the charges in the ECM, so their mobility makes a local 
electric field. The goal of a neural electrode is to create a two-way connection 
between the electronics device and biological tissue to record the changes of the 
electrophysiological field (signal recording) or change the field (electrical stimula-
tion). Enhancing this two-way communication is the basis of that we consider for 
designing and construction of bioelectricity systems [12]. Figure 3 indicates the 
bioelectronics activities in the tissue-electronics interfaces and equivalent circuit 
models for stimulation and recording. It does not matter which communication 
mode (recording or stimulation) is performing at the interface, the important thing 
is that the applied electroactive materials ensure efficient charge transfer between 
electrons and ions in the bioelectricity system. Because, charge transfer in neural 
interfaces is done by electrons, while biological tissues transfer electrophysiological 
charges through ions [14].

Figure 2. 
Glial encapsulation process (A) before implantation, and (B) 12 h post-implantation, (C) 1 week post-
implantation, (D) 4 weeks post-implantation, (E) 12 weeks post-implantation. Panels (F), (G), and (H) 
represent cross-sectional of (C), (D), and (E), respectively. The figure is adapted with permission from Ref. [9] 
MDPI.
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In a way known as capacitive charge transfer, the transfer mechanism depends 
on the charging/discharging process of the capacitance made by the electric double 
layer (EDL) formed on the electrode surface. Upon the electrode generates an electri-
cal pulse, the electrostatic charges concentration on the implant’s surface changes, 
which is accompanied with the alternating absorption and repulsion of ions in the 
ECM surrounding the implant. It is worth noting that during this process, there is no 
electron transfer between biomaterials and tissue. In fact, under these conditions, a 
layer of polarized water molecules is adsorbed on the electrode’s surface and acts as a 
dielectric for the EDL capacitor [15]. It means, no chemicals are produced or con-
sumed in capacitive charge transfer. Therefore, electrodes whose function is based on 
capacitive charge transfer are more suitable for stable interaction with physiological 
environments. However, the charge transfer ability of a neural interface depends on 
the capacitance of the surface EDL, and the capacitance is positively dependent on the 
surface area of the electrode. Therefore, increasing the effective surface area of neural 
electrodes, without increasing their size, leads to improvement of the bioelectronics 
systems performance.

In another charge transfer process that is based on the Faraday mechanism, 
charge transfer depends on chemical reactions occurring on the electrode’s surface. 
In other words, when the electrode generates an electrical pulse, the reduction-
oxidation (redox) reactions occur at the tissue-electrode interface. The Faradaic 
charge transfer is associated with the reduction or oxidation of chemicals, which 
establishes as electrons pass through the interface. According to whether new stable 
products are produced during charge transfer or not, the Faradaic process is divided 
into two types of reversible or irreversible. During the irreversible Faradaic process, 
the redox reactions not only lead to the collapse of the electrode, but also damage 
the living tissue by changing the ECM’s conditions such as pH and releasing harm-
ful products into the tissue microenvironment. So, it is preferred to avoid charge 
transfer processes by irreversible Faradaic paths. Meanwhile, in reversible Faraday 
charge transfer mechanism, new materials produced on the electrode’s surface are 
converted to their original state during the opposite electric pulse. Hence, in the 

Figure 3. 
schematic representation of (a) ions transfer through membrane channels, making (b) an extracellular potential 
that interacts with the electrical field produced by electrode. (c) Equivalent circuit models for (top) recording 
and (bottom) stimulation processes. VR shows the output of the recording with the interconnect resistance Rc. The 
V indicates the electric potential within ECM generated by the ionic currents applied on the electrode surface. 
For both recording and stimulation, the tissue-electrode interface is considered as a parallel circuit of the EDL 
capacitance (C), and the leakage resistance, R. VS indicates the input for stimulation with the interconnect 
resistance Rc. The Ve represents the electric potential within ECM generated by VS applied on the neuron’s outer 
membrane [13].
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reversible Faradaic process, new products are not introduced into the living biologi-
cal tissue. Accordingly, charge transfer through reversible Faradaic processes is safe 
and desirable. It is very important that the corresponding redox reactions occur 
during charge injection in the reversible Faradaic method, because they indicate 
that the neural interface can hold more charges. Consequently, the electrodes with 
a reversible Faradaic charge transfer mechanism are preferred compared to the 
electrodes based on irreversible charge transfer. Figure 4 indicates capacitive and 
faradaic charge transfer mechanisms at tissue-electronics interfaces and their cyclic 
voltammetry (CV) responses.

