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Abstract 

 

Abstract 

Previously the biomedical application of polysaccharide hydrogel that was derived from 

aldehyde-introduced dextran by periodate oxidation and polyamine was reported and the 

hydrogels showed rapid degradation through main chain scission in the oxidized dextran which 

was triggered by Schiff base formation with amine and subsequent Maillard reaction [1, 2].  

However, the formation and degradation of this hydrogel was simultaneously occurred after 

multiple Schiff base formation reaction between aldehyde and amino groups, therefore the 

degradation timing control was difficult [1, 3]. To overcome this uncontrollable degradation of 

the hydrogel, the oxidized dextran hydrogel was prepared with the aldehyde groups preserved. In 

this thesis, the oxidized glycidyl methacrylate derivatized dextran (Dex-GMA)-based hydrogel 

formed via thiol-en cross-linking by Michael addition without using aldehyde group was 

prepared. The prepared hydrogel was stable in phosphate buffer solution (PBS) but degradation 

could be initiated by addition of amino compounds by causing Maillard reaction. These findings 

indicate that the degradation of hydrogel can be controlled by the amino group addition. In 

addition, the degradation speed of oxidized Dex-GMA-based hydrogel was also controlled 

independently of mechanical properties because the crosslinking points and degradation points 

are different. And by kinetic analysis with NMR measurement, molecular mechanism behind the 

crosslinking between thiol and aldehyde groups was observed to explain control of the 

degradation of dextran derivatives. To lead this hydrogel to a smart material, the release of amino 

source should be controlled for further controlling the degradation of hydrogel. In this part, amino 

compounds were functionalized on carrageenan chain (amino-CG) to act as dual-functioned 

material of being amino source and showing temperature-responsive behavior. The polydopamine 

microspheres (PDA), which is an NIR photothermal agent, were composited with carrageenan 
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derivative (amino-CG@PDA micromposite). The role of PDA is to convert NIR light to energy 

and then to transform it to heat. The amino-CG@PDA beads are sens                         

                                                          4   C        -  -                     

                                              37  C  T                                          

transition of amino-CG@PDA microcomposites was enhanced by increasing temperature and 

more greatly under external NIR light. Thus, the release rate of amino compounds can be 

controlled by switching NIR-light irradiation. In addition, the degradation of oxidized Dex-GMA 

by amino groups release from amino-CG@PDA was investigated. The amino-CG provides the 

ability to be the amino source for the reaction with aldehyde groups from oxidized Dex-GMA to 

introduce the main chain degradation. The release of doxorubicin (DOX) from oxidized Dex-

GMA-based hydrogel was controlled under NIR irradiation due to the Schiff base reaction of 

amino compound release from amino-CG and the preserved aldehyde on hydrogel, consequently, 

the degradation occurred and drug can be released. Thus, this work presents an alternative way 

for controlling the degradation of hydrogel to potentialize in clinical applications for cell 

scaffolds in regenerative medicine and drug delivery system carriers. 

Keywords: hydrogel, biodegradation, aldehyde dextran, NIR irradiation, drug delivery 

References 

1. Hyon, S.-H.; Nakajima, N.; Sugai, H.; Matsumura, K., Low cytotoxic tissue adhesive based on oxidized 

dextran and epsilon-poly-l-lysine. J. Biomed. Mater. Res. A 2014, 102 (8), 2511-2520. 

2. Chimpibul, W.; Nagashima, T.; Hayashi, F.; Nakajima, N.; Hyon, S.-H.; Matsumura, K., Dextran 

oxidized by a malaprade reaction shows main chain scission through a maillard reaction triggered by schiff 

base formation between aldehydes and amines. J. Polym. Sci. A 2016, 54 (14), 2254-2260. 

3. Matsumura, K.; Nakajima, N.; Sugai, H.; Hyon, S. H., Self-degradation of tissue adhesive based on 

oxidized dextran and poly-L-lysine. Carbohydr. Polym. 2014, 113, 32-38.



Contents 

 

Contents 

 

Chapter 1          1 

 1.1 Research background       1 

 1.2 Hydrogel         2 

1.2.1 Hydrogel in drug delivery      2 

1.2.2 Hydrogel degradation      3 

 1.3 Polysaccharides based hydrogel      4 

  1.3.1 Dextran based hydrogel and its degradation   5 

  1.3.2 Carrageenan thermo-sensitive gelation and its degradation  8 

1.4 Photothermal agent triggered by near-infrared (NIR) for temperature-   

sensitive materials        11 

 1.5 Polysaccharide chemical reactions      13 

1.5.1 Thiol-Michael addition      13 

1.5.2 Malaprade reaction      14 

1.5.3 Schiff base reaction      15 

1.5.4 Maillard reaction       16 

 1.6 Research objective        18 

Chapter 2          27 

 2.1 Introduction         27 

 2.2 Materials and methods       30 

2.2.1 Materials        30 

2.2.2 Synthesis and characterization of the oxidized Dex-GMA  31 

2.2.3 Gelation time measurement     32 



Contents 

2.2.4 Determination of the thi            y E     ’      y  32 

2.2.5 Rheological characterization     33 

2.2.6 Determination of the amount of quantitative gel degradation 33 

2.2.7 Determination of the molecular weight (Mw) by GPC  34 

2.2.8 Kinetic analysis by NMR spectroscopy    34 

2.2.9 Determination of cytotoxicity     35 

 2.3 Results and discussion       36 

2.3.1 Characterization of the oxidized Dex-GMA   36 

2.3.2 Cytotoxicity assay       42 

2.3.3 Gelation time of the oxidized Dex-GMA with DTT   44 

2.3.4 Rheological measurements     46 

2.3.5 Quantitative gel degradation     48 

2.3.6 Determining the molecular weight via GPC   50 

2.3.7 Determination of the reaction between the aldehyde and thiol 53 

2.3.8 Kinetic analysis of the reaction between the GMA and thiol,  

and the aldehyde and thiol by NMR     56 

 2.4 Conclusion         66 

Chapter 3          72 

 3.1 Introduction         72 

 3.2 Material and method       77 

3.2.1 Materials        77 

3.2.2 Synthesis and characterization of amino-CG   77 

3.2.3 Determination of amino content     78 

3.2.4 Synthesis and characterization of polydopamine (PDA)  

Microspheres        78 



Contents 

3.2.5 Preparation of amino-CG@PDA beads    79 

3.2.6 Swelling study       79 

3.2.7 Temperature and light-responsive amino releasing test  80 

 3.3 Results and discussion       81 

3.3.1 Synthesis and characterization of amino-CG   81 

3.3.2 Synthesis and characterization of PDA microspheres  86 

3.3.3 Amino-CG@PDA beads preparation and characterization  89 

3.3.4 Temperature responsive amino release test    94 

3.3.5 NIR light-responsive amino release test    95 

 3.4 Conclusion         98 

Chapter 4          104 

 4.1 Introduction         104 

 4.2 Materials and methods       107 

4.2.1 Materials        107 

4.2.2 Mw determination of oxidized Dex-GMA by GPC   107 

4.2.3 Drug loaded into oxidized Dex-GMA based hydrogel  107 

4.2.4 Light-Responsive drug releasing test    108 

 4.3 Results and discussion       109 

4.3.1 Mw determination of oxidized Dex-GMA    109 

4.3.2 NIR light-responsive DOX release from hydrogel degradation test 110 

 4.4 Conclusion         114 

Chapter 5          117 

 General conclusion        117 

Achievement          119 

Acknowledgement         121 



Contents 

This dissertation was prepared according to the curriculum for the Collaborative Education 

Program organized by Japan Advanced Institute of Science and Technology and 

Chulalongkorn University. 



