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Abstract 
 

This study focused on the synthesis of chitosan-based polymeric dyes (CSPDs) 
using the Mannich reaction with phenolphthalein (PHP), phenol red (PR), and rosolic 
acid (RA) as reagents.  The synthesized derivatives were characterized and confirmed 
using various analytical techniques.  The %DS of CS-g-PHPs varied depending on the 
formaldehyde and PHP contents.  CS-g-PHPs exhibited solubility in acidic, strong 
alkaline, and alkaline/urea conditions.  CS-g-PR and CS-g-RA were successfully 
synthesized using a lower feed ratio to prevent insoluble product formation.  The 
derivatives exhibited non-toxicity towards cells, indicating potential biocompatibility.  
CSPDs were used to create pH-dependent color-changing films, which showed 
resistance to dye leaching, indicating strong attachment to the CS matrix.  To enhance 
water solubility, two methods were employed: attaching dyes to carboxyethyl chitosan 
(CECS) and carboxyethylation of CSPDs.  The latter method resulted in successful 
modification for all CSPDs, providing solubility across a wide pH range.  To demonstrate 
the application of WCSPDs, PR-AA was incorporated into hydrogel films with CECS, SA 
and PAM using covalent and electrostatic crosslinking, making them suitable for smart 
wound dressings.  The films exhibited stability at pH 5.5, increased swelling at pH 7.4, 
and dissolution at pH 8.5.  The CECS-to-SA ratio affected the swelling degree, and 
double crosslinking reduced swelling.  The films showed color changes and 
discrimination shades in the pH range of 4-10, making them suitable for monitoring 
wound status.  Incorporating a model drug, diclofenac (DCF), demonstrated controlled 
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release profiles influenced by film composition and buffer pH solutions.  The films 
exhibited suitable mechanical properties for artificial skin and were non-toxic to human 
skin fibroblast cells.  Overall, this research presents a simple and effective approach 
to synthesize chitosan-based polymeric dyes with pH-indicative properties.  These 
derivatives offer versatility in pH sensing and stimuli-responsive applications, with 
potential uses in biomaterials, food packaging, and the biomedical field. 
 
Keywords : Carboxyethylation, Chitosan-based polymeric dyes, pH-dependent 
coloring, pH-sensitive dyes, Mannich reaction, Smart wound dressing  
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Chapter 1 

Introduction 
 

1.1  Research Motivation 
Dye-containing polymers have gained significant attention across various 

industries, including painting, textile dyeing, medicine, and chemical analysis [1].  
These polymers incorporate sensitive dyes that exhibit remarkable color changes in 
response to external stimuli, such as pH, temperature, or mechanical force.  This 
unique property has paved the way for the development of sensing polymers with 
diverse applications, including metal detection [2], intelligent food packaging [3] and 
health monitoring [4, 5].  Conventional methods of integrating dyes into polymers 
typically involve non-covalent interactions or covalent attachments [1].  However, 
these approaches have limitations, such as potential dye migration when using direct 
mixing or adsorption methods.  On the other hand, grafting reactions often involve 
complex synthesis processes, leading to slow production rates and increased costs.  
Therefore, there is a need for a simpler approach to synthesize dye-grafted polymers, 
known as polymeric dyes.  These polymeric dyes hold great promise by combining 
the advantages of dyes and polymers, including enhanced thermal and chemical 
stability, superior color fastness, excellent biocompatibility, and enhanced safety [6, 
7]. 

Chitosan (CS), derived from partially deacetylated chitin, is a natural cationic 
polysaccharide that possesses numerous attractive properties such as non-toxicity, 
biocompatibility, biodegradability, antimicrobial activity, and wound healing capacity.  
These properties make CS versatile for various industries, including biomedical, 
cosmetic, food, agriculture, and textiles [8].  The presence of reactive amino and 
hydroxyl groups in CS has led to interest in chemical modifications to enhance its 
properties and explore its potential versatility.  In the context of dye-grafted CS, 
there have been reports of grafting pH-sensitive dyes onto CS.  For instance, CS 
grafted with Rose Bengal and Methyl Red via an amide linkage has been utilized to 
fabricate colorimetric nanofibers for biomedical applications [9].  These nanofibers 
exhibit pH-dependent color changes in both aqueous and gaseous media with 
minimal dye leaching, suggesting potential applications in wound management.  
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Among various grafting reactions, the Mannich reaction offers an attractive 
one-pot synthesis method to modify CS side chains with phenolic compounds 
possessing free ortho positions [10-13].  However, no evidence of dye grafting onto 
CS using this reaction has been discovered.  In this study, pH-indicative dyes with free 
ortho positions in the phenol group, such as phenolphthalein (PHP), phenol red (PR), 
and rosolic acid (RA), were employed to graft onto CS through the Mannich reaction, 
resulting in chitosan-based polymeric dyes (CSPDs).  It was expected that the newly 
formed chemical bond at the ortho position would not disrupt the chromophore of 
these dyes.  The resulting derivatives were structurally characterized, and their pH-
induced color changes in the form of blend films were investigated.  

Despite possessing several desirable properties, CS's limited solubility in 
neutral or basic media poses a challenge for practical applications. To overcome this 
issue, various methods have been developed to create water-soluble chitosan 
derivatives.  Among these methods, carboxyalkylation using the Michael reaction with 
water-soluble acryl reagents has shown promise [14, 15].  The resulting water-soluble 
chitosan derivatives exhibit improved solubility in neutral and basic media, along 
with enhanced biomedical properties [16-18].  This provides opportunities for their 
use in neutral aqueous media and their direct blending with anionic polymers 
without unintended gelation, allowing for greater flexibility in material design.  
Therefore, to enhance the water solubility of CSPDs, carboxyethylation through the 
Michael reaction was employed to obtain water-soluble CSPDs (WCSPDs).  The 
structure and coloring properties of WCSPDs were thoroughly investigated. 

To demonstrate the practical application of the synthesized polymeric dyes, 
a WCSPD with a PR moiety (PR-AA) was designed as a smart wound dressing for 
monitoring wound status.  Changes in wound pH can serve as an indicator of wound 
status, providing insights into the progress or potential infection [19, 20].  The 
hydrogel was prepared by combining PR-AA with sodium alginate (SA) and 
polyacrylamide (PAM), along with the addition of D-glucono--lactone (GDL) as a pH 
modifier and -cyclodextrin dialdehyde (CD-DA) as a covalent crosslinker.  
Additionally, diclofenac sodium salt (DCF) was incorporated as a model drug to 
enable drug release within the hydrogel films.  The prepared hydrogel films were 
investigated for their pH-responsive color change, morphology, swelling behavior, and 
drug release characteristics. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



3 

1.2  Objectives of the study 
    1)  To synthesize and characterize CSPDs and WCSPDs 
    2)  To prepare and study properties of CSPDs-based films and WCSPDs-based 
hydrogel films 
    3)  To demonstrate the potential application of hydrogels based on PR-AA for 
wound monitoring applications 
 

1.3  Scopes of the study 
    1)  CSPDs were synthesized by Mannich reaction of chitosan and pH-indicative 
dyes (i.e., PHP, PR, and RA).   
    2)  Water-soluble chitosan (Carboxyethylchitosan: CECS) was synthesized by 
Michael reaction of chitosan with acrylic acid. 
    3)  WCSPDs were synthesized by two methods as follows: 
 - Grafting dye onto CECS through Mannich reaction. 
 - Modifying CSPDs with acrylic acid through Michael addition reaction. 
    4)  The synthesized chitosan derivatives were characterized by 1H-NMR, FT-IR, UV-
Vis, XRD, and were tested cytotoxicity. 
    5)  CD-DA was synthesized by oxidation -cyclodextrin with sodium periodate 
and the aldehyde content was characterized. 
    6)  The CSPDs were blended with CS to prepare pH-sensing films, and the color 
response of the films were investigated. 
    7)  The polyelectrolyte hydrogel film of AA-PR, SA, and PAM was fabricated by 
adding GDL and CD-DA. 
    8)  The morphology, swelling behavior, and drug release behavior of the hydrogel 
films were investigated.   
 

1.4  Benefits of the study 
Obtain new chitosan-based pH-indicative polymeric dyes with potential pH-

sensing applications such as wound monitoring. 
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Chapter 2 

Theory and Literature Reviews 
 

2.1  Stimuli-responsive polymers [21, 22] 
Stimuli-responsive systems containing polymers involve a dramatic 

physicochemical change caused by stimuli (Figure 2.1).  The activated systems 
produce observable or detectable micro- or nanoscale changes, such as morphology, 
molecular bond rearrangement/cleavage, and molecular motion, which can induce 
changes in their macroscopic properties such as color, shape, and functionality [22].  
They can be created using a responsive polymer or by combining a responsive 
compound and a polymer that serves as a template or carrier.  Because of the 
versatile selection of backbone and functional groups, stimuli-responsive polymers 
can be tailored and engineered into a variety of forms, such as particles (micelles, 
micro/nanogels, vesicles, and hybrid particles), films (polymer brushes, layer-by-layer 
polymer films, and porous membranes), and bulk gels (hydrogels, organogels, and 
metallogels) [23].  Many multidisciplinary efforts have been carried out and reported 
over the years to optimize the functionality of stimuli-responsive polymers and to 
explore new and innovative applications. 

 

 
 

Figure 2.1 Classification of stimuli of stimuli-responsive polymers [24] 
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2.1.1  Temperature responsive polymers 
Temperature-responsive polymers have received a lot of attention in 

bioengineering and biotechnology applications because certain diseases exhibit 
temperature changes [25].  These polymers typically have a critical solution 
temperature that causes intramolecular and intermolecular electrostatic and 
hydrophobic interactions to be disrupted, resulting in chain collapse or expansion (a 
volume phase transition).  Various temperature-responsive polymers have been 
reported such as poly(N-isopropylacrylamide) (PNiPAAm) [26], poly(N-
vinylcaprolactam) (PNVC) [27], poly (L-lactic acid)-poly(ethylene glycol)-poly(L-lactic 
acid) (PLLA-PEG-PLLA) triblock copolymers [28], and poly (ethylene oxide)-
poly(propylene oxide)-poly (ethylene oxide) (PEO–PPO–PEO) copolymers [29]. 

 
2.1.2  Electro-responsive polymers 
Electrical stimuli are widely used in research and applications because they 

allow for precise control of the magnitude of the current, the duration of an 
electrical pulse, or the interval between pulses.  Conducting polymers, such as 
polythiophene or sulphonated polystyrene, are examples of electrically responsive 
polymers that can respond to an external field by swelling, shrinking, or bending.  
Furthermore, because electric stimuli are used to trigger drug release with pH 
regulation, they could be considered a derivative of pH-responsive delivery systems 
[30, 31].   

 
2.1.3  Photo-responsive polymers 
Light can be used directly on the polymer surface or delivered to remote 

locations via optical fibers.  The wavelength of the laser should ideally be tuned to 
the so-called biologically ‘friendly' window [32], the near-infrared part of the 
spectrum, which is less harmful and penetrates deeper into tissues than visible light.  
In this case, the light is absorbed minimally by cells/tissue but maximally by the 
polymers.  Light-sensitive chromophores, such as azobenzene groups [33, 34], 
spiropyran groups [35, 36], or nitrobenzyl groups [37, 38], are present in the majority 
of photo-responsive polymers.  
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2.1.4  pH-responsive polymers 
Because pH changes occur in a variety of specific or pathological 

compartments, pH is an important parameter for biomedical applications.  For 
example, the pH of the stomach (pH = 1–3) to the intestine (pH = 5–8) changes 
along the gastrointestinal tract, the pH change in chronic wounds is found between 
5.4 and 7.4, [39] and tumor tissue is acidic extracellularly [40].  pH responsive 
polymers require the presence of ionizable, weak acidic or basic moieties that attach 
to a hydrophobic backbone, such as polyelectrolytes.  When coiled chains are 
ionized, the electrostatic repulsions of the generated charges (anions or cations) 
cause them to extend dramatically.  Furthermore, another typical pH responsive 
polymer exhibits protonation/deprotonation by distributing the charge over the 
ionizable groups of molecules, such as carboxyl or amino groups.  pH responsive 
polymers including chitosan [41], gelatin [42], albumin [43] and poly(acrylic acid) 
(PAAc)/chitosan IPN [44] have been reported. 

 
2.1.5  Redox-responsive polymers 
Polymers with labile groups offer an advantageous opportunity for the 

development of redox-responsive biodegradable or bioerodible systems.  Disulfide 
groups, which cleave to thiol groups in a reducing environment, have also been used 
to induce redox responsiveness [45].  The gel made from PNiPAAm bonded 
ruthenium tris(2,2′-bipyridine) [Ru(bpy)3] was found to exhibit a periodic swelling-
deswelling change, similar to a heart muscle cell, due to the periodic redox change 
of Ru(bpy)3, resulting in altering the hydrophobic and hydrophilic properties of the 
polymer chains [46]. 

 
2.1.6  Glucose responsive polymers 
For glucose responsive polymers, glucose oxidase (GOx) is conjugated to a 

smart, pH-sensitive polymer.  When GOx converts glucose to gluconic acid, causing a 
pH shift in the environment, the volume of the pH sensitive polymer changes [47, 
48].  In this way, drastic changes in polymer conformation are controlled by the 
body's glucose level, which has a significant impact on enzyme activity and substrate 
access. 
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Smart materials that respond to more than one stimulus at the same time 
have been extensively researched to combine diagnostics and therapy by monitoring 
multiple physiological changes at the same time.  Furthermore, multiple external 
stimuli systems are being sought for a variety of new functions and properties to aid 
in the development of biomimetic systems with long-term stability and durability.  
Up to now, stimuli responsive polymers have been designed and synthesized in a 
variety of forms that are used in a wide range of applications such as sensors, 
controlled drug delivery, artificial muscles, and actuators [49].   
 

2.2  Dye-containing polymers [1] 
Natural and synthetic dyes are fascinating compounds because they play 

important roles in technical and industrial applications such as dyeing textiles, laser 
dyes and dyes for organic light emitting diodes (OLEDs), liquid crystal (LC) displays, 
optical data storage, and fluorescent labeling.  Furthermore, some dyes are sensitive 
to external stimuli such as pH and light, allowing them to be used as optical sensors.  
Improvements in dyeing efficiency or photochemical/photophysical properties, as 
well as a focus on eco-friendly procedures, reduced toxicity, and lower production 
costs, are currently in high demand.  Combining dyes and polymeric materials with 
controllable properties like solubility, stability, and toxicity is a promising approach to 
meeting these requirements.  The dye can form covalent or non-covalent bonds 
with polymers as discussed below. 

 
2.2.1  Non-covalent attachment 
Sugar-based polymers (oligo-/polysaccharides) derived from natural sources, 

such as starch, cellulose, and chitosan, can form dipolar interactions with suitable 
substrates due to the presence of several polar substituents.  Figure 2.2 shows 
schematic illustration of the non-covalent dye binding to polymeric materials.  For 
example, starch and β-cyclodextrin polymers exhibited adsorption of anionic azo 
dyes with sulfonate moieties via the formation of hydrogen bonds between polymer 
hydroxyl and amine groups and the sulfonate moieties of azo dyes [50].  
Furthermore, cyclodextrins have been shown to form inclusion complexes with a 
variety of azo dyes, and the formation of host-guest complexes was expected to 
contribute to the dye sorption of corresponding cyclodextrin-based polymers.  
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Furthermore, it has been reported that at pH 8, the carboxylate moieties of β-
cyclodextrin crosslinked carboxymethyl cellulose formed electrostatic interactions 
with cationic dyes (basic dyes: Astrazon Blue, Crystal Violet, and Rhodamine B) [51].  

 

 
 

Figure 2.2 Non-covalent dye binding to polymers [1] 
 
Hydrophilic groups in synthetic polymers like poly(acrylic acid-co-acylamide), 

poly(methyl methacrylate) (PMMA), and poly(vinyl alcohol) (PVA) can form 
electrostatic interactions, hydrogen bonds, and dipole–dipole interactions with 
charged dyes.  For instance, perylene derivatives (N,N'-bis-(2-(1-piperazino)ethyl)-
3,4,9,10-perylenetetracarboxylic acid diimide dichloride) were dispersed in poly(vinyl 
alcohol) (PVA) matrices.  It shows shifting emission/absorption spectra caused by 
temperature dependent formation of dye aggregates [52].  In the case of apolar 
matrices such as poly(ethylene), special techniques such as melt-extrusion are 
required to prevent phase separation of both compounds due to the lack of 
polymer–dye interactions [53].  Hydrophobically modified perylene derivatives were 
dispersed into linear low-density poly(ethylene) (LLDPE) matrices via melt processing.  
The optical properties of the films were demonstrated by mechanical stimuli 
responsiveness, which is strongly dependent on the compactness of perylene 
aggregates provided by the various molecular structures of dyes [54].  Figure 2.3 
depicts another example of mechano-responsive films made from various dyes. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



9 

 
 
Figure 2.3 The mechanochromism upon tensile deformation under UV illumination 

and the emission spectra for blended films: a) cyano-substituted oligo(p-
phenylene vinylene derivatives with LLDPE, b) perylene dye with LLDPE, 
and c) bis(ben-zoxazolyl)stilbene with poly(1,4-butylene succinate) (PBS) 
[55] 

 
2.2.2  Covalent attachment 

2.2.2.1  Polymerization of colored monomers 
In this method, the dye molecule is converted into radically 

polymerizable derivatives and then (co)polymerized.  The overall procedure is 
depicted in Figure 2.4.  Methyl methacrylate monomer was commonly used as a 
comonomer in the preparation of such solid dye materials because the resulting 
polymers exhibit excellent transparency in the spectral range of interest.   

 

 
 
Figure 2.4 Preparation of polymeric dyes via co-polymerization of colored monomers [1] 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



10 

As shown in Figure 2.5, methacrylate-based azo dye monomer was 
prepared by three steps [56].  To begin, tyramine (1) was methacrylated at room 
temperature with methacrylic anhydride (2), then diazotated with 3-aminopyridine (4) 
to yield N-(4-hydroxy-3-(pyridin-3-yldiazenyl)phen-ethyl)methacrylamide (5).  The azo 
dye monomer was then copolymerized with N,N-dimethylacrylamide (6) as an 
initiator, yielding a water-soluble polymer bearing an azo dye (7).  The authors 
noticed that adding CuSO4 to a water/methanol mixture changed the color of 
copolymer (7) from orange to red, and that this could be reversed by adding γ-CD 
later.   

 

 
 

Figure 2.5 Synthesis of N-(4-hydroxy-3-(pyridin-3-yldiazenyl)phenethyl) methacrylamide 
(5) and preparation of its water-soluble copolymer (7) [56] 
 
Irie and Kungwatchakun synthesized a photo-mechanical transducer gel 

by copolymerizing acrylamide, N,N-methylenebisacrylamide, and vinyl monomer-
substituted triphenylmethane leuco derivatives (leucohydroxide or leucocyanide) 
[57].  When the gels were exposed to UV-light, they exhibited a significant reversible 
deformation, which can be attributed to the light-induced dissociation of the leuco-
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derivatives (Figure 2.6).  Furthermore, the presence of triphenylmethyl cations caused 
colorization in gels; after 5 minutes of UV irradiation, the color changed from pale 
green to deep green, and after several hours in the dark, it returned to the initial 
pale green. 

 

 
 

Figure 2.6 Dissociation of triphenylmethane leucocyanide upon UV radiation [1] 
 

2.2.2.2  Polycondensation 
Several studies have demonstrated the enormous potential of 

polycondensation.  Figure 2.7 depicts the general procedure of polycondensation.  
By interfacial polycondensation reactions, several azo dyes and an anthraquinone 
dye were used to react with sebacoyl chloride [58].  When compared to the visible 
spectra of monomer dyes, the polymers had the same maximum absorption in 
visible spectra, but the absorption shifted as the solvent systems changed. 

 

 
 

Figure 2.7 Polycondensation for the preparation of dye-containing polymers [1] 
 
The incorporation of phenolphthalein into polymers via 

polycondensation has demonstrated that such materials have enormous potential.  
Figure 2.8 shows an example of some materials obtained by reacting the dye with 
hydroxyl group bearing compounds, such as poly(ether ether ketones), 
poly(phosphate ester), and poly(ether sulfone).  These polymers have been used to 
create separation membranes with ion exchange properties, as well as flame 
retardant resins [59-61]. 
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Another example of phenolphthalein-based materials was the creation 
of polymeric materials in which the pH sensitivity of molecule was preserved [62].  
Under Sonogashira−Hagihara cross-coupling condensation reaction, the tetrabromo-
derivative of phenolphthalein reacted with 1,4-diethynylbenzene, resulting in pH-
switchable porous microporous networks. The color of the material transitioned from 
yellow orange in the lactone form (N1) to dark yellow-greenish in the salt form (Na-
N1) (Figure 2.9).  This results in materials that are suitable to produce size selective 
gas separation materials. 

 

 
 
Figure 2.8 Examples of phenolphthalein-containing polymers obtained from 

polycondensation reactions [1] 
 

 
 
Figure 2.9 Synthetic reaction of phenolphthalein networks (N1) (a) and pH-response 

of network N1 and its sodium salt form (Na-N1) (b) [62] 
 

2.2.2.3  Polymer attachment of dye molecules  
This method necessitates the use of a polymeric backbone with 

functional side groups that can easily react with the functional groups of small 
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molecules, which can be dyes or building blocks (Figure 2.10).  These building blocks 
enable the stepwise reaction, which includes the attachment of a chromophore.  
Depending on the dye structure and the nature of the reactive side group, the 
chromophoric system can be altered after this attachment. 

 

 
 

Figure 2.10 Attachment of dye molecules onto polymer [1] 
 

There are numerous techniques for attaching azo dyes to polymer. Even 
though nucleophilic building blocks can be used to tether polyelectrophiles and 
then convert them to azo dyes, crosslinking compounds remain a major issue.  
Dawson et al. described four steps for attaching azo dyes to poly(vinylamine) [63].  
The polymer undergoes a Schotten-Baumann reaction with p-acetamidobenzene 
sulfonylchloride in aqueous tetrahydrofuran in the first step.  The polymeric 
sulfanilamide was then produced by hydrolysis in hydrochloric acid.  Following 
diazotization, the polymeric diazonium ions were coupled with sodium 2-naphthol-6-
sulfonate.  Figure 2.11 depicts the polymeric azo dye reaction pathway.   

 

 
 

Figure 2.11 Stepwise attachment of an azo dye to poly(vinylamine) [63] 
 

In addition, poly(vinylamine) can be used as starting material for the 
attachment of anthraquinone dyes [64].  Under Ullmann condensation conditions, 1-
bromoanthraquinone derivatives were combined with poly(vinylamine) to produce 
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intensely colored polymers (Figure 2.12).  Due to the low solubility of some 
anthraquinone derivatives, the polymeric dye was highly hydrophobic.  However, the 
presence of vinyl sulfonate in the copolymer allowed it to be soluble in aqueous 
media. 

 

 
 

Figure 2.12 Reaction of poly(vinylamine) and an anthraquinone dye [64] 
 
2.2.3  Applications 
Polymer-linked dyes are gaining popularity due to their low toxicity and 

recyclability.  In textile dyeing, they also exhibit high color fastness.  Dye-containing 
polymers have thus been used not only in painting and textile dyeing, but also in 
medicine, optical sensors in chemical research and analysis.  Non-toxic dye 
derivatives have been used inside the human body for medical applications; 
polymer-linked dyes are an excellent choice.  For example, polymeric rylene dyes 
suitable for staining cellular membranes were obtained by modifying perylene-
dicarboxmonoimide, perylene-tetracarboxdiimide, and benzoylterrylen-3,4-
dicarboximid with a single poly(ethylene oxide) chain [65].  These polymeric 
materials exhibited high fluorescence in nonpolar solvents but much lower 
fluorescence in polar solvents, suggesting that they could be used in sensitive 
fluorescent probes.   

Furthermore, polymer-attached dyes have been reported to be used in the 
treatment of rheumatoid arthritis.  Ebbesen et al. used RAFT polymerization with a 
novel azide-containing methacrylamide monomer to create a copolymer of N-(2-
hydroxypropyl)methacrylamide and N-(3-azidopropyl)methacrylamide, which was 
then post-modified with fluorescence dye via an azide-alkyne click reaction.  The 
synthesized polymeric dye was used as a fluorescence dye (ATTO 680) to track the 
body.  In a murine model of rheumatoid arthritis, it accumulated significantly in 
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inflamed joints.  Moreover, for high molecular weight polymers (54 kDa), it could 
retain in the blood after 24 h and had excellent bioavailability [66, 67]. 

Methacrylated anthraquinone dyes were used to create artificial iris implants.  
Colored dye derivatives (blue, green, and red) were copolymerized with 2-
hydroxyethylmethacrylate, tetrahydrofurfuryl methacrylate, and ethylene glycol 
dimethacrylate as a crosslinker to produce duroplast materials with high resistance to 
aggressive biological media.  Dye diffusion from colored materials was not observed 
due to covalent modification.  Almost any color can be created by combining 
different anthraquinone monomers in different ratios and concentrations. Following 
that, the copolymerized material was sharpened for iris implants, as shown in Figure 
2.13 [68]. 