3.2 Charge transfer in biomaterials (electrode)

Due to the type mismatch of charge carriers in the biological tissues and electron-
ics systems, the stable and effective data transmission using the neural interface is 
a significant challenge. So far, we have discussed charge transfer mechanisms in the 
biological tissues and the tissue-electrode interfaces. Next, we will describe charge 
transfer mechanisms in biomaterials (electrode material). Charge transfer in the 
electrode materials are divided into three main categories, which are:

1. Charge transfer by electrons: This type of charge transfer is often observed in 
traditional electrodes, which are often made of metals and carbon materials. 
These materials generally use free electrons as charge carriers to establish con-
nections with biological tissues [16]. Due to the high electrical conductivity and 
long-term biological stability of metal and carbon electrodes, these materials 
have been widely used in construction of the neural electrodes [17].

Figure 4. 
Schematic illustrations of the electrochemical processes at tissue-electronics interfaces. (a) Capacitive charge 
transfer based on the electrical double layer (EDL) consisting of the charge and discharge processes.  
(b) An idealized faradaic (Redox) charge transfer. (c) The capacitive charge transfer characterized by voltage 
(V)-independent current (I) in cyclic voltammetry, resulting in a box-like cyclic voltammogram. (d) The 
faradaic charge transfer features an anodic peak (corresponding to oxidation, [Red − e−→ Ox], where ‘Red’ and 
‘Ox’ are the reduced and oxidized forms of a species, respectively) and a cathodic peak (corresponding to reduction 
Ox + e−→ Red) around the standard redox potential E0 of the redox couple in cyclic voltammetry.
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2. Charge transfer by ions: Ion-conducting materials such as hydrogels often have inher-
ent biocompatibility, flexibility and excellent adaptability to the living tissues, which 
are considered as promising characteristics for the neural interfaces [13, 18, 19].

3. Charge transfer through hybrid electron-ion transfer: This transferring method 
is often done by conductive polymers (CPs), and their composites with hydro-
gels and electron conductive materials. In addition to hybrid electron-ion charge 
transfer mechanism, the excellent mechanical biocompatibility of the CPs has 
drawn this materials more attention [20].

In the next section, we will describe the notable electrode materials based on their 
charge transfer mechanisms.

4. Current developing neural interfaces

Tremendous production progresses of new materials, reducing dimensions while 
increasing efficiency of bioelectronics systems. In addition, the mechanical adapt-
ability and improving the electrical properties of neural electrodes to better interact 
with biological tissues have always been on the research programs. The improvements 
of the conventional electrode’s properties and design of new electrodes, lead the 
bioelectronics present in various applications such as heart pacemakers, deep brain 
stimulators, retinas, contact lens, electronics skin and etc. In this section, we will 
introduce different types of these electrode materials, manufacturing processes and 
their functional mechanisms.

4.1 Neural interfaces that transfer charge by electrons

4.1.1 Metal electrodes

Until now, most neural electrodes are mainly produced by electron conductive 
materials, namely metals and metal composites such as platinum (Pt), gold (Au), 
silver (Ag), and iridium. However, the practical applications of these materials as 
electronic-tissue interfaces are limited due to their weak biocompatibility and insuffi-
cient electrical activities. It should be noted that the electrical activity of the electrode 
depends on different electrochemical parameters such as electrochemical impedance, 
charge injection limit (CIL) and charge storage capacity (CSC). It means, the high 
electrical conductivity of metal electrodes does not necessarily mean in that they 
have good electrical activity. For example, it has been demonstrated that although 
some conductive polymers suffer from lower electrical conductivity, they show 
higher electrical activity than platinum [21]. Therefore, a material with low electrical 
conductivity is not necessarily a weak electroactive material, although increasing the 
electrode’s conductivity usually improves its electrical activity [22]. In the following, 
we will discuss the recent approaches for improving the biological behaviors and 
electrical activities of the metal electrodes.

