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Abstract Chitosan nanocomposites/nanoparticles (NPs) are biobased polymeric 
materials that have gained booming intent due to their versatile physicochemical 
characteristics and properties. The processed chitosan, i.e., chitosan nanoparticles in 
comparison to bulk counterparts possesses versatile biological/biodegradable appli-
cations because of their smaller sizes, higher surface area, and cationic nature. 
Various morphologies of chitosan are reported in the literature, viz., nano vehi-
cles, nanoparticles, nanocomposites, fibers, meshes, nanocapsules, and so on for a 
variety of applications. The underlying chapter critically reviews the series of char-
acterization techniques that determine chitosan nanocomposites’ morphological and 
physicochemical characteristics such as surface properties, charges, particle size, 
particle appearance, elemental composition, and surface interactions. The current 
chapter is aimed to discuss the popular techniques, namely, transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), inductively coupled plasma mass spectroscopy (ICP-MS), fourier-transform 
infrared spectroscopy (FT-IR), atomic emission spectroscopy (AES), dynamic light 
scattering (DLS), atomic force microscopy (AFM), nuclear magnetic resonance 
(NMR), etc., which helps in determining and developing a consistent, precise, and 
reliable characterization of chitosan nanocomposites. 
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CHI Chitosan (CHI) 
DLS Dynamic light scattering 
DMC/TPP N,N-Dimethyl chitosan/tripolyphosphate 
EDX Energy-dispersive X-ray spectroscopy 
ESCA Electron spectroscopy for chemical analysis 
ETAs Electrothermal atomizers 
FESEM Field emitter scanning electron microscopy 
FT-IR Fourier-transform infrared spectroscopy 
HCL Hollow cathode lamp 
ICDD International Centre for Diffraction Data 
ICP-MS Inductively coupled plasma mass spectroscopy 
JCPDS Joint Committee on Powder Diffraction Standards 
MW Molecular weight 
NMR Nuclear magnetic resonance 
NPs Nanoparticles 
PCS Photon correlation spectroscopy 
PLA/CS Poly(lactic acid)/chitosan 
QELS Quasi-elastic light scattering 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
TMC/TPP N,N,N-Trimethyl chitosan/tripolyphosphate 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 

1 Introduction 

Chitosan (CHI), i.e., “cationic (1-4)-2-amino-2-deoxy-β-d-glucan” is a linear 
semicrystalline naturally occurring biopolymer/polysaccharide that is produced by 
deacetylation of homopolysaccharide “chitin” [1]. The primary source of chitosan 
is marine organisms, fungi-cell walls, and insects-exoskeletons which have major 
components containing glucosamine and N-acetyl glucosamine associated via β-
(1-4) linkages. During the chitin-deacetylation process, a segment of the N-acetyl 
groups is lost in an alkaline medium, and this polysaccharide is named chitosan (CHI) 
possessing D-glucosamine-derived chitin units. The process of chitin-deacetylation 
can be performed either by using enzymatic hydrolysis (chitin deacetylase) or under 
alkaline conditions using a blend of anhydrous hydrazine-hydrazine sulfate or potas-
sium/sodium hydroxide solutions. Only in an acidic medium, this CHI is soluble and 
positively charged. When the pH of CHI crosses its pKa value (≈6.5), the polymeric 
chitosan dissipates its positive charge and precipitates, making it a pH-responsive 
material [2]. The presence of abundant amino and highly reactive hydroxyl function-
alization on the chitosan backbone enhances its chelating ability and polyelectrolytic 
nature. Such elusive properties of chitosan make it soluble only in a dilute acidic
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solution and insoluble in water or any other organic solvents. Chitosan also exhibits 
antifungal, antimicrobial, analgesic, hemostatic, and mucoadhesive properties. The 
origin of the chitin source and deacetylation method alters the structural properties 
of chitosan, viz., molecular weight (MW), and the degree of deacetylation. The low 
toxicity, biocompatibility, and biodegradability of chitosan and its derived nanopar-
ticles have attracted the attention of academicians/researchers due to its potential 
applicability in the renowned areas, viz., agriculture, engineering, biotechnology, 
pharmaceuticals, etc. Chitosan nanomaterials in comparison to bulk counterparts 
exhibit an array of applications due to their high surface-to-volume ratio, smaller 
size, cationic nature, etc. The processed metal encapsulated, or naked chitosan nano-
materials could be of various shapes and sizes such as nano vehicles, nanoparti-
cles (NPs), nanofibers/meshes, 3D scaffolds, nanocapsules, etc. [3]. These altered 
chitosan-based nanoparticles (NPs) have been studied for disease control and growth-
promoting agents in numerous plant species, thereby displaying superior biolog-
ical activity compared to their bulk/micron-sized chitosan counterparts/substrates. 
The multi functionalities of chitosan biopolymers make them special as for other 
biopolymers such vast applicability has not yet been reported in the literature. There 
are several synthetic strategies are reported in the literature using which chitosan 
nanoparticles or nanocomposites can be achieved such as solvent casting, ionic gela-
tion method (cross-linking reaction), electrospinning, layer-by-layer (LbL) deposi-
tions, freeze-drying, etc. Before making use of synthesized chitosan NPs for various 
applications it is required to characterize the material fully. The topological proper-
ties, surface/particle appearance, charges, particle size, elemental composition, inter-
actions among each other, etc., can be determined by making use of physicochem-
ical and morphological characterization techniques [1–3]. This chapter broadly and 
exclusively discusses a series of techniques, viz., transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 
(EDX), dynamic light scattering (DLS), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), atomic absorption spectroscopy (AAS), inductively 
coupled plasma mass spectroscopy (ICP), fourier-transform infrared spectroscopy 
(FTIR), atomic force microscopy (AFM), nuclear magnetic resonance (NMR), etc., 
used for precise characterization of chitosan-based nanomaterials/nanoparticles. 