Chapter 1 

General introduction 

1 

 

Chapter 1 

General introduction 

1.1 Research background 

Hydrogels are crosslinked polymer networks that are able to swell in many solvents and 

aqueous environments without dissolving. The development of hydrogel technologies has been 

more interested in biomedical fields. Hydrogels particularly polysaccharide degradable hydrogel 

now pay attention to many tissue engineering scaffolds, wound dressings and drug delivery 

system [1,2,3]. Among of these applications drug delivery has become attractiveness. Hydrogel 

degradation can be used to control the release rate of the delivered component and also be safety 

to body when it is no longer needed. In our laboratory, successfully prepared degradation 

hydrogel by the reaction between the aldehyde-dextran and amino groups [4,5]. The formation of 

Schiff base and multiple crosslinking points were formed leading to hydrogel formation and 

suddenly started degradation. However, the unfovourableness of this hydrogel is lack of control 

the degradation time of hydrogel after Schiff base is formed. Thus, to overcome an unexpected 

degradable time and prolong the stability of hydrogel, the preparation of oxidized dextran based 

hydrogel without amino groups was suggested for degradation control and applying in drug 

delivery system. The aldehyde groups are left after hydrogel formation and the degradation of this 

hydrogel was controlled by amino source addition dependently mechanical properties.  

Another newly emerged system, namely, near-infrared (NIR) light-responsive materials, 

has been intensively explored for biomedical application owing to their greater penetration 
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abilities and less damage to the tissue [6]. NIR optical stimulus is attractive as it can be remotely 

applied for a short period of time with high spatial and temporal precision. It would be more 

advantageous to materials that show thermoresponsive ability upon NIR light exposure can be 

controlled stimuli-responsive release systems. Therefore, to be control the release of amino 

groups at the desired time, the amino-carrageenan was introduced. The temperature-responsive 

polymer, carrageenan, was functionalized by amine group to obtain the amino-carrageenan 

product. The control release of amino source was triggered by photothermal agent stimulated by 

NIR. Hence, the degradation of oxidized dextran based hydrogel by the release of amino groups 

when amino-carrageenan absorbs heat was studied and reported in detail in this thesis. 

1.2 Hydrogel 

1.2.1 Hydrogel in drug delivery 

In recent years, the hydrogel technology has been an integral part of human health care. 

The pharmaceutical industry has been developing hydrogel based drug delivery system in an 

advanced manner by tuning the structure, shape and surface modifications of the biopolymers. 

The highlighted properties of some natural and synthetic polymers such as dextran, 

carboxymethyl cellulose, poly(acrylic acid), and poly(2‑ hydroxyethylmethacrylate) etc. as a 

highly water swollen, soft and elastic gel leading to the keen interest in hydrogels as a class of 

biomaterials and their application as drug delivery systems. Three dimensional network formation 

occurs by the cross linking of the polymeric chains via physical interactions, covalent bonding, 

hydrogen bonding and by van der walls interactions [7]. The presence of the specific functional 

groups such as -OH, -CONH2, -SO3H, -CONH, and -COOR which have a hydrophilic tendency 

lead to the high content of water and biological fluids absorption (typically 70–99%) [8,9]. The 

soft and rubbery surface, structure and physicochemical properties of hydrogels similarity to that 
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of human tissue and can give the hydrogels excellent biocompatibility and the capability to easily 

encapsulate drugs. These characteristic features make hydrogels potential candidate for drug 

delivery systems.  

 Potentiality of hydrogel for drug delivery have been explored to reduce the release rate of 

drug from hydrogels by enhancing the interactions between drug and hydrogel. Both physical and 

chemical strategies can be manipulated to enhance the binding between a loaded drug and the 

hydrogel matrix. In case of physical interactions, the charge interactions between ionic polymers 

and charged drugs have been employed to increase the binding strength of target drugs and 

hydrogel. For example, the modification of gelatin hydrogels with amino acid could prolong the 

release of lysozyme and trypsin inhibitor protein because of the charge interactions between the 

amino acid chain and the entrapped proteins [10]. The anionic polymer, phosphate-functionalized 

N-isopropylacrylamide-based hydrogels (PNIPAM-based hydrogel) showed high uptake of 

cationic lysozyme comparing to non-functionalized PNIPAM hydrogels [11]. Similarly, our 

hydrogel; oxidized Dex-GMA based hydrogel performed the charge interaction with positive 

charge drug, consequently, drugs can be entrapped by this hydrogel.   

1.2.2 Hydrogel degradation  

Hydrogels have been a focus of attention for many years and are widely used in a variety 

of bio-related applications since they are typically biocompatible; furthermore, their moisture 

content can mimic the natural water content of human tissue [12,13]. The controlling mechanical 

properties and degradation behavior of hydrogel have focused to design and tailor appropriate 

materials for drug delivery and tissue engineering [14,15]. The degradation behavior control has 

been one of critical topics in general biomaterials research, and widely investigated until now. In 

general, biomaterials need to be gotten rid of from the body once they complete their roles in the 
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body, and degradable materials could be ideal for this purpose. The degradable hydrogels were 

typically obtained by two approaches. In the first case, the backbone of design gelling polymer is 

degradable hydrolysis and/or enzymatic action such as the degradation of aliphatic polyester and 

collagen were undergone main chain scission by hydrolysis and enzymatic action, respectively 

[16,17]. The second approach involves introduction of degradable cross-linking points to systems 

that are comprised of non-degradable polymer chains, for instance, hydrogel formation by 

crosslinking four-arm amine-terminated poly(ethylene glycol) (4-arm-PEG-NH2) using an azo-

containing linker was rapidly degraded by NIR laser and photolysis with ultraviolet light [18]. 

1.3 Polysaccharides-based hydrogel 

Polysaccharides are carbohydrate polymers in which monosaccharide ((CH2O)n) units are 

covalently joined by an O-glycosidic bond in either a branched or linear configuration. 

Polysaccharide can be a homopolysaccharide, in which all the monosaccharides are the same, or a 

heteropolysaccharide in which the monosaccharides vary. Depending on which monosaccharides 

are connected, and which carbons in the monosaccharides connects, polysaccharides take on a 

variety of forms. Due to their structure, polysaccharides can have a wide variety of functions in 

nature. Some polysaccharides serve as stores of energy, as in glycogen (branched polysaccharide 

of glucose), some for sending cellular messages and others as a structural component providing 

support to cells and tissues, as in cellulose (linear polysaccharide of glucose).  

Polysaccharides are produced from different sources obtained from microorganisms, 

plants, and animals. Polysaccharides made by microrganisms are secreted from the cell to form a 

layer over the surface of the organism. Microbial polysaccharides such as xanthan, xylinan, 

gellan, curdlan, pullulan, dextran, scleroglucan, schizophyllan, and cyanobacterial 

polysaccharides are available in commercial using for food, pharmaceutical, and medical 
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applications [19,4,20]. Polysaccharides in plants such as starch (a polymer of glucose, being 

found in the form of both amylose and the branched amylopectin) and cellulose are well known 

plant polysaccharides which used as a storage and support polysaccharide in plants. Chitin, an 

example of animal polysaccharide, is the exoskeleton of many arthropods, and is the main 

component of cell walls in fungi, radulas of mollusks etc. The utilization of polysaccharide 

should consider the structure, properties, production and modification to potentialize its 

applications. 