• Nanostructured metal electrodes

Do more with less, this is the mantra of nanotechnology. Considering the urgent 
need for small bioelectricity systems, increasing the number of channels and charge 
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injection density of neural electrodes while reducing their dimensions, research-
ers have developed different types of electrodes with nanoscale features [23, 24]. 
However, these electrodes still face unavoidable limitations, which are: (I) the pos-
sibility of bending and placing in unspecified places due to the excessive fineness and 
frangibility. (II) To design these tiny electrodes, the materials with high hardness and 
stiffness are needed, which may cause activation of the immune system, formation 
of glial scars and tissue inflammation. (III) Nanometer electrodes may have relatively 
high electrochemical impedance and low charge injection capability, which leads to 
weakening the performance of the bioelectricity system. However, some approaches 
such as introducing nanopores in the electrode structure for increasing its effective 
surface area, can reduce the electrochemical impedance of the neural interface [25]. 
Recently, composite coatings made of electrodeposited iridium oxides with Pt gray 
were developed to fabricate IrOx/Pt gray neural electrode. It demonstrated that the 
large surface area of the nanoporous Pt, leading to firm adhesion of the iridium 
oxide to the substrate accompanying with superior mechanical and electrochemi-
cal stability of the electrode [26]. Other example are the diamond-titanium porous 
composites produced by deposition process to fabricate hybrid neural electrodes. 
These composite electrodes have demonstrated high electrochemical capacitance, low 
impedance, and excellent biocompatibility assessed in vitro using cortical neurons 
[27]. Moreover, the nanostructured electrodes have shown greater compatibility 
with the ECM [28]. The flexibility of nanostructured electrodes in line with the weak 
movements of the brain and other dynamic biological organs, is another advantage of 
nanometer electrodes [29].

• Metal composite electrodes

High impedance and low biocompatibility are the unfavorable characteristics of 
traditional metal electrodes for monitoring electrophysiological signals and tissue 
stimulation. Accordingly, metal composites have been developed to overcome the 
mentioned challenges and improve the long-term stability of metal-based neural 
interfaces. Avoiding parasitic effects should be considered for design of metal com-
posites, so combining the materials with similar characteristics is more preferable. 
In addition, it has been proved that the nanocomposites, which have high specific 
surface area and more compatibility with the ECM, improve the performance of 
the neural interface. Also, fabrication of nanostructured composite coatings on 
the electrode, could be a method to create the preferred properties. The composite 
coatings are usually deposited by electrochemical deposition, sputtering and thermal 
evaporation methods. Currently, gold (Au) is considered as a promising candidate 
for improving the properties of neural electrodes. The excellent biocompatibility 
and encouraged performance of the Au-coated electrodes have been proven [30]. 
Compared to the pure silver (Ag) surface, the Au-Ag nanocomposite electrodes have 
shown lower impedance and more biocompatibility, which has resulted in accurate, 
high-quality, and stable recording of electrocardiogram (ECG) and electromyogram 
(EMG) signals. Moreover, the traditional neural electrodes generate wide signal void 
(no functional magnetic resonance imaging (MRI) signal) in ultrahigh field (UHF) 
MRI scanners. This is an important shortcoming when simultaneous MRI signal 
acquisition and neural monitoring is desired, for example in studying the functional 
mechanisms of deep brain stimulation (DBS). Recently, new gold-aluminum (Au-Al) 
composites have been presented for neural interfaces to overcome the signal voids. 
The Au-Al composites significantly reduce the magnetic susceptibility difference 
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between the brain tissue and electrode, resulting in greatly reduced regions of the 
signal voids. The Au-Al composites produced less field distortion and signal loss com-
pared to the pure Au and Al electrodes, leading to MRI scanners of lower magnetic 
field strengths as well [31].