2 Nanomaterial Properties 

2.1 Morphological and Topological Properties of Chitosan 
Nanomaterials 

The morphological, internal arrangement/architecture, surface topography, degree 
of aggregation, chemical identification, and particle size of chitosan NPs can be 
evaluated by making use of transmission electron microscopy (TEM), or cryo-TEM 
or scanning electron microscopy (SEM).
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2.1.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a valuable tool that determines the 
surface visualizations, in-depth study of functionalized/agglomerated chitosan (CHI) 
nanoparticles (NPs), and estimates the sample composition via energy-dispersive X-
ray spectroscopy EDX. SEM uses an energized electron beam (typically 1–30 eV) 
which scans the surface of the sample in a raster pattern wherein the secondary emitted 
electrons or backscattered electrons are detected, thereby achieving resolutions in 
the nanometre range. 

Depending on the nature of the sample (chitosan nanomaterials), the electronic 
interaction with the sample varies, resulting in various types of emitted electrons at or 
on the sample surface. The detected electrons of different energies are processed and 
displayed as a pixel in the monitor, thereby visualizing 3D images or composition of 
nanomaterials (refer to Fig. 1). When these electrons are beamed under a high electric 
field, it is then popularly known as field emitter scanning electron microscopy (FE-
SEM) [4–6]. Conventionally, to improve the electrical conductivity and contrast of 
nanomaterials, ultrathin coating with noble metals, viz, gold (Au), silver (Ag), and 
platinum (Pt) are used under high vacuum surroundings [7]. 

The application of SEM analysis for having a pictorial visualization is extensively 
used in literature for CHI-based nanomaterials/NPs [7]. In 2010, Dev et al. reported 
the synthesis of poly (lactic acid)/chitosan “PLA/CS” NPs using emulsion and solvent 
evaporation techniques [8]. Figure 2a shows the SEM images of PLA/CS NPs at 
different magnifications, wherein these particles’ surface morphology is spherical 
[8]. Hosseini et. al 2013 prepared the essential oil encapsulated chitosan NPs using 
a two-step process of oil-in-water emulsion preceded by ionic gelation [9]. The 
morphology of prepared chitosan NPs found to be spherical in nature which is nicely 
intact and had a clear distribution among themselves as evident from Fig. 2b [9].

