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Physicochemical modifications in microwave-irradiated 
chitosan: biopharmaceutical and medical applications

Doaa Elsayed Mahmoud and Nashiru Billa 

Department of Pharmaceutical Sciences, College of Pharmacy, QU Health, Qatar University, Doha, Qatar

ABSTRACT
Biopharmaceutical and biomedical applications of chitosan has 
evolved exponentially in the past decade, owing to its unique 
physicochemical properties. However, further applications can be 
garnered from modified chitosan, specifically, depolymerized chi-
tosan, with potentially useful applications in drug delivery or bio-
medicine. The use of microwave irradiation in depolymerization of 
chitosan appears to be more consequential than other methods, 
and results in modification of key physicochemical properties of 
chitosan, including molecular weight, viscosity and degree of 
deacetylation. In-depth review of such microwave-depolymerized 
chitosan and subsequent potential biopharmaceutical or biomedi-
cal applications has not been presented before. Herein, we present 
a detailed review of key physicochemical changes in chitosan fol-
lowing various depolymerization approaches, with focus on micro-
wave irradiation and how these changes impact relevant 
biopharmaceutical or biomedical applications.

Abbreviations: MW: Microwave; Mwt: Molecular weight; DD: degree 
of deacetylation; WB: water bath; APIs: Active pharmaceutical ingre-
dients; NDV: Newcastle disease virus; [η]: Intrinsic viscosity

1.  Introduction

Chitosan is a versatile semisynthetic cationic copolymer, comprising of repeating 
N-acetyl-D-glucosamine and D-glucosamine subunits, connected through β-,4 glycosidic 
bonds [1]. It is extracted from eggshells, insects, but mostly from the exoskeletons of crus-
taceans [2,3]. It is presented as an off-white powder derived from chitin by a process called 
deacetylation. Chitin is the second most abundant biopolymer following cellulose, and the 
only polysaccharide that is cationic in nature [4,5]. Unique physicochemical properties akin 
to chitosan have prompted research interests for the exploration of its use in pharmaceu-
tical, chemical and biomedical fields [1, 6,7], including antitumor, antihyperglycemic, 
anti-inflammatory, antioxidant, antifungal, wound healing and mucoadhesion [8]. For 
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example, aqueous acidic solutions of chitosan manifests antimicrobial, biocompatible and 
non-immunogenic properties [1, 9,10]. Furthermore, the amine (-NH2), primary and sec-
ondary hydroxyl (-OH) groups at positions C6, C3, C2 respectively, allow for functional-
ization with chemical moieties that may impart relevant physicochemical properties to 
chitosan for further applications (discussed later) [8,11,12,13]. Pharmaceutical or biomedi-
cal applications of chitosan is evolving into use of its degradation products. For example, 
degraded products of chitosan by lysozymes or chitinases are biocompatible and thus have 
potential biomedical or pharmaceutical applications [14]. Active degradation or depolym-
erization of chitosan into low Mwt components (oligomers) is being sought through phys-
ical means such as microwave irradiation (MW) or chemically. Such physical or chemical 
depolymerization of chitosan results in changes in physicochemical parameters including 
molecular weight (Mwt), degree of de-acetylation (DD), viscosity of solutions and crystal-
linity [4,15,16]. Consequently, reduction in Mwt and increase in DD after physical or 
chemical depolymerization influences the antibacterial, anticancer or reactive oxygen spe-
cies (ROS) scavenging activities of chitosan. Reduction in Mwt of chitosan also improves 
the propensity of drug carrier systems derived as such for cellular uptake and improves 
the encapsulation efficiency for APIs [17]. There is also improvement in transfection effi-
ciency when degraded chitosan is used as vector for the delivery of genetic material [18]. 
Various techniques have been employed in the depolymerization of chitosan into lower 
Mwt entities (oligomers), and these subsequently serve various pharmaceutical and bio-
medical applications. Chemical depolymerization methods include acid hydrolysis [19], use 
of sodium nitrite [20], or hydrogen peroxide [21]. Acid hydrolysis can yield low molecular 
weight products. However it has the disadvantage of slow reaction rates, energy intensive-
ness, as it demands high temperature and pressure, and the formation of high d-glucosamine 
monomeric units instead of the desired chitosan sizes [15,22] Moreover, acidic treatment 
of chitosan is not environmentally friendly, and prone to producing irregular chitosan frag-
mentations [23]. The use of hydrogen peroxide is relatively more environmentally friendly 
compared to other chemical methods, however there is a risk of extensive chemical mod-
ification, including ring opening, deamination or carboxylation [21,24]. Enzymatic degra-
dation utilizes biological or synthetic enzymes [25], however it is time consuming, not 
cost-effective and labor intensive [19,22]. On the other hand, physical methods utilize elec-
tromagnetic radiation, including microwave (MW) [4,15,24], gamma rays [26], or ultravi-
olet radiation [27]. Other physical methods include hydrodynamic cavitation, sonication, 
ultrasound, milling or heating [22]. Each physical method has its constraints. Conventional 
heating for example is time consuming and causes deamination, dehydration and possible 
decomposition of the polymer [28]. Ultrasonic cavitation is also time consuming and offers 
no improvement in the DD compared to MW [29]. Thus, a combination of depolymer-
ization methods may be employed to achieve the most desirable physicochemical features. 
In comparison to the chemical methods, the physical methods are more reproducible and 
give better quality oligomers. Physical methods are also amenable for scale-up and envi-
ronmentally friendly [22]. MW irradiation, in particular, gives the highest yield of degraded 
products compared to the other physical and chemical methods (90-95% Mwt reduction), 
and is believed to be efficient in the deacetylation of chitosan, especially, under alkaline 
conditions or when coupled with H2O2 [22].