Despite to the conventional electrode metals such as the toxic Ag nanowires [32], 
liquid metals (LM) have good biocompatibility, excellent mechanical flexibility, and 
significant electrical conductivity. The LM composites include bismuth-indium-tin 
(Bi-In-Sn), indium-gallium eutectic (EGaIn) and gallium-indium-tin (GaInSn), are 
widely used in the preparation of neural electrodes. However, these LM electrodes 
have obvious challenges, including (I) removing the oxide layer of LM particles inside 
the ink to connect the electrode paths, (II) overcoming the surface tension of the LM 
and converting it into desired shape, (III) solving the problem of connection fragility 
of the LM to other components of the bioelectricity system, and (IV) encapsulating 
the LM to prevent leakage into the biological microenvironment, and subsequent 
tissue damages.

4.1.2 Carbon-based electrodes

At present, carbon-based materials such as carbon nanotubes (CNTs) and 
graphene, are outstanding candidates for the design and fabrication of nanoscale, 
flexible, and multifunctional neural interfaces.

• Graphene electrodes

Graphene is a single layer of carbon atoms that are connected to each other in 
the form of a two-dimensional honeycomb network by sp2 hybridization. Recently, 
graphene has been used as a successful high efficiency material in the neural inter-
faces [33]. Among the prominent features of the graphene, the following should 
be mentioned: (1) very high mechanical strength while maintaining extraordinary 
flexibility, (2) excellent electrical conductivity (single layer resistance of 100 Ω 
sq.−1) with a carrier mobility of ~15,000 cm2 V−1 s−1 at ambient temperature [34], 
(3) large surface area that provides a favorable template for cell attachment and 
charge transfer, thereby enhancing electrical recording/stimulation capability, and 
(4) biocompatibility. Additionally, the modified surface functional groups of the 
graphene, makes it more compatible as an operational nanostructure for various 
applications. By manipulating or functionalizing graphene, some modified structures 
such as graphene oxide (GO), reduced graphene oxide (rGO), graphene fibers and 
other derivatives can be produced, which brings more choices for bionanotechnology 
[35, 36]. Graphene can be coated on the electrodes using different methods such as 
chemical vapor deposition (CVD) [37], spraying [38], and electrochemical routes 
such as cyclic voltammetry (CV) [39]. However, weak adhesion of the graphene to the 
substrate, resulting in coating instability and destruction of the electrode, is one of 
the main challenges of the graphene electrodes.

• CNT electrodes

Carbon nanotubes (CNTs) are one-dimensional nanostructures created by 
twisting the graphene sheets. The CNTs have been widely used in the construc-
tion of neural electrodes, duet to their following desirable characteristics: (1) they 
have high electrical conductivity, facilitating the ballistic electron transfer from the 
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electronics-tissue interface to the electrode material. (2) They have a high surface-
to-volume ratio, which can reduce the electrochemical impedance and increase the 
charge injection capability of the electrode [40, 41]. (3) The CNTs benefit from 
surface functional groups that are easily modified by biological molecules, leading to 
tunable anisotropic properties adequate based on the application. In addition, (4) The 
CNT-based electrodes have presented superior biocompatibility, mechanical strength, 
flexibility, and worthy adhesion to the nerve cells [42, 43].

There is a trade-off between the size of the neural electrode and its electro-
chemical impedance, so that by decreasing the electrode size decreases, its imped-
ance increases. It should be noted that for high resolution and accurate recording 
of the electrophysiological signals, the small electrodes with low impedance are 
needed. Although the size and electrochemical properties of neural electrodes have 
been continuously improved, weakening the mechanical performances during 
miniaturization have always been an important challenge for practical applications 
[44]. Therefore, the CNTs are suitable nanomaterials to overcome this challenge. In 
addition, the improvement of biocompatibility, reduction of impedance, promo-
tion of more stable micro-environmental ability of the conventional electrodes 
modified with the CNTs have also been reported [45]. The researchers have evalu-
ated conductive CNTs/collagen composites for studying the cellular responses on 
the neural interfaces. The results indicated that by increasing the collagen content, 
the cells show enhanced attachment on the electrode’s surface, which could be due 
to the high ability of the collagen to improve the adhesion and viability of the nerve 
cells [46].