 

 
 
Figure 2.13 Broad color spectrum of mixed anthraquinone monomers (a) and the 

resulting sharpened blank of polymerized anthraquinone derivatives (b), 
modified from [68] 

 
Dyes that could change color due to chromophore changes caused by 

external stimuli were used as indicator dyes for colorimetric sensors.  The sensors' 
benefits include ease of reading with the naked eye, quick detection, high sensitivity, 
and selectivity [69].  Dye incorporation into polymer as a support matrix, blending 
with hydrogen bonding, van der Waals forces, and dipole–dipole interactions, and 
functionalization through covalent linkage are all possible.  Many synthetic dyes have 
been reported as pH-indicator dyes that are used for colorimetric pH sensors, 
including bromothymol blue, bromophenol blue, bromocresol purple, bromocresol 
green, methyl red, methyl orange, methyl yellow, and phenol red.  For example, the 
colorimetric sensor based on cotton fabric for sweat pH and lactate detection has 
been reported [4].  The fabric was treated with three layers of chitosan, sodium 

a) b) 
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carboxymethyl cellulose, and indicator dye.  The sweat pH sensing element was 
made up of methyl orange and bromocresol green, and the lactate sensor was made 
up of lactate oxidase (Figure 2.14a).  The color of sensing fabrics shifted from red to 
blue as pH (1-14) increased, and purple intensity increased as lactate level increased 
(0-25 mM) (Figure 2.14b).  This sensor was successfully applied to three human 
volunteers and was able to differentiate their fitness and potential muscle fatigue.  
The findings indicated that these non-invasive sensors have a high potential for 
incorporation into items such as bedsheets, pajamas, shirts, tights, wristbands, and 
headbands, as well as integration with wearable devices for real-time monitoring of 
human health and athletic performance. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 Fabrication process of textile based colorimetric sensor (a) and the 

standard color charts of the resulting textile for sweat pH and lactate 
detection (b), adapted from [4] 

 
Besides monitoring sweat pH, pH-sensitive dyes are employed for smart 

wound dressing which can detect wound status for chronic or infected wounds [5].  
This type of sensor could not only be observed visually, but the color parameters 
from image capture by smartphone application (iDerm) could also be analyzed, 
allowing antibiotic release via thermo-responsive drug carriers to be controlled 
during infection (Figure 2.15).   

In the food industry, indicator dyes have been developed as intelligent food 
packaging that can provide information about food freshness based on substances 

a) b) 
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released from foods such as pH, carbon dioxide (CO2), and sulfur compounds.  With 
concerns about the toxicity of synthetic dyes, dye extracted from natural sources 
such as anthocyanin, curcumin, and green tea extracts have recently been studied.  
For instance, Nopwinyuwong et al. developed a "chemical barcode" from a pH 
colorimetric indicator that detects CO2 changes as a spoilage of golden drop, an 
intermediate-moisture Thai dessert.  The label was created by casting an indicator 
coating onto nylon/LLDPE film, with the indicator solution being an ethanol solution 
made by combining bromothymol blue and methyl red.  Changes in label color from 
bright light green to orange-red correlate with microbial growth patterns in dessert 
samples, allowing for real-time spoilage monitoring (Figure 2.16) [70].   

 

 
 

Figure 2.15 Colorimetric pH sensor based on hydrogel dressing (a), demonstrating 
image capture processing using iDerm (b) and images of the dressings 
placed on the pig skin sprayed with different pH values (c), adapted from 
[5] 

 
In terms of dye-functionalized polymers for colorimetric sensors, this is a 

strategy to solve the dye migration problem, even if suitable functional groups of 
dye are required.  Sui and coworkers recently developed an acidochromic dye-
bound cellulose (ARC)/poly(vinyl alcohol) (PVA)-based pH sensor film for food 
monitoring [3].  The ARC was created by reacting regenerated cellulose with the 
acidochromic dye, 1-hydroxy-4-[4-(ethylsulfurate sulfonyl)-phenylazo]-naphthalene 
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(HESPN) (Figure 2.17a).  When the pH sensor was immersed in solutions with pH 
values of 7, 10, and 12, the color of the sensor changed from yellow to brick-red to 
purple.  The pH sensor also had excellent leakage resistance in both acidic and basic 
solutions (Figure 2.17b).  When applied to spoiled shrimp, the pH sensor's color 
changed from yellow to brown after 24 h at room temperature (Figure 2.17c). 
 

 
 

Figure 2.16 Color change of indicator label responding CO2 (Upper side); packaged 
golden drop with food spoilage indicator label (Bottom side), adapted 
from [70] 

 
 
Figure 2.17 Preparation of PVA/ARC pH film sensor (a), optical images of the film 

sensor immersed in acid-base solutions (b) and optical images of the 
film placed on shrimp before and after spoilage (c), adapted from [3] 

 

a) 

b) c) 
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Another study reported a fast, portable, and simple-to-use Au+3 sensors made 
of poly(sodium-4-styrenesulfonate) (PSS)-modified rhodamine B derivative (Rho) spray 
coated onto the surface of indium tin oxide (ITO) and filtered paper [2].  The 
polymeric sensors displayed “Off–On” fluorescence with Au+3 and could be reversed 
by rinsing with EDTA solution (Figure 2.18).  Furthermore, polymeric dye-based 
sensors for detecting other chemicals in water, such as cyanide [71], volatile organic 
compounds (VOCs) [72], organic solvents [73], trinitrotoluene [74], and heavy metal 
ions [75, 76], have been developed. 
 

 
 
Figure 2.18 Synthetic pathways of rhodamine-based modified PSS (PSS-Rho) (a) and 

PSS-Rho4-filtered paper after treatment with different concentration of 
Au3+ ions under normal light (b), and under fluorescence light (c), 
adapted from [2] 

 
From the literature reviews, dye-containing polymers have been applied to 

colorimetric sensors for many fields.  However, because they are mostly made of 
synthetic polymers that go through multiple step reactions and use a lot of solvent, 
they may contain toxic residue.  The goal of this research is thus to develop a 
polymeric dye with stimuli responsive properties from chitosan, a polysaccharide 
derived from natural sources. 
 

2.3  Chitosan [8] 
Chitosan is a cationic polysaccharide obtained by partial deacetylation of 

chitin.  Chitin is one of the most abundant natural polymers after cellulose.  The 
chitosan structure consists of D-glucosamine linked to N-acetyl D-glucosamine by β-
1,4-glycosidic bonds [77].  The chemical structure of chitosan was shown in Figure 

a) 

c) 

b) 
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2.19.  The physicochemical and biological properties of chitosan are determined by 
the degree of deacetylation (DD).  When the DD of chitin exceeds about 50%, it 
exhibits acid solubility and is referred to as chitosan.  The reactive amino groups at 
C2 atoms and the hydroxyl groups at C3 and C6 atoms of glucosamine units on 
chitosan have interesting properties such as biocompatibility, biodegradability, low 
toxicity, antimicrobial activity, and low immunogenicity.   

 

 
 

Figure 2.19 Chemical structure of chitosan 
 

2.3.1  Source and production 
Chitosan is derived from the deacetylation of chitin extracted from crustacean 

exoskeletons, insect cuticles, and fungi cell walls.  The increased consumption of 
shellfish, as well as the expansion of aquaculture, resulted in an increase in shellfish 
waste.  As a result, shrimp, prawn, and crab wastes are now the primary source of 
chitosan production, producing chitosan with molecular weights ranging from 1 to 2 
MDa [78].  Mycelium waste from fermentation processes remains untapped for 
production due to low quantities for significant production [79].   

Chitosan is mainly produced by the USA, Thailand, Australia, Japan, Norway, 
India, and Poland.  The exoskeleton of a crustacean is used as the raw material for 
commercial chitosan production (shellfish waste).  Generally, the conventional 
method of chitosan production is based on chemical extraction, which includes four 
basic steps: demineralization, deproteinization, discoloration, and deacetylation.  
These treatments, however, influence random cleavage of the chitin backbone and 
random deacetylation, resulting in unsatisfactory products.  The biological method 
has proven to be appealing due to its high-quality products, low cost, and 
environmentally friendly process.  This method demineralizes with lactic acid and 
deproteinizes with proteases. [80].  The schematic of chitosan production is 
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Figure 2.20 Chitosan and chitosan oligomers productions by chemical and biological 
methods [81] 

 
2.3.2  Properties of chitosan  

2.3.2.1  Solubility 
Because of the crystalline structure formed by strong hydrogen bonds 

between the acetyl groups of N-acetyl-D-glucosamine units on chitin chains, chitin is 
insoluble in conventional solvents.  When chitin is deacetylated to chitosan, the N-
amino-D-glucosamine units of chitosan exhibit hydrophilicity and positively charges in 
acid solution, resulting in swelling and dissolution [82].  Chitosan solubility is 
determined by the amount of protonated amino groups in the chitosan and the 
degree of deacetylation.  Chitosan has a pKa of about 6.3, indicating that the amine 
groups can be protonated at low pH to form a water-soluble cationic polysaccharide.  
Chitosan precipitates or chitosan gel are formed because of the insolubility of 
quaternary nitrogen salts of chitosan at pH greater than 6.  The pH transition of 
chitosan solubility occurs between 6 and 6.5.  Organic acids such as acetic, formic, 
and lactic acids are used as chitosan solvents; however, 1% acetic acid or 0.1M acetic 
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acid solutions are the most commonly used solvents for chitosan dissolution. [83].  
Furthermore, chitosan is soluble in 1% hydrochloric acid and dilute nitric acid but 
not in sulfuric or phosphoric acids.  Obviously, the molecular weight, ionic 
concentration, and the use of acids for protonation are all factors in chitosan 
solubility.   

In term of the dissolution of chitin and chitosan, inorganic solvents such 
as dimethylacetamide (DMAc)/LiCl and CaCl2/MeOH, and ionic liquids such as 1-
butyl-3-methylimidazolium chloride (BminCl), alkyl imidazolium chloride ([AMIM]Cl), 
alkyl imidazolium dimethyl phosphate ([MMIM] [Me2PO4]) and 1-allyl-3-methyl-
imidazolium acetate ([AMIM]Ac) have been reported.  However, these solvents have 
some drawbacks such as corrosiveness, volatility, toxicity, pollution depolymerization 
and high cost [82].  Moreover, alkali/urea systems (e.g., NaOH/urea, LiOH/urea, and 
LiOH/KOH/urea) can be used to dissolve chitin and chitosan via freeze-thawing 
process [84-86].  Even though alkali is traditionally used as a coagulant, the 
intramolecular and intermolecular hydrogen bonds of chitosan are broken by alkali 
medium at low temperatures.  Urea hydrates, acting as the host molecule, form 
inclusion complexes with chitosan/alkali, resulting in a stable solution, which is 
similar to the mechanism of cellulose dissolution [87].  The system's chitin/chitosan 
solutions are more stable than the acetic acid-dissolved solution. [85].  Furthermore, 
the system is temperature sensitive, forming gel as the temperature rises due to the 
loss of stability of inclusion complexes at high temperatures [88, 89]. This system has 
also been used as solvent for hydrogel fabrications with cellulose [90] or anionic 
polymer [91-93], and modification of chitosan such as quaternization [94-96], 
etherification [97], and acylation Michael reaction [98]. 

 
2.3.2.2  Biodegradability 
Chitosan can be degraded in vivo by several enzymes, including 

chitinases, chitosanases, and chitin deacetylase, but lysozymes, a non-specific 
enzyme found in mammalian tissues, have received the most attention.  The 
processes produce non-toxic products with lower molecular weight 
(oligosaccharides), which can then be incorporated or excreted to 
glycosaminoglycans and glycoproteins [99].  Chitosan can also be degraded in vitro 
using methods such as oxidation, chemical, and enzymatic hydrolysis, which is used 
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to prepare low molecular water-soluble chitosan [100].  The degradation mechanism 
involves random depolymerization (cleavage of glycosidic linkages) followed by 
deacetylation (hydrolysis of N-acetyl linkages), resulting in a decrease in molecular 
weight and an increase in the degree of deacetylation.  Degradation rate of chitosan 
depends on molecular weight and degree of deacetylation: the low molecular 
chitosan and degree of deacetylation increase the degradation rate while the high 
molecular chitosan and degree of deacetylation is expected low degradation [101].  
Moreover, the biodegradability of chitosan can be altered chemically.  For example, 
the degradation rates of chitosan conjugates with mercaptonicotinic acid are higher 
than those of thioglycolic acid conjugated chitosan, demonstrating the strong effects 
of thiol group contents and ligand type [102].   

 
2.3.2.3  Biocompatibility 
Despite the fact that gastrointestinal enzymes can partially degrade 

chitosan and chitin, they are not bioavailable.  Chitosan has an LD50 value of 
~16g/kg, which is comparable to glucose values in mouse assays. [103].  According to 
Schipper's report, chitosan has dose-dependent toxicity with a degree of 
deacetylation less than 35%, and low toxicity with a degree of deacetylation greater 
than 35% [104].  The in vitro cytocompatibility of chitosan is reported to be higher 
than chitin.  Because of the presence of positively charged amino groups in its 
structure, chitosan can interact with cells more effectively, improving 
biocompatibility [99, 105].  The safety of chitosan on foods and drugs has approved 
by Food and Drug Administration (FDA).  However, very few chitosan applications, 
particularly biomedical applications, have been approved [106, 107].  
 

2.3.2.4  Antimicrobial activity 
Chitosan has recognized to exhibit antimicrobial activity against bacteria, 

fungi, and yeasts [108].  Chitosan frequently inhibits bacterial growth more effectively 
than fungi growth [109, 110].  Chitosan is considered to have antibacterial activities 
against both Gram-positive and Gram-negative bacteria.  However, there is still 
debate over whether chitosan's antibacterial activity is more effective against Gram-
negative bacteria or not [111].  There are many factors of chitosan affected 
antimicrobial activity, including pH of media, molecular weight, concentration of 
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chitosan, degree of deacetylation, type of microorganism, source of chitosan [108].  
The pH media of chitosan is critical for this property because its amino groups can 
transform into positively charged ions that can interfere with microorganism cell 
membranes.  Hence, the chitosan in acidic medium (pH<6.5) only shows the 
antimicrobial activity.  Furthermore, the antimicrobial activity mechanism has been 
proposed in several ways, including: hydrolysis products from chitosan diffuse into 
cell and then interact with microbial DNA, inhibiting mRNA and protein synthesis, 
chitosan can interact with nutrients and essential metals, and chitosan covered on 
microbial cell inhibits diffusion of nutrients as well as oxygen permeation (for aerobic 
bacteria) [108]. 

 
2.3.2.5  Wound healing property 
Chitosan has good biological properties and can speed up wound healing 

by enhancing the functions of polymorphonuclear neutrophils, macrophages, and 
fibroblasts or osteoblasts, as well as promoting reepithelialization [112].  Gastric acids 
in the stomach can be neutralized by the amino groups of chitosan, which is used to 
treat peptic ulcer disease [113].  Moreover, positively charged chitosan can interact 
with the cell membrane supporting the reorganization of the epithelial tight junctions 
[114].  The effects of chitosan on wound healing properties include molecular 
weight, degree of deacetylation, and chitosan state [112].  Chitosan has been 
developed for wound dressing in a variety of forms, including films, hydrogels, 
membranes, and porous matrixes.  The dressings demonstrate the ability to treat 
various wound types with several benefits such as maintaining a moist wound 
environment, preferably through water permeation, preventing infection, and 
enhancing wound healing, particularly in burns.  In addition, chitosan derivatives have 
been developed to improve their biological properties such as anticoagulant, 
increased solubility, cellular uptake, controlled drug delivery, in order to create a 
wound dressing with effective wound healing [115, 116].  
 

2.3.3  Characterization of chitosan 
2.3.3.1  Degree of deacetylation (DD) [117] 
Chitosan properties are influenced by the degree of deacetylation (DD), 

which is determined by the proportion of D-glucosamine and N-acetyl-D-glucosamine.  
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To determine the DD of chitosan, various techniques such as elemental analysis, 
titration, hydrolytic method, IR spectroscopy, 1H-NMR spectroscopy, and so on are 
used.   

- Elemental analysis 
The DD of chitosan can be calculated using carbon and nitrogen mass 

percentages measured with an elemental analyzer, as shown in equation 2.1.  The 
carbon to nitrogen (C/N) ratios range from 5.145 in completely deacetylated chitosan 
(C6H11O4N as repeating unit) to 6.861 in chitin (C8H13O5N as repeating unit).  The 
percentages of N in fully N-deacetylated chitosan and fully N-acetylated chitin are 
8.7 and 6.9 percent, respectively [118, 119]. 

 

 
5.145

% 1 100%
6.861 5.145

 
− 

= −  
− 

 

C

NDD  (2.1) 

 
The nitrogen content of samples with varying DA (degree of acetylation) 

has relatively small changes, therefore the results obtained from this technique, 
especially when contaminants are present, are not precise.  This technique was used 
to define chitosan as having more than 7% nitrogen content and chitin as having less 
than 7% nitrogen content [120]. 

 
- Potentiometric titration 
Among the non-NMR methods, potentiometric titration is the most 

consistent and robust technique.  However, some of the drawbacks are that 
measurement is time consuming and labor intensive and solutions of known 
precisely concentrations are needed [121].  In detail, a known amount of chitosan is 
dissolved in a known volume of standard HCl solution and titrated against a known 
volume of standard NaOH solution.  The titration curve of pH versus NaOH titration 
volume is plotted and two inflection points of the curve are found: the first 
corresponds to neutralization of HCl, and the second to neutralization of the 
chitosan ammonium ions (Figure 2.21).  To determine DD, the amine content of 
chitosan (NH2%) is calculated from the consumed NaOH volume (equation 2.2).  The 
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obtained value is then divided by theoretical NH2% content (9.94%), as follows the 
equation 2.3. 

 
1 1 2 2

2

( ) 0.016
% 100

C V C V
NH

M

− −
=   (2.2) 

 
2 %

% 100
9.94%

= 
NH

DD  (2.3) 

 
where, C1 is HCl concentration (mol/L), C2 is NaOH concentration (mol/L), 

V1 is volume of HCl solution (mL), V2 is volume of NaOH solution (mL), M is the 
chitosan weight (g), X is the first inflection point (mL), and Y is the second inflection 
point (mL). 

The DD% can also be calculated using the following equation 2.4. 
 

( )

( )
2 1

2 1

% 2.03
0.0042

V V
DD

m V V

  −
=    + −   

 (2.4) 

 
where, m is weight of sample(g).  V1 and V2 are the NaOH volumes 

corresponding to the deflection points (mL).   
 

 
 

Figure 2.21 Potentiometric titration curve of chitosan [117] 
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- Fourier transform infrared spectroscopy (FTIR) 
FTIR is a one of techniques for determining the DD of chitosan.  It 

employs two absorption bands: a characteristic band (probe band) that represents 
the amide group of N-acetyl-D-glucosamine residues, and a reference band that 
represents a group that is present in both monomers (D-glucosamine and N-acetyl-D-
glucosamine) [121].  The peaks at 1652 and 3450 cm-1, correspond to the amide I 
and hydroxyl groups of chitosan, respectively, are the most used probe and 
reference bands (Figure 2.22) [122-124].  The DD can be calculated using these 
absorption bands, as following equation 2.5. 

 

1652

3450

% 100 115= − 
A

DD
A

 (2.5) 

 

 
 

Figure 2.22 Typical FTIR spectra of chitosan [117] 
 

The benefits of determining DD using the FTIR method include a quick 
reaction, the use of inexpensive chemicals, the use of widely available equipment, 
and the absence of sample purity or dissolution requirements.  FTIR, however, is 
typically used only for rough estimation of DD, and it must be used with caution.  
Furthermore, humidity may affect the absorbance of some peaks, and impurity peaks 
may overlap with chitosan signals. 
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- 1H-NMR spectroscopy 
The most accurate method for determining DD percentage is 1H-NMR 

spectroscopy.  A known amount of chitosan is dissolved in deuterated aqueous 
solutions, and spectra ranging from 0 to 6 ppm are measured (Figure 2.23) [125].  To 
calculate the percentage of DD, the integrals (I) of the N-acetyl group peak areas at 
2.05 ppm (H-Ac, -CH3) and 3.15 ppm (H at C2, H2) are used in the following equation 
2.6. 

3
3

% 1 100
CH

H2

I
DD

I

   
= −   
   

 (2.6) 

 

 
 

Figure 2.23 1H-NMR spectra of chitosan [117] 
 

Various proton signals, as listed in Table 2.1, can be used to calculate 
the DD.  For example, the integrals of the peaks of proton H1 of the deacetylated 
monomer (H1-D) and the three protons of the acetyl group (H-Ac) are used to 
calculate the percentage of DD as following equation 2.7. 
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Table 2.1 Chemical shifts for proton in CD3COOD/D2O or DCl/D2O solution at 65°C 
[117] 
Type of proton Position (δ, ppm) 
H1 (H1 of GluNAc or H-1(A)) 4.62–4.85 
H1 (H1 of GluNH2 or H-1(D)) 4.85–4.97 
H2 (H2 of GluNH2 or H-2(D)) 3.18–3.24 
H2 (H2 of GluNAc or H-2(A)) 3.38–3.65 
H3 (H3 of GluNH2 or H-3(D)) 3.52–3.87 
H3 (H3 of GluNAc or H-3(A)) 3.52–3.65 
H3, H4, H5, H6, H6′ 3.74–4.34 
HN–COCH3 or H-Ac 1.95–2.09 

 

% 100
3

 
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H1-D
DD

H1-D H-Ac
 (2.7) 

 
The percentage of DD can also be calculated using the signal from 

protons H2, H3, H4, H5, H6, H6′ (H2-6) of both monomers and the peak of acetyl group 
(H-Ac) as following equation 2.8. 

 
3

% 1 100
6

  
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 (2.8) 

 
When the DD is less than 90%, the H1 protons of both deacetylated and 

acetylated monomers (H1-D, H1-A) are used to calculate the percentage of DD as 
shown in equation 2.9. 

 

% 100
 

=  
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H1-D
DD

H1-D H1-A
 (2.9) 

 
Compared to other methods, this technique is the most reliable, rapid, 

simple and accurate.  However, the requirement for trained staffs, expensive 
apparatus and chemicals, as well as the limited chitosan solubility, are limitations 
[125]. 
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2.3.3.2  Crystallinity 
The crystalline isolated chitin and chitosan is determined using XRD 

analysis.  As shown in Figure 2.24, two major crystalline reflection peaks for α-chitin 
are at 9.6 degrees (020 plane) and 19.6 degrees (110 plane), β-chitin at 9.1 degrees 
(020 plane) and 20.3 degrees (110 plane), and γ-chitin at 9.6 degrees (020 plane) and 
19.8 degrees (110 plane) [126, 127].  The crystallinity of chitin was reduced after it 
was transformed to chitosan, and a strong reflection at 9-10° was observed due to 
the incorporation of bound water molecules into the crystal lattice.  Despite a slight 
decrease in crystallinity percentage, the chitin bands were sharper than the chitosan 
bands. 

 

 
 

Figure 2.24 XRD spectra: α-, β-,and γ-chitin [126] 
 

For crystallinity of chitosan with various DD, Zhang et al. reported that 
the maximum intensity peak at the (020) reflection decreased with increasing DD and 
moved to a higher angle.  With an increase in DD, the second intensive peak at the 
(110) reflection also decreased (Figure 2.25).  Furthermore, they discovered a linear 
relationship between CrI020 from XRD and the calibrated DD value, implying that XRD 
could be used to determine the DD of chitin and chitosan [128]. 

After mathematically modifying the peaks with the Lorentzian function, 
the crystalline index (CrI) of chitosan can be calculated from 110 phase judged based 
on polysaccharide diffraction studies [129].  CrI110 was calculated using Klug and 
Alexander’s equation, as shown in Equation 2.10, based on the maximum intensity 
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levels at 110 lattices (I110 prior to 20° corresponding to maximum intensity), and at 
16° (amorphous diffraction) [130]. 

 

110
110

110

100
−

= amI I
CrI

I
 (2.10) 

 
where CrI110 is crystallinity index at 110 phase, I110 is maximum intensity 

at around 20°, and Iam is amorphous diffraction at 16°. 
 

 
 

Figure 2.25 Comparison of X-ray powder diffractograms of chitin and chitosan with 
different DD.  The number (0–6) mean different DD (%): 0-16.9, 1-59.4, 2-
63.5, 3-58.7, 4-71.4, 5-87.0, 6-92.8 [128] 

 
2.3.4  Modification of chitosan 
Chitosan is an attractive material due to its interesting properties.  However, 

these functions are hampered by the fact that chitosan is insoluble in water, not acid 
resistant, and has poor mechanical properties.  The chemical modification of 
chitosan is a critical step toward a breakthrough in utilization.  Chitosan is an 
amenable molecule with amino and hydroxyl groups that can be grafted with other 
species without affecting the degree of polymerization of chitosan [131].  Currently, 
the modified chitosans with a variety of functional groups have been widely reported 
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[132, 133].  It not only improved the physical and chemical properties of chitosan, 
but it also created unique properties, resulting in expanded applications. 
 

2.3.4.1  Quaternized chitosan and N-alkyl chitosan 
Quaternization of amino groups in chitosan is an attempt to address the 

issue of poor water solubility and permeability at high pH. (e.g., the intestine and 
colon) [134].  N,N,N-trimethyl chitosan chloride (TMC), a quaternized derivative, shows 
high solubility in a broader pH and concentration and it can be used as absorption 
enhancer for test drugs such as buserelin, octreotide acetate, 9-desglycinamide-8-
arginine vasopressin, fluorescein-isothiocyanate dextran (FD4, MW4400), mannitol, and 
so on [135].  It was found that the mucoadhesive properties is enhanced with degree 
of quaternization (DQ).  Moreover, quaternized chitosan possesses the antibacterial 
activity, biocompatibility, biodegradability, non-toxicity, thus, it has been widely used 
in biomedical fields such as insulin delivery, filler fiber in wound dressing, and so on 
[136-139]. 