1.3.1 Dextran-based hydrogel and its degradation 

D x                       y                                y    α-1,6 linked 

      y                                             α-1,3 linked residues. It contains the large 

amount of hydroxyl groups leading to high hydrophilicity and capability for chemical 

functionalization [1,21]. Dextran has been chosen in many biomedical applications due to its 

biocompatibility [22], low toxicity [4], high abundant in nature and degradation by enzyme in 

various part of the human body such as spleen, liver and colon [1,23]. It is slowly degraded by 

human enzymes as compared to other polysaccharides (e.g. glycogen with α-1,4 linkages) and 

cleaved by microbial dextranases in the gastrointestinal tract. In addition, it has been used as 

macromolecular carrier for delivery of drugs and proteins to increase the prolongation of 

therapeutic agents in systemic circulation. The elimination of dextran depends on its molecular 

weight (Mw). Low Mw, Mw < 40 kDa can be eliminated through renal clearance and have a half-

life of 8 h, in contrast molecules with Mw > 40 kDa have larger half-lives and would be shortened 

in the liver and spleen and then hydrolysed by endo and exodextranases [1,23]. Moreover, the 

control degradation of dextran by enzymes or other methods to the target site and desirable time 

has been widely studied for utilization in drug delivery system. 
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Figure 1.1 Dextran structure. 

Focusing on dextran degradation, the main goal of this research has been descripted by 

both of two approaches.  Enzymatic degradation of dextran and its derivatives were performed 

using dextranase and proceeds through the selective chain scission at the 1,6-α-glycosidic linkage 

between the saccharide units to generate D-glucose [24,23,25]. Enzymatically degradable nitric 

oxide (NO) releasing S-nitrosated dextran thiomers using for the treatment of drug resistant 

cancer cells was reported [26].  The release of NO under arterial blood conditions, followed by 

their sensitivity to undergo enzymatic degradation by dextranase presented in Figure 1.2. There is 

the reports on the degradation behavior of in situ gelling hydrogel matrices composed of 

positively and negatively charged dextran microspheres by hydrolysis of the carbonate ester bond 
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between the dextran backbone and the crosslinked HEMA side chains results in degradation of 

the dex-HEMA gels at physiological pH making them suitable for various biomedical 

applications in drug delivery, tissue engineering, and tissue adhesion [4,27]. The adhesive 

hydrogel formed by the Schiff base reaction of aldehyde dextran and epsilon-poly-L-lysine (ɛ-PL) 

was reported [4]. Its low cytotoxicity, good adhesive strength, and self-degradation were obtained 

which can be developed as a biological glues in wound healing process. Interestingly, the Schiff 

base formation between the reaction of aldehyde groups from oxidized dextran and the primary 

amino group showed the self-degradation of dextran chain which could be ascribed to a Maillard 

reaction (see 1.5.4) [4,28]. Chimpibul et al. (2016) suggested that the main chain degradation of 

oxidized dextran via Schiff base formation depended on the oxidation ratio and amino acid 

concentration and also descripted main chain scission mechanism of oxidized dextran triggered 

by reaction with amine which shows the degradation pathways in Figure 1.3. The degradation 

proceeded via Amadori rearrangement, Strecker degradation and melanoidin formation, leading 

to produces the brown color during polysaccharide degradation. The findings help to elucidate the 

reaction mechanism of polysaccharide degradation and develop novel biodegradable 

polysaccharide materials for biomedical applications.   

 

Figure 1.2 Schematic illustration of chain scission at 1,6-α-glycosidic linkage by dextranase [26]. 
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Figure 1.3 Degradation pathways for the reaction of aldehyde saccharides and amino acids via 

Maillard reaction [5]. 

 

1.3.2 Carrageenan thermo-sensitive gelation and its degradation 

 Carrageenan, a naturally occurring anionic sulfated linear polysaccharides extracted from 

edible red seaweeds [29]. The basic structure of carrageenan is based on alternating copolymers 

of 1,3-linked β-D-galactose and 1,4-linked α-D-galactose, with varying degrees of sulfatation. 
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The units are joined by alternating α-1,3 and β-1,4 glycosidic linkages forming the disaccharide 

repeating unit of carrageenans [30,31,32]. The most common types of carrageenan are 

traditionally labeled kappa (κ), iota (ι), and lambda (λ) (Figure 1.4) [33]. The structures of the 

three main forms of carrageenan differ only in the number of sulfate groups per disaccharide 

having one, two, and three for κ, ι, and λ, respectively [34,35]. The carrageenan biocompatibility 

has been increasingly used in the cosmetic and pharmaceutical industries, it does not induce a 

toxic reaction [30,36]. 

κ- and ι-carrageenan are known to undergo a thermally-induced disordered-ordered 

transition, both chains exist as random coils with a larger amount of conformational entropy when 

elevated temperature. Upon cooling, entropy is decreased and chains re-orient into a more 

ordered conformation, which is accepted to consist of various form such as a double helix, 

aggregated mono-helices or aggregated helical dimers [37]. κ- and ι-carrageenan also form 

gelation in the presence of mono- (such as KCl, LiCl, and NaCl) and di-valent cations (such as 

MgCl2, CaCl2, and SrCl2). In contrast, λ-carrageenan does not show gelation in the presence of 

cation and displays only viscous behavior. It has been explained that the formation of ordered 

three-dimensional networks of κ- and ι-carrageenan compose of double helices resulting from 

crosslinking of the adjacent chains in which the sulfate groups are oriented externally [38,39]. 
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Figure 1.4 Idealized structures of the three types of carrageenan. 

The degradation of carrageenan would appear in the stomach, which is only partially 

degraded and this limited degradation has no effect on the wall of the stomach, where the pH is 

very low and acid hydrolysis undoubtedly occurs [40]. The enzymatic degradation of κ-

carrageenan was conducted using recombinant Pseudoalteromonas carrageenovora κ-

carrageenase has been reported [41] which undertook the study of the effect of salt conditions on 

enzymatic degradation of carrageenan. The proposed that the presence of I
-
 binding is the main 

parameter which impedes carrageenan degradation by enzyme. The κ- carrageenan also be 

degraded by irradiation with gamma rays in the solid state, gel state or solution with various 

doses in air at ambient temperature [29]. The Mw of κ- carrageenan decreased continuously with 
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increasing the gamma ray intensity and the gel state needed lesser dose than solid state due to the 

indirect effect of radiation brought about by the water molecules.  

In this research, κ-carrageenan was used to apply in the development of new carrier 

formulations because of its gelation properties. It can form gel when cooling or under appropriate 

salt conditions. γ-C                                                                                κ-

type dissolves only when heated and forms strong gels which is firm and brittle [34,42,43]. So, 

the κ-form could be the most appropriate type for releasing the carried substance when earning 

heat. 

1.4 Photothermal agent triggered by near-infrared (NIR) for temperature-sensitive 

materials 

Infrared radiation (IR) is electromagnetic radiation with longer wavelength than those of 

visible light, so, its higher energy allows the applications when using light. Among this region, 

near infrared (NIR) light have been strongly designed to utilize. NIR can penetrate up to 10 cm 

deep into tissue [44] with less damage and absorption or scattering and is more desirable for in 

vivo applications [45,46]. Thus, NIR laser was employed for photothermal therapy (PTT) to 

develop and encourage therapeutic strategy, especially advantages in cancer therapy. It shows 

high specificity, minimal invasiveness, precise selectivity and no systemic effects. The 

therapeutic efficacy of PTT significantly depends on the transformation of light to sufficient heat 

with photothermal agents, which absorb light-energy and then transform it to heat. In case of the 

tumor site, killing cancer cells via hyperthermia need the thermal energy 40-45 °C or higher [47]. 

The photothermal agents (PTA) such as noble metal nanostructures, carbon nanostructures, 

transition metal sulfide/oxides nanomaterials, and organic nanoagents have been extensively 

explored. For example, a trifolium like platinum nanoparticles were designed as a PTA for 
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photothermal ablation of bone metastasis by PTT treatment with effectiveness (Figure 1.5A) [48]. 