In this review, we expound on key physicochemical parameters of MW irradiated 
chitosan degradation products, including, Mwt, DD, rheological properties, and the 
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impact that these modifications might have on potential biomedical and pharmaceu-
tical applications.

2.  Microwave irradiation mechanism in depolymerization of chitosan

Concerted efforts aimed at understanding depolymerization mechanisms imposed by MW 
irradiation of chitosan have led to several proposals. One proposal suggests that MW deg-
radation occurs via two possible mechanisms. First is a mechanical induction initiated by 
the electromagnetic field generated by the of MW energy, which induces molecular vibra-
tional motions, causing molecules to oscillate [28]. The molecular oscillations generate 
shear forces strong enough to cause chain scission. The second mechanism suggests that 
heat generated from molecular oscillations induces hydrolysis, albeit it contributes to a 
lesser extent to the Mwt reduction process [28]. A further proposal suggests that the MW 
radiation energy cleaves the glycosidic (-C-O-C-) bond between the glucosamine subunits, 
leading to depolymerization. The cleavage also reduces the acetyl density within the deg-
radation products and increases the concentration of amino and glucosamine subunits 
(increase in DD) [16,30]. Such degradation mechanism also accounts for higher DD within 
a short reaction time [30]. Galema et al. [31] and Shaio et al. [21] present a comprehensive 
explanation governing MW depolymerization of chitosan into degradation products, where 
they propose that the MW energy cleaves the chitosan polymer chains via dielectric heat-
ing. In this regard, induction of rotational movements and electrical migration within 
charged particles causes temporal polarization. Rapid reversals in polarization of the parti-
cles due to MW energy causes friction and the generation of heat within the molecules. 
Furthermore, because of the synchrony between MW and molecular rotational energies of 
the polar moieties within chitosan, the MW energy is rapidly absorbed by polar bonds, 
such as the C-O-C bonds. A similar proposal was put forward by Basit et  al. [30], who 
observed, through vibrational analysis, that the scission induced by MW irradiation does 
not alter the main chain structure. They reported that scission also occurred at the amide 
moiety, whereby, an increase in free amino groups results in increase in deacetylation 
(DD), (Figure 1). Hence, it can be deduced from the aforementioned mechanisms that 
MW radiation is a favorable approach for chitosan fragmentation, with minimal distortion 
to the polymer backbone, except for the increase in DD, which is a desirable feature 
responsible for many of the pharmaceutical and biomedical applications of chitosan.