4.2 Neural interfaces that transfer charge by ions

Signal transmission in biological media is conducted through the movement 
of ions and small molecules, contrary to the electron-hole in electronic devices. 
Accordingly, the ion-conducting neural interfaces can interact more efficient with 
the living tissue. The finding this tissue-electronics charge transfer interaction has 
caused the ion-based interfaces to receive more attentions. However, the use of liquid 
ion-conducting materials such as electrolyte solutions and ionic liquids, which have 
high ion transfer capability, are limited due to the need for a mold to maintain the 
shape of the electrode [47]. As a result, the solid ion conductors have attracted more 
attentions. Recently, hydrogels have been broadly applied in biological applications, 
including cell culture, smart drug delivery, tissue repair and regeneration, due to their 
intrinsic biocompatibility, biological functionality, flexibility, and adaptation to living 
nerve tissue. The outstanding capabilities of the hydrogels have caused these materi-
als to be considered promising candidates for designing and manufacturing flexible 
bioelectronic systems [48].

4.2.1 Hydrogels

Hydrogels are soft solid ion-conducting materials that are composed of intercon-
nected polymeric configuration. This polymeric structure can absorb water that 
enables free ion movement in aqueous-based network, creating ionic conductivity. 
This ability has caused hydrogels to be used in various applications such as artificial 
muscles, ionic skin, artificial axons and connections of the central nervous system, 
whose functions are performed through ion conduction. Conductive hydrogels 
are usually synthesized by (1) constructing distinct component networks through 
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self-assembly or self-polymerization CPs/fillers, (2) building interpenetrating 
networks by doping CPs/fillers, (3) diffusing free ions, and (4) embedding conduc-
tive fillers/free ions into an existing non-conductive hydrogel matrix (Figure 5). 
Depending on the additives and dominant conducting mechanisms, the synthesized 
hydrogels can be classified as electron-based, ion-conducting, and hybrid electron−
ion conductive hydrogels.

The ionic conduction is mainly based on a non-Faradaic (capacitive) charge trans-
fer mechanism, without materials or charges passing through the neural interface. 
This transmission possesses the transmitting high-frequency electrical signals over 
long distances [50].

There are three types of widely used hydrogels for the electronic-tissue interfaces, 
which are (1) ion-conducting hydrogels (ICHs), (2) ion-conducting organohydrogels 
(ICOHs), and (3) hydrogel composites. In the following, we will focus on hydrogels 
in which the electrical conduction is conducted only through ions. Other hydrogels in 
which the charge transfer process is carried out by hybrid electron-ion transfer will be 
discussed in the next section.

The ICHs are classified as highly hydrophilic gels with a massive three-dimen-
sional (3D) hydrated network structure [51]. Since ions can move freely in this 
3D network, ICHs can achieve high ionic conductivity in the range of 3.4–5.5 Sm−1 
[52, 53] by permeating salts such as NaCl, LiCl, FeCl3, acids such as HCl, H3PO4, or 
ionic liquids [54–56]. In addition, the ion conduction mechanism of hydrogels is 
similar to biological tissues, so they can efficiently exchange data through ion diffu-
sion [48]. This makes hydrogels immune to the challenges of converting electronics 
and ion-based signals to each other and related problems [50, 57]. It should be noted 
that this group of hydrogels contain large amounts of water, which can act as a buffer 
environment during the side effects, to prevent adverse problems for the living tissue. 
Most ICHs are adhesive, transparent, and self-healing, so their applications in bio-
electronic systems such as wearable sensors, implantable epidermal electrodes, digital 
tattoos, and many others are being developed [58, 59].