In general, nucleophilic substitution with iodomethane in an alkaline 
solution of N-methyl pyrrolidinone (NMP) was used to create quaternized chitosan 
derivatives.  Domard et al. reported TMC synthesis with iodomethane at 36°C for 3 h 
as seen in Figure 2.26 [140].  They found that derivatives with DQ greater than 25% 
are soluble in water, and the highest DQ of 64% was obtained by repeating 
quaternization.  The iodide counterion was replaced with chloride, which improved 
their stability.  The reaction occurred not only at the amino groups, but also at the 
hydroxyl groups of chitosan [141].  Furthermore, TMC prepared by repeating 
quaternization is poorly soluble in water, where the DQ is greater than 85%, due to a 
number of O-methylation reactions [142].   

 

 
 

Figure 2.26 Synthesis of TMC [140] 
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Quaternization of chitosan can also be used glycidyl trimethylammonium 
chloride (GTMAC) as a quarternizing agent, due to the presence of a quaternary 
ammonium group itself.  This reaction is selective for chitosan amino groups and has 
a longer side chain than TMC.  Daly and Manuszak-Guerrini reported the synthesis of 
N-(2-hydroxy) propyl-3-trimethylammonium chitosan chloride under basic conditions 
using a commercially available Quat-188 salt, 3-chloro-2-hydroxypropyl trimethyl 
ammonium chloride [143].  Quat-188 produced the epoxide group which reacted with 
amino groups and hydroxy groups of chitosan via a nucleophilic substitution pathway 
to introduce the quaternary ammonium substituent, as shown in Figure 2.27.   
 

 
 

Figure 2.27 Synthesis of quaternized chitosan with 3-chloro-2-hydroxypropyl 
trimethylammonium chloride (Quat-188) [143] 

 
2.3.4.2  Acyl chitosan 
The reaction of chitosan with organic acids and their derivatives (such as 

anhydride and acyl chloride) in a specific medium (such as aqueous acetic 
acid/methanol, pyridine, pyridine/chloroform, trichloroacetic acid/dichloroethane, 
ethanol/methanol mixture, methanol/formamide, or DMA–LiCl) is known as acylation 
[144].  According to the different activity of functional groups of chitosan, amino 
group (C2–NH2) > primary hydroxy group (C6–OH) > secondary hydroxyl group (C3–
OH), the aliphatic or aromatic acyl groups could be controlled by the introduced 
position chain which is at amino (N-acylation) [145, 146], hydroxyl (O-acylation) [147], 
or both groups (N,O-acylation) [148].  The acylation process breaks down the 
hydrogen bonds between chitosan molecules, reducing crystallinity and increasing 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



34 

water solubility.  Acylated chitosans with hydrophobic side chains generally improve 
the properties of assembly polymers, broadening their application range. 

The reaction pathway of N-acylated chitosan is displayed in Figure 2.28.  
The derivatives with various side chains such as oleic, linoleic, elaidoic, erucoyl, 
phthaloyl, p-nitrobenzoyl and cinnamoyl were successfully synthesized with 
randomly distributions [149-151].  Cyclic acid anhydrides (such as succinic, maleic, 
glutaric, itaconic, phthalic, cis-1,2,3,6-tetrahydrophthalic, 5-norbornyl-endo- 2,3-
dicarboxylic, cis-1,2-cyclohexyl dicarboxylic, trimellitic anhydride, (2-octen-1-yl) 
succinic, citraconic, trimellitic, pyromellitic) could be used as acylating agents by ring-
opening reactions which offered N-carboxyacyl chitosan [152, 153].  For lactone 
molecule, the acylated chitosan poses hydroxylacyl chitosan [154].  Moreover, 
selective N-acylated chitosan could be synthesized by coupling reaction with organic 
acid using 1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS) as coupling agents [155, 156].  N-acylated chitosan 
derivatives exhibit enhanced biocompatibility, anticoagulability, blood compatibility, 
and anti-inflammatory in human body, thus, they can be employed as a drug carrier 
for sustainable release in pharmaceutical fields [157].   

To prepare O-acylated chitosan, the ammonium group must be 
protected using solvents such as trifluoroacetic acid or methanesulfonic acid [158-
160].  As shown in Figure 2.29, methanesulfonic acid (MSA) can act as both a solvent 
and a catalyst in the reaction.  Comparing with water-solubility of N-acylated 
chitosan [161, 162], the formation of ester linkage in O-acylated chitosan provides 
organo-solubility such as pyridine and chloroform [160].  Furthermore, it shows ability 
of enzymatic hydrolysis such as lipase and glycosidases (breaking of glycoside linkage 
of chitosan derivatives) [131]. 
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Figure 2.28 Synthesis of N-acylated chitosan [131] 
 

 
 

Figure 2.29 Synthesis of O-acylated chitosan [131] 
 

2.3.4.3  Hydroxyalkyl chitosan 
Hydroxyalkyl chitosans are prepared by reacting chitosan with epoxides 

(such as ethylene oxide, propylene oxide, butylene oxide and glycidol).  The reaction 
took place primarily at the amino (N-hydroxyalkyl chitosan) or hydroxyl (O-
hydroxyalkyl chitosan) groups, or possibly both.  The substitution ratio is affected by 
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the catalyst (NaOH or HCl) and the temperature.  The synthesis of hydroxyalkyl 
chitosan with certain conditions is illustrated in Figure 2.30.  For instance, N-
hydroxypropylation can be achieved without any catalyst.  Acid catalysis produces 
mostly N- but some O-alkylation products, whereas alkaline catalysis produces O-
alkylation oligomers at temperatures above 40°C [163, 164].   

O-hydroxyethylchitosan (glycol chitosan) is prepared by reaction with 2-
chloroethanol in alkaline medium [165].  Glycol chitosan exhibits good water-
solubility and self-assembly properties in aqueous media.  It was prepared to 
nanoparticles for drug carrier (paclitaxel and doxorubicin) [166, 167].  In addition, it 
was used to starting molecule to synthesize other chitosan derivatives with 
hydrophobic molecules such as cholanic acid [168-175], fluorescein isothiocyanate 
[176, 177], palmytoil, hexadecyl [178], N-acetyl histidine [179], bile acid [180], and 
farnesal [181] for biomedical applications, as listed in Table 2.2. 

 
 

Figure 2.30 Synthesis of hydroxyalkyl chitosan from reacting of epoxide [131] 
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Table 2.2 Applications of glycol chitosan-based derivatives 
Hydrophobic moiety Application Ref. 
Cholanic acid Cell targeting, drug delivery (Paclitaxel, 

peptides, docetaxel, camptothecin, cisplatin) 
Gene delivery 

[168-175] 

Fluorescein 
isothiocyanate 

Biodistribution studies in drug delivery, 
morphological studies 

[176, 177] 

Palmitoyl, hexadecyl Gene delivery [178] 
N-acetyl-histidine Intra-cytoplasmatic drug delivery [179] 
Bile acid Drug delivery [180] 
Farnesal Drug delivery [181] 
 

2.3.4.4  Carboxyalkyl chitosan 
Carboxyalkylation of chitosan is a reaction that introduces acidic groups 

on the backbone resulting in amphoteric polyelectrolytes (that contain both cationic 
and anionic fixed charges).  The derivatives with varying degrees of substitution and 
charge densities exhibit a flexible controlled pH-dependent behavior that is 
appealing for the design of pH-responsive materials.  Carboxyalkyl chitosan can be 
synthesized by different reaction conditions as shown in Figure 2.31.  Carboxymethyl 
chitosan is the most common derivative, obtained by reacting monochloroacetic acid 
under various conditions to obtain selective N- and O- carboxymethyl chitosan. [182, 
183].  In addition, glyoxylic acid is used to selectively form imine bonds at amino 
groups of chitosan, followed by reductive amination to achieve N-carboxymethyl 
chitosan [184].  Carboxymethyl chitosan has not only water solubility, but also 
unique properties such as cell adhesion, moisture absorption–retention, antimicrobial 
properties, and emulsion stabilizing properties [185].  So, it has been widely used in 
biomedical fields including wound healing [186, 187], tissue engineering [188, 189], 
drug delivery [190, 191], bioimaging [192, 193] and cosmetics [194, 195].  

Sashiwa et al. reported the modification of chitosan by Michael reaction 
with acrylic acid to obtain N-carboxylethyl chitosan [14].  Acrylic acid was used as 
both an acid for dissolving chitosan and a reagent in the reaction.  The derivative has 
good water solubility and biodegradability.  Chitosan modified with various acryl 
reagents e.g., hydroxyethyl acrylate, hydroxypropyl acrylate, acrylamide, acrylonitrile, 
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PEG-acrylate, and [2-(acryloyloxy)ethyl]trimethylammonium chloride was also 
described [196].  The results showed the only modified chitosan with acrylic acid 
ester had good solubility in water.  In addition, N-carboxyethyl chitosan ethyl ester, 
which is easily hydrolyzed to free acid, could be used as an intermediate for the 
substitution of various hydrophilic amines to obtain hydroxyalkyl amines and 
diamines, without the need for protecting groups [197].  
 

 
 

Figure 2.31 Carboxylation of chitosan [131] 
 

2.3.4.5  Thiolated chitosan 
Thiolated chitosans or thiomers are chitosan derivatives with thiol 

functional groups.  The derivatives, chitosan–cysteine [198], chitosan–thioglycolic acid 
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[199], chitosan–4-thiobutylamidine [200], and chitosan–thioethylamidine [201] 
conjugate, have been reported as shown in Figure 2.32.  To bear sulfhydryl groups, 
the carboxylic groups of cysteine and thioglycolic acid were covalently attached to 
the amino group of chitosan through the formation of an amide bond using a water-
soluble carbodiimide, EDC [198, 199].  The pH condition < 5 was conducted to avoid 
disulfide formation by oxidation.   

The presence of a thiol group on the backbone of chitosan allowed it to 
have mucoadhesive, permeability, efflux pump inhibiting, antioxidative, and radical 
scavenging properties [202].  However, pH-dependent reactivity of the derivatives is 
limited for the physiological intestinal pH due to pKa range of alkyl thiols of 8–10.  A 
pH-independent thiomer derived from 6-Mercaptonicotinic acid (6-MNA) has been 
developed [203].  Thiol (S–H) and thione (C=S), two tautomeric forms of 6-MNA, can 
react with a disulfide bond as both a nucleophile and a proton donor, forming 
disulfide bonds even in the absence of thiolate anions.  This derivative exhibited 
excellent in situ gelling properties via disulfide bonds without the use of additional 
oxidizing agents and had a wide pH-reactivity range of 3-6.8.  This property has 
potential for drug delivery applications requiring in situ gelation where specific pH 
such as the vagina.  Moreover, the advantages of thiolated chitosan are 
complexation of metal ions as well as adjustable crosslinking and swelling behavior 
which applied various fields including pharmaceutical and medical science, 
wastewater treatment and impregnation of textiles. 

 
2.3.4.6  Chitosan sulfate 
Chitosan can be sulfated with a variety of reagents such as concentrated 

sulfuric acid, oleum, sulfurtrioxide, sulfurtrioxide/pyridine, sulfurtrioxide/trimethylamine, 
sulfur trioxide/sulfur dioxide, chlorosulfonic acid–sulfuric acid, and others.  Examples of 
sulfating reagents and reaction positions are as shown in Table 2.3.  The derivative is 
attractive in biomedical fields due to its heparin-like structure and anticoagulant and 
hemagglutination inhibition activities [204-206].  It also has antisclerotic, antiviral, anti-
HIV, antibacterial, antioxidant, and enzyme inhibition properties [207-211].  Because of 
their polyelectrolyte properties, chitosan sulfates can be used as drug carriers in the 
form of micelles or microcapsules. [212-215].  Additionally, chitosan sulfates have high 
sorption capacities, which is beneficial for metal ion recovery [216]. 
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Figure 2.32 Synthesis of thiolated chitosan [131] 
 
Table 2.3 Sulfating reagents and reaction positions of chitosan or chitosan derivatives 
Chitosan/chitosan 
derivatives 

Sulfating reagents Reaction media Sulfating 
positions 

Ref. 

Chitosan Concentrated 
sulfuric acid 

- O-6, O-3, 
and N-2 

[217] 

Low-molecular-
weight chitosan 

Oleum Dimethylformamide O-6 and 
O-3 

[218] 

Chitosan Me3N-SO3 Water/Na2CO3 O-6, O-3, 
and N-2 

[219] 

Chitosan 
 

Water N-2 [220] 

Chitosan 

 

Water N-2 [216] 

6-O-tritylchitosan SO3-pyridine Pyridine O-3 and 
N-2 

[208] 

N-mPEG-N-octyl 
chitosan 

ClSO3H DMF O-6, O-3, 
and N-2 

[221] 

Chitosan 

 

8:1 (v/v) 
acetonitrile/water 

N-2 [222] 
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2.3.4.7  Other chitosan derivatives 
As with the water-soluble chitosan example above, chitosan can be 

grafted with other molecules such as cyclodextrins, dyes, and polyphenol 
compounds via various reactions to produce chitosan derivatives with desired 
properties.  The example of other derivatives is discussed further below.  

Cyclodextrins (CDs) are cyclic oligosaccharides that can form complexes 
with various hydrophobic guests, allowing hydrophobic drugs to be solubilized, 
stabilized, and transported.  Thus, cyclodextrin-linked chitosans have been 
developed to combine the unique characteristics of both chitosan and cyclodextrin 
which gained interest in drug delivery system, cosmetics, and analytical chemistry 
[223].  There are various methods for connecting cyclodextrin and chitosan (Figure 
2.33).  For example, CD-linked chitosan was prepared by reductive N-alkylation of 2-
O-formylmethyl-CD could form the host–guest complex with p-nitrophenol [224] and 
4-tert-butyl benzoic acid [225] as well as supramolecular assemblies with 
adamantane-grafted chitosan [226].  The derivative also showed mucoadhesive 
features [227].   

 

 
 

Figure 2.33 Various methods for cyclodextrin-linked chitosan synthesis [131] 
 

Crown ethers have specific molecular structures with high selectivity of 
complexing metal ions.  The synergistic effects of high molecular weight will increase 
the complexing capacity and selectivity of crown ether-bound chitosans with metal 
ions.  Tang et al. reported crown-ether bound chitosan via Schiff’s-base reaction 
followed by reduction with sodium borohydride (Figure 2.34).  The derivative had not 
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only good adsorption capacities for Pd2+, Au3+, and Ag+ ions, but also high selectivity 
for the adsorption of Pd2+ ions in the presence of Cu2+ and Hg2+ ions [228]. 

 
 

Figure 2.34 Reaction of crown ether-bound chitosan [131] 
 

After cyclodextrins and crown ethers, calixarenes have proven to be an 
excellent complex capability for ions, organic molecules etc.  The first synthesis of 
calixarene-modified chitosan was reported by Li et al. (Figure 2.35).  These 
derivatives showed good adsorption properties for Ag+ and Hg2+ ions, compared to 
original chitosan.  Despite being insoluble in organic solvents, they can be easily 
powdered, making them easier to use as an adsorbent than chitosan [229].  
 

 
Figure 2.35 Reaction of calixarene-bound chitosan [131] 

 
Polyphenol-chitosan conjugates have gained popularity in recent 

decades among food industry and biomedicine researchers due to their 
physicochemical and biological properties, such as increased water solubility and 
antioxidant activity, which vary and depend on the specific polyphenol and position 
of conjugation [230].  Polyphenols can be introduced into chitosan using a variety of 
methods, including activated ester-mediated modification.  Woranuch and Yoksan 
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used a carbodiimide-mediated coupling reaction to attach ferulic acid to chitosan at 
the C-2 position, as shown in Figure 2.36.  EDC activated the carboxyl group to form 
an O-acylisourea intermediate, which was then coupled with the amine of chitosan 
to yield amide bonds and release isourea as a by-product.  When compared to 
chitosan, the grafted products had a 10% lower crystallinity, were water soluble, and 
had a higher radical scavenging activity (55%) [231].  Rui et al. reported chlorogenic 
acid-chitosan conjugate by coupling free carboxyl group of chlorogenic acid to amino 
group of chitosan using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC).  
Their increased solubility in distilled water, 1% acetic acid solution (v/v) or 50% 
ethanol solution (v/v) containing 0.5% acetic acid were found.  They also inhibited 
lipid peroxidation more effectively than free chlorogenic acid [232].  These bioactive 
polymers have been proposed as having broad potential applications in functional 
foods. 
 

 
 

Figure 2.36 Synthesis of ferulic acid grafted chitosan [231] 
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The Mannich reaction, in addition to the coupling reaction, has been 
used to selectively graft phenolic compounds to the amino groups of chitosan.  
Shigemasa and coworkers described a Mannich reaction in methanol of phenolic 
substrates with formaldehyde and amines.  They discovered that the reaction with 
secondary amines produced the regioselective aminomethylation of 2,4-
dihydroxybenzoyl compounds at the C-3 position whereas the reaction with primary 
amines produced 1,3-benzoxazine derivatives from a subsequent cyclization step.  
Despite the primary amino groups of chitosan, the cyclic compound was not found 
from this reaction, obtaining chitosan derivative with benzyl side chain [10].  They 
also used this reaction to produce chitosan derivatives from 2,4-dihydroxybenzoyl 
derivatives (Figure 2.37).  The chitosan derivatives demonstrated good chitosanase 
degradability as well as improved solubility in methanol and 2-methoxyethanol.  It 
effectively blocked UVA light, particularly the derivative with phenolic 
benzophenone side chain, and thus could be used in UV protective coatings [11]. 
 

 
 
Figure 2.37 Synthesis of chitosan derivatives with 2,4-dihydroxybenzoyl derivatives 

via Mannich reaction [11] 
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Yu et al. also reported the Mannich reaction involving 2.4-dihydoxy-
benzophenone and carboxymethyl chitosan hydrochloride to produce multiple-
derivatized chitosan.  The obtained products were water soluble and the increased 
molar substitution values could enhance the moisture-retention property and 
photostability.  Because of their high ultraviolet absorption and excellent moisture 
retention, the grafted products have been suggested as sunscreen ingredients in 
cosmetic products [13].   

Beyki et al. reported 8-hydroxyquinoline, a versatile chelating agent for 
metal separation, anchored onto chitosan via the Mannich reaction and prepared to 
magnetic cobalt imprinted biopolymer by combining with γ-Fe2O3 magnetic 
nanoparticles.  Epichlorohydrin was used to link the polymer shell to the magnetic 
core.  After three cycles of sorption and desorption, the biosorbent was stable and 
repeatable.  It also demonstrated highly selective cobalt adsorption in the presence 
of competing ions [12].   

Dye-grafted chitosan was created with the advantages of both dyes and 
chitosan, such as thermal and chemical stability, good color fastness, 
biocompatibility, and improved human safety.  Two synthetic azo edible colorants, 
Sunset yellow and Allura red, grafted onto O-carboxymethyl chitosan, via a 
chlorosulfonylation in a SOCl2/N,N-Dimethylformamide chlorination system and a 
Schotten-Baumann reaction in water/tetrahydrofuran solvent, has been reported by 
Lv et al. [7]  The reaction is displayed in Figure 2.38.  The highest grafting degree of 
the two edible colorants could reach up to 29.1% and 33.3%, respectively.  The 
grafted products visibly inhibited the reduction of edible colorant by nicotinamide 
adenine dinucleotide (NADH) when compared to the colorants alone.  This 
decreased the possibility of non-enzymatic degradation of food dyes in the human 
stomach and avoided gastrointestinal tract adsorption, thereby improving human 
safety [7, 233]. 

Lv and coworkers also reported four polymeric dyes derived from 
Ullmann condensation of brominated anthraquinone derivatives onto O-
carboxymethyl chitosan (Figure 2.39).  The electronic property and planarity of the 
substituent group in anthraquinone derivatives clearly affected the adsorption 
wavelength of prepared polymeric dyes.  The polymeric dyes with an electron-
donating group and higher planarity exhibited a longer adsorption wavelength and a 
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darker color.  Moreover, the four prepared polymeric dyes were low cytotoxicity on 
human liver cell lines (LO2) with IC50 values more than 7.6 g/L [6]. 
 

 
 

Figure 2.38 Synthesis of dye-grafted chitosan: Sunset yellow (left) and Allura red (right) [7] 
 

 
Figure 2.39 Synthetic route of polymeric dyes and color of dyes and polymeric dyes, 
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Schoolaert et al. fabricated halochromic nanofibrous sensors from a 
blend electrospinning of Methyl Red and Rose Bengal grafted chitosan/poly(ε-
caprolactone).  Chitosan was modified with carboxyl groups of the dye using coupling 
reagent to form amide linkages (Figure 2.40) [9].  Because the grafting reaction did not 
harm the halochromic mechanism of dye, the prepared dye-containing fabrics 
responded to pH-changes in both aqueous and gaseous media with minimal dye-
leaching, allowing it to retain pH sensitivity and color change, similar to the free dyes 
(Figure 2.41).  According to this study, the covalent dye-modification combined with 
electrospinning, provided a universal method for versatile dye functionalization, 
resulting in a stable halochromic nanofibrous material for related applications such 
as protective clothing, agriculture, and wound management. 

 
 
Figure 2.40 Synthetic route for modification of chitosan with a dye possessing a 

functional carboxyl-group (R-COOH): Methyl red (a) and Rose Bengal (b) [9] 
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Figure 2.41 Color change with pH of dye-incorporated within a nanofibrous structure and 

dye solutions: Methyl red (a) and Rose Bengal (b), modified from [9] 
 

2.3.5  Chitosan-based materials 
Because of their numerous advantages, chitosan and its derivatives can be 

processed into a variety of physical forms, including hydrogels, nanofibers, 
membranes, beads, nanofibers, nanoparticles, microparticles, scaffolds, and sponge-
like structures (Figure 2.42).  In general, they are combined with synthetic/natural 
polymers through a chemical reaction with a crosslinker, the functional groups on 
modified chitosan, hydrogen bonding, hydrophobic association, and electrostatic 
interactions to improve desired properties [234].  For chemical crosslinkers, linear and 
aromatic dialdehydes, epoxies, and organic acids can be used.  Table 2.4 contains a 
list of some common chitosan crosslinking compounds.  Even though some of them, 
such as glutaraldehyde, formaldehyde, and epichlorohydrin, are widely used, they 
may leave a toxic residue in the prepared materials.  As a result, a bio-based 
crosslinker that is both safe and simple to make is gaining popularity.  Citric acid, for 
example, can crosslink by forming amide or ester bonds when heated to high 
temperatures, as well as by forming ionic interactions with positively charged amino 
groups of chitosan [235, 236].  Moreover, dialdehyde compounds obtained by 
oxidizing polysaccharide or modified aldehyde groups to the end chains of 
polyethylene oxide have recently been extensively developed, resulting in the 
creation of novel smart materials with mimic functions such as self-healing, 
injectable, and sol-gel properties [237].   

Because of its polycationic nature, chitosan can form polyelectrolyte 
complexes (PECs) through electrostatic interactions with polyanionic polymers such 
as alginate, hyaluronic acid, pectin, carrageenan, carboxymethyl cellulose, dextran 
sulfate, and others [238].  For example, water-soluble chitosan, carboxymethyl 
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chitosan, can form PEC hydrogels with alginate by adjusting the pH of the mixture to 
4-6, which is between the pKa values of their amino and carboxyl groups.  The 
hydrogels formed after being exposed to an acetic acid atmosphere and 
demonstrated pH-responsive ability, making them suitable for site-specific drug 
delivery [239].  Moreover, glucono--lactone, a slowly proton release agent, was 
used to induce the gelation process of the PEC systems [240-243].  

Generally, chitosan-based materials are used in a variety of industries due to 
their required properties, including the food industry, chemical industry, textile 
industry, medicine, functional materials, and agriculture, as shown in Table 2.5. 
 