Fig. 1 Flowchart representing an overview of the SEM analysis process [4–6] 
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Fig. 2 SEM images of a poly-lactic acid/chitosan “PLA/CS NPs” [8] Reproduced from Dev et al. 
with permission from Elsevier b chitosan NPs [9] Reproduced from Hosseini et al. with permission 
from Elsevier 

2.1.2 Transmission Electron Microscopy (TEM) 

The higher spatial resolution, i.e., equivalence with the atomic dimensions makes 
transmission electron microscopy “TEM” quite a popular technique to characterize 
chitosan-based nanomaterials, which provides chemical information and internal 
structural arrangements in an image form. In TEM, a highly energized beam of elec-
trons passes via a thin foil wherein the electrons are transformed into elastic/inelastic 
electrons which then interact with the specimen containing a sample of chitosan nano-
material. The interactions of those inelastic/elastic electrons with the specimen gave 
rise to the emission of reflected/transmitted particles. The difference in energies is 
then detected and used to generate the higher resolution magnified images captured 
by the camera followed by visualization in a monitor. It is noteworthy to mention 
that ratio between the specimen, image plane, and the objective lens is taken into 
account which has to be magnified by the lens (Fig. 3a) [10, 11].

Although both SEM and TEM depicts the visualization of nanomaterial, i.e., how 
it looks, how the atoms are arranged, the extent of aggregation, and information on 
particle size/dimension but when compared to each other TEM is advantageous in 
proving higher resolution (as low as 0.2 nm) with good quality analytical measure-
ments. TEM provides detailed information as it utilizes the energetic electrons which 
can be used to infer the composition, morphological, imaging, and crystallographic 
analysis. Therefore, TEM used three main techniques, i.e., electron microscopy, 
imaging, and diffraction pattern (Fig. 3b). Sample preparation in the case of TEM aial-
ysis is quite simple, wherein before analysis a drop or two of suspension of chitosan-
based nanomaterials (after sonication) is placed into a carbon-coated copper grid 
followed by drying or sometimes IR irradiation. TEM also distinguishes between the 
monocrystalline, polycrystalline, and amorphous chitosan-based nanomaterials/NPs 
[10]. It is noteworthy to mention that the size distribution or size estimation using 
TEM of nanomaterials is precise, not accurate as the chances of aggregation can 
occur during the evaporation of the sample preparation process. Cryo-TEM is supe-
rior to usual TEM analysis as in the former case, by using cryogenic temperature
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Fig. 3 a Flow chart representing steps involved in working principle of TEM analysis [10, 11]; b 
Three main techniques of TEM [11]

(−100 to −175 °C) a suspension of nanomaterial is solidified, and the visualiza-
tion is done when the specimen is in the frozen state. The aforementioned method 
bypassed the problem of nanoparticle aggregation, usage of heavy-metal contrasting 
agents, and solvation thus giving not only precise but also predicting an accurate size 
estimation [11]. Cryo-TEM is particularly useful when one must distinguish whether 
the chitosan-based nanomaterials have the natural tendency of self-assembly or if 
it only occurs during sample preparation wherein solvation/evaporation procedures 
came into the picture [11–13]. In the literature, numerous reports have mentioned 
the use of TEM analysis for chitosan-based nanomaterials/NPs. Facchi et al., (2016) 
successfully reported the synthesis of N-modified chitosan NPs for curcumin delivery 
using a benzyl alcohol/water emulsion system (Fig. 4) [14]. Figure 4a–d shows the 
TEM analysis of N,N,N-Trimethyl chitosan/tripolyphosphate (TMC/TPP) and N,N-
dimethyl chitosan/tripolyphosphate (DMC/TPP) NPs which have irregular spherical 
geometries attributed to vigorous stirring while using the benzyl alcohol/water emul-
sion system [14]. TEM analysis also tells that the average particle size for DMC/TPP 
NPs is up to 317 nm, while for TMC/TPP NPs it is ~99 nm [14].

In the year 2002, Banerjee et al. reported the synthesis of ultrafine chitosan 
nanoparticles wherein, the amine groups are cross-linked (10% or 100%) using a 
reverse micellar system containing surfactant, i.e., sodium bis(ethylhexyl) sulfosuc-
cinate (AOT) and n-hexane [15]. The TEM analysis depicts the particles are shaped 
spherically and are aggregated with the dimensions of 30 nm when 10% amine func-
tionalization (for chitosan NPs) is cross-linked whereas with 100% cross-linking 
the particle size shoots up to 110 nm (Fig. 4e, f [15]. Numerous other reports too
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Fig. 4 TEM images of a, b DMC/TPP [14] Reproduced from Facchi et al. with permission from 
Elsevier; c, d TMC/TPP chitosan nanoparticles [14] Reproduced from Facchi et al. with permission 
from Elsevier; e 10% [15] and  f 100% cross-linked chitosan nanoparticles [15] Reproduced from 
Banerjee et al. with permission from Elsevier

showed spherical kind morphologies of chitosan-based NPs [16–18] and also with 
metal encapsulation such as Cu with chitosan [19, 20]. 