Figure 5. 
Different types of conductive hydrogels, preparing by using CPs, conductive fillers, free ions, and their composites. 
According to the composite’s materials and properties, the fabricated hydrogels can be classified as electronic, ionic, 
and the hybrid electron−ion conducting hydrogels. The figure is adapted with permission from Ref. [49] American 
Chemical Society.
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However, the prepared ICHs by salt compounds, have unfavorable biocompat-
ibility and low stability due to the release of excess ions, which can lead to the dam-
age of bioelectronic devices. It has been proven that compared to traditional metal 
electrodes, the ICH-based electrodes can generate contractile forces using lower 
voltages, which indicates the capability of the electrodes for bioelectrical stimulation. 
In addition, it should be noted that the undesired gaps formed between the electronic 
interface and the biological tissue, resulting by muscle contraction or skin bending 
(surface electromyography abbreviated to sEMG), leads to significant noise/error in 
the identification of electrophysiological signals. These gaps can be eliminated using 
soft hydrogel interfaces and making electrostatic interactions between the electrode’s 
surface and tissue [60]. However, the ICH-based electrodes lose conductivity, flex-
ibility, and even morphology due to rapid water loss, which limits their practical 
applications [61]. At present, some solutions have been proposed to overcome this 
problem, including (I) addition of dehydrating reagents [62, 63], (II) mixing of ionic-
polymeric liquid gels [59], (III) binding of sealing materials [64], and (IV) mixing of 
deep eutectic solvents (DESs).

As mentioned, the water losing is one of the major shortcomings of hydrogels in 
practical applications. Recently, adding organic solvents to hydrogels for producing 
the ion-conducting organohydrogels (ICOHs) has been considered to overcome the 
dehydration of hydrogels. This modification is based on the premise that the organic 
solvents can compensate some of the lost water of hydrogels, and enhance their dry 
immunity and maintain ionic conductivity [65]. In addition, the ICOHs retain some 
advantages of the hydrogels, including biocompatibility, soft mechanical properties, 
and considerable shape design ability [66, 67]. Adding organic solvents to hydrogels 
can be conducted through three methods, which are (1) solvent replacement [68]; 
(2) the desorbed hydrogel network is injected with organogel precursors, and then is 
subjected to in situ polymerization [69]; and (3) gelation in a binary solvent [70].

It is worth noting that although the solvent displacement method could be done 
easily, the ICOHs prepared by this method have relatively weak forces between the 
hydrogel’s polymer network and the replaced solution, resulting in solvent leakage 
and tissue damages [71]. Meanwhile, ICOHs synthesized by the gelation method in 
binary solvents have overcome this challenge and also presented the advantage of 
high electrical conductivity. While, high electrochemical impedance and insufficient 
long-term adhesion to biological tissue are some problems of the ICOHs, which have 
limited their usage in the bioelectronics.

4.3 Neural interfaces with hybrid electron-ion charge transfer mechanism

An ideal tissue-electronics interface should provide the charge transfer require-
ments of biological tissues and electronics devices simultaneously. Hence, the 
materials with hybrid electron-ion charge transfer are more appropriate for design 
and construction of the neural interfaces. Recently, conducting polymers (CPs) have 
attracted many attentions to create neural interfaces due to their hybrid electron-ion 
charge transfer capability.

4.3.1 Conductive polymers

The CPs benefit from unique features, which include (1) simultaneous electron-ion 
conductivity [72], leading to reduction of the electrochemical impedance and improve-
ment of the electrical recording/stimulation. (2) Their inherent adaptive mechanical 
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properties lead to bridging at electronic-tissue interfaces. (3) Fibers and nanostructures 
of the CPs, which could be synthesized by low-cost and simple methods, have high 
specific surface areas that result in facilitating electron-ion exchange at neural electron-
ics-tissue interfaces. (4) Mixing the CPs with different materials such as polyelectrolytes 
(polystyrene sulfonic acid, polyacrylic acid, polymethacrylic acid) and bioactive 
molecules [73] can be easily conducted, which improves the biocompatibility and stabil-
ity of the CPs-based electrodes [74]. In the following, some well-known CPs materials, 
which have shown promising performances as the neural electrodes, will be presented.

• Neural electrodes made from polypyrrole

Polypyrrole (PPy) is an intrinsic CP that has high conductivity, biocompatibility, 
facile processing, water solubility, and slight potential for its monomers oxidation, 
which has made it a capable candidate for the neural interfaces [75]. An ideal CP 
should have independent decent properties and performances as much as possible, 
without adding extra reinforcements. To achieve this goal, the CPs need to have 
mechanical and chemical stabilities in biological microenvironments. However, 
contrary to the mentioned worthy properties of the PPy, it is prone to irreversible 
oxidation and easily fails under the change of chemical conditions such as pH and 
disrupts the bioelectronics interfaces. This characteristic has limited the PPy applica-
tions, resulting in more attentions to alternative CPs such as the poly (3,4-ethylene-
dioxythiophene) (PEDOT).