 
 

Figure 2.42 Physical forms of chitosan [244] 
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Table 2.4 Crosslinking agents used with chitosan and bonding type with chitosan 
Class Compound Bond type Forms Applications Ref. 
Aldehydes Glutaraldehyde Schiff base, Michael type adduct ­ Scaffolds 

­ Films 
­ Tissue engineering 
­ Wound dressing 

[245, 246] 

Glyoxal Schiff base ­ Beads ­ Dye removal [247] 
Oxidized dextran Schiff base ­ Hydrogels ­ Tissue engineering [248, 249] 
Oxidized β-cyclodextrin Schiff base ­ Hydrogels ­ Drug delivery [250] 
Oxidized nanocellulose Schiff base ­ Films ­ Food packaging [251] 
Oxidized xanthan gum Schiff base ­ Hydrogels ­ Drug delivery [252, 253] 
Oxidized sodium alginate Schiff base ­ Scaffolds 

­ Hydrogels 
­ Tissue engineering 
­ Drug delivery 

[186, 254-256] 

Dibenzaldehyde-terminated poly(ethylene glycol) Schiff base ­ Hydrogels ­ Drug delivery 
­ Tissue engineering 

[257-259] 

Epoxies Epichlorohydrin Ether, secondary amine ­ Membrane 
­ Beads 

­ Sensors 
­ Heavy metal removal 

[137, 260] 

Poly (ethylene) glycol diglycidyl ether Ether, secondary amine ­ Scaffolds 
­ Membranes 

­ Wound dressing 
­ Lithium batteries 

[261, 262] 

Organic acids Citric acid Ionic, amide ­ Fibers 
­ Films 

­ Drug delivery 
­ Food packaging 

[235, 236] 

Oxalic acid Ionic ­ Hydrogels ­ Dye removal [263] 
Others Genipin Covalent ­ Hydrogels ­ Drug delivery [264] 

Tripolyphosphate Ionic ­ Nanoparticles ­ Drug delivery [265] 
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Table 2.5 Application and related properties of chitosan and its derivatives [133] 
Fields Example of 

application 
Properties 

Food industry Food packaging 
preservation 

Film-forming property and antibacterial 
property 

Food preservative Antibacterial properties 
Beverage clarifier Flocculation 

Chemical 
industry 

Wastewater treatment Flocculation and chelating and adsorbing 
property 

Mask and cosmetic 
creams 

Moisture absorption and water retention 
properties 

Mouthwash Antibacterial activity 
Textile industry Fiber Antibacterial and anti-wrinkle 

Dyeing and fixing Physical adsorption and film-forming 
property 

Coatings Film-forming property and antibacterial 
property 

Medicine Drug carrier Film-forming, antioxidant, antitumor and 
biocompatibility 

Wound dressings Anti-inflammatory and antibacterial 
properties 

Tissue Engineering Proliferative, hemostatic, and antibacterial 
properties 

Functional 
materials 

Artificially simulate 
enzyme 

Catalysis 

Liquid crystal 
materials 

Optical and film-forming property 

Agriculture Protect seed Film-forming property and antibacterial 
property 

Improve soil Adsorption and bacteriostatic activity 
Improve crops Immune and bacteriostatic properties 
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2.4  Dyes 
The hydroxytriarylmethane dye family was studied in this study due to the 

effect of pH on the chromophore.  These dyes are anionic dyes that contain 
phenolic or quinonoid oxygen atoms in at least two of the carbocyclic rings attached 
to the central carbon.  Subcategories of hydroxytriarylmethane dyes include simple 
hydroxyarylmethanes, phthaleins, and sulfonphthaleins [266]. 
 

2.4.1  Phenolphthalein 
Phenolphthalein (PHP) is a well-known acid-base indicator in the phthalein 

dye class, synthesized through a condensation reaction between phenol and 
phthalic anhydride (Figure 2.43).  PHP is an odorless, white, or yellow-white powder.  
When the pH is higher than 8.2, PHP changes color from colorless to pink.  PHP is 
used in a variety of applications due to its indicative property in the basic state, 
including pH sensors [267], halochromic fiber [268], carbonation testing in concrete 
[269], corrosion sensing coating [270], and colorimetric biodetection [271].  Although 
PHP can be used as a laxative in medicine, it has been discovered that it has long-
term carcinogenic activity [272, 273]. 
 

 
 

Figure 2.43 Synthesis of phenolphthalein 
 

Furthermore, PHP can form inclusion complexes with β-cyclodextrin. At pH 
10.5, the ionized PHP is forced into its lactone structure while the phenolic groups 
protonate, resulting in a colorless solution (Figure 2.44) [274].  This distinct property 
has been used to determine the amount of β-cyclodextrin [275] as well as to create 
multifunctional stimuli-responsive supramolecular materials via host-guest 
interactions as crosslinking points [276]. 
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Figure 2.44 pH-dependent color reaction of PHP with β-cyclodextrin [276] 

 
Because there was a free ortho position on the phenol groups, the Mannich 

reaction was used to attach PHP to the polymer matrix.  Zhang et al., for example, 
reported halochromic fiber made by aminating polyacrylonitrile fibers and then 
immobilizing phenolphthalein using the Mannich reaction [268].  With a pH greater 
than 10.1, the fibers changed color from pale yellow to violet in a short response 
time (1 s when soaked in a 20%wt NaOH aqueous solution) (Figure 2.45).  The 
modified fibers did not fade after 300 recyclings, indicating good stability.  The 
authors suggested that the fibers be used for strong alkalinity indicators for skin 
protection. 
 

 
Figure 2.45 The modified fiber immersed in various saturated aqueous solutions of (a) 

NaHCO3, (b) Na2CO3, (c) Ca(OH)2, (d) Na2SiO3, (e) Na3PO4, and 30 wt% 
aqueous solutions of (f) KOH, and (g) NaOH [268] 
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2.4.2  Phenol red 
Phenol red (PR), also known as phenolsulfonphthalein, is a pH indicator dye 

that can be made by reacting saccharin and phenol in a single pot, with sulfuric acid 
acting as a condensing agent (Figure 2.46) [277].  Over a pH range of 6.8 to 8.2, its 
color gradually changes from yellow to red.  When the pH rises above 8.2, PR turns a 
bright pink (fuchsia) color.  The compound exists as zwitterions in crystalline form 
and in solution under very acidic conditions (low pH), with the sulfate group having a 
negative charge and the ketene group carrying an additional proton.   
 

 
 

Figure 2.46 Synthesis of phenol red (phenolsulfonphthalein) 
 

PR is widely used in biology, especially indicator for cell culture media.  It is, 
however, removed from some media formulations due to its structural similarity to 
nonsteroidal estrogen, which induces weak estrogenic activity on breast cancer cells 
[278].  Furthermore, PR has been reported to be used in photoreceptors, fuel cells, 
antibacterial agents, display devices, and other applications. [279].  Several studies 
on the fabrication of pH sensors containing PR via adsorption, covalent bonding, or 
entrapment have been published.  However, dye leakage through adsorption and 
entrapment of PR was discovered in the sensors prepared using the sol-gel process 
[280, 281].  For covalent binding method, formaldehyde was used to create covalent 
bonds between phenol red and polyvinyl alcohol (PVA) membranes [282].  These 
sensors showed fast response times (2–50 s) and long-term stability (at least 3 
months).  Furthermore, PR was modified with methacrylate and copolymerized with 
alginate/polyacrylamide to create a colorimetric hydrogel patch for smart wound 
dressings [283].  The patch changed color in a similar way to free dye, which is used 
to detect chronic or infected wounds (Figure 2.47).  
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Figure 2.47 Preparation hydrogel patches from methacrylated phenol red (MA-PR), 
alginate and acrylamide (AAm), and the colorimetric transition of the 
hydrogel patch in buffer solutions (pH 5-9) [283] 

 
2.4.3  Rosolic acid 
Rosolic acid (RA) is a triphenylmethane-based pH indicator.  RA can be made 

by heating phenol and oxalic acid in the presence of concentrated sulfuric acid 
(Figure 2.48).  It transitions from yellow to red at a pH of 6.6-8.0.   

 

 
 

Figure 2.48 Synthesis of rosolic acid 
 
In various countries, RA is used to detect acid neutralizers in milk.  Positive 

results were observed in pink-colored milk samples containing the adulterant sodium 
hydroxide (Figure 2.49) [284].  Moreover, it has a wide range of chemical, industrial, 
and medical applications, including lithium batteries, semiconductors, printing 
materials, thermochromic materials, corrosion inhibitors, antireflective coatings, and 
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so on [279].  In terms of pH sensors, RA was used in chemosensor arrays developed 
as artificial sensory systems, similar to other synthetic pH indicator dyes [285, 286].  
Attaching RA to polymers for pH sensors, on the other hand, has not been 
discovered. 

 

 
 
Figure 2.49 Colors observation in the rosolic acid test for the detection of different acid 

neutralizers in milk (a), and color scale correlated acidity and pH values (b) 
[284] 

 
According to the literature, these dyes (e.g., PHP, PR, and RA) were chosen for 

this study due to their pH-indicative properties that are relevant in the physiological pH 
range.  In addition, the free ortho position of phenol groups found in these dyes was 
expected to allow them to bind with amino-containing polymers, particularly chitosan, 
via the Mannich reaction, resulting in polymeric dyes that still change color when pH is 
changed.   
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Chapter 3 

Research methodology 
 

3.1  Materials 
- Chitosan (CS), Eland Co., Ltd., Analytical grade  
- Acrylic acid (AA), Sigma-Aldrich Co., Ltd., Analytical grade 
- Phenolphthalein (PHP), Carlo-Erba Reagents, Analytical grade 
- Phenol red (PR), Acros Organics Co., Ltd., Analytical grade 
- Rosolic acid (RA), Acros Organics Co., Ltd., Analytical grade 
- Formaldehyde (HCHO), Carlo-Erba Reagents, Analytical grade 
- β-Cyclodextrin (CD), Wako chemical Co., Ltd., Analytical grade 
- Polyacrylamide (PAM) (Mw > 5,000,000), BDH Laboratory, Analytical grade 
- D-glucono--lactone (GDL), Merck Millipore Ltd., Analytical grade 
- Sodium alginate (SA: Mw 1296 kDa), Acros Organics Co., Ltd., Analytical grade 
- Sodium periodate (NaIO4), Acros Organics Co., Ltd., Analytical grade 
- Ethylene glycol (EG), Carlo-Erba Reagents, Analytical grade 
- Acetic acid (AcOH), Carlo-Erba Reagents, Analytical grade 
- Sodium hydroxide (NaOH), Carlo-Erba Reagents, Analytical grade  
- Ethanol (EtOH), Carlo-Erba Reagents, Analytical grade 
- N, N-Dimethylformamide (DMF), Carlo-Erba Reagents, Analytical grade 
- Isopropanol (i-PrOH), Zen Point, Commercial grade 
- Acetone ((CH3)2CO), Zen Point, Commercial grade 
- Potassium hydroxide (KOH), Acros Organics Co., Ltd., Analytical grade  
- Lithium hydroxide (LiOH), Acros Organics Co., Ltd., Analytical grade  
- Urea (NH2CONH2), Carlo-Erba Reagents, Analytical grade 
- Concentrated hydrochloric acid (HCl), Carlo Erba Reagents, Analytical grade 
- Calcium chloride dihydrate (CaCl2·2H2O), Merck Millipore Ltd., Analytical grade 
- Sodium carbonate (Na2CO3), Carlo-Erba Reagents, Analytical grade 
- Hydroxylamine hydrochloride, Carlo-Erba Reagents, Analytical grade 
- Potassium hydrogen phthalate (KHP), Carlo-Erba Reagents, Analytical grade 
- Citric acid (C6H8O7), Carlo-Erba Reagents, Analytical grade 
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- Potassium phosphate monobasic (KH2PO4), Carlo-Erba Reagents, Analytical 
grade 

- Sodium tetraborate decahydrate (Na2B4O7·10H2O), Carlo-Erba Reagents, 
Analytical grade 

- Sodium bicarbonate (NaHCO3), Carlo-Erba Reagents, Analytical grade 
- Potassium chloride (KCl), Carlo-Erba Reagents, Analytical grade 
- Tris(hydroxymethyl)aminomethane (H2NC(CH2OH)3), Carlo-Erba Reagents, Analytical 

grade 
- Phosphate buffered saline tablets, Merck Millipore Ltd., Analytical grade 
- Diclofenac sodium salt (DCF) Sigma-Aldrich Co., Ltd., Analytical grade 
- Potassium bromide (KBr), Carlo-Erba Reagents, Spectroscopic grade 
- Tetramethylsilane (TMS), Sigma Aldrich Co., Ltd., Analytical grade 
- Deuterium oxide (D2O), Cambridge Isotope Laboratories, NMR spectroscopy 

grade 
- Dimethyl sulfoxide-d6 (DMSO-d6), Cambridge Isotope Laboratories, NMR 

spectroscopy grade 
- Trifluoroacetic acid (TFA), Sigma-Aldrich Co., Ltd., Analytical grade 
- Keratinocyte cell line (HaCat) Sigma Aldrich Co., Ltd., Analytical grade 
- Dulbecco’s modified Eagle’s medium (DMEM), Sigma Aldrich Co., Ltd., 

Analytical grade 
- Fetal bovine serum (FBS), Sigma Aldrich Co., Ltd., Analytical grade 
- Methylthiazolyldiphenyl-tetrazolium bromide (MTT), Sigma Aldrich Co., Ltd., 

Analytical grade 
 

3.2  Apparatus 
- Fourier transform infrared spectrophotometer (FTIR), Perkin Elmer Inc., 

Spectrum GX 
- Nuclear magnetic resonance spectrometer (NMR), JEOL Co. Ltd., JNM-ECZ-

500R/S1 
- X-ray diffractometer (XRD), RIGAKU Ltd., Smartlab SE 
- Scanning electron microscope (SEM), FEI Co. Ltd., QUANTA 250 
- UV-Vis spectrophotometer (UV-Vis), Lab Tech Co. Ltd., BlueStar B  
- Colorimeter, Hunter Associates Laboratory, Inc., HunterLab MiniScan XE Plus  
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- Petri dish, Hycon, K1004 
- Hotplate, IKA® Works (Thailand) Co. Ltd., HS-5 
- Thermostat, IKA® Works (Thailand) Co. Ltd., Euro-ST B  
- Water bath, Thermo Fisher Scientific Co., Ltd., Isotemp 
- Microplate reader, Thermo Fisher Scientific Co., Ltd., Multiskan GO 
- Balance, Denver Instrument, TC-254 
- Dessicator, Thai Pure Science Co., Ltd. 
- Oven, Thermo Fisher Scientific Co., Ltd., Isotemp 
- pH-meter, Eutech Instruments Pte. Ltd., pH 700  
- Micropipette, Scilogex, LLC, Autoclavable Pipettor 200-1000 µL 
- Freezer, Liebherr, LGT 2325 
- Freeze dryer, ScanLaf A/S Company, CoolSafe™ 
- Dialysis tube membrane (14,000 cutoff), Sigma-Aldrich Co., Ltd. 
- Magnetic bar 
- Glassware 

 

3.3  Experiment 
3.3.1  Preparation of Carboxyethylchitosan (CECS) 
Carboxyethylchitosan (CECS) was prepared via a Michael addition reaction of 

acrylic acid and chitosan, as described by Sashiwa et al. [14] with slight modification.  
In brief, 6 g chitosan was dissolved in 600 mL distilled water containing 4.65 g acrylic 
acid.  The molar ratio of amine group (-NH2) to carboxylic acid group  
(-COOH) was 1:2. The solution was stirred constantly at 60ºC for 2 days.  Afterward, 
2.5 M NaOH aqueous solution was added to the solution to adjust the pH to 10–12.  
The obtained mixture was dialyzed against distilled water for 2 days and then 
lyophilized to obtain CECS. 
 

3.3.2  Preparation of chitosan-based polymeric dyes (CSPDs) 
CSPDs were synthesized by the Mannich reaction of chitosan, formaldehyde, 

and dye containing phenol groups (PHP, PR, and RA).  In brief, 1 g chitosan was 
dissolved in 100 mL of 1% w/v acetic acid.  The 50 mL dye dissolved in DMF, and 
formaldehyde was then added to the solution.  The amount of dye and 
formaldehyde were prescribed as follows in Table 3.1.  The mixture was heated at 
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60ºC for 24 h with vigorously stirring.  After that, 0.5M NaOH solution was added 
dropwise into the mixture to precipitate obtained polymers.  The product was 
collected by filtration and washing with ethanol.  Subsequently, the precipitate was 
purified in two methods:  

1. The precipitates were dissolved in 1% acetic acid solution, dialyzed in 
distilled water for 7 days and then lyophilized.   

2. The precipitates obtained were dispersed in distilled water overnight.  
They were then redissolved in 1% acetic acid solution and subjected to 
centrifugation at 6000 rpm for 10 minutes to remove any remaining dye 
residues.  The precipitates were washed repeatedly until the filtrate 
became clear.  Finally, the CSPD was obtained by drying the precipitates 
at 60ºC.   
 

Table 3.1 Feed ratios of CSPDs 

Formula 
CS 
(g) 

Formaldehyde 
(g) 

Type of dyes 
Mole 
ratio* 

Purification 
method** PHP 

(g) 
PR 
(g) 

RA 
(g) 

CS-g-PHP 
(F1) 

1 0.214 0.839 - - 1:0.5:0.5 1 

CS-g-PHP 
(F2) 

1 0.429 0.839 - - 1:1:0.5 1 

CS-g-PHP 
(F3) 

1 0.429 1.679 - - 1:1:1 1 

CS-g-PHP 
(F4) 

1 0.858 1.679 - - 1:2:1 1 

CS-g-PHP 
(P1) 

1 0.214 0.839 - - 1:0.5:0.5 2 

CS-g-PR 1 0.043 - 0.934 - 1:0.1:0.5 2 

CS-g-RA 1 0.043 - - 0.766 1:0.1:0.5 2 

*Mole ratios were calculated from amino groups of CS: formaldehyde: dye. 
**For CS-g-PHP, method 1 was designated for “F” and method 2 was designated for “P”. This material is reserved for educational use only, not allowed for commercial use. 
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3.3.3  Preparation of water-soluble polymeric dyes (WCSPDs) 
Water-soluble polymeric dyes (WCSPDs) were achieved from two methods, 

i.e., grafting dye onto CECS through Mannich reaction and modifying CSPDs with 
acrylic acid through Michael addition reaction.   

Method 1: Dye-grafted CECS 
The products were obtained by grafting dyes onto CECS via Mannich reaction.  

In detail, 2 g CECS was dissolved in distilled water (200 mL).  The dye solution (in 100 
mL DMF) and formaldehyde were added into the clear solution and stirred at 60ºC 
for 24 h.  Subsequently, the reaction was poured into the excess isopropanol.  The 
precipitate was filtrated and redissolved in distilled water (200 mL).  The solution was 
dialyzed against distilled water for 3 days and then lyophilized to obtain the product.  
The feed ratios are shown in Table 3.2. 
 
Table 3.2 Feed ratios of WCSPDs by method 1 

Formula CECS (g) 
Formaldehyde 

(g) 

Type of dyes 
Mole ratio* 

PHP (g) RA (g) 

AA-P1 1 0.117 0.458 - 1:0.5:0.5 

AA-P2 1 0.234 0.458 - 1:1:0.5 

AA-P3 1 0.234 0.916 - 1:1:1 

AA-P4 1 0.468 0.916 - 1:2:1 

AA-RA 1 0.023 - 0.417 1:0.1:0.5 

*Mole ratios were calculated from amino groups of CECS: formaldehyde: dye. 
 
Method 2: Acrylic acid grafted CSPDs 

The method was carried out through the Michael addition reaction, similar to 
CECS synthesis described in section 3.3.1.  In brief, the amount of acrylic acid was 
dissolved in 200 mL of distilled water.  Then, 2 g of CSPD was added to the solution 
and stirred until it completely dissolved.  The reaction was then heated at 60oC for 2 
days.  Subsequently, the pH of solution was adjusted to 10–12 by adding 2.5 M 
NaOH.  The mixture was purified by dialysis against distilled water for 3 days.  The 
product was dried by lyophilization.  The feed ratios are shown in Table 3.3. 
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3.3.4  Preparation of -cyclodextrin dialdehyde (CD-DA) 
-cyclodextrin dialdehyde (CD-DA) was prepared by oxidizing -cyclodextrin 

(CD) with sodium periodate adapting from the procedure of Lou et al [250].  Briefly, 
CD (9.08 g) was dissolved in 200 mL distilled water.  The amount of sodium 
periodate was then added into the solution.  The reaction was stirred at room 
temperature in the dark for 0.5 h.  After that, the prescribed amount of ethylene 
glycol and calcium chloride was added to quenching reaction, and the calcium 
iodate precipitate was obtained.  Filtration was used to remove the precipitate.  The 
filtrate was then treated with 10% w/v solution of sodium carbonate before being 
filtered to remove the calcium carbonate precipitate.  The obtained solution was 
then precipitated into excess acetone.  The CD-DA was obtained by filtration and 
drying at 60ºC. 
 
Table 3.3 Feed ratios of WCSPDs by method 2 

Formula 
CSPDs (g) 

AA (g) 
P1 CS-g-PR CS-g-RA 

P1-AA 2 - - 1.638 
PR-AA - 2 - 1.506 
RA-AA - - 2 1.597 

 
3.3.5  Characterization 
- Solubility test 
Solubility of modified polymers was evaluated at desired temperature at a 

concentration of 1% w/v in various solvents: distilled water, 1% w/v acetic acid, 1% 
w/v citric acid, 0.1M HCl, 1.5M NaOH, 1.5M KOH, and 1.5M LiOH.  The solubility of 
CSPDs was also established in LiOH/urea/H2O solution in weight ratio of 4.8:8:87.2 via 
freeze (-40ºC)–thawing (room temperature) process at least twice. 
 

- FTIR spectroscopy 
FTIR spectra of the products were obtained using the potassium bromide 

(KBr) technique.  FTIR spectra were scanned against an air background at 
wavenumber ranging from 4000 to 400 cm−1 with resolution of 4.0 cm−1. 
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- 1H NMR spectroscopy 
1H NMR spectra were recorded at 500 MHz with tetramethylsilane (TMS) as 

internal standard.  For CS and CSPDs, CF3COOH/D2O was utilized as the solvent, 
while D2O was used for CECS and WCSPDs.   

The structure of chitosan is shown in Figure 3.1.  Degree of deacetylation 
percentage (%DD) of chitosan was calculated as following equation 3.1. 

 

7

2 6

3
% 100 100

3

H
DD

H −

 
= −  

 
 (3.1) 

 
where H7 is the integral area of acetyl protons (–COCH3) of chitosan at about 

1.86 ppm and H2-6 is the integral area of chitosan proton at about 3.2-3.8 ppm. 
 

 
Figure 3.1 Structure of chitosan 

 
In the case of CECS, its structure is presented in Figure 3.2.  The degree of 

substitution percentage of acrylic acid grafted onto chitosan (%DSAA) was calculated 
as follows equation 3.2. 
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where Hb is the integral area of monomer moiety protons (-CH2-CO-) at about 

2.30 ppm, H7 is the integral area of acetyl protons (–COCH3) of chitosan at about 1.86 
ppm. 
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Figure 3.2 Structures of CECS 
 

For CSPDs, their structures are shown in Figure 3.3. The degree of substitution 
percentage (%DSDYE) of the polymeric dyes was calculated using equation 3.3. 

 

7

3
% (1- ) 100

11

Ar
DYE

H
DS   DD

H
=     (3.3) 

 
where HAr is the integral area of aromatic protons of dye at  6.7-7.9 ppm, H7 is 

the integral area of acetyl protons (–COCH3) of chitosan at about 1.86 ppm. 
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 The synthesized WCSPDs, containing the carboxyethyl and dyes groups, were 
determined the %DSAA and %DSdye from the equations 3.2 and 3.3, respectively. 
 

- UV-vis analysis 
The UV-vis spectra of chitosan and its synthesized derivative solutions (0.05% 

w/v dissolved in 1% w/v acetic acid solution) were measured between 200-800 nm.  
To compare with grafting products, the solution containing 0.05% w/v chitosan and 
40 µM of free dye was also measured. 

 
- X-ray Diffraction 

 XRD patterns of the samples were analyzed using an X-ray diffractometer, 
recording over a 2θ of 5–40º with a step size of 0.04º and a step time of 1 s.  The 
crystallinity of samples was calculated by the equation 2.10.   
 

- Cytotoxicity 
MTT assay was used to determine the cytotoxicity of the derivatives.  The 

extract was made by dissolving 3 mg of sample in 1 ml of DMEM containing 5% FBS.  
The HaCat and HeLa cells were seeded in a 96-well plate at a density of 6×104 
cells/mL and incubated at 37ºC with 5% CO2 for 24 h.  The culture medium was 
then removed, and the three replicate extracts were replaced in each well.  The cell 
containing the sample extracts was incubated for 48 h.  After that, 10 µl of MTT 
solution (5 mg/ml) was then added to each well and cultured for 4 h.  The purple 
formazan crystals were dissolved and measured spectrophotometrically at 570 nm 
with a microplate reader. 
 

3.3.6  Determination of aldehyde contents 
The aldehyde content of CD-DA was determined by the hydroxylamine 

hydrochloride method [250].  An aldehyde group of the product reacts with 
hydroxylamine hydrochloride and then releases one hydrochloric acid; it could 
estimate the aldehyde content by titration against sodium hydroxide.  Briefly, 0.1 g 
CD-DA was dissolved in 25 mL hydroxylamine hydrochloride (0.25 M) for 2 h at 
room temperature.  Potentiometric titration with a standard NaOH solution at 0.1 M 
was used to determine the amount of HCl in the mixed solution.  When the solution 
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pH reached 5.0, the titration was terminated.  The consumed volume of NaOH 
solution was determined by the peak value of the differentiated titration curve.  The 
aldehyde content of CD-DA from the volumes of sodium hydroxide used in the 
titration by equation 3.4. 

 

[ ]


= NaOHV c
CHO

m
 (3.4) 

 
where [CHO] (mmol/g) is the aldehyde content of CD-DA, VNaOH (mL) is the 

peak value of differential curve, c (mol/L) is the NaOH concentration, and m (g) is the 
weight of CD-DA.   
 

3.3.7  Preparation of CSPDs-based films 
The synthesized CSPDs were utilized to fabricate colorimetric pH-sensitive 

(CPS) films by blending them with chitosan.  Solutions of 1% w/v CSPDs and chitosan 
were prepared separately by dissolving them in a 1% w/v acetic acid solution.  The 
CSPD solutions were then added to the chitosan solution at a CS:CSPDs weight ratio 
of 95:5.  The mixture was thoroughly stirred at room temperature overnight, cast into 
Petri dishes, and dried at 60ºC.  To neutralize the acidic nature of the films, the dried 
films were immersed in 1 M NaOH and subsequently washed with distilled water 
until reaching a pH of approximately 7-8.  Finally, the films were dried in an oven at 
60ºC.  The films containing CSPDs, namely CS-g-PHP (P1), CS-g-PR, and CS-g-RA, were 
labeled as CPS-PHP, CPS-PR, and CPS-RA, respectively. 