2.2 Solid-State Properties of Chitosan-Based 
Nanomaterials/NPs 

Like every other nanoparticle system, chitosan-based nanomaterials/NPs are not 
elementary molecules rather they are configured as three main layers. The first and 
foremost is the surface layer wherein a suitable functionalization can be done, encap-
sulating metal ions within, coating with surfactants, etc. The second layer, i.e., the 
middle layer/shell layer is chemically distinct followed by the third layer which is 
essentially the core and is the central/innermost segment of chitosan-based NPs. To 
identify the crystallinity, composition, defect structure, grain size, etc., all are solid-
state properties that can be effectively useful to elucidate the molecular dynamics of 
chitosan-based nanomaterials/NPs. X-ray diffraction (XRD) is a powerful tool that 
can be used to study the solid-state properties of chitosan-based nanomaterials/NPs 
[1, 21, 22]. 

2.2.1 X-ray Diffraction (XRD) 

In material science, it is an extremely important aspect to determine the crystallo-
graphic structure of nanomaterials. In the year of 1912, Max Von Laue made an 
important discovery that the two-dimensional diffraction gratings of a substance 
(nanomaterial/NPs) in presence of X-ray wavelength act in a similar fashion to that
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of plane spacing in a crystal lattice. XRD is a non-destructive analytical technique 
that solves the purpose of surface/phase identification of chitosan-based nanomate-
rials, thereby giving information on cell dimensions and atomic spacings as well. In 
XRD (Please refer to Fig. 5), the incident X-rays (generated by cathode ray “Cu X-
ray tube” with 1.5418 Å) are filtered to produce monochromatic radiation which was 
then collimated to concentrate and are used to irradiate the sample (chitosan-based 
nanomaterial) [23–25]. 

Upon satisfying Bragg’s law (nλ = 2d sinθ ), the interaction between the inci-
dent rays and chitosan-based nanomaterial produces a constructive interference 
followed by a diffracted ray. Bragg’s law correlates the wavelength of an incident 
ray “λ” proportional to that of diffraction angle “θ” and lattice spacing “d”, thereby 
measuring the respective intensities and scattering angle that is diffracted from the 
sample [23, 24]. The sample material which is chitosan-based nanomaterial must be 
homogenized be it in a film form or finely grounded powdered form. By changing the 
2θ (2 theta) angles to all plausible ranges, a finite diffraction direction of the lattice 
can be attained. Each material has a specific unique set of d-spacings whose corre-
sponding positions/intensities are available from International Centre for Diffraction 
Data (ICDD) or in earlier times known as Joint Committee on Powder Diffraction 
Standards JCPDS data as a reference pattern/database [23]. Thus, by converting 
diffraction peaks to d-spacings one can easily identify the grain size, composition, 
shape of a unit cell, crystalline nature, etc., of chitosan-based nanomaterials/NPs [24– 
27]. It is noteworthy to mention that the diffraction angle direction depends on the 
nature, shape, and size of a unit cell of chitosan-based nanomaterials/NPs, whereas 
the intensities of diffraction patterns depend on the structural internal arrangements 
of the atoms. 

Rhim et al. (2006) successfully reported the XRD spectra of chitosan powder 
wherein, a characteristics peaks corresponding to 2θ values of 10.9° and 19.8° which 
corresponds to the amorphous structure of chitosan (Fig. 6d, black graph) [28].