Hydrogen peroxide (H2O2) is often used in conjunction with MW irradiation to 
augment the degradation of chitosan, whereby it can initiate radical reactions to form 
hydroxyl radicals and superoxide anions (Figure 2). These products will then attack 
the glycosidic bond of chitosan resulting in cleavage. [24]

3.  Physicochemical properties of microwave degraded chitosan

Following chemical, physical or enzymatic degradation of chitosan, the products 
retain varying degrees of the parent chitosan properties. The ultimate properties dis-
played by the degraded polymer are crucial in subsequent applications. In the follow-
ing sections, we review key physicochemical properties of chitosan degraded by MW 
irradiation.
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3.1.  Reduction in molecular weight (Mwt)

The processing of chitin into chitosan and subsequent reduction in Mwt by MW 
radiation provides scope for a wide range of applications. In this regard, reduction in 
Mwt is a significant physicochemical property related to most of the functionalities 
of chitosan [15,32]. Variation in Mwt of commercial chitosan is attributable to several 
factors, including DD, preparation method, and source of chitin raw material [4,15]. 
Depolymerization of chitosan by variable MW power and duration has led to the 
production of oligosaccharides with significantly lower Mwt, that, in some studies, 
reached between 1-3 kDa from an initial 50-190 kDa [15,16,21,24,28,33–35],  
(Table 1). The Mwt is often determined via viscometric analysis or gel permeation 
chromatography. Other methods include mass spectrometry (MS), Matrix-assisted 
laser desorption/ionization coupled with time-of-flight mass spectrometry (MALDI- 
TOF), dynamic light scattering (DLS), tandem mass spectrometry (MS/MS), cryos-
copy, osmometry, ebulliometry, end-group analysis, and ultracentrifugation [41]. As 
discussed in Sections 1 and 2, MW irradiation enables production of lower Mwt 
products with minimal destruction to the main structure over shorter time periods 

Figure 1. S chematic of chitosan depolymerization by MW irradiation.

Figure 2.  hydrogen peroxide decomposition reaction and generation of hydroxyl radical and a 
superoxide anion.
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compared to other physical methods [15,24]. However, MW reduction rates dimin-
ishes as the Mwt of parent chitosan falls below 20 kDa [24]. This is attributed to the 
non-linear relationship between the degree of depolymerization of chitosan and time, 
below a certain Mwt threshold. Depolymerization below this threshold requires a 
higher MW energy input [22]. Depolymerization of chitosan results in a reduction of 
acetyl and increase in amine functional groups. These in turn improve the solubility 
of the degraded chitosan [30]. Furthermore, the lone pair of electrons within the 
amine groups is accountable for affinity with water. It attracts the adjacent protons to 
form ammonium cations, which collectively increases the positive charge density on 
the degraded chitosan. Subsequently, this positive charge density forms intermolecular 
bonds with water, which contributes to the improved solubility of the degraded chi-
tosan [30]. In an application of MW depolymerized chitosan, curcumin was encap-
sulated in nanoparticles for the treatment of skin burn wounds [30]. The nanoparticle 
formulation showed improvement in solubility for curcumin and enhanced antibacte-
rial effect against S. aureus and P. aeruginosa bacteria. The formulation also promoted 
skin cell migration within 24 hr on HDFa skin cell lines [30]. In another study, Li 
et  al. [24] attributed an improvement in solubility of depolymerized chitosan to a 
decrease in crystallinity and intermolecular interactions after degradation. Improvement 
in antifungal properties of depolymerized chitosan (92 kDa) against B. cinerea, P. ital-
icum, P. digitatum and B. lecanidion as opposed to the parent chitosan (357.3 kDa) 
was also reported [42]. The impact of depolymerized chitosan on wound healing and 
regenerative medicine has also shown that lower Mwt outperforms high Mwt chitosan 
in the induction of collagen deposition, reduction in the expression of inflammation 
markers such as the nuclear factor of kappa B (NF- κB), and stimulating 
anti-inflammatory and pro-regenerative markers such as arginase-1 [43]. In contrast, 
high Mwt chitosan in another in vivo rat model study generated advanced granula-
tion tissue, more epithelial tissues, faster wound closure and better re-epithelialization 
than the lower Mwt chitosan [44]. Such discrepancies in reported applications of 
depolymerized chitosan can be related to the source of chitosan or the simultaneous 
use of more than one depolymerization method.