Considering the deeper tissue penetrating ability of laser and specific targeting of PTA, deep 

tumor-penetrating NIR probe (DiR) loaded DPN as a PTA for PTT of tumor progression and 

metastasis of breast cancer was developed (Figure 1.5B) [49]. Found that, the nanosized DPN 

could penetrate into the deep of tumor tissues and heat generated upon NIR irradiation for 

photothermal ablation of cancer cells which obviously inhibited the proliferation and migration 

activities of metastatic breast cancer cells. 

 

Figure 1.5 (A) The TPN-mediated PTA therapy in a bone metastasis model [48]. (B) DiR-loaded 

photothermal nanotherapeutics (DPN) for PTT of breast cancer [49]. 

 

Another application of NIR photothermal agent is to collaborate with the thermo-

responsive polymer for remote activation and spatiotemporal control of the stimulation. The NIR 

light-responsive hydrogel that undergoing the gel to sol transition upon light exposure based on a 

photothermal effect was reported [50]. Gold nanorods (AuNRs) were loaded into an ABA-type 

triblock copolymer hydrogel in form of micelle whose constituted by thermoresponsive polymer 
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displaying an upper critical solution temperature (UCST). The hydrogel structure is stable at 

T<UCST while exposed to NIR light heat release from AuNRs can increase the temperature 

above UCST, resulting in gel-to-sol transition. The hydrogel became water soluble and the target 

drug molecules can be released. The organic agent such as polydopamine (PDA) were descripted 

to possess a PTA which shows higher photothermal efficiency than that of widely used gold 

nanorod [51]. Xu et al., 2017 reported the capping of PDA microspheres with a PNIPAm 

                   y                          −      PDA@PNIPA   y      y      I   

application was to use an NIR light-controlled release-targeted system for pesticide loaded [52]. 

In this research, we fabricated the new material, amino-CG@PDA, for control release the amine 

groups conjugated on carrageenan backbone by NIR light stimulus to induce the gel-to sol phase 

transition of carrageenan after getting enough heat. The intense information was detailed in 

chapter 3.   

1.5 Polysaccharide chemical reactions 

1.5.1 Thiol-Michael addition 

The Michael addition reaction is the reaction of an enolate-type nucleophile in the 

presence of a catalyst to α, β- unsaturated carbonyl which involves reactions in a myriad of 

organic synthesis to yield highly selective products. It is a simple, and highly effective reaction 

                   C−C                               y                             O               

attractive and longtime known of Michael addition reaction paradigm, thiol Michael reaction or 

thiol-ene addition reaction, has become popular in polymer chemistry [53,54]. Thiol Michael 

addition reactions can be readily actioned under base catalysis which can generate a thiolate anion 

by base abstract a proton from thiol. Then, the nucleophile thiolate anion attacks the electrophilic 

𝛽-carbon of the C=C, forming the intermediate carbon-centered anion which, being a strong base, 
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abstracts a hydrogen from the conjugate acid to yield the thioether as a product [55,56]. The 

mechanism of base-catalyzed thiol Michael addition presents in Figure 1.6. In this thesis, glycidyl 

methacrylate (GMA) was introduced to oxidized dextran (oxidized Dex-GMA) and hydrogel was 

formed through thiol Michael addition when dithiothreitol (DTT) was added to oxidized Dex-

GMA solution. The aldehyde groups from the oxidative cleavage of oxidized dextran were 

remained to react with primary amine for degradation trigger.  

 

Figure 1.6 Schematic presentation of mechanism of base-catalyzed thiol Michael addition [56]. 

 

1.5.2 Malaprade reaction  

Polysaccharide provide a profusion of compounds that contain hydroxyl groups on two or 

more adjacent carbon atoms, and its C-C bond can undergo oxidative scission selectively. 

Periodate oxidative cleavage of vicinal glycols was discovered by Malaprade as knows 

Malaprade reaction [57]. Malaprade reaction of carbohydrates by periodate ion was a classical 

method for a long time used for structure determination of complex carbohydrates. The using of 

periodate oxidation to introduce dialdehydes into polysaccharides (Figure 1.7) provides a number 

of interesting applications in tissue engineering, and drug delivery [58,59]. For drug carrier 

application, the degradation of hydrogel has been become interestingness. Thus, the scission of 
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aldehyde polysaccharide chain was developed by reaction with amino source to form Schiff base 

reaction, consequently, the main chain scission is started. 

 

 

Figure 1.7 (1→4)-linked residues where cleavage occurs between C2 and C3 [60]. 

 

1.5.3 Schiff base reaction 

Schiff bases (also known as imine or azomethine) is the reaction between any primary 

amine and an aldehyde or a ketone under specific conditions [61]. The electrophilic carbon atoms 

of aldehydes and ketones can be targets of nucleophilic attack by amines.  The end result of this 

reaction is a compound in which the C=O double bond is replaced by a C=N double bond (Figure 

1.8).  

 

 

Figure1.8 Schiff base reaction. 
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Schiff base reaction has been exceedingly used in situ cross-linked hydrogel systems for 

tissue engineering and drug delivery applications. For example, Tan et al. reported the 

biocompatible and biodegradable composite hydrogels for cartilage tissue engineering [62]. The 

hydrogel derived from N-succinyl-chitosan (S-CS) and aldehyde hyaluronic acid (A-HA), upon 

mixing by the Schiff base reaction between amino and aldehyde groups. In addition, the other 

types of polysaccharides can be oxidized and used for Schiff base mediated cross-linking, such as 

dextran, gum arabic, and cellulose [5,63,64,65]. In previous study, our group reported the 

adhesive hydrogel formation between the aldehyde dextran and ɛ-poly-L-lysine (ɛ-PL) via Schiff 

base reaction [4]. The gelation time of the hydrogel was easily controlled by the extension of 

oxidation degree in dextran and of the acylation in ɛ-PL by anhydrides. The prepared hydrogel 

were lower cytotoxicity than that of glutaradehyde and poly(allylamine). Moreover, the self-

degradation rate of this hydrogel bioadhesive through Maillard reaction can be controlled by its 

oxidation degree and type of anhydride species in the acylate poly-L-lysine which can develop in 

biomedical applications as a bioadhesive [66]. 

1.5.4 Maillard reaction 

The Maillard or browning reaction, interaction between amino and carbonyl compounds, 

resulting in complex changes in biological and food systems, refers to a complex set of amino-

carbonyl reaction with multiple mechanisms, pathways, and products. These reactions affect the 

color, taste, aroma, texture, nutritional value, and toxicity of foods during cooking [67]. The 

chemical aspects emphasize the importance of the amino-carbonyl reactions in food and 

biological systems which explore three types of the main constituents of all biological systems: 

proteins, polysaccharides, and lipids. The functional groups of their structural unit contained four 

groups of COOH, -OH, -NH2, and –CHO. In case of the reaction of enzymatic mediation, the 
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formation of polymeric biological constituents by one-step reversible condensation such as 

enzymatic polymerization of amino acids, which goes as far as to form protein. However, the 

nonenzymatic reaction of -CHO and –NH2 is quite different [68]. The first step of reaction 

between these groups is reversible process between formation and decomposition of glycosyl-

amino products but its products undergo Amadori rearrangement to form ketosyl-amino products 

which undergo complex irreversible reactions involving dehydration, rearrangement, scission, 

and so on to yield decomposed products (Figure 1.9).  It shows the unique features of the 

Maillard reaction involving irreversibility and complexity of the two functional groups -CHO and 

-NH and can recognizably different from the combinations formed by the other functional groups. 