Fig. 5 Working principle of X-ray spectroscopy [23–25] 
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Whereas, after chemical processes, the as-synthesized chitosan nanofilm showed a 
characteristic peak of 2θ values of 8°, 11° corresponds to the hydrated crystalline 
structure of chitosan nanofilm and 18° to amorphous characteristics (Fig. 6d, blue 
graph) [28] It is well known in the literature that the structural modifications of 
chitosan alter its internal lattice structure arrangements. Factors such as the dissolu-
tion process, drying, precipitation, processing chemical treatment, molecular weight, 
degree of deacetylation, etc., cause the changes in chitosan structural arrangements 
[28]. Furthermore, Hosseini in 2013, recorded the XRD patterns of OEO-loaded 
chitosan nanoparticles over a 2θ range of 5–50°, and it showed the characteristic 
peak corresponding to 2θ of 25° indicating a high degree of crystallinity (Fig. 6a– 
c) [29]. As shown in Fig. 6a–c, the broad peak in the XRD spectrum indicated 
the cross-linking reactions between chitosan and TPP. This proves that the chitosan 
NPs are having a densely packed network structure corresponding to the interpene-
trating polymeric chain of chitosan with TPP counterparts [29]. XRD diffractograms 
of chitosan-based nanomaterials are reported in literature many times [30–33] For  
example, metal encapsulated on chitosan, i.e., Cu-chitosan NPs shows a character-
istic 2θ range between 19.5 and 21.0 which corresponds to the crystalline nature of 
Cu-chitosan NPs system [34]. 

Fig. 6 XRD spectra of a chitosan powder [29] Reproduced from Hosseini et al. with permission 
from Elsevier b chitosan nanoparticles [29] Reproduced from Hosseini et al. with permission from 
Elsevier c OEO-loaded chitosan NPs [29] Reproduced from Hosseini et al. with permission from 
Elsevier d comparison between chitosan powder (black graph) and chitosan film (blue graph) [28] 
Reproduced from Rhim et al. with permission from Elsevier
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2.3 Elemental Analysis/Properties of Chitosan-Based 
Nanomaterials/NPs 

2.3.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy “XPS” is one of the prominent surface science 
techniques with which one can infer/analyze the chemical state, electronic states, 
and elemental composition/empirical formula of nanomaterials. In the year 1887 Hz, 
discovered the photoelectric effect which is the basis of the XPS working principle. 
Later in the 1960s, Siegbahn and his research group at Uppsala University, Sweden 
extended this work to surface analysis and coined the term XPS or ESCA (electron 
spectroscopy for chemical analysis) for which Siegbahn won a noble prize in physics 
in 1981 [35, 39, 43]. 

As shown in Fig. 7a, XPS, a qualitative analysis involves the bombardment of 
the sample with single energy or monochromatic or monoenergetic X-ray photons 
(Mg Kα 1253.6 eV or Al Kα 1486.6 eV, line width ≈0.7–0.85 eV), followed by 
computing the kinetic energy of emitted electrons from the topmost layer of the 
sample (1–10 nm) [35]. The electrons which are emitted from outermost/surface 
atoms have characteristic peaks in the XPS spectrum, thereby enabling one to iden-
tify and quantify the surface elements present (except hydrogen and helium). The 
chemical states of elements present within can be identified and quantified simply 
by measuring/investigating the minute variations occurring in binding energies of 
emitted photoelectrons, auger electrons, multiple splitting, satellite peaks, etc. (Please 
refer to Fig. 7b). It is important to mention that an XPS spectrum is plotted as the 
relative number of electrons against their respective binding energies (eV). XPS is an 
ultra-high vacuum and sensitive technique that changes in the electronic configuration 
of the atoms or chemical bonds can be easily detected thereby the existence of certain 
elements or species can be identified. In the case of chitosan-based nanomaterials, 
the determination of elements such as C, N, O and P can be easily identified as these 
elements constitute the majority and have characteristic peaks corresponding to their 
respective binding energies [36]. Boufi et al. in 2013 reported the XPS for the mild-
wet synthesized gold/silver NPs in an aqueous chitosan solution [35]. Figure 8a–b 
shows the survey XPS spectra and N 1a XPS region of chitosan nanoparticles (blue 
spectrum) which clearly indicates the presence of N 1s whose peak corresponds to 
the binding energy of 399.4 ± 0.2 eV. The binding energy value of 399.4 is character-
istic of nitrogen in NH2 groups or NH-CO groups indicating a mixed chitosan-chitin 
structure [35].