3.2.  Degree of deacetylation

The degree of de-acetylation (DD) is an important parameter that distinguishes chi-
tosan from chitin. It is expressed as the percentage of the molar fraction of 
d-glucosamine units in chitosan copolymers, that is consisting of both d-glucosamine 
and n-acetyl-glucosamine [45]. It also identifies the density of free amino groups 
formed after elimination of acetyl groups of N-acetyl-D-glucosamine subunits. The 
versatility in the applications of chitosan relies significantly on the amino groups 
[45,46]. A DD of 55-70% more within chitin is considered as ‘low DD of chitosan’. 
85%-95% is considered ‘high DD’, and has good water solubility, and a 100% DD is 
-although difficult to achieve - ‘ultra-high’ [47]. DD may be ascertained by 1H NMR, 
UV-vis spectrometry, infrared spectrometry, or titration. However H1 NMR is most 
sensitive and reliable [45, 48]. As described in Section 2, MW irradiation increases 
the DD in chitosan, which subsequently impacts solubility, Mwt, charge density, 
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biocompatibility and cellular uptake of formed carrier systems such as nanoparticles. 
The DD in depolymerized chitosan is directly related to its hydrophilicity, which is 
why there is improvement in solubility. A DD of less than 70% makes it difficult to 
dissolve chitosan in acetic acid [49]. In the same vein, high DD is directly propor-
tional to the solubility of chitosan in water [50]. The swelling capacity of chitosan 
after MW treatment was actually found to decrease significantly from 120% to 80%, 
even though the DD correlates with the increase in amine groups and thus more 
hydrophilic. A possible explanation is that the increase in amino groups also results 
in strong intermolecular bonding, which, in turn, impedes interactions with water 
[49]. Similar observations were made by Mecwan et  al. where the swelling ratio of 
depolymerized chitosan after MW treatment reduced by 36.75% after 30 mins [33]. 
Increase in DD improves the interactions of chitosan at biological interfaces and 
enhances cellular uptake of submicron particles. This is due to the positive charge 
within the amine moiety on the depolymerized chitosan, whilst the plasma mem-
brane possess a negative charge due to sialic acid moieties [51,52]. The positive 
charge density also prevents opsonization by endosomes and promotes uptake through 
various pathways (Figure 3), including pinocytosis (clathrin, cadherin or 
caveolin-mediated uptake), or phagocytosis, which involves the uptake of chitosan 
nanoparticles with sizes above 250 nm. Adhesion of chitosan to cellular surfaces 
serves several biomedical applications and is influenced by the DD [53]. For example, 
mucoadhesion has been used to prolong the gastrointestinal transit of dosage forms 
[54–58]. Furthermore, parent chitosan with low DD exhibited low levels of cellular 
adhesion on C28/I2 human chondrocytes and NIH/3T3 mouse fibroblasts. This 
decrease in propensity for cellular adhesion was also attributed to the higher compo-
sition of acetyl groups within parent chitosan comprised of low DD, which also cor-
relates to reduced positive charge and higher hydrophobicity [59].