 

Figure 1.9 Scheme of Maillard reaction adapted from Hodge (1953) [69]. 
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1.6 Research objective 

The main goal of the study is to overcome the drawback of uncontrollable degradation 

timing of oxidized dextran-based hydrogel prepared by the reaction between aldehyde group in 

oxidized dextran and amino group in poly-L-lysine which was started degradation after Schiff 

based reaction form. And as mechanical property of the hydrogel was decided by the number of 

cross-linking points, degradation time also depended on the mechanical property. Hence, if the 

degradation time is independent with mechanical properties, the widely application in biomedical 

field will be provided. Therefore, the hydrogel formation of oxidized dextran without using 

aldehyde groups was prepared. The remaining aldehyde of hydrogel was reacted with amino 

groups and the degradation is stared. The posteriori degradation was controlled by addition of 

amine source to aim the controllable degradation independently of mechanical properties of 

hydrogels. Moreover, I also considered the control release of amino source which is stimulated by 

NIR light to irradiate the temperature-sensitive material (amino functionalized carrageenan or 

amino-CG) for release its amino group to react with aldehyde remaining. Thus, the degradation of 

oxidized dextran-based hydrogel was controlled. 
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 Chapter 2 

Controlling degradation of 

oxidized dextran-based hydrogel 

 

2.1 Introduction 

Hydrogels are cross-linked polymer networks that have a high number of hydrophilic 

domains and are able to expand in many solvents and aqueous environments without dissolving 

due to the chemical or physical bonds formed between the polymer chains
 
[1, 2]. Natural 

polymers, specifically polysaccharides, are often used for hydrogel preparation because of their 

biocompatibility and chemical structure that facilitates the development of desirable 

functionalized materials [3]. To date, low toxicity, biocompatible, and degradable hydrogels have 

been designed using polysaccharides and functionalized polysaccharides for biomedical 

applications, such as tissue engineering scaffolds, wound dressings, and controlled drug delivery 

systems [4-8]. For example, alginate and its derivative hydrogels are compatible with a variety of 

techniques to control gelling and possess desirable physical and chemical properties that can be 

used to facilitate cell adhesion and control the speed of degradation, all of which can be combined 

to promote cell transplantation [9]. The periodate oxidation of alginate, which can be cross-linked 

with multivalent cations (Ca
2+

) to produce hydrogels, was observed to degrade in vitro in a 

phosphate buffer saline solution (PBS) (pH 7.4, 37 °C) within nine days [10]. These hydrogels 

can potentially be used in cartilage-like tissue formation. In drug delivery systems, an active 
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therapeutic agent is integrated with a polymeric network structure
 
that can control its release rate 

by allowing the hydrogel to safely degrade in the body when it is no longer needed [11]. 

Biodegradable polysaccharides, such as chitosan, alginate, xanthan gum, and dextran, have been 

widely researched for potential applications in drug carriers [12-15]. Among these, dextran has 

received significant attention.  

Dextran is a bacterial polysaccharide that is broadly applicable in the biomedical field 

due to its biocompatibility [16, 17], low toxicity [18], high natural abundance, and ability to 

degrade via enzymes in various parts of the human body, such as the spleen, liver, and colon, and 

is available in a wide range of molecular weights [4, 19]. Furthermore, dextran contains a large 

number of hydroxyl groups, which give it a high hydrophilicity and allow it to be used in 

chemical functionalization [3, 4, 20, 21]. The structure of dextran presents in Figure 1.1. In a 

previous report, Hyon et al. prepared hydrogels via the reaction between the aldehyde groups in 

the periodate oxidized dextran and the amino groups in the poly-L-lysine [18]. In that case, the 

hydrogels exhibited degradation in PBS and found that the degradation time could be controlled 

by the rate of aldehyde introduction and the amine concentration. The mechanism behind the 

degradation was reported as follows: the main chain of the oxidized dextran was degraded by the 

Maillard reaction that was triggered by the Schiff base formation between the aldehyde and 

amino groups. A two-dimensional (2D) nuclear magnetic resonance (NMR) scan revealed that the 

partial hemiacetal structures produced by the periodate oxidation reacted with the amino groups 

and underwent an Amadori rearrangement, which led to the scission of the glucose unit ring [22] 

(Figure 2.1). This study is based on and utilizes this reaction to overcome the following 

drawback. From the previous report, because the crosslink points formed by the reaction between 

the aldehyde groups in the oxidized dextran and the amino groups in the poly-L-lysine triggered 

the degradation of the hydrogel, the degradation speed was found to depend on the number of 
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chemical crosslink points during gelation [15, 23]. However, as the formation and degradation of 

this hydrogel occurred simultaneously after the Schiff base formation reaction between the 

aldehyde and amino groups, it was difficult to control the timing of the degradation. In addition, 

as the mechanical properties of the hydrogel were determined by the number of crosslinking 

points, the degradation time also depended on the mechanical properties, much like stiff 

hydrogels exhibit longer degradation times while soft hydrogels exhibit shorter degradation times. 

If a degradation control with respect to time and space can be identified that is independent of the 

mechanical properties, such as hard/fast or soft/slow combinations, these hydrogels could prove 

to be valuable platform materials for the fabrication of biodegradable scaffolds and drug carriers. 
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Figure 2.1 (A) Maillard reaction pathway for the reaction of aldehyde saccharides and amino 

acids. (B) Molecular scission mechanism of oxidized dextran by the reaction with amine [22]. 

 

In this study, glycidyl methacrylate (GMA) was immobilized into dextran (Dex-GMA) 

and oxidized by sodium periodate to introduce aldehyde groups, thereby creating oxidized Dex-

GMA. The oxidized Dex-GMA was crosslinked with dithiothreitol (DTT) by a thiol-ene-Michael 

addition reaction to form a hydrogel with the remaining aldehyde groups. Then, the a posteriori 

degradation was controlled by the addition of an amine source so that the degradation was 

independent of the mechanical properties of the hydrogels. It was thought that this novel strategy 

may open new avenues of approach to create tissue engineering and drug delivery system 

materials via a unique chemical stimuli (amino group) responsive degradation control.  

  

2.2 Materials and methods 

2.2.1 Materials 

Dextran (molecular weight (Mw) = 70 kDa) was acquired from Meito Sangyo (Nagoya, 

Japan), while GMA and DTT were purchased from TCI (Tokyo, Japan) and 4-
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Dimethylaminopyridine (DMAP) was obtained from Sigma Aldrich (St. Louis, MO, USA). 

Acetyl cysteine (Ac-Cys-OH) was obtained from Watanabe Chemical Ind., Ltd. (Hiroshima, 

Japan) and sodium periodate (NaIO4), disodium hydrogen phosphate (Na2HPO4), sodium 

dihydrogen phosphate (NaH2PO4), glycine, and other chemicals were purchased from Nacalai 

Tesque, Inc., (Kyoto, Japan). All chemicals were used without purification. 

2.2.2 Synthesis and characterization of the oxidized Dex-GMA 

Dex-GMA was synthesized by applying the method reported by Liu et al. [24]. In brief, 5 

g of dextran was combined with 20 mL of dimethyl sulfoxide (DMSO) and the solution was 

stirred until the dextran was completely dissolved. The transparent solution was then stirred for 

30 min under nitrogen gas. Then, 0.8 g of DMAP and 2.2 g of GMA were added to the solution 

under nitrogen gas for 30 min. The solution was stirred at 50 °C for 12 h before an equimolar 

amount of hydrochloric acid (HCl) was added to the solution mixture to neutralize the DMAP. 

The mixture was dialyzed against distilled water for one week using a dialysis membrane 

(MWCO = 3.5 kD). The resulting product was air dried for 48 h at 47 °C and vacuum dried for 48 

h at 25 °C to obtain Dex-GMA derivative as a pale yellow-brown flake product.  