Trapani et al. (2011) demonstrated the XPS spectra of chitosan nanoparticles 
[36]. Figure 9a–b shows the high-resolution C1s XPS spectra wherein the typically 
observed ratio of 3.8 of binding energies values of 286.5 and 288.0 eV corresponds 
to CS (chitosan bulk, Fig. 9a) and CSNPs (chitosan nanoparticles, Fig. 9b) [36]. 
Moreover, Fig. 9f–g shows the curve fitted N 1s high-resolution regions of XPS 
spectra for chitosan and chitosan NPs wherein the lower binding energy value of 
399.6 eV, 401.1 and 402.0 eV corresponds to the aminic group, amide group, and



3 Characterization Techniques for Chitosan and Its Based … 89

Fig. 7 Schematic representation of a XPS process and b basic working principle of XPS involving 
auger process and photoemission [35, 36] 

Fig. 8 a XPS survey spectra of chitosan NPs (blue graph, –CHI); b XPS N1s regions of CHI NPs 
(blue graph) [35] Reproduced from Boufi et al. with permission from Elsevier

protonated quaternary nitrogen, respectively [36]. Many other prominent research 
groups reported the XPS data for chitosan and chitosan-based nanoparticles which 
are modified by encapsulating such as copper or chitosan aerogels [37–43].

2.3.2 Atomic Absorption Spectroscopy (AAS) 

To determine the metal concentration at the pictogram level in a variety of samples, 
atomic absorption spectroscopy “AAS” is used which is an extremely sensitive tech-
nique for elemental analysis [44]. In AAS, the reduction in the intensity of optical 
radiation of cell containing gaseous atoms of samples are measured. Typically, in 
AAS, an analyte absorbs specific wavelengths emitted by a hollow cathode lamp
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Fig. 9 XPS of a C1s regions of pure CS; b C1s regions of CSNPs; f N1s regions of pure CS; g 
N1s regions of CSNPs [36] Reproduced from Trapani et al. with permission from Elsevier

“HCL” which is used as a light source as shown in Fig. 10 [45, 46]. In AAS, either 
the flames or graphitic-furnaces/electrothermal atomizers “ETAs” are commonly 
used atom-cells. The sensitivity of flames is relatively less than that of ETAs as in 
the case of ETAs the temperature can be supervised by a power supply, whereas 
flames consist of a meticulously controlled combustion environment. To prevent the 
process of combustion at elevated temperatures the use of inert gas such as argon is 
employed. On absorbing the particle wavelength, the sample/analyte in an “atom-
cell” turns into a gaseous state which then travels to a detector whose job is to 
quantify and isolate the wavelengths of interest followed by processing the data in a 
computer/control instrumentation operation. To provide optimal accuracy, precision, 
and minimal interferences, the analyte or samples are made by digestion procedures 
and are usually of specific concentration in an aqueous phase [46].

It is important to mention that every single element absorbs wavelengths of elec-
tromagnetic radiation for HCL source differently. In other words, the absorbance of 
elements is extremely specific and particular for the absorbing wavelength of interest 
and is measured against the standards. When the standards are measured, it implies 
that the instrument is calibrated for particular elements of interest, and hence the 
unknown sample can be processed, and the concentration can be obtained from the 
digital output display unit. The basic phenomenon involved in AAS is the concept 
of ionization energy which is basically the energy required to excite an electron 
and is particular for each element. In the case of chitosan-based nanomaterials/NPs,
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Fig. 10 Schematic representation of atomic absorption spectroscopy (AAS) [45, 46]

every atom has its own distinctive fingerprint regions, enabling the qualitative AAS 
analysis of the material [47–49]. 

Chitosan-based nanomaterials have been widely used to encapsulate the metal 
ions and hence the AAS analysis can be done against different reaction parameters 
too such as agitation time, rate of reaction, pH, etc. [19, 50, 51]. In general, the 
Concentration of encapsulated metals (%) can be calculated by taking the ratio of the 
amount of released metal ions to the total amount of metals present in a nanomaterial 
followed by multiplying it by 100. Liu et al. in 2002, demonstrated the use of chitosan-
based nanomaterials for the metal encapsulation, and the amount of metal ions was 
then evaluated by making use of AAS technique [52]. Figure 11 shows the relative 
percentage of absorbance of metal ions such as Ca2+, Zn2+, Ag+, Cr3+, and Mg2+, on  
the chitosan-modified glass beads using the AAS spectroscopy [54].

2.3.3 Inductively Coupled Plasma Mass Spectroscopy (ICP) 

In inductively coupled plasma mass spectroscopy “ICP-MS” an inductively coupled 
plasma is used to atomize the sample. Upon atomization, it creates atomic and small-
polyatomic ions which were then detected. Figure 12 shows a schematic representa-
tion of a single quadrupole of IC-MS which has six major slots/compartments [53]. It 
starts with a sample solution in an introduction system which is then processed into a 
nebulizer followed by an inductively coupled plasma in the presence of inert gas for 
say Argon. The highly ionizable plasma then atomizes the sample thereby generating 
the polyatomic ions (fine aerosol form) which then using ion optics were extracted 
to an interface region. The electrostatic lens of ion optic focuses the polyatomic ions 
into a quadrupole mass analyzer.