 

3.3.8  pH-induced color change of the CSPDs-based films 
To assess the color changes of the films in response to pH, the prepared 

films were immersed in various buffer solutions ranging from pH 4 to 12 for 30 min.  
Subsequently, the films were subjected to absorbance measurements using a UV-Vis 
spectrometer, scanning the wavelength range of 200-800 nm.  Additionally, the color 
properties of the films were evaluated using a colorimeter based on the CIE-LAB 
system.  The color difference (∆E) between different pH conditions was calculated 
using equation 3.5. 
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2 2 2( ) ( ) ( ) =  +  + E L a b  (3.5) 
 
where ∆L, ∆a, and ∆b are the differences in related parameters between 

samples.  Each sample was measured in triplicate.  
The color stability of the films was investigated by measuring the color of the 

immersed films over time.  UV-Vis was also used to detect the leached dyes in the 
immersing solutions. 
 

3.3.9  Preparation of WCSPDs-based hydrogel films 
Hydrogel films were prepared using a combination of CECS, PR-AA, SA, PAM, 

and CD-DA.  The process involved dissolving 2% w/v of CECS, PR-AA, and SA in 
distilled water at 70ºC, as well as dissolving 1% w/v of PAM at 90ºC.  These polymer 
solutions were then homogeneously mixed in different volume ratios according to 
Table 3.4.  After allowing the mixture to mix overnight, a 2.5% w/v solution of CD-
DA in distilled water was added to the polymer mixture.  After 30 minutes, a 3% w/v 
GDL solution was added to the mixture with continuous stirring, and the resulting 
mixture was poured into Petri dishes.  The gels obtained from the mixture were 
subsequently dried in an oven at 40ºC.  The specific composition of the polymers 
used can be found in Table 3.4.  In the case of drug-loaded films, DCF (0.1 g) was 
added to the CD-DA solution before combining it with the film mixtures. 

 
3.3.10  Testing and characterization of WCSPDs-based hydrogels 
- Morphology 
The films were fractured in liquid nitrogen and sections of them were coated 

in gold before being observed and photographed by SEM to examine the 
morphology of the cross-sections. 

 
- Swelling behavior and solid remain 
The degree of swelling and solid remains of the films were gravimetrically 

determined.  The weighed films (size of 2×2 cm2) were immersed in 50 mL buffer 
solution (pH 5.5, 7.4, and 8.5) at 37ºC.  The film was weighed again at a 
predetermined time.  The degree of swelling was calculated by equation 3.6.  The 
solid remain was calculated using equation 3.7 after drying the film at equilibrium.  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



68 

100s i

i

M M
Swelling degree (%)

M

 −
=  

 
 (3.6) 

 

100d

i

M
Solid remain (%)

M

 
=  

 
 (3.7) 

 
where Ms is the mass of the swollen film, Mi is the mass of initial dried film, 

and Md is the dry mass of film after immersing. 
 

Table 3.4 Polymer compositions in the WCSPD-based hydrogel films 

Formulations 
CECS 
(mL) 

PR-AA 
(mL) 

SA 
(mL) 

PAM 
(mL) 

CD-DA 
(mL) 

GDL 
(mL) 

Non-crosslinked film 30 - 30 20 - - 
Blend-CD 30 - 30 20 20 - 
PEC1 15 - 45 20 - 4 
PEC2 30 - 30 20 - 4 
PEC3 45 - 15 20 - 4 
PEC1-CD 15 - 45 20 20 4 
PEC2-CD 30 - 30 20 20 4 
PEC3-CD 45 - 15 20 20 4 
PEC1(PR)-CD 10 5 45 20 20 4 
PEC2(PR)-CD 25 5 30 20 20 4 
PEC3(PR)-CD 40 5 15 20 20 4 
 

- Coloring properties of the films 
To evaluate the color changes of the films in response to different pH levels, 

the prepared films were immersed in buffer solutions spanning a pH range of 4 to 10 
for 3 h.  The color properties of the films were then analyzed using a colorimeter, 
based on the CIE-LAB system. 

 
- In vitro drug release behavior 
To simulate the drug release of the dressing to the skin, DCF-loaded films 

were released from one side of the film.  The film was cut into 2×2 cm2 squares and 
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enclosed with a polypropylene board.  At 37ºC, the sample was floated onto 100 ml 
of buffer solution (pH 5.5, 7.4, and 8.5), with the film side facing down to the 
medium's surface.  At the time specified, 0.2 mL of the medium was examined and 
replaced with fresh medium.  The amount of released drug was determined from the 
absorbance at 276 nm in a UV–Vis spectrophotometer, calibrated with standard 
calibration curve of DCF.  Furthermore, the data was fitted to zero order, first order, 
Higuchi, and Korsmeyer-Peppas kinetic models in order to determine the mechanism 
of film release [287].  The kinetic models were written in the form of equations 3.8-
3.11. 
 

Zero order model: 0= +Q kt Q  (3.8) 
 

First order model: 0= ktQ Q e  (3.9) 
 

Higuchi model: 0.5=Q kt  (3.10) 
 

Korsmeyer-Peppas model: = nQ kt  (3.11) 
 

where Q represents the amount of drug release at time t, Q0 is the initial drug 
released amount, k is the rate constant, and n is the release exponent indicative the 
drug transport mechanism. 

 
- Mechanical properties of the films 
The mechanical properties of the films were evaluated using a universal 

testing machine (LR5K, Lloyd Instrument, UK) in accordance with ASTM D-882 
standard at room temperature.  Prior to testing, the films were conditioned at 100% 
relative humidity (RH) for 2 days.  Rectangular samples with dimensions of 10 mm × 
70 mm and a gauge length of 50 mm were prepared.  The samples were subjected 
to tensile testing at a constant crosshead speed of 50 mm/min using a 100 N load 
cell.  Five replicates were tested, and the average values of tensile strength, 
elongation at break, and Young’s Modulus (at 0 and 2% strain) were determined. 
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- Cytotoxicity of the films 
The cytotoxicity of CECS, PR-AA, and PR-AA-based films was evaluated using 

the MTT assay on human skin fibroblast cells.  Confluent monolayers of the cells 
were prepared in a 96-well plate at a concentration of 1×105 cells/mL in Dulbecco's 
minimal essential medium (DMEM) and incubated at 37ºC with 5% CO2 for 24 h prior 
to the experiment.  The culture medium was then removed, and the cells were 
treated with replicate solutions of the samples.  Following a 24-h incubation period, 
the cells were stained with MTT to assess cell viability.  After incubation for 2 h, the 
resulting purple formazan crystals were dissolved using DMSO, and the absorbance 
was measured at 570 nm using a microplate reader.  Three replicates of each sample 
were performed to ensure reliable results. 
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Chapter 4 

Main results and discussion 
 

4.1  Synthesis and characterization of chitosan-based polymeric dyes 
(CSPDs) 

Chitosan (CS) is a cationic polysaccharide that is biocompatible and 

biodegradable, making it a suitable choice for bio-based polymeric dyes.  Moreover, 
CS contains amino groups that can be easily modified, which enables the creation of 
functional materials.  In this study, CSPDs were synthesized using the Mannich reaction 
of CS and pH-sensitive dyes containing free ortho positions, i.e., phenolphthalein, 
phenol red, and rosolic acid.  The resulting products were characterized structurally 
using various techniques such as FTIR, NMR, UV-vis, and XRD.  Their solubility and 
coloring properties were also investigated. 

 
4.1.1  Chitosan-grafted phenolphthalein (CS-g-PHP) 
Phenolphthalein (PHP) is a triphenylmethane dye that has two phenol groups 

capable of reacting with formaldehyde and an amine compound to produce an 
aminomethyl group via the Mannich reaction at the ortho position of the phenol group.  
In this case, CS can act as an amino group for the Mannich reaction because it contains 
primary amino groups and can function similarly to a secondary amine that does not 
have an oxazine ring in its structure [10].  Figure 4.1 shows the chemical scheme for 
the synthesis of CS-g-PHP.  N, N-dimethylformamide (DMF) was used as a solvent for 
PHP to achieve a homogeneous reaction.  The resulting products were dissolved in 
acetic acid and freeze-dried for purification.  Four products with varying feed ratios 
were examined to evaluate the reactivity of the reagent in this reaction (see section 
3.3.2). 

 
4.1.1.1  FTIR analysis 
The FTIR spectra of CS, CS/PHP mixture, and CS-g-PHPs are shown in Figure 

4.2.  The characteristic bands of CS were in the range of 3200 to 3500 cm-1, which 
corresponded to the combination of N-H and O-H group stretching vibrations.  Stretch 
variation bands of 2920 and 2874 cm-1 were produced by the -CH2 and -CH3 bonds, 
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respectively.  The peaks at 1651, 1602, and 1324 cm-1 were assigned to C=O stretching 
(amide I), N-H bending (amide II), and C-N stretching (amide III) [288].  Peaks at 1423, 
1383, and 1084 cm-1 were attributed to -CH2 and -CH3 bending, and C-O stretching, 
respectively.  The spectra for CS-g-PHPs were in the same range as CS, but slight shifts 
in the peaks of the hydroxyl and amino groups were observed.  Additionally, a new 
peak at about 1748 cm-1, caused by C=O stretching in the lactone group of PHP [289], 
was observed in the spectra.  In comparison to the spectrum of the CS/PHP mixture, 
the C=O stretching peak of pure PHP was observed at 1737 cm-1 [290], indicating that 
physically mixing CS and PHP had no effect on the structure of PHP.  Therefore, the 
significant shifts at the C=O stretching peak of CS-g-PHPs may indicate the successful 
grafting of PHP onto the CS backbone.  The intensities of C=O (1748 cm-1) and C-O 
(1264 cm-1) peaks of phenol groups in the CS-g-PHPs spectra increased with an increase 
in the amounts of formaldehyde and PHP, indicating an increase in the PHP moiety in 
the products. 

 

 
 

Figure 4.1 Synthesis of CS-g-PHP 
 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



73 

4.1.1.2  1H NMR analysis 
The 1H NMR spectra of CS and CS-g-PHPs are shown in Figure 4.3.  The 

characteristic peaks of CS were observed at 1.9, 3.0, and 3.4-3.8 ppm, corresponding 
to H7 of N-acetyl glucosamine units, H2 of glucosamine units, and H3-H6 of glucosamine 
units, as well as H2’-H6’ of N-acetyl glucosamine units, respectively.  In comparison to 
the CS spectra, new peaks in the range of 6.7-7.9 ppm were detected in all CS-g-PHPs 
spectra, which were assigned to the aromatic protons of PHP.  The result confirmed 
the successful introduction of PHP into CS.  The integral area of these peaks increased 
with an increase in the feed ratios, reflecting an increase in %DS.  %DS was calculated 
by the proportional integral area of H7 and HAr and was found to be 2.4% for CS-g-PHP 
(F1), 8.5% for CS-g-PHP (F2), 10.8% for CS-g-PHP (F3), and 18.3% for CS-g-PHP (F4). 
 

 
 

Figure 4.2 FTIR spectra of (a) CS, (b) CS/PHP mixture, (c) CS-g-PHP (F1), (d) CS-g-PHP 
(F2), (e) CS-g-PHP (F3), and (f) CS-g-PHP (F4) 

 
4.1.1.3  UV-vis analysis 
Figure 4.4 illustrates the UV-vis spectra of CS, CS mixed with PHP, and CS-

g-PHPs dissolved in 1% acetic acid solution.  The absorption peak at 276 nm was 
observed in the spectrum of CS-g-PHPs, indicating the presence of PHP in acid solution.  
In contrast, no absorption peak was detected in the CS spectrum, suggesting the 
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absence of PHP on CS.  The absorption intensity was observed to increase with an 
increase in the feed ratio of formaldehyde and PHP.  Additionally, the absorption peak 
was found to be shifted compared to CS mixed with PHP at 285 nm.  This indicated 
that the Mannich reaction affected the PHP moiety in modified CS, further confirming 
the success of the reaction. 

 

  
 

Figure 4.3 1H NMR spectra of CS and CS-g-PHPs 
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Figure 4.4 UV-vis spectra of CS, CS+PHP, and CS-g-PHPs in 1% acetic acid 
 

4.1.1.4  Solubility 
Table 4.1 presents the solubility of CS and CS-g-PHPs under different 

conditions.  It is well known that CS is soluble in acidic solutions due to protonation 
of its amino groups.  Similarly, CS-g-PHPs were found to be soluble in acidic solvents 
with a pH of less than 5, such as 0.1 M HCl solution, 1% acetic acid solution (w/v), and 
1% citric acid solution (w/v).  However, the dissolution of CS-g-PHPs with a high DS was 
difficult, especially for CS-g-PHP (F4) compared to CS.  This could be attributed to the 
formaldehyde-induced crosslinking of the CS backbone.  The formaldehyde can react 
with two amino groups of CS through Schiff base reaction [291, 292].  PHP possesses 
four ortho positions that can also react with formaldehyde and CS.  Thus, CS could be 
crosslinked through methylene and methylene-PHP-methylene bridges, as shown in 
Figure 4.5.   
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Figure 4.5 Proposed formation of crosslinking between CS, formaldehyde, and PHP via 

the Mannich reaction
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Table 4.1 The solubility of CS and CS-g-PHPs 

Sample 

Solvents 

0.1 M 
HCl 

1% citric 
acid 

1% acetic 
acid 

1.5 M LiOH 1.5 M KOH 1.5 M NaOH LiOH/Ureaa 

RTb Heatingc RTb Heatingc RTb Heatingc 
Freeze-
thawingd 

Heatinge 

CS Soluble Soluble Soluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Soluble 
Form 
gel 

CS-g-PHP 
(F1) 

Soluble Soluble Soluble Swell Swell Swell Swell Swell Swell Soluble Soluble 

CS-g-PHP 
(F2) 

Soluble Soluble Soluble Swell Swell Swell Swell Swell Swell Soluble Soluble 

CS-g-PHP 
(F3) 

Soluble Soluble Soluble Swell 
Partially 
soluble 

Swell 
Partially 
soluble 

Swell 
Partially 
soluble 

Soluble Soluble 

CS-g-PHP 
(F4) 

Soluble Soluble Soluble 
Partially 
soluble 

Soluble 
Partially 
soluble 

Soluble 
Partially 
soluble 

Soluble Soluble Soluble 

a The alkali/urea system was composed of 4.8 wt% LiOH and 8.0 wt% urea. 
b The mixture was kept at room temperature for 24 h. 
c After b process, the mixture was heated up to 70ºC for 3 h. 
d The mixture was frozen at -40ºC and thawed at room temperature twice. 
e After d process, the mixture was then heated up to 70ºC for 1 h.
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The CS-g-PHPs were observed to disintegrate in alkaline environments 
(1.5M LiOH, 1.5M NaOH, and 1.5M KOH solutions), as indicated in Table 4.1.  The 
derivative with the highest DS (CS-g-PHP (F4)) was found to be partially soluble after 
24 h at room temperature and completely soluble after 3 h at 70ºC.  In contrast, CS-
g-PHP (F3) was only partially soluble after 3 h at 70ºC, while CS-g-PHP (F1) and CS-g-
PHP (F2) were swollen.  This demonstrated that the solubility of CS was affected by 
the PHP moiety, which caused electrostatic repulsion of carboxylate ions due to 
lactone ring opening in alkaline conditions (form III and IV – see Figure 4.6).  
Additionally, the dissolution rate of CS-g-PHP (F4) in 1.5M LiOH solution was slightly 
faster than that of the other derivatives, possibly due to the smaller size of Li+ ions, 
which allowed for greater penetration into the polymers. 

 

 
Figure 4.6 Structure changes of PHP 

 
In recent years, a freezing-thawing technique using an aqueous alkali/urea 

solution has been used to dissolve CS, which resulted in a more stable solution than 
when acetic acid was used as the solvent [85].  To dissolve CS and CS-g-PHPs, they 
were dispersed in a LiOH/urea solvent and subjected to the freezing-thawing method.  
Although the CS derivatives were dissolved in this system similar to CS, the solution's 
color was pink or dark pink (depending on DS) due to a structural change in PHP in 
alkaline conditions (refer to Figure 4.7 (a-e)).  When heated to high temperatures (70ºC), 
CS in an alkali/urea system forms a gel rapidly due to the inclusion complex between 
CS and alkali/urea breaking and simultaneously forming inter/intramolecular hydrogen 
bond among the CS chains [88, 293], as shown in Figure 4.7 (f).  However, CS-g-PHPs 
did not gel and instead resulted in a darker pink solution, as shown in Figure 4.7 (g-j).  
It was hypothesized that electrostatic repulsion between charged sites (-COO-) 
decreased the possibility of hydrogen bond formation and gelation.  In an alkali/urea 
system under strong basic conditions, the observed pink color of the solution suggests 
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the formation of form IV rather than form III.  As the temperature increases, the less 
stable form IV reverts to the more stable form III (darker pink color), resulting in a 
temperature-induced color change.  Similar temperature-induced color changes have 
been reported in previous studies on PHP [294, 295].  These results suggest that CS-g-
PHPs can be dissolved in a variety of conditions, including acidic medium, strong basic 
medium (pH > 14), and alkali/urea system.  In addition, when they were dissolved in 
an alkali/urea mixture, they displayed thermally sensitive properties. 

 

 
Figure 4.7 CS, CS-g-PHP (F1), CS-g-PHP (F2), CS-g-PHP (F3) and CS-g-PHP (F4) in 

LiOH/urea solution after freeze-thawing process (a-e) and then treated by 
heating at 70ºC for 1 h (f-j) 

 
4.1.2  Chitosan-grafted phenol red and chitosan-grafted rosolic acid (CS-

g-PR and CS-g-RA) 
Similar to PHP, PR and RA contain two phenol groups with free ortho positions, 

making them suitable reagents for the Mannich reaction of CS.  The synthesis of CS-g-
PR and CS-g-RA followed the same approach as CS-g-PHP, as shown in Figure 4.8.  
However, when using the same feed ratios of CS-g-PHPs, gelation occurred during the 
reaction due to crosslinking of the CS mainchain, producing insoluble products (see 
Figure 4.9).  This may be because the sulfonate of PR can interact with the ammonium 
groups of CS, immobilizing a large amount of PR on the CS structure and facilitating 
the crosslinking reaction.  In the case of RA, even though its structure had no charge 
in acidic solution, its symmetrical phenol group allowed for attacking at all four ortho 
positions, resulting in gelation of the entire reaction before the completion of the 
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reaction period.  To overcome this issue, a low feed ratio of CS:formaldehyde:dye 
(1:0.1:0.5) was employed for these syntheses.  Notably, due to the presence of acid 
residues from the previous section's purification and their tendency to form a gel in 
the dialysis tube, obstructing the diffusion of residues, these derivatives required 
reprecipitation in a basic solution and washing until the filtrate was colorless. 

 

 
 

Figure 4.8 Synthesis of CS-g-PR and CS-g-RA 
 

 
 

Figure 4.9 Insoluble products: (a) CS-g-PR and (b) CS-g-RA, in 1% w/v acetic acid (The 
label is feed ratio of amino groups of CS: formaldehyde: dye.) 
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4.1.2.1  FTIR analysis 
Figure 4.10 displays the FTIR spectra of CS, CS-g-PR, and CS-g-RA.  In 

comparison to the CS spectrum, a new peak at 1343 cm-1 corresponding to the S=O 
asymmetric stretching of sulfonate groups was observed in the CS-g-PR spectrum.  On 
the other hand, the CS-g-RA spectrum showed a peak at 1335 cm-1, which was 
attributed to the O-H bending vibration of phenol groups.  In both polymeric dye 
spectra, a broader peak at ~1500-1650 cm-1 and a shoulder at ~1455 cm-1 were 
observed, indicating the C=C stretching of the dye aromatic rings.  This study confirms 
the potential presence of dyes in CS.   
 

 
Figure 4.10 FTIR spectra of (a) CS, (b) CS-g-PR, (c) CS-g-RA 

 
4.1.2.2  1H NMR analysis 
Figure 4.11 illustrates the 1H-NMR spectra of CS-g-PR and CS-g-RA.  New 

peaks at 6.5-8.1 ppm for CS-g-PR and 6.6.-7.6 ppm for CS-g-RA were observed, assigned 
to protons of the aromatic rings for the dyes, compared to the CS spectra.  This 
confirms the hypothesis that the CS-based dyes underwent modification through the 
Mannich reaction.  Additionally, the reprecipitation process caused a reduction in the 
acetic acid peak at around 2.0 ppm, although a small peak was still present in the 
spectra.  The %DS was calculated based on the proportional integral area of H7 and 
HAr, and was found to be 3.4% for CS-g-PR and 2.3% for CS-g-RA.   
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To confirm the presence of methylene bridges in all CSPDs, 2D HSQC NMR 
was used.  However, obtaining a higher grafted dye amount at higher concentrations 
was difficult due to the high molecular weight and possible partial crosslinking of CS.  
No new methylene peak, including aromatic peaks, was identified in the 2D HSQC 
spectra (data not shown).  Nonetheless, the reaction was carried out with low 
molecular weight CS (Mw = 9000) and PR at a high feed ratio (1:2:1) as in Arnat’s work 
(unpublished result).  The resulting DS was rather high (18.2%), indicating that PR can 
be more effectively grafted onto short-chain CS.  The DEPT-edited HSQC spectrum in 
Figure 4.12 shows the detection of a new methylene cross-peak at a correlation of 
4.75 (1H)-48.56 (13C) ppm, confirming the occurrence of methylene bridges from the 
Mannich reaction. 

 

 
 

Figure 4.11 1H NMR spectra of CS-g-PR and CS-g-RA 
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Figure 4.12 DEPT-edited HSQC spectrum of low molecular weight CS-g-PR 

(%DS=18.2%) at 70ºC, 400 MHz.  Cross-peaks shown in red correspond 
to CH and CH3 groups, blue represents CH2 groups. 

 
4.1.2.3  UV-vis analysis 
Figure 4.13 shows the UV-vis spectra of CS, CS-g-PR, and CS-g-RA dissolved 

in 1% w/v acetic acid.  The characteristic absorption peaks at 445 nm for CS-g-PR and 
485 nm for CS-g-RA were observed, whereas no absorption peak was detected for CS.  
The peaks of CS mixed with PR or RA solutions were found at 433 nm and 475 nm, 
respectively, indicating red shifts after modification and color changes of the solutions 
(see insets).  This result confirmed the successful grafting of PR or RA onto the CS 
backbone chain through the Mannich reaction.  It also indicated the presence of new 
auxochrome groups on the dye molecules, resulting in modified structural 
characteristics and bathochromic shifts [282, 296]. 
 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



84 

 
Figure 4.13 UV-vis spectra of (a) CS-g-PR and (b) CS-g-RA in 1% acetic acid 

 
4.1.2.4  XRD patterns 
Figure 4.14 presents the XRD patterns of CS and CSPDs.  The XRD pattern 

of CS exhibited three distinct peaks at 2 = 10.7º, 20.1º and 22.1º, corresponding to 
(020), (200), and (220) planes of hydrated CS [297].  It was observed that the intensity 
of the characteristic peaks (2 = 10.7º and 22.1º) of CS decreased significantly on the 
CSPDs patterns, indicating successful modifications.  This result was consistent for CS-
g-PHP (P1), which was purified using reprecipitation, as well as for CS-g-PR and CS-g-RA.  
The relative crystallinity index (compared to CS) was calculated to be 98.2% for CS-g-
PHP (P1), 95.0% for CS-g-PR, and 90.6% for CS-g-RA.  It was found that the relative 
crystallinity index of CSPDs was slightly decreased compared to neat CS, indicating that 
the modification did not significantly affect the crystalline nature of CS. 

 

 
Figure 4.14 XRD patterns of (a) CS, (b) CS-g-PHP (P1), (c) CS-g-PR, and (d) CS-g-RA This material is reserved for educational use only, not allowed for commercial use. 
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4.1.2.5  Solubility 
Figure 4.15 illustrates the solubility of CS and CSPDs in water at various pH 

values, as determined by percentage transmittance (%T).  It was found that CS had 
high %T (~99%) in the pH range of 2-6 and started to form an insoluble form at 
pH > 6.2.  When pH > 6.5, %T remained constant at ~34%, indicating that CS became 
insoluble, which corresponds to the pKa of CS (~6.3).  For CSPDs, they showed a similar 
trend to CS, suggesting that the attached dye moiety did not significantly affect the 
solubility. 
 

 
 

Figure 4.15 Water solubility of CS and CSPDs 
 

4.1.2.6  Cytotoxicity of CSPDs 
PHP was previously used as a laxative [298] and to treat amyloid-

associated diseases [299], but it is no longer used in medical applications due to its 
long-term carcinogenic activity [272, 273].  PR has been utilized as a pH indicator for 
cell culture and hydrogen peroxide detection and has shown no toxicity to mammalian 
cells [300].  However, PR has been found to be toxic to HeLa cells in the presence of 
carbon nanoparticles due to their ability to deliver PR into cells, resulting in cell death 
[301].  RA, on the other hand, has no effect on the toxicity of vascular endothelial cells 
and can strongly induce heme oxygenase-1 (HO-1) [302].  Since these dyes were grafted 
onto CS, it was expected that they would exhibit low toxicity, which is a benefit of 
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polymeric dyes.  However, some chemical residues may be harmful to cells.  To assess 
the cytotoxicity of the polymeric dyes to HaCat and HeLa cells as an in vitro model, 
the MTT assay was performed.  Figure 4.16 showed that the cell viability of CS and 
CSPDs to both cells was above 80%, indicating non-toxicity.  Additionally, CS-g-PHP 
(P1) and CS-g-RA demonstrated cell viability greater than 100%, implying cell 
proliferation in the medium.   
 