It must be added that the impact of MW irradiation on DD is debatable. Li et  al. 
used MV-induced plasma desorption/ionization technology at 2.45 GHz on chitosan, 
which saw as expected, a reduction in Mwt from 540 KDa to 10 KDa, and an increase 
in DD with increase in duration of exposure [36]. On the other hand, MW enabled 
depolymerization of chitosan with the aid of 1% H2O2 at 400, 600, 800 or 1000 W for 
20 min showed no significant difference in DD between parent (89.6%) and treated 
(ranging from 88.6-88.9%) chitosan. This could be due the interference by H2O2 on 
MW irradiation [34]. However, similar observations were made by Mecwan et  al. 
without H2O2. In that study, the duration of exposure ranged between 6 to 30 min at 
700 W, and yet, no difference in DD was observed (87.74% in parent and 87.58-88.18% 
in treated chitosan) [33]. Further examples of such discrepancies are presented in 
Table 1. Thus, further work is warranted on a better understanding the influence of 
MW radiation on the DD, including the utilization of more robust analytical 
techniques.

3.3.  Rheological properties (viscosity)

Viscosity is also an important rheological parameter that confers to chitosan its 
unique bio-adhesive properties. It can be determined using a variety of viscometers, 
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including Ubbelohde viscometer [33], Cannon-Fenske capillary viscometer [5, 17], 
falling-ball viscometer [37], chip viscometer and rolling-ball viscometer [34], Fungilab 
rotational viscometer [60] or using more advanced rheometers [16], which are pro-
grammable and give viscosity readings at variable shear rates and shear stresses [61]. 
The intrinsic viscosity of polymer solutions is related to their Mwt via the Mark–
Houwink–Sakurada equations [8].

	 η[ ] = ( )K Mwt
a

.	 (1)

Where η is the solution intrinsic viscosity in ml/g, K and α are constants. K and 
α are dependent on the temperature and the polymer-solvent system [8,16]. Solutions 
of parent or depolymerized chitosan demonstrate pseudoplastic behavior (Figure 4). 
Rheological behavior of chitosan solutions are also affected by polymer Mwt, DD, 
polymer concentration, and ionic strength of solvent [5,34]. High chitosan polymer 
concentrations or Mwt exhibit shear rate-dependent apparent viscosity. Furthermore, 
shear rate-dependent apparent viscosity and zero constant shear viscosity differ in 
high and low chitosan Mwt and depolymerized chitosan [34]. Low Mwt chitosan and 
by extension, depolymerized chitosan, exhibits lower viscosity reduction rates com-
pared to higher polymer Mwt at the same shear stresses [62].

Low viscosity chitosan solutions have a wide range of biomedical and pharmaceu-
tical applications [8,24]. MW irradiated chitosan yields polymer solutions with lower 
viscosity compared to parent (Table 1). Polymer solutions may be used as suspend-
ing agents, as they increase the viscosity in pharmaceutical suspensions [63]. Low 
viscosity chitosan solutions have better bactericidal and bacteriostatic activity against 
Staphylococcus epidermidis. This effect is concentration-dependent, with higher con-
centration being more effective in reducing the level of colony-forming unit (CFU) 

Figure 3. S chematic of various modes of cellular uptake of submicron chitosan particles.
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and reducing the formation of S. epidermidis biofilms more successfully [64]. Higher 
viscosity polymer solutions also have some useful applications in regenerative med-
icine and wound healing, because they promote prolonged retention on biological 
surfaces [44]. Microwave heating ensures homogenous dissipation of heating within 
reaction contents and thus finds use in high viscosity solutions (chitosan as an 
example). For, example Dadhich et  al. succeeded in synthesizing uniform reaction 
products of N-methylene phosphonic chitosan via MW irradiation, with yields of 
55-60% in 10 mins compared to non-MW methods [65]. N-methylene phosphonic 
chitosan is used as a drug carrier, and biomedically as macrophages stimulant in 
tuberculosis [66].