In accordance with the mass by charge ratio “m/z ratio” the detection and separa-
tion of ions take place. For instance in ICP-MS, the samples which are to be analyzed 
are digested in a similar fashion in an aqueous phase as it is done in the case of AAS
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Fig. 11 The metal ion adsorption rate of the chitosan-modified glass beads using AAS [54] 
Reproduced from Liu et al. with permission from Elsevier

Fig. 12 Schematic representation demonstrating steps involved in ICP analysis [53]

sample preparation case too. The sample preparation includes the use of hydrochloric 
or nitric acid or in some cases alkaline solutions too and diluent is deionized water 
[53] 

There are not many reports in the literature that explain the use of ICP-MS 
on chitosan-based nanoparticles. Although, ICP-MS proves to be an effective and 
supportive technique for the estimation of metal ions bound or formed using
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Fig. 13 a, b The fractograms showing the fractionation of Se NPs prepared in chitosan and Triton 
X-100 c TEM size estimation of SE NPs and AF4-DAD-ICP-MS d Operating conditions for AF4-
DAD-ICP-MS [58] Reproduced from Palomo-Siguero et al. with permission from Elsevier 

chitosan-based nanomaterials [54–57]. Palomo-Siguero et al. in 2017 synthesized 
the Selenium NPs using a solution-phase strategy in presence of stabilizers such as 
chitosan(polysaccharides) or non-ionic surfactant (Triton X-100) [58]. Figure 13a–d 
shows the ICP-MS fractograms of fractionization of Se NPs synthesized by using 
chitosan and Triton X-100 stabilizers [58]. The selenium peaks were identified by 
using ICP-MS whose operating conditions for running ICP-MS are shown in Fig. 13d 
[58]. 

2.4 Interaction Analysis/Properties of Chitosan-Based 
Nanomaterials/NPs 

The type of bonds present within the chitosan-based nanoparticles and their interac-
tion/functional group analysis is an important aspect that tells the kinds of specific 
bonds present within the system. To measure such properties that include the 
guided alterations and modifications, fourier-transform infrared spectroscopy is an 
indispensable tool to study the same.
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2.4.1 Fourier-Transform Infrared Spectroscopy (FT-IR) 

Fourier-transform infrared spectroscopy “FTIR” is a chemical identification tech-
nique that gives insightful information on the interaction of bonds with their 
corresponding functionalities. 

The underlying principle of the FTIR technique is based on the absorption of 
electromagnetic radiation of the infrared region (4000–400 cm−1) by a molecule 
(inorganic/organic). For a molecule to be IR active, the dipole moment should change 
on absorbing IR radiation, and it becomes IR active. Figure 14 shows the schematic 
representation demonstrating steps involved in FT-IR analysis wherein the frequency 
is measured in terms of wavenumbers, and the data is recorded in the form of an inter-
ference pattern which is then converted into a spectrum (transmittance/absorbance 
form) [59]. The spectrum is usually in the form of distinct lines that could be narrow 
or broad and corresponds to a specific frequency thereby helping in identifying 
the nature of bonds, functionalities pertaining to molecular structures, and inter-
actions [59]. The samples could be of any type (liquid, solid, or gaseous), but in 
general solid or liquid samples are prepared using KBr (100: 1), and the pellet is 
made by using a hydraulic press machine. Initially, at room temperature, the instru-
ment is calibrated by recording a blank KBr background followed by a KBr pellet 
containing the samples of our interest let’s say chitosan nanomaterial/NPs in an 
absorbance/transmittance mode. It is worth mentioning that the FTIR technique is 
quite an impressive analytical tool that helped in understanding the functionalities 
of chitosan-based nanomaterials/NPs [8, 60–65]. 