• PEDOT electrodes

The PEDOT is an intrinsically CP that appears to be more attractive than PPy 
due to several reasons, including (1) PEDOT has a narrow band gap [76], changing 
charges in the polymer chains. (2) PEDOT has a higher electrical conductivity that 
increases the electrode’s capabilities [22, 77]. (3) PEDOT has shown great electro-
chemical stabilities [78], which are necessary for the electrical recording/excitation 
stabilization in a bidirectional communication. In addition, (4) the PEDOT has 
better biocompatibility than PPy [79, 80]. Although the CPs have many advantages in 
bioelectronics, their brittleness and excessive stiffness have limited their use in neural 
electrodes. Therefore, the design and construction of soft and elastic composites 
based on conductive elastomers (such as PEDOT:PSS) distributed in a soft elastomer 
matrix (such as polyurethane, PU), and or using the laser micromachining technol-
ogy for converting the CPs into a flexible electrodes array, have been proposed [81].

• CPs composite electrodes

In addition to the CPs-based electrodes, surface modification of traditional 
electrodes using the CPs and their composites has given innovative capabilities to the 
electrical recording/stimulation processes. Improving the performance of electrodes 
with the CPs-based coatings, could be due to (1) reducing the electrochemical imped-
ance of the electrode, (2) making a soft compatible surface for the electrode while 
being strong to improve the tissue-electronics interface. In addition, (3) increasing 
bioactivity in comparison with the bio-inert metallic electrodes, results in decreasing 
immune responses, tissue inflammation and implant infections. The CPs not only 
increase the electrode’s stability, but also their highly porous structures, such as elec-
trospun fibers, can improve the electrochemical performances [82]. The biological 
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fluids can flow in the pores of fibrous structures and interact with a high surface 
area to increase the electrophysiological signal transmission efficiency. Additionally, 
making porous composites such as fibrous CPs/CNTs can also enhance the polymer’s 
conductivity and increase the electrode’s effective surface area. The results have 
also shown that the neural interfaces based on the CPs/CNTs composites have lower 
impedance and more charge storage capabilities. These improvements can be due to 
the presence of CNTs as impurities to make a strong interaction with the CP chains, 
leading to fast electron transfer processes, formation of three-dimensional structures, 
and increasing the effective surface of the composite electrode [83].

• Neural electrodes made from hydrogel composites

Hydrogels can make ionic conductivity through the absorption and transfer of 
the ions present in their structural water, which is a process similar to the transfer 
of electrophysiological signals. Although this hydrogel’s property has made them 
attractive, activation electron transfer mechanisms is the key for successful bio-
electronics application of the hydrogels [84, 85]. Fortunately, the hydrogel’s porous 
structure provides adequate space to incorporate with the electron-conducting 
materials such as metals, carbon-based materials, conductive polymers, etc. with the 
aim of forming a composite of hybrid electron-ion transfer network. Accordingly, 
it is possible to improve the electrochemical properties of the hydrogels, including 
electrochemical impedance and CIL, without weakening their excellent biological 
properties [49, 86].

The CPs are ideal materials for making hydrogel-based composites, because (1) 
the similar soft and high flexible mechanical properties of the CPs and hydrogels, 
avoiding mismatch dynamics and extra stresses to the electrode. (2) The CPs have 
high compatibility and affinity to the hydrogels that results in potential hybridization. 
In addition, (3) the unique polymeric and organic properties of the CPs make them 
facile to be modified. It should be noted that (4) some CPs such as PEDOT have a 
hydrogel-like form in wet environments, which corresponded to their hygroscopicity 
or swelling properties when exposed to water [13]. This behavior makes this kind 
of CPs more similar to the hydrogels’ properties, leading to more integrated and 
 consistent composites.