3.4.  Chemical and morphological changes due to MW degradation

3.4.1.  Chemical structure
Chitin is the source from which chitosan is derived, and has three distinct polymor-
phic forms, alpha (α), beta (β) and gamma (γ), with the α being the most abundant 
and identified with three distinct FTIR peaks at1650, 1620 and 1550 cm−1 [67]. 
α-chitin consists of repeating polymer units that contain acetyl groups in opposite 
sides, and that alternate their position to each monomer (Figure 5A), whilst β-chitin 
has the same acetyl groups but alternating their position to each two monomers 
(Figure 5B) [68]. Similarly, chitosan has three configurations (α, β or γ) based on 
deacetylation of parent chitin. Although β-chitosan (parallel structure) is the least 
abundant, it has more favorable physicochemical properties than α-chitosan 
(anti-parallel structure), possibly because β-chitosan has weaker intermolecular forces 
and thus, presents as amorphous configuration [15,69]. In addition, β-chitosan under-
goes higher intra-crystalline swelling, which leads to improved solubility in appropri-
ate aqueous solvents [15,70].

Figure 4. S hear thinning phenomenon in chitosan fluids. Black is shear thinning phenomenon and 
red line is viscosity at infinite shear rate.
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Moreover, β-chitin was shown to present superior antibacterial agent, scaffold in ortho-
pedic, wound dressing, and antiviral agent properties [15,71]. For example, a significant 
reduction in the Mwt (1000 to 10,000 g/mol) by MW irradiation improved the solubility 
of β-chitosan and enhanced its inhibitory and antiviral activity against Newcastle disease 
virus (NDV) in comparison to α-chitosan. No change in the configurations of both chi-
tosans was observed after Mwt reduction using MW irradiation [15].

From Table 1, it can be inferred that in all cases of MW treatment the main chain 
remained identical to the parent (Table 1). However, when MW irradiation is used in 
conjunction with chemicals such as H2O2, some changes, including formation of car-
boxyl (-COOH) groups and ring opening do occur. In addition, deamination is observed 
with use of H2O2 in conjunction with MW irradiation. However, the deamination is 
partially inhibited with the concurrent use of MW irradiation in comparison to using 
H2O2 only [24]. Similar findings were reported by Zhang et  al. in the utilization of 
chitosan degraded by MW irradiation and H2O2 on antibacterial activity, and structural 
properties of chitosan before and after degradation. They also reported the formation 
of carboxyl groups and changes in the reducing end residue structure [17]. However, 
other reports indicate that concurrent use of H2O2 with MW irradiation resulted in no 
changes in the chemical structures [15,21,38]. Such differences in observed phenomena 
may be related to the duration of exposure and/or concentration of chitosan and H2O2 
used during the irradiation. Notwithstanding, further and more in depth characteriza-
tion studies will be needed for better understanding of the reason behind the contrast-
ing findings as these relate to biomedical and pharmaceutical applications of chitosan.

3.4.2.  Morphology and crystallinity
Crystallographic and morphologic analyses on chitosan after MW degradation may pro-
vide valuable insights on physicochemical properties and possible pharmaceutical and 

Figure 5. C onfiguration in alpha and beta chitin (chitosan).
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biomedical applications. X-ray diffractometry (XRD) is a non-destructive physical analyti-
cal procedure that gives information on the crystalline state of material [72]. Parent chi-
tosan is semicrystalline [73], but tends to initially become more crystalline with increased 
MW energy. This is because of the preferential degradation by MW energy at the amor-
phous domains of chitosan during depolymerization. The side chemical moieties impede 
degradation within the main chains, however, with increase in exposure time, crystallinity 
tends to decrease due to destruction of structure by MW energy [24]. Decrease in crys-
tallinity of chitosan due to MW is further reported by other studies [16,17,24, 33,34]. It is 
important to recognize that other factors may also affect the crystallinity of chitosan such 
as the source of chitin and reaction conditions, including temperature, concentrations, and 
ratios of chitin to alkali [33,74]. Scanning electron microscopic (SEM) images on MW 
irradiated chitosan indicate that deacetylation occurs in the first 10 mins, and limited to 
the outer surfaces of the polymer particles and then gradually traversing to the interior. 
SEM also reveals tight fiber bundles and no pores within the polymer particles during the 
early stages of MW irradiation (Figure 6). Significant changes occur after 10 mins, with 
particles transforming to more porous structure with fiber fragmentation. These observa-
tions reinforces the acceleration of deacetylation process seen in the MW treated chitosan 
when compared to conventional heating [16].