Banerjee et al. in 2002 characterized the chitosan NPs using FTIR analysis. 
The chitosan NPs were synthesized by cross-linking reaction between the chitosan 
polymer and glutaraldehyde using the reverse micellar technique [66]. Figure 15a–b 
shows the FTIR spectra for chitosan and chitosan NPs. It may be noted that in Fig. 5b,

Fig. 14 Schematic 
representation demonstrating 
steps involved in FT-IR 
analysis [59] 
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Fig. 15 FTIR spectra of a 
chitosan polymer and b 
cross-linked chitosan 
nanoparticles [66] 
Reproduced from Banerjee 
et al. with permission from 
Elsevier 

an additional peak at 1634 cm−1 is in agreement with the stretching vibrations of 
C = N, elucidating cross-linked chitosan NPs [66]. Moreover, a peak at 1650 cm−1 

corresponds to the scissoring vibrations of NH2 of primary amines in chitosan chains. 
The peaks around 1020–1075 cm−1 imply the symmetric stretch of C–O–C bonds 
and 2926 cm−1 manifested the string polymeric backbone C–H vibrations [66]. 

2.5 Determination of Chitosan-Based Nanomaterials/NPs 

For chitosan nanoparticles determining topological properties such as surface charge, 
particle size distribution, as well as particle size, can be evaluated by the dynamic 
light scattering “DLS” technique. 

2.5.1 Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) or photon correlation spectroscopy (PCS) or quasi-
elastic light scattering (QELS) is a versatile and powerful tool to examine the
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Fig. 16 Schematic 
representation of dynamic 
light scattering [67] 

diffusion behavior of molecules in the solution phase. The hydrodynamic radii or 
diffusion coefficient is calculated in the DLS or PCS technique, which defers the 
size distribution, particle size, surface charge, and shapes of particles (nanoparti-
cles/macromolecules) [67]. Typically, in DLS, the sample to be analyzed has to be in 
a solution phase, and hence the size is estimated by studying the Brownian motion 
of suspended particles having different scattered angles ‘θ ’ (Refer Fig.  16) [67]. 
The random motion of suspended particles/molecules is because of the continuous 
bombardment by the solvent molecules around them. Using the DLS technique, one 
can measure the particles in the submicron region and of the dimension of <1 nm. 
In DLS, the size of the NPs was calculated using Stoke-Einstein equation. The size 
of chitosan NPs/nanomaterials which is hydrodynamic radii “dh” can be determined 
from the diffusion of particles “D”, i.e., dh = kT /3πηD wherein k is Boltzmann 
constant, η is the viscosity of the medium, and T is the absolute temperature [67]. 

Much scientific work is already reported in the literature where the DLS technique 
proves to be an important aspect to determine the size distribution as well as surface 
charge properties [14, 68, 69]. To get reliable data, it is important to combine the 
more sophisticated techniques such as microscopy with the DLS technique. For fully 
dispersed chitosan nanoparticles/nanomaterials reliable as well as reproducible data 
can be obtained wherein the concept of aggregation can be eliminated. Banerjee et al. 
in 2002 reported the DLS data of chitosan nanoparticles as shown in Fig. 17a [66]. 
Since the underlying principle of the DLS technique is based on the Brownian motion 
of particles and chitosan is polymeric in nature hence the actual size is always lesser 
than the observed average particle size. Li et al. in 2008 estimated the average particle 
size distribution of ferrite-coated chitosan NPs using the DLS technique wherein the 
size varies from 10 to 100 nm as shown in Fig. 17b [70].
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Fig. 17 a Size distribution of chitosan nanoparticles by QELS [66] Reproduced from Banerjee et al. 
with permission from Elsevier b Particle size distribution of the Fe3O4–chitosan nanoparticles [70] 
Reproduced from Li et al. with permission from Elsevier 

3 Conclusion 

Chitosan-based nanomaterials/NPs have gained attention in recent times and have 
shown exponential growth specifically in the area of medical sciences and agriculture. 
Characterizing the chitosan-based nanomaterials/NPs provides reliability, accuracy, 
and consistent results especially to understand the nanomaterials and their sustain-
ability. The important characterizing tools such as SEM, TEM, Cryo-TEM, XRD, 
XPS, AAS, ICP, FTIR, and DLS help in understanding the chemical and physical 
properties of chitosan-based nanomaterials/NPs. Therefore, representing the role of 
each technique in a conclusive manner will help the scientific community to under-
stand the properties of chitosan-based nanomaterials/NPs. In this way, it will be 
beneficial for researchers, academicians as well as students to select and understand 
the most suitable technique of their choice to assess their uses in a precise manner. 
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