 
 

Figure 4.16 Cell viability of CS and CSPDs 
 

4.1.3  Coloring properties of CSPDs 
Figure 4.17 illustrates the color change of CS-g-PHP (F2) in various pH buffer 

solutions.  The color was observed to change to pale pink at pH 8.6 and turn deep 
pink in the pH range of 10.4-11.6.  At pH 13.0-14.0, the color faded, but not as much 
as the PHP solution (Figure 4.18).  The changes in color can be explained by the 
deprotonation of the PHP moiety to form the pink conjugated quinonoid structure (II 
and III).  In strongly alkaline conditions, the structure changed from conjugated 
quinonoid structure (III) to the colorless non-conjugated carbinol structure (IV) [303].  
Notably, the color of CS-g-PHP (F2) remained pink even after several weeks of 
immersion in various pH solutions without any dye leaching, confirming the covalent 
dye attachment onto CS by the Mannich reaction.  This reaction did not affect the 
chromophore of the PHP moieties.  Moreover, the color dynamic range was shifted 
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compared to the free PHP, indicating that the new methylene bridge affected the color 
change of the PHP moiety [267].   

 

 
Figure 4.17 Color change of CS-g-PHP (F2) with different pH buffer solutions 

 

 
Figure 4.18 Color change of PHP with different pH buffer solutions 
 
Due to the spongy form of the CS-g-PHP (F1-F4) and the powder form of CS-g-

PHP (P1), CS-g-PR, and CS-g-RA, it was challenging to study their color properties using 
UV-vis spectra and color parameters.  To address this issue, CSPDs were prepared in a 
1% solution dissolved in 1% acetic acid and blended with a 1% CS solution to form a 
film.  CS-g-PHP (P1) was selected as the representative for CS-g-PHPs.  The resulting 
smooth and transparent colored CPS-PHP, CPS-PR, and CPS-RA films, prepared by CS-
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g-PHP (P1), CS-g-PR, and CS-g-RA, respectively, are shown in Figure 4.19.  SEM images 
of all films indicated a homogenous cross-section, suggesting that the CSPDs had good 
compatibility with neat CS. 

 

 
 

Figure 4.19 Appearances and cross-section images of CPS-PHP, CPS-PR, and CPS-RA 
films 

 
The color response of CPS films (CPS-PHP, CPS-PR, and CPS-RA) was evaluated 

using UV-vis spectrometry and colorimetry after immersion in buffer solutions.  The 
UV-vis spectra of CPS-PHP films immersed in various pH media are shown in Figure 
4.20a, which displayed an absorption peak at 566 nm when subjected to a solution 
with pH > 10, corresponding to the open lactone ring of the PHP moiety.  However, 
despite the fact that CS-g-PHP can change color when its pH is greater than 8.6, as 
demonstrated in Figure 4.17, no peak of CPS-PHP was observed.  This could be due to 
the small amount of CS-g-PHP present in the film.  In Figure 4.21a, the CPS-PR film 
exhibited a maximum absorption peak at 445 nm when immersed in a pH 4 solution.  
As the pH increased, the peak gradually decreased and disappeared after pH 9, while 
the intensity of the peak at 572 nm increased from pH 4 to 12.  This can be attributed 
to the removal of a proton from protonated PR (HPR-) to form PR2- [304].  The CPS-RA 
film, as shown in Figure 4.22a, exhibited a distinct absorption peak at 542 nm when 
immersed in pH > 7.  This peak corresponds to the ionization of protonated RA (H2RA) 
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to RA2- [305].  The CSPDs in CPS films displayed bathochromic shifts and a wide range 
of color change when compared to the free dye spectra (Figure 4.20b, Figure 4.21b, 
and Figure 4.22b).  Moreover, the sigmoidal plots showed a significant shift in the 
apparent pKa value of the films (Figure 4.23).  The apparent pKa values of CPS-PHP, 
CPS-PR, and CPS-RA were found to be 11.21, 8.37, and 8.14, respectively, which were 
higher than the pKa values of the corresponding free dyes (9.10 for PHP, 7.90 for PR, 
and 6.98 for RA) [279].  This can be explained by the presence of new methylene 
groups in the grafted dyes, which behave as electron donors and make it difficult for 
the hydroxyl groups to deprotonate, resulting in a shift of the color change region and 
apparent pKa values to higher pH values. This is similar to what is observed in other 
dyes such as cresol red, xylenol blue, and thymol blue [306].  
 

 
Figure 4.20 UV-vis spectra of (a) CPS-PHP and (b) PHP solution at different pH values 
 

 
Figure 4.21 UV-vis spectra of (a) CPS-PR and (b) PR solution at different pH values 
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Figure 4.22 UV-vis spectra of (a) CPS-RA and (b) RA solution at different pH values 

 

 
Figure 4.23 Sigmoidal plot of CPS-PHP (a), CPS-PR (b), and CPS-RA (c) films as a function 

of pH values 
 

Figures 4.24-4.26 illustrate the color parameters and digital images of CPS films 
exposed to buffer solutions at various pH values.  The CIE-LAB system uses L to 
represent pure black (0) and pure white (100), a for green (-) and red (+), and b for 
blue (-) and yellow (+).  The CPS-PHP films turned pinkish purple at pH 10 and dark 
purple at pH 12, resulting in an increase in the a value from 19.03 to 52.29 and a 
decrease in the b value from -25.82 to -44.49, indicating an increase in red and blue 
shades.  The CPS-PR films initially showed a pale orange color at pH 4, which gradually 
turned into red and purple shades at pH 8 and 10, respectively.  As the pH increased, 
the a value increased from 26.02 to 50.14, indicating a stronger red color, while the b 
value decreased from 21.36 to -37.15, indicating a shift from yellow to blue shades.  
The CPS-RA films exhibited a change in color from light yellow to red within the pH 
range of 4-9, becoming more intensely red at pH values higher than 9.  The L value of 
the films decreased from 83.40 to 57.98 with increasing pH, indicating lower brightness.  
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Moreover, the a value of the films significantly increased from 6.97 to 60.73, while the 
b value remained close to zero and slightly decreased, indicating a dominant red color.   

The CPS films showed a noticeable increase in total color differences (∆E) after 
immersion, with values greater than 5 when compared to the films before soaking.  
This suggests that these color changes can be easily perceived by the naked eye.  
These findings demonstrate that the synthesized CPSDs have potential as pH-indicative 
colorants for pH-sensing materials.  

 
Figure 4.24 Color changes and color parameters of CPS-PHP 

 

 
Figure 4.25 Color changes and color parameters of CPS-PR 
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Figure 4.26 Color changes and color parameters of CPS-RA 

 
The color stability of CPS films was tested by immersing them in different media 

(DI water, pH buffer 4, pH buffer 7.4, and pH buffer 10).  As shown in Figure 4.27, the 
results indicated that the ∆E values (compared to the films before immersion) of all 
films remained constant over time at room temperature under light, indicating that 
the films were able to maintain their color in each medium for at least two months.  
Furthermore, UV-vis spectra of the solutions used for immersing the films were 
analyzed (see Figure 4.28).  No absorption peaks corresponding to leaching dyes were 
detected, which confirmed that the covalent grafting of dyes onto CS prevented the 
release or degradation of the film color.  This demonstrated that the CSPDs in CS films 
had excellent color stability and leaching resistance in different environments, making 
them ideal for use as indicative colorants in pH-sensing materials. 

 

 
Figure 4.27 Color difference of (a) CPS-PHP, (b) CPS-PR, and (C) CPS-RA films in various 

media as a function of time 
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Figure 4.28 UV-vis spectra of solution in which (a) CPS-PHP, (b) CPS-PR, (c) CPS-RA films 

were immersed for 24 h 
 

4.2  Synthesis and characterization of water- soluble chitosan-based 
polymeric dyes (WCSPDs) 

Despite the potential use of CSPDs in pH-sensing applications, their use has 
been limited by the need for acid or strong alkali systems for dissolution, which can 
leave toxic residues in the final materials.  Additionally, blending CSPDs with nonionic 
or anionic polymers under mild conditions can be challenging.  Therefore, modifying 
CSPDs to improve their water-solubility is an attractive solution to this problem.   

In this study, two methods were used to synthesize water-soluble CSPDs 
(WCSPDs).  The first method involved modifying CS to obtain water-soluble 
carboxyethyl chitosan (CECS) by the Michael reaction, which was then reacted with 
dyes using the Mannich reaction.  The reaction pathway is shown in Figure 4.29.  
However, CECS was not able to react with PR because it formed bulk solid after the 
addition of the PR solution.  This phenomenon could be attributed to the electrostatic 
interactions between the negatively charged PR resulting from the sulfone ring opening 
and the positively charged CS units present in CECS.  It is notable that CECS is soluble 
in distilled water, unlike CS, which requires 1% acetic acid for dissolution during the 
reaction.  Consequently, the pH conditions of the reaction influenced the structural 
behavior of PR, causing the sulfone ring to open in neutral pH and close in acidic 
solutions. 
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Figure 4.29 Synthesis of WCSPDs by CECS pathway 

 
Figure 4.30 illustrates the 1H NMR spectra of CS, CECS, and WCSPDs synthesized 

using the first method.  The CECS spectra showed two new peaks at 2.30 and 3.00 
ppm corresponding to new ethyl groups (Hb and Ha), while H2 shifted to 2.64 ppm 
compared to the spectra of CS.  These peaks were confirmed by HSQC and DEPT 
spectra in Figure 4.31 and Figure 4.32.  The new Hb peak was correlated with a strong 
peak at 36.9 ppm in 13C NMR, while the Ha peak was split into two cross-peaks 
(representing the proton in GlcNHR or GlcNR2 units) and correlated with a strong peak 
at 45.0 ppm in 13C NMR.  The DEPT-135 spectra confirmed these peaks to be new ethyl 
groups on the CS structure.  Upon further modification with dyes, new aromatic 
protons were detected at 6.7-7.9 ppm for AA-P1 and 6.6-7.7 ppm for AA-RA, indicating 
the presence of dyes in the final products.  The %DS of carboxyethyl groups of CECS 
was 47.5%, while the %DSDYE was 0.5% for AA-P1 and 0.2% for AA-RA.   

The 1H NMR spectra of AA-Px synthesized at different feed ratios were shown 
in Figure 4.33.  Although the aromatic protons were observed in all spectra, their 
integral areas did not increase significantly with increasing feed ratios in comparison to 
CS-g-PHPs.  The %DSDYE values were calculated to be 0.5% for AA-P1, 0.95% for AA-P2, 
0.8% for AA-P3, and 1.2% for AA-P4, which indicated that the grafting of dyes may be 
obstructed by the new carboxyethyl groups. 
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Figure 4.30 1H NMR spectra of CS, CECS, AA-P1, and AA-RA 
 

 
 

Figure 4.31 HSQC NMR spectra of CECS 
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Figure 4.32 13C DEPT NMR spectra of CECS 
 

 
 

Figure 4.33 1H NMR spectra of AA-Px 
 

In the second method, carboxyethylation of CSPDs was achieved through the 
Michael reaction with acrylic acid, as depicted in Figure 4.34.  Among the CS-g-PHPs, 
CS-g-PHP (P1) was selected for this reaction due to its similar %DS to CS-g-PR and CS-
g-RA.  The reaction was performed at mild conditions (60ºC for 2 days) and yielded 
successful modification of all CSPDs to produce WCSPDs (P1-AA, PR-AA, and RA-AA). 
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Figure 4.34 Synthesis of WCSPDs by carboxyethylation of CSPDs 
 

4.2.1  FTIR analysis 
The FTIR spectra of CECS and WCSPDs are displayed in Figure 4.35.  Compared 

to the CS spectra, two new peaks at 1569 and 1408 cm-1 were observed in CECS and 
WCSPDs, corresponding to the asymmetrical and symmetrical stretching of COO-.  This 
confirms the success of the reaction [307].  Regarding the characteristic peaks of the 
dyes, the C=O stretching of the lactone group of PHPs was found at 1743 cm-1 in P1-
AA, while no remarkable peaks were observed in PR-AA and RA-AA due to low dye 
substitution.   

 
4.2.2  1H NMR analysis 
Figure 4.36 illustrates the 1H-NMR spectra of the derivatives.  Compared to the 

CECS spectra, two new -CH2 peaks were found in all WCSPDs at 2.9 and 2.3 ppm, 
assigned to Ha and Hb, respectively.  This was confirmed in the DEPT-ed-HSQC NMR 
spectra as well (Figure 4.37-Figure 4.39), which indicated the successful modification of 
CSPDs through the Michael reaction.  The dye and carboxyethyl group substitution 
degrees on WCSPDs were 2.4% and 59.0% for P1-AA, 2.4% and 36.4% for PR-AA, and 
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0.7% and 51.4% for RA-AA, respectively.  This level of substitution was deemed 
sufficient for improving water solubility. 

 
Figure 4.35 FTIR spectra of CECS, P1-AA, PR-AA, and RA-AA 

 
 

Figure 4.36 1H NMR spectra of CECS, P1-AA, PR-AA, and RA-AA 
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Figure 4.37 DEPT-edited HSQC spectrum of P1-AA at 20ºC, 600 MHz.  Cross-peaks shown 

in blue correspond to CH and CH3 groups, red represents CH2 groups. 
 

 
Figure 4.38 DEPT-edited HSQC spectrum of PR-AA at 20ºC, 600 MHz.  Cross-peaks shown 

in blue correspond to CH and CH3 groups, red represents CH2 groups. 
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Figure 4.39 DEPT-edited HSQC spectrum of RA-AA at 20ºC, 600 MHz.  Cross-peaks shown 

in blue correspond to CH and CH3 groups, red represents CH2 groups. 
 

4.2.3  UV-vis analysis 
UV-vis spectra of WCSPDs in pH 10 buffer solution are shown in Figure 4.40.  

The spectra of all WCSPDs were clearly shifted to higher wavelengths compared to the 
original dyes.  Specifically, the shift was from 550 to 559 nm for P1-AA, from 559 to 
569 nm for PR-AA, and from 525 to 536 nm for RA-AA.  In contrast, CECS showed no 
absorption.  This shift could be attributed to the addition of a new alkyl group to the 
dye molecules, which directly influences their absorption [306].  This result confirms 
that the Mannich reaction successfully grafted dye onto CS and that further 
modification with the Michael reaction had no effect on the attached dyes. 

 
4.2.4  Solubility 
The solubility of CECS and WCSPDs in water at different pH values was 

measured as a percentage transmittance and is shown in Figure 4.41.  The results 
revealed that the solubility of CECS decreased as the pH exceeded 6.5, reaching its 
lowest point at pH 6.8 before becoming more soluble at higher pH values.  This was 
attributed to the amphoteric nature of CS, which had an isoelectric point at pH 6.8 
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due to the addition of carboxyethyl groups.  On the other hand, WCSPDs had a broader 
range of poor solubility, with the solubility starting to decrease when the pH exceeded 
6.4 and becoming completely soluble when the pH exceeded 7.8.  This was due to 
the partial crosslinking caused by the Mannich reaction, resulting in larger molecules 
that hindered the deprotonation of their structures.  These findings confirmed that 
WCSPDs have good water solubility over a wide pH range after the carboxylethylation 
step, as reported by several studies [307-309].   

 

 
 

Figure 4.40 UV-vis spectra of WCSPDs compared with original dyes and CECS: CS-PHP-
AA (a), CS-PR-AA (b) and CS-RA-AA (c) 

 

 
 

Figure 4.41 Water solubility of CECS and WCSPDs 
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4.2.5  XRD patterns 
Figure 4.42 shows the XRD patterns of CECS and WCSPDs.  Compared to CS, 

CECS and WCSPDs displayed broad XRD peaks at 2 = 21.3º, indicating an increase in 
the amorphous phase.  Furthermore, the decreased relative crystallinity index values 
of CECS (70.4%), CS-PHP-AA (67.8%), CS-PR-AA (55.3%), and CS-RA-AA (54.5%) indicated 
that crystallinity was significantly reduced after carboxyethylation with acrylic acid.  
This interruption in the formation of inter- and intramolecular hydrogen bonds in the 
CS structure led to improved water solubility. 

 

 
 

Figure 4.42 XRD patterns of (a) CECS, (b) P1-AA, (c) PR-AA, and (d) RA-AA 
 

4.2.6  Coloring properties of WCSPDs 
As mentioned earlier, WCSPDs can be dissolved in a wide range of pH values 

and exhibit different colors depending on the pH.  This indicated that the 
carboxyethylation process did not affect the dye structures or their color-changing 
properties.  Figure 4.43 illustrates the UV-vis spectra and color changes of P1-AA at 
various pH levels.  The dye appeared pink at pH 9 and gradually turned to dark pink 
as the pH increased, with a corresponding increase in intensity at 559 nm.  This can be 
attributed to the opening of the lactone ring, which leads to the formation of a 
conjugated quinonoid structure due to deprotonation [303]. 
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Figure 4.43 UV-vis spectra of P1-AA in different pHs 
 

In addition to its pH-sensitive color changes, PHP also responds to β-
cyclodextrin (βCD), a cyclic oligosaccharide that can form inclusion complexes with 
guest molecules, including PHP.  When PHP is ionized in basic solution with βCD (pH 
10), the lactone ring closes while the phenolic groups are ionized, resulting in a 
colorless solution [303, 310].  On the other hand, PR and RA do not show this ability 
[311].  Therefore, modified CS with PHP moieties could exhibit a response to βCD 
similar to the PHP molecule.  Figure 4.44 shows a decrease in the intensity of PHP and 
P1-AA in buffer solutions (pH 10) after adding various concentrations of βCD (pH 10).  
The binding constants were calculated from Scott’s plot (see inset) and were found 
to be 17429 M-1 for PHP and 5563 M-1 for P1-AA.  The lower binding constant of P1-AA 
with βCD can be attributed to the steric effects of the polymer chain, which wraps 
around βCD and prevents complexation with PHP [310, 312].  Additionally, the linearity 
confirmed the formation of a 1:1 complex of PHP moiety and βCD.  These findings 
suggest that grafted PHP on the CS chain can behave as PHP molecules, opening up 
possibilities for designing sensing materials and serving as crosslinking points in 
functional materials.   
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Figure 4.44 UV-vis spectra of buffer (a) PHP and (b) P1-AA (pH 10) with different 
concentrations of βCD, inset is Scott’s plot with regression equation for 
binding constant determination. 

 
Figure 4.45 demonstrates that PR-AA exhibits two peak changes: a decrease in 

intensity at 445 nm and an increase in intensity at 569 nm, leading to a color change 
from orange at pH 4 to red (pH 6.5-8) and to purple (pH 9-12), respectively.  These 
changes are attributed to the proton dissociation of the PR structure. 

 

 
 

Figure 4.45 UV-vis spectra of PR-AA in different pHs 
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Figure 4.46 illustrates that the intensity of RA-AA increased at 542 nm as the 
pH increased from 5 to 10, resulting in a color change from pale yellow to pale pink 
due to the ionization form of protonated RA.  However, the color intensity of RA-AA 
was found to be rather low due to the low degree of substitution (0.7%).  Although 
the %DS of CS-g-RA was higher (1.8%), it decreased after carboxyethylation.  It is 
possible that the RA moiety could be degraded in strong basic conditions (during the 
pH adjustment to 10-12 before dialysis). 
 

 
 

Figure 4.46 UV-vis spectra of RA-AA in different pHs 
 

The pKa values of WCSPDs were estimated using non-linear curve fitting 
method and the sigmoidal plots shown in Figure 4.47.  P1-AA, PR-AA, and RA-AA 
showed pKa values of 9.95, 7.93, and 8.29 respectively, all higher than those of their 
corresponding free dyes (9.1 for PHP, 7.90 for PR, and 6.98 for RA [279]).  It was noted 
that the resulting pKa values were different from CSPDs in CPS films even though they 
were synthesized from CSPDs.  It is possible that the different dye content in the 
samples resulted in a change in the trend of maximum intensity. 
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Figure 4.47 Sigmoidal plot of P1-AA (a), PR-AA (b), and RA-AA (c) solutions as a function 
of pH values 

 
Chemical modification has been employed to enhance the water solubility of 

CS and its derivatives.  These water-soluble CS derivatives offer ease of use without 
the need for acidic conditions and have been utilized in the fabrication of various 
materials.  They can be combined with nonionic or anionic polymers under neutral 
conditions without unintended gelation.  Moreover, they exhibit desirable properties 
such as biocompatibility, biodegradability, and antimicrobial activities [288, 307], 
making them promise for applications in biomaterials and other functional materials 
[13, 94, 186, 249, 255]. 

Colored CS derivatives have also garnered attention for their potential 
applications, such as alkaline fuel cells [313] and as edible colorants in the food 
industry [6, 7].  In the case of WCSPDs with pH-sensitive properties, they hold potential 
as pH-sensing materials in food packaging and medical fields.  They can be employed 
to monitor food spoilage caused by basic volatiles released from animal proteins over 
time, leading to a shift towards higher pH values [314, 315].  Additionally, in the context 
of food, glucose fermentation can result in the production of ethanol, organic acids, 
and other microbial byproducts like CO2, lactic acid, and acetic acid, which can lower 
the pH of food samples [316].  They can also be developed for biomedical 
applications, including monitoring wound healing [317, 318].  The pH value at the 
wound site is closely related to the condition of the wound.  Normal skin typically has 
a slightly acidic pH range of 4-6, whereas chronic wounds and bacterial infections 
create an alkaline environment with a pH range of 7-9 [19, 20].  Furthermore, there has 
been report on the functionalization of cellulose nanofiber mats for alcohol 
consumption detection [319].  This study demonstrated the ability to detect changes 
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in saliva pH, where a decrease from the normal pH of 7.4 to 4.7 was observed with an 
increase in alcohol consumption level.  Therefore, as mentioned earlier, PR-AA and 
RA-AA show potential for the suggested applications due to their pH sensing 
capabilities.  Although the pH range of P1-AA may not be suitable for monitoring food 
freshness or health status, it can be tailored for other functional materials such as 
colorimetric biodetection [271] and corrosion sensing coatings [270], which require 
color changes within PHP's pH range.  Additionally, the complexation ability of the PHP 
moiety in P1-AA allows it to serve as a dynamic crosslinking point with CD for the 
development of multifunctional hydrogels [276].   

 

4.3  Applications of WCSPDs 
After synthesizing and characterizing WCSPDs, they were utilized to create 

materials for the proposed applications.  In this section, PR-AA was incorporated into 
a film mixture to develop pH-indicative hydrogel films for wound dressing applications.  
On the other hand, the applications of WCSPDs containing PHP and RA moieties were 
summarized based on the results obtained from published works. 

 
4.3.1  Smart wound dressing (based on PR-AA)  
To produce pH-indicative hydrogel films for smart wound dressings, PR-AA was 

chosen due to its ability to undergo color changes within the pH range of physiological 
fluids, such as the exudate from the wound bed.  The formulation involved blending 
PR-AA with CECS, SA, and PAM, with CD-DA serving as a covalent crosslinker.  The 
aldehyde groups of CD-DA formed imine bonds with the free amine groups of PR-AA 
and CECS.  GDL was also added to create a weak acid environment in the film 
formulations, promoting electrostatic interactions between the protonated amine 
groups and the carboxylate group of SA.  CD-DA was synthesized through oxidation 
with sodium periodate for 0.5 h, resulting in an aldehyde content of 1.69 mmol/g.  The 
preparation of the films is illustrated in Figure 4.48. 
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Figure 4.48 Preparation of pH-indicative hydrogel films for smart wound dressings 
 

4.3.1.1  Morphology 
Figure 4.49 displays cross-section SEM images of the film crosslinked with 

GDL, and the film crosslinked with both CD-DA and GDL, using different ratios of CECS 
(and PR-AA) to SA.  It was observed that the films without CD-DA (PEC1, PEC2, PEC3) 
exhibited cracks along the cross-section of the film.  This could be attributed to the 
high glycerol content (40% w/w) in the films, causing them to shrink during the 
dehydration process [320].  However, the films crosslinked with both CD-DA and GDL 
(PEC1(PR)-CD, PEC2(PR)-CD, and PEC3(PR)-CD) showed significantly fewer cracks 
compared to the films without CD-DA, suggesting that the addition of CD-DA, along 
with PR-AA, could reduce the effect of shrinkage. 
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Figure 4.49 SEM micrographs of cross-section of (a) PEC1, (b) PEC2, (c) PEC3, (d) 
PEC1(PR)-CD, (e) PEC2(PR)-CD, and (f) PEC3(PR)-CD 

 
4.3.1.2  Swelling behavior and solid remain 
The swelling degree of the films with and without crosslinking, immersed 

in buffer pH solutions (pH 5.5, 7.4, and 8.5), is presented in Figure 4.50.  These pH 
solutions were used to represent pH changes in wound exudate as a function of wound 
status [19].  The non-crosslinked films (Figure 4.50(a)), with an equal content of CECS 
and SA, initially exhibited a high swelling degree after 5 min of immersion, followed by 
a rapid decrease until reaching a constant value around 30 min, indicating film 
dissolution.  It is worth noting that the swelling degree at pH 5.5, after reaching 
equilibrium, was higher than those at pH 7.4 and 8.5, suggesting the presence of some 
crosslinking between CECS and SA.  In weak acidic conditions, the protonation of amine 
groups in CECS allows for electrostatic interaction with carboxyl groups in SA, leading 
to the formation of a polyelectrolyte complex [239]. 