Oxidized Dex-GMA was synthesized by the oxidation of dextran-GMA with sodium 

periodate [18]. Here, 2.5 g of Dex-GMA was dissolved in 10 mL of distilled water and various 

amounts of sodium periodate (0.375 to 1.25 g) were dissolved in 5 mL water. After dissolution, 

both solutions were mixed and the reaction was allowed to continue at 50 °C for 1 h. The mixture 

was dialyzed against running water overnight and water for one day using a dialysis membrane 

(MWCO = 3.5 kD). The resulting product was processed by air drying for 48 h at 47 °C and 

freeze drying for 48 h to obtain oxidized Dex-GMA, which was then characterized by 
1
H nuclear 

magnetic resonance (NMR) (600, 700, and 900 MHz equipped with a cryogenic probe, Bruker). 

The results of the 
1
H-NMR spectroscopy were used to investigate the degree of substitution (% 
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DS). In addition, oxidized dextran without GMA was synthesized by following the same method, 

except that dextran was employed as the starting material. The amount of aldehyde content in the 

functionalized dextran was determined using the fluorometry method [25]. Briefly, to prepare the 

mixture solution, 2.5 ml of 4.0 M ammonium acetate, 1.0 ml of 0.2 M acetoacetanilide (AAA), 

1.0 ml of ethanol, and a series of standard glutaraldehyde solutions or samples were combined. 

Then, the mixtures were diluted to 5 mL with purified water and left for 10 min. The relative 

fluorescence intensities of the reagent blank, standard glutaraldehyde, and the sample solutions 

were measured at 470 nm with an excitation wavelength of 370 nm. The aldehyde content was 

determined from the standard calibration graph. 

2.2.3 Gelation time measurement 

Gels can form when oxidized Dex-GMA is crosslinked by DTT. The same volume of 

10% (w/v) of oxidized Dex-GMA and 1.00, 1.36, or 2.72% (w/v) of DTT in PBS in which the 

molar ratio of C=C and thiol was equivalent at 1:0.74, 1:1, and 1:2, respectively, were mixed in a 

test tube and the gelation time was investigated by rheology analysis at a temperature of 37 °C. 

The molar ratio of the functional groups was varied by changing the concentration of the DTT to 

determine the gelling time. 

2.2.4 Determination of the thiol content by Ellman’s assay 

To characterize the reaction of the aldehyde in the oxidized Dex-GMA with DTT, 

oxidized dextran without GMA was used as model to react with the mono-               E     ’  

reagent, also known as 5,5'-Dithio-bis-(2-nitrobenzoic acid) or DTNB, was employed to evaluate 

the sulfhydryl group in the sample. Briefly, a set of test tubes was prepared, each of which 

contained 2.5 mL of reaction buffer (0.1 M phosphate buffer, pH 8), 1 mM of 

   y                            (EDTA)      5  μL    E     ’                   (         y 
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           4       E     ’             1  L                   )  T               y       ( –

1.5  M)    25  μL         k                                         t tube. The solution was 

mixed and incubated at 25 °C for 15 min, and then the absorbance was measured at 412 nm. The 

concentration of the experimental sample was determined by comparison to the calibration graph 

of standard cysteine. 

2.2.5 Rheological characterization 

The rheological properties were evaluated using a rheometer equipped with a 24.99 mm, 

2.069° cone (Rheosol G5000, UBM Co., Ltd., Kyoto, Japan). Briefly, 10% (w/v) of oxidized 

Dex-GMA (23% DS of GMA with varying degrees of oxidation) and 1 or 1.36% (w/v) of DTT in 

PBS with the same volume were mixed and placed into the gap between the lower plate and cone 

                                  37 °C  T    y              (G’)          (G”)               

hydrogels were determined via a frequency dispersion mode from 0.01 to 10 Hz. 

2.2.6 Determination of the amount of quantitative gel degradation 

To quantitatively evaluate the degradation of the gel, 0.5 mL of a 10% (w/v) oxidized 

Dex-GMA (23% DS of GMA with varying degrees of oxidation) aqueous solution and 0.5 mL of 

1.36 wt% DTT were mixed in a centrifuge tube (15 mL capacity). The mixture was incubated at 

37 °C for 30 min in water bath to allow for gelation. After the addition of 10 mL of PBS and an 

amino compound solution (1–10% (w/v) glycine solution), the tube was tightly sealed and 

incubated at 37 °C while being gently rotated. After the time interval had elapsed, the supernatant 

was removed and the remaining gel was rinsed with distilled water. Then, the remaining gel was 

freeze-dried (48 h) and vacuum dried (50 °C for 24 h). The weight of the remaining hydrogel was 

recorded versus the incubation periods. Samples were taken in triplicate (n = 3).  
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2.2.7 Determination of the molecular weight (Mw) by GPC 

Oxidized dextran and oxidized Dex-GMA at the same %oxidation were dissolved in a 

phosphate buffer solution (pH 7.4, 0.1 M) to achieve the desired final concentration of 2% (w/v). 

In this section, a monothiol reagent (Ac-Cys-OH) was used instead of DTT so as to not form a 

hydrogel. The same volume of glycine (or Ac-Cys-OH) with a concentration of 0.6% and 5% 

(w/v) was added to the dextran derivatives solution, which was then incubated at 37 °C. Glycine 

was used as an amine source and Ac-Cys-OH was used as an SH source. Gel permeation 

chromatography (GPC) (Shimadzu, Japan, BioSep-s2000 column, Phenomenex, Inc., CA, USA) 

was employed to determine the molecular weight of the dextran derivatives at the desired time 

after the reaction. Here, PBS was used as the mobile phase (flow rate = 0.50 mL/min) and 

pullulan was used as the standard. 

2.2.8 Kinetic analysis by NMR spectroscopy 

The NMR data was recorded on a Bruker Avance III 600, 700 and 900 MHz spectrometer 

equipped with a cryogenic probe at 25 °C for use in a kinetic analysis of the reactions between 

the oxidized dextran-GMA and the Ac-Cys-OH or glycine. Two-dimensional NMR techniques, 

including 
1
H–

13
C hetero-nuclear single quantum correlation spectroscopy (HSQC), 

1
H–

13
C 

hetero-nuclear multiple-bond correlation spectroscopy (HMBC), total correlation spectroscopy 

(TOCSY), and double quantum filtered-correlation spectroscopy (DQF-COSY), were used to 

analyze the oxidized Dex-GMA. In the kinetic analysis experiments, oxidized Dex-GMA [10% 

(w/w)), oxidized with NaIO4 (30% (w/w)], and 6% (w/w) Ac-Cys-OH or glycine, both in a 

PBS/D2O solution at pH 7, were mixed at a 1:1 ratio in an ice bath to delay degradation. The final 

concentration was 5% oxidized Dex-GMA and 3% Ac-Cys-OH or glycine. As the peak was 

broadened due to the high concentration of Ac-Cys-OH, the reaction between the 5% oxidized 
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Dex-GMA and 0.75% Ac-Cys-OH (low concentration Ac-Cys-OH) was monitored via NMR. 

Once the solution was mixed, it was immediately transferred to the NMR spectrometer, and the 

first 
1
H NMR spectrum was recorded 12 to 17 min later. Subsequently, one-dimensional 

1
H NMR 

spectra with presaturation were recorded every 5 min, and 24 scans were accumulated with a 

recycle time of 12.5 s. 