The CPs are usually used as the electron conducting additives in hydrogel com-
posites. The polymeric nature of CPs allows the molecular scale structures, forming 
interpenetrating network (IPN) hydrogels. The IPNs not only minimize potential 
trade-offs in mechanical properties, but also meaningfully reduce probable hetero-
geneity in electrical and mechanical behaviors. The IPN-based hydrogels could be 
generally synthesized via three main approaches, including (a) direct mixing of CPs 
and the hydrogel’s precursors, (b) in-situ polymerization on CPs in the hydrogel 
matrix, and (c) in-growth polymerization of CPs into the hydrogel matrixes. Figure 6 
shows schematic illustrations of the IPNs production processes.

Making nanocomposite using electron-conducting nanostructures, including 
carbon nanotubes, liquid metals, graphene, metal nanowires, is another approach 
to increase the hydrogels’ conductivity. Carbon-based materials are preferred candi-
dates for mixing with hydrogels, because their excellent conductivity, high effective 
surface area, good chemical stability in wet environments, and especially the ability 
to form covalent bonds with different polymeric network groups. In addition, under 
the premise of satisfying improved biocompatibility and electrochemical behavior, 
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the bioelectronics interfaces created by the materials with hybrid electron-ion charge 
transferring, shows more efficient signal transmission between the biological tissues 
and the external bioelectronics systems.

5. Conclusion and outlook

Tissue-electronics interfaces are the key component of bioelectronics systems. 
These interfaces provide a two-way communication between biological tissue and 
external electronics devices to record electrophysiological signals and stimulation 
of the living organs. In biological tissues, the charge transfer is done through ions, 
while the electronic systems generally use the electrons as electric charge carriers. 

Figure 6. 
The main synthesis methods towards the CPs IPN hydrogels. (a) direct mixing of CPs and the hydrogel’s 
precursors, (b) in-situ polymerization on CPs in the hydrogel matrix, and (c) in-growth polymerization of CPs 
into the hydrogel matrixes [13].
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Accordingly, the neural interfaces with a hybrid electron-ion charge transfer mecha-
nism can improve the charge transfer processes at bioelectronics. There are two main 
charge transfer mechanisms at the tissue-electronic interfaces, including capacitive 
(based on EDL) and Faraday charge transfer. In addition, the biocompatibility, which 
can reduce FBR and glial scar formation, is an essential parameter for tissue-electrode 
adhesion improvement that results in accurate and stable signal transmission. Recent 
general methods to increase the biocompatibility of neural interfaces include reducing 
the biomaterial’s stiffness and elastic modulus, biocompatible coatings, and develop-
ing new bioactive materials and composites. Although significant progress has been 
made in the design and fabrication of tissue-electronic interfaces, some challenges 
must be overcome before the bioelectronics interfaces can be efficiently operated, 
including (I) the weak adhesion of the neural electrode materials to biological tissues. 
This problem may be due to the high hydrophobicity and insufficient biocompat-
ibility of the current interfaces. (II) Inadequate biocompatibility of the electrode 
materials that leads to FBR, glial scar formation and subsequent tissue-electronics 
separation. The challenge is that although the electrode materials should have low 
stiffness and elastic modulus to avoid mechanical mismatch with host living tissue, 
the weak mechanical properties, especially in dynamic organs, can lead to electrode 
destruction and failure. Therefore, adapting the properties of the implant to the host 
living tissue, is important for successful implantation and long-term stability of the 
electrode. The efficiency of the neural recording/stimulation process depends on 
the biocompatibility, electrochemical properties such as impedance, charge storage 
capability, and charge injection limitation of the electrode. High electrochemical 
impedance reduces the accuracy of electrophysiological signals recording. Reducing 
methods of the electrochemical impedance mainly include the following: (1) enhanc-
ing the conformal capability between the neural interfaces, (2) improving the tissue-
electronic adhesion, and (3) modifying the electrode’s surface characteristics to adapt 
with the ECM. In summary, the prospect of developing high efficient tissue-electronic 
interfaces due to rising the new materials and strategies is expected. To achieve this 
goal, the main neural biomaterials’ properties such as biocompatibility and electro-
chemical performance must first be improved. It is believed that the development of 
neural interfaces can contribute to the progress of bioelectronics medicine, neurosci-
ence, and online health monitoring.
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