4.  Chitosan nanoparticles

One of the most consequential applications of chitosan in drug delivery systems is in 
the use of nanotechnology to encapsulate APIs. This is because of the myriad of 
fascinating properties that chitosan nanoparticles present, such as its ability to encap-
sulate and courier various APIs, including chemotherapeutics, nucleic acids and genes 
across epithelia [1]. Application of MW irradiation provides an added dimension to 
enhancing relevant physicochemical properties of chitosan, which ultimately, may find 
significant application in pharmaceutical and biomedical applications. Herein, depo-
lymerization of chitosan by MW radiation has been used to reduce the Mwt of chi-
tosan, increase the positive charge and subsequently used to formulate chitosan 
nanoparticle carriers [30,75,76]. The effect of MW radiation on chitosan which is 
subsequently used to formulate nanoparticles is demonstrated in Figure 7. Basit et  al. 
[30] reported reduced chitosan viscosity and decreased Mwt, which subsequently led 
to the production of smaller nano-sized particles (170.7 ± 2.9 and 223.7 ± 9.3 nm) with 
higher positive charge (+46 mV). Recall that high positive charge improves association 
with negatively charged epithelia (Section 3.2).

MW depolymerization of chitosan also resulted in the production of uniformly 
sized nanoparticles as displayed by a polydispersity index (PDI) that ranged from 
0.27 to 0.5 (low PDI, monodisperse nanoparticles [77]), compared to a PDI of 1.0 
in the parent chitosan. In addition, MW modified chitosan used to nano-encapsulate 
curcumin showed good antibacterial activity against P. aeruginosa and S. aureus, 
cytotoxicity and cell mobilization in skin and wound healing applications. The same 
workers achieved a 99% encapsulation efficiency of curcumin from MW treated chi-
tosan [30]. Furthermore, Kocak et  al. [75] reported that the formulation of chitosan 
nanoparticles by MW-assisted ionic gelation showed an evidently decreased 
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nanoparticle size and reaction time with the help of MW energy. The formulation 
of a perfectly round small (25 nm sized) nanoparticles required only 1 min, and 
formed a homogenous dispersion, without affecting the zeta potential significantly 
[75]. Similar findings were observed by Mostafa et  al. [78] in their chitosan/zinc 
oxide nanocomposites with the assistance of MW, achieving 80 nm and positive zeta 
potential of +14.2 mV. It is also noteworthy that Raghavendra et  al. succeeded in 
fabricating chitosan-silver nanocomposite films via MW in ~ 100 min with a power 
of only 146 W. The manufactured nanocomposites exerted antibacterial activities 
against both gram-positive and negative micro-organisms [79].

5.  Conclusion

MW irradiation is arguably, the most powerful depolymerization technique for chi-
tosan. It outperforms other degradation approaches due to minimal structural 

Figure 6. SEM  photographs of MW heated chitosan compared to WB heating at different reaction 
times (adapted from [16]).

Figure 7. E ffect of MW irradiation on chitosan molecular weight, nanoparticle size, polydispersity, 
surface morphology and charge.
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distortions to the main polymer chain, cost-effectiveness, environmental friendliness 
and accessibility. It contributes effectively to reducing the Mwt of chitosan and hence 
reducing the viscosity of resulting solutions, increasing the DD and hence improving 
the solubility of chitosan. MW degraded chitosan facilitates cellular interactions with 
cell membranes, consequently improving cellular uptake of submicron/nanoparticles 
comprised of the former. MW degraded chitosan also imparts ideal biopharmaceuti-
cal properties to nanoparticulate drug delivery systems, such as monodispersity, high 
positive charge and small particle sizes. Thus, we believe that the next frontier in the 
biomedical and biopharmaceutical applications of chitosan lie in MW derived- 
depolymerized versions.
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