2.2.9 Cytotoxicity test 

Cell viability was determined by measuring the ability of the cells to convert 3-(4,5-

dimethyl thial-2-yl)-2, 5-diphenyltetrazalium bromide (MTT) to a purple formazan dye. L929 

cells suspended in a 0.1 mL medium at a concentration of 1.0 ×10
4
/mL were placed in 96-well 

culture plates. After 72 h incubation at 37 ℃, 0.1 mL medium containing different concentrations 

of oxidized Dex-GMA was added to the cells, followed by 48 h incubation. To evaluate the cell 

viability, 0.1 mL MTT solution (300 mg/mL in medium) was added to the cultured cells, which 

were further incubated for 4 h at 37 ℃. After removing the remaining medium, 0.1 mL DMSO 

was added to each well to dissolve the precipitation. The resulting color intensity, which was 

proportional to the number of viable cells, was measured by a microplate reader (versa max, 

Molecular Devices Co., CA, USA) at 540 nm. The cytotoxicity of the test substances was 

expressed as the 50% inhibition concentration of growth (IC50), which was defined as the 

concentration in the culture at which the cell activity was reduced to 50% of that of the untreated 

control cells. 
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2.3 Results and discussion 

2.3.1 Characterization of the oxidized Dex-GMA 

The concept of this study is depicted in Figure 2.2. The synthesis of the oxidized Dex-

GMA was conducted in two steps, as shown in Figure 2.2A. In the first step, dextran was 

modified by GMA in DMSO as per the method described in the literature [24]. The reaction 

between the GMA and dextran proceeded via a nucleophilic attack of a hydroxyl group of dextran 

on the methylene carbon of the epoxy group of GMA [26, 27]. The dried Dex-GMA product was 

then oxidized by NaIO4 to introduce aldehyde groups via Malaprade oxidation [18]. The 

formation of a hydrogel was accomplished by adding DTT to react with the C=C and SH via a 

Michael addition reaction with the remaining aldehyde groups (Figure 2.2B). In addition, an 

amine source was added to the hydrogel to react with the aldehyde to form a Schiff base and 

initiate the degradation of the hydrogels, which resulted in a Maillard reaction (Figure 2.2C). 

Assignments of the oxidized Dex-GMA were conducted with 
1
H–

13
C HSQC, 

1
H–

13
C HMBC, 

TOCSY, and DQF-COSY in 
13

C and 
1
H NMR. The 

1
H–1

3
C HSQC NMR spectrum of the just 

prepared oxidized Dex-GMA is shown in Figure 2.3A. In the figure, it can be see that the NaIO4 

oxidized and cleaved the C2–C3 and C3–C4 bonds in the glucose unit in the dextran. Also, the 

aldehyde groups reacted with the adjacent hydroxyl groups to form hemiacetal structures [28, 29]. 

From the NMR measurements in our previous study, oxidized dextran contains many types of 

hemiacetal substructure units, of which at least four substructures, including a non-oxidized 

glucose unit, were observed. The existence of these structures is consistent with those proposed 

by Ishak [30]. The four types of partial structures, including GMA immobilized oxidized dextran, 

and the chemical shifts of the substructures are listed in Table 2.1. In terms of the C2–C3 bond 

cleavage, oxidized glucose was converted into hemiacetal substructure 3, and the C3–C4 cleavage 

was consistent with hemiacetal substructure 4. Then, when both the C2–C3 and C3–C4 bonds 
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were cleaved and the C3 was removed, the C2 and C4 aldehydic carbons with a water molecule 

were converted into hemiacetal substructure 2 (Figure 2.3A bottom schemes). The DS of the 

GMA in the oxidized Dex-GMA was calculated from the 1D 
1
H-NMR (Figure 2.3B). The proton 

chemical shift of the Dex-GMA spectrum resulted in new proton peaks that exhibited resonances 

at 5.70–6.26 and 1.95 ppm, which are consistent with vinyl and methyl protons, respectively. The 

DS of the GMA into dextran was 23.1% ±1.3, which was calculated by comparing the ratio of the 

areas under the proton peaks at 2.0 ppm (methyl protons in GMA) to the peak at 3.3-4.2 (dextran 

sugar unit protons, H2-H6) based on the NMR spectra. The oxidized Dex-GMA spectrum should 

exhibit the proton chemical shift of aldehyde around 9–10 ppm; however, a peak with a low 

intensity at 9.6 ppm was observed instead, which is likely due to the very low concentration of 

aldehyde protons [3, 31] that was caused by the above mentioned hemiacetal formation.  

A 

 

B 
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C 

 

Figure 2.2 Syntheses of oxidized Dex-GMA based hydrogels. (A) The process used to synthesize 

oxidized Dex-GMA. (B) The proposed model of an oxidized Dex-GMA based hydrogel. (C) 

Schematic depiction of the formation of an oxidized Dex-GMA based hydrogel and its 

subsequent degradation by the addition of amino groups. 
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A 

 



Chapter 2 

Controlling degradation of oxidized dextran-based hydrogel 

   

40 

 

 

B 

 

Figure 2.3 NMR Spectra of the oxidized Dex-GMA. (A) 
13

C–
1
H HSQC NMR spectrum of newly 

oxidized Dex-GMA. Assignments of substructures 2 (black), 3 (red), and 4 (green), non-oxidized 

glucose (yellow), and GMA (gray) are indicated close to the NMR signals in the HSQC and 1D 

1
H NMR. The assignment numbers represent the positions of the 

1
H and 

13
C in each substructure. 

The substructures that were identified in the oxidized Dex-GMA are 1: glucose, 2: C2–C3 and 

C3–C4 cleavage, C3 desorption, hemiacetal structure, 3: C2–C3 cleavage, hemiacetal structure, 4: 

C3–C4 cleavage, hemiacetal structure. (B) One-dimensional 
1
H NMR of Dex-GMA and oxidized 

Dex-GMA for calculating the degree of substitution of the GMA. 
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Table 2.1 Chemical shift data* for substructure of oxidized Dex-GMA (23% DS of GMA and 

24% oxidation) 

 

 

The aldehyde content could not be quantitatively detected via the iodometric method due 

to a disturbance in the reaction of the methacrylate groups in the oxidized Dex-GMA and iodine 

[32]. Hence, the aldehyde content was determined based on the reaction between acetoacetanilide 

(AAA) and formaldehyde in the presence of ammonia, which was reported by Li et al.
 
[25]. The 
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aldehyde content in the oxidized Dex-GMA was then determined using the corresponding 

calibration curves. The degree of oxidation was evaluated from the oxidation percentage per 

glucose unit, which is defined as the number of C-C bonds cleaved in the 1,2-diol in each glucose 

unit. By way of the fluorescence intensity, the degree of oxidation of the oxidized Dex-GMA was 

well controlled from 10 to 41% (Figure 2.4), which is consistent with the results in previous 

report. In the remainder of this chapter, I denote the particular oxidized Dex-GMA as Ox(XX%)-

GMA(YY%)-Dex, where XX is the degree of oxidation and YY is the DS of the GMA.  

 

 

Figure 2.4 Effect of the periodate concentration on the oxidation of the Dex-GMA. 

 

2.3.2 Cytotoxicity assay 

 The cytotoxicity of dextran, Ox-(24%)-GMA(23%)-Dex and glutaraldehyde to L929 cells 

was evaluated by the MTT assay and the results were given in Figure 2.5 and Table 2.2. IC50 of 

Ox(24%)-GMA(23%)-D x     15362±1353 μ / L (1 5  /  %)                      
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 y    x    y                 y   (IC5      5 6 μ / L)  A             y    x    y         y   

dextran was enhanced by the oxidation and introduction of aldehyde, the cytotoxicity was still 

1/3000 that of glutaraldehyde. Such low toxicity of oxidized dextran was consistent with our 

previous report [18]. The low cytotoxicity of aldehyde in the oxidized dextran was likely to 

ascribe to its low reactivity [18] with amine species due to the hemiacetal formation described in 

the further section. 

 

Figure 2.5 Cytotoxicity of dextran, Ox(24%)-GMA(23%)-Dex and glutaraldehyde. 
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Table 2.2. IC50 of dextran, Ox(24%)-GMA(23%)-Dex and glutaraldehyde to L292 cells. 