For the films crosslinked with CD-DA (Blend-CD, Figure 4.50(b)), similar 
swelling profiles were observed at pH 7.4 and 8.5, with the highest swelling degree at 
120 min being 867% and 855% respectively, followed by a slight decrease before 
reaching equilibrium.  This can be attributed to the covalent crosslinking with CD-DA, 
which forms imine bonds between the amine groups of CECS and the aldehyde groups 
of CD-DA.  However, a lower swelling profile was observed at pH 5.5, indicating the 
effect of acidic conditions enabling the formation of a polyelectrolyte complex.  The 
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formation of the polyelectrolyte complex increased the crosslinking points in the film, 
resulting in a lower swelling degree. 

The films crosslinked with GDL at the same CECS/SA ratio (PEC2 film), 
compared to the non-crosslinked film and CD-DA-crosslinked film (Figure 4.50d) 
exhibited distinct swelling profiles depending on the pH values.  At pH 7.4, the films 
reached a swelling degree of 974% at equilibrium after 3 h of immersion.  At pH 5.5, 
the films reached a swelling degree of 455% at equilibrium after 2 h of immersion, 
indicating the formation of a polyelectrolyte complex under low pH conditions.  
However, at pH 8.5, they reached the highest swelling degree of 1454% after 90 min 
of immersion, followed by a significant decrease to 317% after 24 h.  This suggests that 
the films deteriorated in the basic condition.  The basic buffer solution reduced the 
acidity within the film, resulting in the damage of crosslinking points and ultimately 
leading to the dissolution of the film.  When considering the ratio of CECS to SA in 
PEC1, PEC2, and PEC3 films, similar swelling profiles were observed based on pH 
changes, but different values were observed depending on the ratios.  At pH 7.4, higher 
swelling profiles were found in PEC2 and PEC3 films compared to PEC1 film.  This can 
be attributed to an increase in CECS content and a decrease in SA content, resulting 
in fewer crosslinking points and thus a higher swelling degree.  At pH 5.5, the swelling 
profiles reached equilibrium after 90 min of immersion.  The swelling degree of PEC2 
and PEC3 films at equilibrium was lower than that of PEC1 film, indicating that films 
with higher CECS content could undergo further crosslinking at pH 5.5, resulting in 
higher crosslinking points and a lower swelling degree. 

The swelling profiles of films with double crosslinking (GDL and CD-DA) 
were presented in Figure 4.50(f-h).  It was observed that these films exhibited lower 
swelling profiles compared to the films with only GDL crosslinking (PEC1, PEC2, and 
PEC3 films).  This can be attributed to the additional crosslinking provided by CD-DA, 
which reduces the overall swelling degree of the films.  Furthermore, the effect of 
polyelectrolyte complexation at pH 5.5 was observed in PEC2-CD and PEC3-CD films, 
as indicated by the constant equilibrium profiles at 460% and 303%, respectively.  In 
the case of the films with PR-AA (Figure 4.50(i-k)), the swelling profiles were similar to 
the films without PR-AA, but with lower swelling profiles.  This may be because PR-AA 
could undergo partial crosslinking through the Mannich reaction, which could reduce 
the overall swelling behavior of the films.  Additionally, it was observed that increasing 
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the CECS (and PR-AA) content led to a decrease in swelling degree across all pH values.  
This suggested that films with higher CECS (and PR-AA) content provided more amine 
groups that could be crosslinked by CD-DA, resulting in an increased crosslinking 
density within the films. 

The solid remains of all films are shown in Figure 4.51.  The non-
crosslinked films exhibited solid remains of 4.8% and 5.5% at pH 7.4 and 8.5, 
respectively, indicating their dissolution at these pH values.  This also confirmed the 
presence of crosslinking at pH 5.5, as evidenced by the remaining solid remain of 
40.9%.  The addition of CD-DA resulted in higher solid remain compared to the non-
crosslinked film, confirming the crosslinking provided by CD-DA.  The films crosslinked 
with GDL exhibited higher solid remain than the non-crosslinked film and the film 
crosslinked with CD-DA, especially at pH 5.5 and 7.4.  However, at pH 8.5, the solid 
remain of PEC1 and PEC2 films was significantly low, indicating that these films could 
be dissolved at this pH, which corresponds to the results of swelling degree.   
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Figure 4.50 Swelling behavior of (a) Non-crosslink, (b) Blend-CD, (c) PEC1, (d) PEC2, (e) 
PEC3, (f) PEC1-CD, (g) PEC2-CD, (h) PEC3-CD, (i) PEC1(PR)-CD, (j) PEC2(PR)-
CD, and (k) PEC3(PR)-CD films 

 
In the case of the double crosslinked films (PEC1-CD, PEC2-CD, and PEC3-

CD films), they showed lower solid remain than the films crosslinked with GDL at pH 
5.5 and 7.4, while the solid remain at pH 8.5 was higher than that of the films 
crosslinked with GDL.  This was because the crosslinking provided by CD-DA reduced 
the possibility of crosslinking from GDL, as well as the formation of polyelectrolyte 
complex upon immersion at pH 5.5.  However, the double crosslinked films maintained 
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their stability when immersed in pH 8.5, as evidenced by the higher solid remain at 
this pH.  The films incorporating PR-AA (PEC1(PR)-CD, PEC2(PR)-CD, and PEC3(PR)-CD 
films) followed a similar trend to the films without PR-AA regarding solid remain.  It is 
worth noting that the solid remains of all films remained below 70% due to the 
removal of glycerol during immersion. 
 

 
Figure 4.51 Solid remain of the films 

 
4.3.1.3  Coloring properties of the films 
The films, incorporating PR-AA with pH-dependent coloring properties, 

were immersed in buffer solutions with varying pH values, and their color parameters 
were measured (Figure 4.52).  The films exhibited a noticeable color transition, ranging 
from orange to red and ultimately to purple, as the pH increased from 4 to 10.  The 
color parameters of the films provided interesting insights.  PEC1(PR)-CD, PEC2(PR)-CD, 
and PEC3(PR)-CD films showed an increase in the a values from 26.05 to 56.25, 34.26 
to 52.56, and 29.15 to 49.54, respectively, indicating a shift towards reddish shades.  
Conversely, the b values decreased from 47.67 to -18.39, 45.34 to -15.76, and 37.89 to 
-20.99 for PEC1(PR)-CD, PEC2(PR)-CD, and PEC3(PR)-CD films, respectively, signifying a 
transition from yellow to blue shades.  It is noteworthy that the a and b values of 
PEC2(PR)-CD and PEC3(PR)-CD films were closely clustered within the pH range of 4-6, 
resulting in darker orange shades that were difficult to differentiate.  This phenomenon 
can be attributed to the higher CECS content in these films compared to PEC1(PR)-CD, 
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providing more amine groups available for protonation under acidic conditions.  As a 
result, the protonation of the PR moieties was relatively reduced, leading to less 
distinct color variations.  However, it was important to highlight that the films still 
exhibited distinguishable shades within the pH range of 4-10, which aligns with the 
monitoring requirements for wound status.  Thus, these films hold potential as smart 
wound dressings. 

 
 

Figure 4.52 Coloring properties of the double crosslinked films with PR-AA and their 
color parameters: (a) PEC1(PR)-CD, (b) PEC2(PR)-CD, and (c) PEC3(PR)-CD 

 
4.3.1.4  In vitro drug release studies 
To develop an effective smart wound dressing, drug release capability 

plays a crucial role in promoting faster wound recovery.  Thus, in vitro drug release 
studies were conducted using diclofenac sodium salt (DCF) as a model drug.  It is worth 
noting that there have been reports on the formation of inclusion complexes between 
CD and DCF [321-323].  Therefore, it was anticipated that DCF would have the ability 
to form complexes with CD-DA, enhancing its release properties from the films.  The 
cross-sectional images of the DCF-loaded films, shown in Figure 4.53, demonstrated a 
homogeneous cross-section without any evidence of drug crystallization.  This 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



115 

observation confirmed the successful incorporation of DCF within the films and 
supports the potential for controlled drug release. 

 

 
 

Figure 4.53 SEM micrographs of cross-section of DCF loaded films: (a) PEC1(PR)-CD/DCF, 
(b) PEC2(PR)-CD/DCF, and (c) PEC3(PR)-CD/DCF 

 
Figure 4.54 presents the in vitro drug release profiles of the DCF-loaded 

films in different pH buffer solutions.  At pH 5.5, the films displayed varying release 
rates, with drug releases of 60.7%, 80.9%, and 86.0% for PEC1(PR)-CD, PEC2(PR)-CD, 
and PEC3(PR)-CD films, respectively, within 3 h.  Complete release was achieved within 
24 h.  This difference can be attributed to the varying CECS/SA ratios in the films.  
Specifically, the PEC1(PR)-CD film demonstrated a slower drug release compared to 
PEC2(PR)-CD and PEC3(PR)-CD films, indicating a delay in drug release.  This delay could 
be attributed to the formation of hydrogen bonds between DCF and SA in the acidic 
environment, particularly in the case of PEC1(PR)-CD film, which had the highest SA 
content.  However, at pH 7.4 and 8.5, all films exhibited a similar release trend.  This 
can be explained by the reduction in electrostatic interactions within the films due to 
the deprotonation of ammonium groups in CECS and PR-AA as the pH increased.  
Consequently, the effect of CECS/SA ratios on the release of DCF became less 
significant.  It is important to note that at pH 8.5, the PEC3(PR)-CD film demonstrated 
a slightly lower release rate.  This can be attributed to its higher crosslinking density, 
as evidenced by its lower swelling profile in Figure 4.50(k), which resulted in a delay in 
the drug release. 
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Figure 4.54 Drug release profiles of the films released in (a) pH 5.5, (b) pH 7.4, and (c) 
pH 8.5 buffer solutions 

 
4.3.1.5  Drug release kinetics 
The drug release profiles depicted in Figure 4.54 were analyzed using 

various mathematical models, such as zero order, first order, Higuchi, and Korsmeyer–
Peppas models, to assess the kinetics of drug release.  The model with the highest 
correlation coefficient (R2) was chosen as the most suitable for each film.  Detailed 
kinetic parameters obtained from the fitting of the mathematical models can be found 
in Appendix G, where the kinetics were divided into the initial 80% and the final 20% 
of drug release.  Table 4.2 provides an overview of the best fitting kinetic parameters 
for the DCF-loaded films in different pH solutions.   

For the PEC1(PR)-CD film at pH 5.5, the drug release profile demonstrated 
a good fit with the Higuchi model for the initial 80% release, indicating a slow diffusion 
of DCF from the film without significant swelling or dissolution effects.  However, for 
the final 20% release, both the first order and Higuchi models provided a good fit, 
suggesting that the drug release rate depended on the remaining amount of drug in 
the film.  At pH 7.4, the film exhibited a good fit to the Korsmeyer–Peppas model with 
anomalous transport (n=0.5061) for the initial 80% release.  This implied a combination 
of diffusion and erosion of the film, which could be attributed to a decrease in 
crosslinking density as the pH increased.  For pH 8.5, the film showed a good fit with 
the Higuchi model for the initial 80% release.  This indicated that the drug dissolved 
rapidly within the film in comparison to its diffusion, suggesting a loss of interactions 
between DCF and the polymer matrix.  As a result, a higher drug release was observed 
compared to the releases at pH 5.5 and 7.4. 
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The PEC2(PR)-CD film exhibited a good fit with the Korsmeyer–Peppas 
model for the initial 80% release in all pH solutions, although with different release 
exponents (n).  At pH 5.5, the film demonstrated Quasi-Fickian diffusion (n=0.4372), 
indicating that the drug diffused from a non-swellable film that was crosslinked at low 
pH, resulting in a lower swelling degree.  For the final 20% release, the film followed 
the zero-order model, suggesting that the drug release was independent of drug 
concentration.  At pH 7.4 and 8.5, the film showed anomalous transport (n=0.5030-
0.5137), implying a decrease in crosslinking density as the pH increased.  This allowed 
for drug diffusion and relaxation mechanisms to play a role in the release process.   

At pH 5.5, the PEC3(PR)-CD film exhibited a good fit with the Korsmeyer–
Peppas model for the initial 80% release, displaying Quasi-Fickian diffusion (n=0.3767).  
This suggested a similar drug diffusion mechanism from the crosslinked film as 
observed in PEC2(PR)-CD at pH 5.5.  At pH 7.4 and 8.5, the PEC3(PR)-CD film 
demonstrated a good fit with the Higuchi model, indicating a slow release of the drug 
from a film with negligible swelling.  This could be attributed to the high covalent 
crosslinking density in the film.  It is worth noting that for the final 20% release, most 
samples exhibited a good fit with the first-order model.  This was likely because a 
significant amount of the drug was already released, causing the release rate to depend 
on the remaining drug concentration. 
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Table 4.2 Best fitting kinetic parameters for the drug-loaded films selected from several mathematical kinetic models 

Film samples pH Kinetic model at 80% release R2 

Release 
exponent, n 
(Korsmeyer- 

Peppas model) 

Kinetic model at 20% release R2 

PEC1(PR)-CD/DCF 
5.5 Higuchi model 0.9843 - 

First order 0.9943 
Higuchi model 0.9939 

7.4 Korsmeyer-Peppas model 0.9832 0.5061 First order 0.7893 
8.5 Higuchi model 0.9508 - First order 0.9558 

PEC2(PR)-CD/DCF 
5.5 Korsmeyer-Peppas model 0.9424 0.4372 Zero order 0.9924 
7.4 Korsmeyer-Peppas model 0.9757 0.5137 First order 0.9730 
8.5 Korsmeyer-Peppas model 0.9432 0.5030 First order 0.9886 

PEC3(PR)-CD/DCF 
5.5 Korsmeyer-Peppas model 0.9772 0.3767 First order 0.9438 
7.4 Higuchi model 0.9633 - First order 0.7216 
8.5 Higuchi model 0.9529 - First order 0.9946 
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4.3.1.6  Mechanical properties 
Figure 4.55 illustrates the tensile strength, elongation at the break, and 

Young's modulus of the films after being conditioned at 100% relative humidity (RH) 
for 2 days.  The films crosslinked with GDL (PEC1, PEC2, and PEC3 films) exhibited 
tensile strengths ranging from 6.5 to 11.3 MPa and elongation at the break ranging from 
18.4% to 28.5%.  In contrast, the double crosslinked films with PR-AA (PEC1(PR)-CD, 
PEC2(PR)-CD, and PEC3(PR)-CD films) showed higher tensile strengths, ranging from 11.2 
to 16.6 MPa.  However, the elongation at the break of the double crosslinked films 
with PR-AA decreased to a range of 7.6 to 14.7%.  This corresponded with the higher 
Young's modulus values of the double crosslinked films with PR-AA, indicating that the 
crosslinking with CD-DA had a significant effect on the film properties.  It is worth 
noting that typical tensile strength values for artificial skin range from 2.5 to 16 MPa 
[324].  On the basis of these results, it may be concluded that the films have the 
potential to be used in wound dressing applications. 
 

 
 

Figure 4.55 Mechanical properties of the films: (a) tensile strength, (b) elongation at 
break, and (c) Young's modulus 

 
4.3.1.7  Cytotoxicity 
Table 4.3 displays the average percentage of cell viability on human skin 

fibroblasts as measured by the MTT assay.  The results revealed that the viability of 
cells treated with all films, including those with CECS and PR-AA, was close to 100%.  
This indicates that the films are safe and compatible with cells.  Moreover, for a 
material to be considered biocompatible, the percentage of viable cells should exceed 
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70% [325].  Therefore, it can be concluded that the films are non-toxic and have the 
potential to be used as pH-sensing wound dressings while maintaining biocompatibility. 

 
Table 4.3 Cell viability on human skin fibroblasts of the films 

Sample Cell viability 
CECS 98.9±0.4 
PR-AA 99.0±0.4 

PEC1(PR)-CD 98.5±0.8 
PEC2(PR)-CD 98.8±0.6 
PEC3(PR)-CD 98.5±0.3 

 
4.3.2  Stimuli-responsive and self-healing hydrogels (based on AA-PHP) 
In the study published in [326], AA-PHP (CECS-g-PHP) was utilized to develop 

dual-crosslinked hydrogels with stimuli-responsive properties.  These hydrogels 
employed imine linkages and host-guest interactions, as depicted in Figure 4.56.  CECS-
g-PHP acted as a guest polymer, forming complexes with hexamethylenediamine 
modified -cyclodextrin (-CD-HDA) as the host molecule.  Oxidized sodium alginate 
(OSA) was introduced to enable crosslinking via imine linkages with available amino 
groups.  The resulting hydrogels exhibited pH-responsive behavior, accompanied by a 
change in color that signified the participation of PHP in CECS-g-PHP, both in pH 
responsiveness and complexation within the -CD-HDA cavity.  The complexation was 
confirmed by the fading of the pink color hydrogel at pH 10.  Additionally, the 
hydrogels demonstrated injectability and self-healing properties, with a recovery rate 
exceeding 80% within 4 hours.  They also displayed reversible sol-gel transitions in 
response to different pH levels and the presence of sodium dodecyl sulfate (SDS) as 
a competitive guest.  Overall, these dual-crosslinked hydrogels, with their pH and 
stimuli responsiveness, hold substantial potential as versatile biomaterials for various 
biomedical applications. 
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Figure 4.56 Overview of stimuli-responsive, self-healing, and injectable hydrogels 
based on AA-P2, modified from [326] 

 
4.3.3  Intelligent food packaging films (based on AA-RA) 
In the study published in [327], AA-RA (referred to as CECS-g-RA) was used to 

prepare a film by blending it with CECS, OSA, and poly(vinyl alcohol) (PVA).  The 
aldehyde groups of OSA formed imine bonds with the amino groups of CECS and CECS-
g-RA.  Additionally, hydrogen bonds were formed between the oxygen-containing 
groups of the four compounds, resulting in the formation of a double-crosslinked film 
as depicted in Figure 4.57.  The films exhibited distinct color changes, turning yellow 
at pH 4-5 and transitioning to orange and pink at pH 6-14.  Furthermore, the films 
displayed sensitivity to NH3 vapor, leading to a color change from yellow to pink.  
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Moreover, the film was applied for monitoring fish spoilage, where it exhibited color 
changes that could be observed by the naked eye, indicating its ability to sense volatile 
nitrogenous compounds released during fish spoilage.  These findings demonstrate the 
potential of the film for intelligent food packaging applications, particularly in the 
detection of fish freshness. 

 

 
 
Figure 4.57 Overview of pH-indicative films based on AA-RA for intelligent food 

packaging, modified from [327] 
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Chapter 5 

Conclusions and suggestions 
 

5.1  Conclusions 
 In this study, chitosan-based polymeric dyes (CSPDs) were successfully 
synthesized using the Mannich reaction.  The reagents used for the synthesis were 
phenolphthalein (PHP), phenol red (PR), and rosolic acid (RA), which possess free ortho 
positions on their phenol groups.  The structures of the synthesized derivatives were 
confirmed through FTIR, NMR, UV-vis, and XRD analyses.  The %DS of CS-g-PHPs varied 
within a wide range (2.4-18.3%) depending on the formaldehyde and PHP contents.  
Solubility tests demonstrated that CS-g-PHPs dissolved in acidic and strong alkaline 
conditions, as well as in an alkaline/urea system.  Unlike CS, they did not form gels 
when subjected to heating in the alkaline/urea system, indicating the influence of PHP 
moieties on their solubility.  Furthermore, the CS-g-PHPs exhibited thermally sensitive 
properties in an alkali/urea mixture. 
 To synthesize CS-g-PR and CS-g-RA, a lower feed ratio of CS to formaldehyde 
to dye (1:0.1:0.5) was used to prevent the formation of insoluble products.  The 
resulting %DS was determined to be 3.4% for CS-g-PR and 2.3% for CS-g-RA.  The 
derivatives, including CS-g-PHP (P1) which was purified using the same method, 
exhibited a crystalline phase with a slightly decreased crystallinity index (CI).  This 
finding indicated that the modification did not have a significant impact on the 
crystalline nature of CS, which is consistent with the pH-dependent solubility results.  
Furthermore, all derivatives demonstrated non-toxicity towards HaCat and HeLa cells, 
suggesting their potential for biocompatible applications. 
 CSPDs were used to create films to study their color properties.  The initially 
colorless CPS-PHP films exhibited a pink color when the pH was above 10.  The CPS-
PR films underwent a color transformation, ranging from orange to red to purple, as 
the pH increased from 4 to 10.  Similarly, the CPS-RA films changed from a light-yellow 
color to red, with a stronger red shade observed at pH values above 9.  UV-vis analysis 
revealed that the films exhibited a red shift compared to their free dye, indicating the 
presence of new auxochrome groups on the dye molecules.  Additionally, the films 
demonstrated high resistance to dye leaching, indicating that the dyes were covalently 
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attached to the CS matrix.  These findings suggest that these films have great potential 
for pH sensing applications. 
 To enhance the water solubility of CSPDs, two methods were used to prepare 
water-soluble CSPDs (WCSPDs).  The first method involved attaching the dyes to 
carboxyethyl chitosan (CECS), a water-soluble form of chitosan, through the Mannich 
reaction.  However, this method could not be used for phenol red (PR) attachment, 
and the dye substitutions were limited due to the hindrance caused by the 
carboxyethyl groups.  Therefore, this method was not suitable for the desired function.  
The second method involved carboxyethylation of CSPDs using the Michael reaction.  
Successful reactions were confirmed for P1-AA, PR-AA, and RA-AA through FTIR, NMR, 
UV-vis, and XRD techniques.  These derivatives exhibited solubility across a wide pH 
range, similar to CECS.  In terms of coloring properties, they showed color changes 
similar to CSPDs in the form of CPS films, but in solution form.  This resulted in 
calculated pKa values different from those obtained from the CPS films.  Notably,  
P1-AA demonstrated the ability to form complexes with cyclodextrin, making it suitable 
as a guest polymer.  These findings indicate that WCSPDs, which are soluble in neutral 
pH and can easily mix with nonionic or anionic polymers, have potential applications 
in the design of pH-sensing biomaterials and multifunctional biomaterials. 
 In the application of WCSPDs, specifically PR-AA, hydrogel films were prepared 
by combining it with SA and PAM.  The covalent crosslinker used was CD-DA, and GDL 
was incorporated as an acid donor for electrostatic crosslinking.  The covalent 
crosslinking with CD-DA contributed to the stability of the films, ensuring the 
maintenance of solid remains.  The incorporation of GDL as an acid donor for 
electrostatic crosslinking resulted in the formation of polyelectrolyte complexes within 
the film matrix.  This led to the films being stable at pH 5.5, exhibiting increased 
swelling at pH 7.4, and mostly dissolving at pH 8.5.  The ratio of CECS to SA played a 
significant role in determining the swelling degree of the films.  Films with higher CECS 
content exhibited a higher swelling degree at pH 7.4 but a lower swelling degree at pH 
5.5.  Furthermore, films with double crosslinking showed lower swelling degrees 
compared to those with single crosslinking.  Increasing the CECS content resulted in a 
decrease in the swelling degree due to the additional crosslinking provided by CD-
DA.  The presence of PR-AA in the films not only contributed to lower swelling degrees 
but also induced color changes from orange to purple, resembling the original color 
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of PR-AA.  These films exhibited discrimination shades in the pH range of 4-10, making 
them suitable for pH-sensing applications.  When DCF was incorporated as a model 
drug into the hydrogel films, a significant delay in the release rate was observed, 
particularly in the PEC1(PR)-CD/DCF film at pH 5.5.  This highlights the influence of DCF 
and the composition of the films, specifically the ratio of CECS (and PR-AA) to SA, on 
the drug release profiles in different buffer pH solutions.  Additionally, the mechanical 
properties of the films were within the applicable range for artificial skin, and they were 
found to be non-toxic to human skin fibroblast cells.  These findings collectively 
demonstrate the potential of films containing PR-AA as a pH-indicative polymer for 
wound status monitoring applications. 
 Furthermore, WCSPDs, including those containing PHP or RA moieties, have 
been successfully applied in the design of functional materials for various purposes, 
as demonstrated in published works.  These applications encompass the development 
of hydrogels with multifunctional responsiveness and pH-responsive films for 
monitoring fish freshness.  In summary, this research demonstrates the synthesis of 
polymeric dyes based on CS, effectively combining the advantageous properties of CS 
and pH-indicative dyes.  With their low toxicity and pH-dependent coloring properties, 
these derivatives exhibit great potential in the fields of pH sensing and stimuli-
responsive materials.  

 

5.2  Suggestions 
 Although CS is expected to exhibit antimicrobial resistance due to its amino 
groups, these derivatives did not display such a feature.  This discrepancy could be 
attributed to the long molecular weight of CS.  To address this issue, a potential 
solution would be to use lower molecular weight CS or incorporate additional reaction 
steps, such as quaternization, to increase the positively charged effects and enhance 
the antimicrobial activity against microorganisms.  
 The use of CS with a long molecular weight in this study limited the %DS to 
prevent the formation of insoluble crosslinking products.  To address this limitation, 
the use of short-chain CS could be considered.  However, it is important to note that 
the mechanical properties and leaching resistance of the materials may be affected 
and should be carefully considered during the design and fabrication process. 
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 While the derivatives can be visually detected by the naked eye, distinguishing 
small pH differences can be challenging.  To overcome this limitation, color detection 
using smartphone applications could be employed.  By capturing the color changes of 
the materials with a smartphone camera, specialized software or apps can analyze and 
quantify the color variations, allowing more accurate and precise pH measurements. 
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Appendix A: Characterization of βCD-DA 
 

 
 

Figure A-1 Synthesis of CD-DA 
 
Determination of aldehyde contents 
 

 
 

Figure A-2 Potentiometric titration curve and first derivative the titration curve of CD-
DA titrated with hydroxylamine hydrochloride 

 
 From the first derivative curve, the volume of NaOH solution used was 1.8 mL.  
 

1.8ml×0.0957M
[CHO]=

0.1017g
 

 

             =1.69 mmol/g  

 
Therefore, the aldehyde content of CD-DA was 1.69 mmol/g.   
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Appendix B: Swelling behavior 
 

Table B-1 Swelling behavior of the non-crosslinked films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 1182±154 1145±117 1337±106  

10 971±172 634±42 729±125  

15 799±109 309±68 439±70  

20 727±121 159±30 331±63  

30 655±94 115±45 279±73  

45 647±105 99±55 259±69  

60 645±102 96±48 234±63  

90 622±86 90±51 226±71  

120 615±92 79±50 188±68  

180 596±93 86±54 177±83  

240 589±93 81±70 155±77  

300 592±91 69±39 179±56  

360 567±83 74±59 150±75  

480 555±73 78±70 120±89  

1440 522±63 74±59 151±99  
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Table B-2 Swelling behavior of the Blend-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 514±10 593±43 613±15  

10 556±15 677±55 666±17  

15 572±25 700±45 689±6  

20 569±19 741±29 703±19  

30 575±25 752±35 734±25  

45 576±15 801±31 765±15  

60 578±13 836±29 785±18  

90 607±14 855±52 837±7  

120 616±33 877±49 856±23  

180 611±22 864±51 846±29  

240 615±26 845±57 831±25  

300 582±18 829±52 817±17  

360 570±24 810±47 816±19  

480 559±35 780±51 825±21  

1440 504±16 761±26 846±9  
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Table B-3 Swelling behavior of the PEC1 films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 550±6 742±19 732±8  

10 565±10 790±31 850±14  

15 575±27 823±7 903±6  

20 570±27 829±21 936±14  

30 566±3 833±17 960±41  

45 578±23 832±15 1033±53  

60 570±2 826±18 948±102  

90 572±17 831±33 919±99  

120 573±15 818±47 726±71  

180 580±24 819±46 538±45  

240 568±14 817±56 403±24  

300 572±11 777±59 348±41  

360 581±8 763±51 286±19  

480 578±21 762±56 232±21  

1440 582±23 755±61 97±13  
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Table B-4 Swelling behavior of the PEC2 films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 569±27 697±14 689±63  

10 557±27 725±33 795±75  

15 541±22 793±18 864±81  

20 537±24 820±26 916±73  

30 511±30 843±20 1035±88  

45 483±26 880±23 1175±88  

60 470±23 905±19 1314±91  

90 466±32 934±13 1454±135  

120 456±36 950±24 1362±165  

180 449±34 975±25 1071±155  

240 459±36 961±20 826±152  

300 445±33 969±12 673±102  

360 457±39 966±16 519±105  

480 450±35 970±20 488±110  

1440 452±15 962±30 317±75  
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Table B-5 Swelling behavior of the PEC3 films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 634±9 691±19 672±a  

10 634±14 747±23 769±102  

15 594±15 798±47 811±90  

20 570±9 834±36 882±121  

30 527±13 843±33 816±159  

45 497±17 898±44 1024±125  

60 469±13 969±19 1087±139  

90 462±16 1002±19 1169±134  

120 447±29 1040±41 1203±114  

180 450±14 1089±40 1206±56  

240 454±14 1127±37 1127±52  

300 447±19 1171±38 1063±82  

360 449±13 1157±9 1000±78  

480 459±21 1157±21 996±53  

1440 459±23 1275±20 986±67  

  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



168 

Table B-6 Swelling behavior of the PEC1-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 572±25 581±5 591±2  

10 610±35 635±15 623±15  

15 633±53 669±6 652±16  

20 637±31 674±6 660±26  

30 643±42 692±9 659±30  

45 643±40 700±7 675±28  

60 618±16 688±6 670±12  

90 608±17 678±14 665±16  

120 576±20 673±9 641±4  

180 547±26 623±22 588±12  

240 524±26 612±10 555±15  

300 499±56 596±12 534±18  

360 493±28 580±0 524±29  

480 486±29 586±9 516±34  

1440 427±35 554±13 476±24  
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Table B-7 Swelling behavior of the PEC2-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 425±12 457±28 510±16  

10 447±2 498±15 532±22  

15 462±10 520±13 568±27  

20 470±19 542±17 570±26  

30 462±5 559±43 579±25  

45 464±16 585±24 597±30  

60 466±2 596±32 601±39  

90 470±10 621±36 613±33  

120 471±19 639±26 629±34  

180 478±9 646±22 641±43  

240 475±28 651±25 655±31  

300 483±21 645±19 646±26  

360 471±25 655±31 655±32  

480 479±11 662±24 653±34  

1440 461±6 626±18 631±25  
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Table B-8 Swelling behavior of the PEC3-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 327±7 389±11 411±29  

10 340±15 428±11 446±22  

15 346±28 455±9 452±23  

20 337±22 459±10 462±34  

30 328±24 466±9 476±16  

45 324±20 489±5 484±4  

60 304±14 492±12 487±10  

90 296±12 519±10 508±14  

120 298±9 532±0 513±24  

180 293±14 549±7 543±26  

240 292±8 564±0 560±22  

300 294±7 564±9 573±19  

360 291±10 565±3 589±30  

480 299±3 559±8 605±22  

1440 274±7 588±10 626±25  

  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



171 

Table B-9 Swelling behavior of the PEC1(PR)-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 482±26 497±21 472±37  

10 513±19 527±25 506±45  

15 530±14 531±39 515±45  

20 536±15 540±31 527±29  

30 533±5 549±41 537±36  

45 535±17 542±37 534±19  

60 538±26 538±41 541±34  

90 537±5 543±39 537±26  

120 535±5 536±37 515±31  

180 518±15 537±33 509±29  

240 515±10 520±36 502±32  

300 509±11 530±44 488±32  

360 512±11 504±43 473±30  

480 516±3 522±38 471±25  

1440 516±2 527±36 471±37  
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Table B-10 Swelling behavior of the PEC2(PR)-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 341±19 382±22 322±20  

10 361±10 405±15 349±21  

15 364±12 423±9 369±28  

20 373±8 443±12 383±15  

30 366±18 449±22 401±20  

45 365±11 466±25 419±15  

60 372±23 480±16 445±23  

90 379±1 516±12 465±23  

120 384±8 524±14 471±17  

180 384±7 525±20 491±20  

240 384±10 504±17 497±17  

300 383±16 524±13 502±19  

360 392±5 513±10 490±21  

480 403±7 522±8 499±20  

1440 387±22 512±1 524±24  
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Table B-11 Swelling behavior of the PEC3(PR)-CD films at 37ºC 

Time (min) 
Swelling degree (%) 

 
pH 5.5 pH 7.4 pH 8.5  

0 0±0 0±0 0±0  

5 262±7 295±8 224±22  

10 277±6 312±14 247±21  

15 283±10 325±12 275±27  

20 277±14 337±11 281±28  

30 266±19 347±17 290±26  

45 243±15 366±14 312±29  

60 250±13 376±15 322±24  

90 246±13 403±19 337±26  

120 243±12 412±26 340±29  

180 231±10 419±24 365±30  

240 239±22 420±26 381±27  

300 227±3 428±19 396±23  

360 231±4 437±24 400±30  

480 230±14 452±22 412±30  

1440 230±10 479±21 461±27  
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Appendix C: Solid remains 
 

Table C-1 Solid remains of the films for 24 h at 37ºC 

Samples 
Solid remains (%) 

pH 5.5 pH 7.4 pH 8.5 
Non-crosslink 41±6 6±1 4±3 

Blend-CD 50±2 43±4 37±2 
PEC1 59±1 38±3 4±2 
PEC2 64±3 50±3 6±3 
PEC3 69±2 54±3 36±6 

PEC1-CD 40±2 38±3 30±3 
PEC2-CD 54±3 46±2 47±3 
PEC3-CD 56±1 52±3 58±3 

PEC1(PR)-CD 43±2 40±1 28±5 
PEC2(PR)-CD 54±1 49±1 44±1 
PEC3(PR)-CD 58±1 57±2 56±2 
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Appendix D: Color parameters 
 

Table D-1 Color parameters of the CPS-PHP in various pH solutions 
pH L a b ∆E 
4 87.2±1.3 1.0±0.5 -7.5±1.1 2.0±0.8 
5 87.6±0.8 0.8±0.5 -6.9±1.0 1.9±0.3 
6 88.1±0.9 0.9±0.8 -7.5±1.1 2.6±0.6 
7 88.0±0.5 0.9±0.3 -6.9±0.7 2.1±0.2 
8 88.2±0.5 0.9±0.1 -7.1±0.5 2.2±0.6 
9 87.3±0.7 2.1±0.3 -8.4±0.7 2.7±0.4 
10 73.5±2.3 19±2.0 -25.8±2.6 29.9±3.5 
11 73.1±2.2 22.3±2.9 -26.8±2.7 32.3±4.5 
12 54.4±1.1 52.3±2.2 -44.5±2.1 71.3±2.9 

 
Table D-2 Color parameters of the CPS-PR in various pH solutions 

pH L a b ∆E 
4 62.5±5.1 26.0±3.3 21.4±4.1 21.6±1.7 
5 61.2±1.0 24.3±1.2 19.0±0.7 17.9±0.7 
6 58.0±0.8 30.8±1.0 6.4±4.0 11.5±1.4 
7 61.3±0.2 28.2±0.8 -3.8±1.2 13.5±0.9 
8 46.8±1.5 46.4±1.3 -5.9±2.6 27.1±0.6 
9 47.3±1.4 47.6±2.5 -17.8±1.0 34.0±2.8 
10 47.1±4.9 55.7±6.0 -37.8±2.8 54.2±4.7 
11 45.3±0.4 59.1±0.3 -39.3±0.8 57.5±0.4 
12 51.4±1.4 50.1±1.9 -37.2±1.2 49.8±2.1 
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Table D-3 Color parameters of the CPS-RA in various pH solutions 
pH L a b ∆E 
4 83.4±0.5 7.0±0.9 -0.4±1.3 42.5±1.0 
5 82.4±0.4 8.6±1.1 -0.9±0.6 40.5±0.8 
6 70.2±1.7 28.6±3.1 -6.9±2.8 17.0±3.7 
7 62.7±3.1 41.9±4.9 -10.7±2.9 7.8±1.6 
8 61.6±2.3 46.6±2.5 -14.7±2.0 9.6±0.9 
9 63.4±2.1 48.3±5.9 -17.0±2.3 12.6±4.4 
10 58.8±1.8 57.0±3.8 -13.6±1.9 18.4±3.6 
11 55.2±3.3 63.0±1.3 -14.3±2.7 24.5±1.9 
12 58.0±2.5 60.7±1.5 -10.1±6.1 22.3±1.9 

 
Table D-4 Color difference (∆E) of the CPS-PHP films immersed in various solutions as 
a function of storage time 

Time (Day) DI pH 7.4 pH 4 pH 10 

1 4.2±0.5 4.1±0.3 4.3±0 21.5±0 

7 3.0±0.4 3.6±0.4 2.4±0.2 13.9±0.1 

14 4.6±0.9 4.9±0.6 4.5±0.8 10.2±1.3 

21 5.9±1.4 5.5±0.2 4.2±0.3 10.6±1.1 

28 5.2±1.1 4.5±0.9 4.2±0.2 7.5±0.8 

35 3.7±0.2 4.0±0.1 4.3±0.1 8.7±1.1 

42 3.7±0.3 3.6±0.3 4.2±0.9 7.3±0.7 

49 4.1±0.1 4.3±0.6 3.6±0.2 6.3±1.0 

56 5.6±0.9 6.0±0.5 4.6±0.2 4.9±0.5 

63 3.0±0.2 3.9±0.2 3.6±0.2 3.9±0.2 
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Table D-5 Color difference (∆E) of the CPS-PR films immersed in various solutions as 
a function of storage time 

Time (Day) DI pH 7.4 pH 4 pH 10 

1 14.9±0.6 13.5±0.2 14.7±0.5 36±0.6 

7 16.0±0.6 13.5±0.4 15.8±0.4 38.1±0.4 

14 16.0±0.4 15.0±0.1 15.6±0.8 39.4±0.3 

21 17.6±0.5 13.8±0.3 14.4±1.0 35.8±0.4 

28 18.1±0.2 15.6±0.3 17.2±0.7 39.4±0 

35 17.8±0 16.9±0.1 16.6±0.2 38.3±0.1 

42 19.1±0.3 16.3±0.7 10.8±0.4 36.7±0.2 

49 19.1±0.1 20.0±0 10.9±0.7 39.4±0.1 

56 19.2±0.5 16.9±0.2 12.1±0.1 39.8±0.6 

63 20.0±0.4 18.3±0.7 10.3±0.4 39.0±0.2 

 
Table D-6 Color difference (∆E) of the CPS-RA films immersed in various solutions as 
a function of storage time 

Time (Day) DI pH 7.4 pH 4 pH 10 

1 13.7±0.3 16.7±0.2 48.4±0.7 12.6±0 

7 12.3±0.5 17.2±0.2 46.7±0.9 12.7±0.2 

14 12.8±0.4 15.2±0.7 48.7±0.5 15.0±0.2 

21 10.4±0.3 15.1±0.3 48.9±0.3 14.4±0 

28 11.8±0.1 12.5±0.2 48.7±0.4 14.4±0 

35 12.0±0 12.3±1.0 47.4±1.0 13.0±0.3 

42 14.5±0.3 13.6±2.4 47.9±0.4 17.0±0.6 

49 16.1±0.3 13.9±1.7 47.6±1 13.1±0.1 

56 15.6±0.4 12.8±1.9 50.0±0.9 16.6±0.1 

63 16.1±0.3 12.0±1.8 47.9±1.0 13.8±0.3 
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Table D-7 Color parameters of the PEC1(PR)-CD in various pH solutions 
pH L a b 
4 72.7±0.1 26.1±0.1 47.7±0.1 
5 70.0±0.1 28.5±0.2 51.7±0.1 
6 65.8±0.2 26.2±0.2 39.7±0.3 
7 61.1±0.1 30.9±0.3 28.2±0.2 
8 54.4±0.1 41.9±0.4 15.2±0.3 
9 54.2±0.2 48.0±0.4 -5.8±0.1 
10 49.9±0 56.2±0.1 -18.4±0.1 

 
Table D-8 Color parameters of the PEC2(PR)-CD in various pH solutions 

pH L a b 
4 66.3±0.2 34.3±0.3 45.3±0.3 
5 64.6±0 30.2±0.1 39.7±0.1 
6 61.8±0.2 28.1±0.1 23.8±0.2 
7 56.8±0.1 35.6±0.2 24.7±0.2 
8 57.4±0.1 37.4±0.4 13.8±1.6 
9 53.2±0.1 48.5±0.3 -4.0±0.1 
10 50.3±1.3 52.6±2.4 -15.8±0.8 

 
Table D-9 Color parameters of the PEC3(PR)-CD in various pH solutions 

pH L a b 
4 69.0±0.3 29.2±0.5 37.9±0.3 
5 71.0±0.1 20.9±0.2 25.1±0.2 
6 67.6±0.2 22.7±0.3 22.6±0.2 
7 63.5±0.3 28.3±0.4 19.9±0.4 
8 61.6±0.1 33.5±0.3 9.3±0.3 
9 57.9±0.3 44.3±0.6 -8.6±0.3 
10 55.5±0.2 49.5±0.4 -21.0±0.2 
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Appendix E: Calibration curves 
 

 
Figure E-1 Calibration curve of DCF in pH 5.5 

 

 
Figure E-2 Calibration curve of DCF in pH 7.4 
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Figure E-3 Calibration curve of DCF in pH 8.5 
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Appendix F: Drug release behavior 
 

Table F-1 Drug release behavior of the PEC1(PR)-CD/DCF in different pH solutions at 
37ºC 

Time (min) 
Drug release (%) 

pH 5.5 pH 7.4 pH 8.5 

0 0±0 0±0 0±0 

5 9.6±2.9 16.3±13.9 6.7±2.1 

10 17.0±0.7 20.9±2.9 20.9±13.1 

15 21.1±7.8 25.8±2.1 28.5±8.2 

30 30.0±4.6 42.8±1.7 47.1±15.9 

45 38.4±6.6 50.9±8.4 49.3±7.4 

60 43.8±4.5 56.0±2.2 63.8±13.4 

90 47.1±4.6 62.7±3.6 67.0±9.8 

120 55.7±5.4 68.2±6.0 76.8±17.1 

180 60.7±4.6 79.1±3.6 79.2±9.4 

240 63.3±3.1 82.4±8.7 86.2±12.8 

300 67.0±2.2 90.3±6.9 85.5±7.5 

360 69.6±4.7 89.3±4.4 84.5±4.2 

480 71.2±4.7 87.8±4.0 86.2±6.0 

1440 94.1±8.8 95.0±0.8 94.3±2.8 
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Table F-2 Drug release behavior of the PEC2(PR)-CD/DCF in different pH solutions at 
37ºC 

Time (min) 
Drug release (%) 

pH 5.5 pH 7.4 pH 8.5 

0 0±0 0±0 0±0 

5 15.6±12.8 18.5±10.3 12.5±2.7 

10 28.4±5.6 25.7±6.6 23.4±1.5 

15 36.8±7.2 32±5.8 31.4±13.0 

30 42.7±9.5 54±5.1 46.2±3.8 

45 56.0±0.8 57.2±9 54.1±9.4 

60 66.1±3.2 61.4±11.1 59.1±7.9 

90 71.5±2.5 66.7±10.2 65.5±3.3 

120 71.9±4.2 72.9±14.5 71.3±7.4 

180 80.9±5.5 77.0±3.6 79.1±10.4 

240 81.1±2.5 83.5±2.4 82.7±11.2 

300 83.3±1.4 87.5±1.9 86.3±9.8 

360 83.9±0.7 86.8±7.4 85.6±13.4 

480 84.7±6.5 88.9±6.5 87.5±14.4 

1440 97.8±2.1 97.7±11.7 99.1±8.1 
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Table F-3 Drug release behavior of the PEC3(PR)-CD/DCF in different pH solutions at 
37ºC 

Time (min) 
Drug release (%) 

pH 5.5 pH 7.4 pH 8.5 

0 0±0 0±0 0±0 

5 21.6±10.9 8.8±6.2 5.4±4.4 

10 31.0±5.9 18.7±7.8 13.1±4.8 

15 41.1±12.4 27.0±8.0 20.9±2.9 

30 45.5±3.1 38.6±11.5 32.4±4.2 

45 53.3±5.3 53.9±7.9 43.7±12.6 

60 63.9±12.4 60.0±11.0 48.9±11.5 

90 74.1±2.9 64.5±7.0 59.1±9.5 

120 76.3±6.0 71.1±10.8 62.5±7.6 

180 86.0±6.9 78.7±9.4 69.6±7.2 

240 89.2±6.8 80.8±6 77.3±4.6 

300 93.4±5.9 87.0±8.1 80.1±8.1 

360 92.7±9.9 86.1±5 80.8±3.6 

480 94.8±7.8 86.3±2.9 85.1±4.2 

1440 98.3±4.4 90.7±6.0 95.1±2.3 
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Appendix G: Drug release kinetics 
 

Table G-1 Results of fitting kinetic parameters for DCF release from the films 
Film samples pH Kinetic model at 80% release Slope Intercept R2 Kinetic model at 20% release Slope Intercept R2 

PEC1(PR)-CD/DCF 

5.5 

Zero order 18.7840 14.9780 0.8273 Zero order 1.4578 59.3150 0.9897 
First order -0.1314 1.9335 0.9098 First order -0.0398 1.7339 0.9943 

Higuchi model 38.2510 8.7083 0.9843 Higuchi model 10.3780 43.1040 0.9939 
Korsmeyer-Peppas model 0.5046 1.6021 0.9741 Korsmeyer-Peppas model 0.2181 1.6688 0.9869 

7.4 

Zero order 23.6780 20.3710 0.8172 Zero order 0.4286 84.9140 0.6110 
First order -0.2131 1.9148 0.9488 First order -0.0212 1.2101 0.7893 

Higuchi model 44.7630 6.4801 0.9647 Higuchi model 3.1158 79.961 0.6399 
Korsmeyer-Peppas model 0.5061 1.7426 0.9832 Korsmeyer-Peppas model 0.0593 1.8969 0.6539 

8.5 

Zero order 25.6790 20.1790 0.7688 Zero order 0.4605 82.9860 0.9384 
First order -0.2369 1.9103 0.8994 First order -0.0212 1.2778 0.9558 

Higuchi model 54.3320 10.1230 0.9508 Higuchi model 3.2022 78.084 0.8991 
Korsmeyer-Peppas model 0.6318 1.7333 0.8852 Korsmeyer-Peppas model 0.0571 1.8910 0.8275 

PEC2(PR)-CD/DCF 

5.5 

Zero order 23.6910 25.069 0.7454 Zero order 0.7976 78.6560 0.9924 
First order -0.2281 1.8809 0.8941 First order -0.0473 1.4914 0.9887 

Higuchi model 44.3420 12.0930 0.9212 Higuchi model 5.6536 69.8560 0.9881 
Korsmeyer-Peppas model 0.4372 1.7638 0.9424 Korsmeyer-Peppas model 0.1037 1.8439 0.9681 

7.4 

Zero order 22.2390 25.972 0.7075 Zero order 0.6217 83.0510 0.9404 
First order -0.2027 1.8688 0.8548 First order -0.0439 1.3986 0.9730 

Higuchi model 41.3910 14.2730 0.8957 Higuchi model 4.4630 76.0300 0.9604 
Korsmeyer-Peppas model 0.5137 1.8239 0.9757 Korsmeyer-Peppas model 0.1348 1.8247 0.9037 
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Table G-1 Results of fitting kinetic parameters for DCF release from the films (continued) 
Film samples pH Kinetic model at 80% release Slope Intercept R2 Kinetic model at 20% release Slope Intercept R2 

PEC2(PR)-CD/DCF 8.5 

Zero order 23.7590 22.281 0.7724 Zero order 0.7511 81.1710 0.9730 
First order -0.2172 1.8992 0.9207 First order -0.0639 1.5211 0.9886 

Higuchi model 45.1920 8.2962 0.9368 Higuchi model 5.3280 72.8010 0.9792 
Korsmeyer-Peppas model 0.5030 1.7073 0.9443 Korsmeyer-Peppas model 0.1121 1.8144 0.8686 

PEC3(PR)-CD/DCF 

5.5 

Zero order 24.3900 26.7330 0.7826 Zero order 0.3466 90.4270 0.7482 
First order -0.2649 1.8849 0.9524 First order -0.0361 1.0069 0.9438 

Higuchi model 44.3090 14.6900 0.9641 Higuchi model 2.5524 86.3280 0.8040 
Korsmeyer-Peppas model 0.3767 1.7828 0.9772 Korsmeyer-Peppas model 0.0467 1.9307 0.8510 

7.4 

Zero order 25.0590 18.9480 0.7935 Zero order 0.3296 83.0990 0.6011 
First order -0.2229 1.9189 0.9235 First order -0.0114 1.2358 0.7216 

Higuchi model 52.5670 9.3742 0.9633 Higuchi model 2.4294 79.1940 0.6469 
Korsmeyer-Peppas model 0.5909 1.7158 0.9384 Korsmeyer-Peppas model 0.0487 1.8927 0.6831 

8.5 

Zero order 23.1770 14.119 0.8265 Zero order 0.8161 76.0050 0.9457 
First order -0.1774 1.9412 0.9215 First order -0.0325 1.4664 0.9946 

Higuchi model 45.9950 -2.0971 0.9529 Higuchi model 5.8897 66.6990 0.9761 
Korsmeyer-Peppas model 0.6899 1.6388 0.9354 Korsmeyer-Peppas model 0.1144 1.8216 0.9912 
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Appendix H: Mechanical properties 
 

Table H-1 Tensile strength, Elongation at break, and Young's modulus of the films 

Samples 
Tensile 

strength (at 
break) (MPa) 

Elongation at break 
(%) 

Young's modulus 
(MPa) 

PEC1 6.5±3.6 18.9±8.1 191.6±67.3 

PEC2 11.3±1.3 27.9±4.1 170.1±64.0 

PEC3 7.0±1.5 28.9±5.6 115.1±45.8 

PEC1(PR)-CD 13.9±4.4 13.2±4.1 557.2±178.0 

PEC2(PR)-CD 16.6±4.9 14.7±3.2 744.6±162.0 

PEC3(PR)-CD 11.2±2.8 8.1±2.0 792.5±102.1 

 

 
 

Figure H-1 Stress-strain curves of the films 
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