Material IC50 (μg/mL) IC50 (-CHO/10
-6

 M) 

Dextran >50000 - 

Ox(24%)-GMA(23%)-Dex 15362 ± 353 45471 ± 1044 

Glutaraldehyde 5.6 ± 0.1 112.1 ± 3.1 

 

 

2.3.3 Gelation time of the oxidized Dex-GMA with DTT 

A hydrogel can be formed by mixing 10% (w/v) oxidized Dex-GMA and various 

concentrations of DTT in PBS at a temperature of 37 °C via a Michael reaction between the 

methyl acrylate (from oxidized Dex-GMA) and thiol groups (from DTT) [24]. An opaque white 

hydrogel was observed in all samples and the gelation time could be controlled by varying the 

molar ratio of the C=C and thiol groups (Figures 2.6A and 2.6B). The gelation time decreased as 

the amount of crosslinker DTT increased. For example, the hydrogel reached the gel point within 

4.83 ± 0.53 min for a molar ratio of 1:2, which was approximately three times faster than that for 

a 1:0.74 ratio (13.83 ± 0.76 min). These results indicate that the gelation process can be 

accelerated by increasing the crosslinker concentration.   
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A 

 

 

 

 

 

 

 

 

 

 

B 

 

Figure 2.6 (A) Rheology analysis of oxidized Dex-GMA based hydrogels at different molar 

ratios of methyl acrylate to thiol. (B) Gelation time obtained from the rheology analysis. 
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2.3.4 Rheological measurements 

To assess the effects of the mechanical properties on the strength of the oxidized Dex-

GMA based hydrogel, a rheology test (Figure 2.7A and 2.7B) was performed on the hydrogels by 

mixing them with 1 or 1.36% DTT and 10% oxidized Dex-GMA (23% DS of GMA with varying 

degrees of oxidation). The addition of 1.36% w/v of DTT and a mole of thiol and methylacrylate 

are equivalent amounts, and the thiol content was less than the amount of methylacrylate when 

1%  /     DTT            H                        DTT                                  G’ 

due to the increase in the crosslinking points. The oxidized Dex-GMA based hydrogel with same 

degree of oxidation showed dissimilar dynamic moduli when different concentrations of DTT 

           I                  1 36%  /  DTT      G’     G”                               1% 

w/v DTT addition because both the amount of thiol and the number of crosslinking points 

decreased, which caused a decrease in the dynamic moduli [33]. Interestingly, the degree of 

oxidation affected the storage moduli of various hydrogels. For example, the Ox(24%)-

GMA(23%)-Dex  y         x                 G’                         Ox(1 %)-

GMA(23%)-Dex hydrogels (the reasons for this are discussed in Section 2.3.8). Hence, these 

results demonstrate that the mechanical properties can be controlled by changing the degree of 

oxidation of the Dex-GMA and the concentration of the crosslinker.  

In previous work, the dynamic moduli which were dependent on the degree of oxidation 

because crosslinking occurred in the reaction between the aldehyde and amine in the poly-L-

lysine was reported [33]. However, in this report, the aldehyde content found to be not related to 

the crosslinking but the results indicated that the mechanical properties of the hydrogels depended 

on the aldehyde content. This means that the aldehyde groups may react with the thiol groups 

(this is analyzed in Section 2.3.8). The mechanical properties of the hydrogels were able to 



Chapter 2 

Controlling degradation of oxidized dextran-based hydrogel 

   

47 

 

control from 0.1 to 10 kPa by using DTT and oxidized Dex-GMA with varying degrees of 

oxidation.  

     A 

 

 

 

 

 

 

B 

              

 

 

 

 

 

 

 

 

 

Figure 2.7 Dynamic moduli of various oxidized Dex-GMA        y       : (A) G’     (B) G”  
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2.3.5 Quantitative gel degradation 

The gel formulation of oxidized Dex-GMA was produced by crosslinking the oxidized 

Dex-GMA with DTT, which resulted in an opaque white hydrogel. In a previous study, glycine 

was used as a monoamine source to control the degradation of the oxidized dextran [22]. In this 

report, glycine was also used to react with the remaining aldehyde in the oxidized Dex-GMA 

hydrogel that had been prepared via DTT crosslinking. As shown in Figures 2.8A and 2.8B, the 

addition of glycine (an amine source) caused the gel to degrade. During the course of the 

degradation process, the color of the hydrogels after being left in a glycine solution changed to 

brown, which indicates that a Maillard reaction occurred after a Schiff base formed between the 

aldehyde and primary amino groups [22, 33, 34]. Figure 2.8A shows the gel degradation with 

different degrees of oxidation (0%, 10%, and 24% oxidation) and concentrations of DTT (1% and 

1.36% w/v) in the presence of a glycine solution. The Ox(0%)-GMA(23%)-Dex and Ox(10%)-

GMA(23%)-Dex hydrogels, after reacting with 1.36% w/v DTT, exhibited the      G’           

in Figure 2.7A. The differences in the hydrogel degradations are represented by the solid red and 

blue lines (Figure 2.8A). Almost 100% of the remaining weight was observed in the Ox(0%)-

GMA(23%)-Dex hydrogel but no hydrogel remained in the case of the Ox(10%)-GMA(23%)-

Dex hydrogel after eight days. This was likely because there were no aldehyde groups in the gel 

to react with the amino groups from the glycine solution; thus, degradation did not occur. In 

addition, the hydrogels with 10% oxidation but different concentrations of DTT crosslinker 

exhibited the same degradation of the hydrogel but differing mechanical strengths, as indicated by 

the solid and dashed blue lines. This may be because the number of crosslinking points was 

different in the various concentrations of DTT that had differing mechanical properties; however, 

the number of degradation points (aldehyde groups) were the same. Therefore, the degradation 

pattern was the same. In the case of the Ox(24%)-GMA(23%)-Dex hydrogels, the mechanical 
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properties were different when the DTT concentrations were 1.36% and 1% (Figure 2.7A orange 

solid and dashed lines); however, the degradation after the glycine was added showed a similar 

trend (Figure 2.8A orange solid and dashed lines). For easier consideration, the summary of 

mechanical properties in term of crosslink densi y (ν)                       of various hydrogels 

was showed in Table 2.3. The crosslink density can be estimated from the plateau storage 

         G’, of hydrogel as the following equation: 

G’ = νkT 

Where k and T are the Botzmann constant (1.38x10
-23

 m
2
.kg.s

-2
.K

-1
) and temperature (K), 

respectively. 

These findings clearly suggest that the degradation speed can be controlled independently of the 

mechanical strength of the hydrogels.   

In Figure 2.8B, the weight that remained of the Ox(24%)-GMA(23%)-Dex with 1.36% 

DTT hydrogels in the 0 to 10% glycine PBS solutions were plotted. After eight days, more than 

80% of the Ox(24%)-GMA(23%)-Dex based hydrogel remained in the PBS that did not contain 

glycine, and the gradual decrease that was observed may have been due to the hydrolysis of the 

ester bonds. In contrast, the degradation of the hydrogels in the presence of glycine was found to 

be dependent on the concentration. The remaining weight of the Ox(24%)-GMA(23%)-Dex 

hydrogel after eight days of incubation in 1% glycine was 60.7% while complete degradation was 

observed in the 5% and 10% glycine solutions. In the latter cases, the majority of the degradation 

was observed in the first four days. This suggests that the degradation reaction was faster than the 

hydrolysis of the ester bonds, and that the degradation of the hydrogels was triggered by the 

reaction between the aldehyde and amino groups. The oxidized Dex-GMA based hydrogel was 

stable in PBS but degraded in the presence of glycine, which suggests the degradation of the 

oxidized Dex-GMA hydrogel can be controlled by adding an amino source and that the rate of 
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degradation can be accelerated by increasing the concentration of the amino source. To confirm 

the degradation of oxidized Dex-GMA, GPC was used to track the decreasing molecular weight 

of the polymer.     

 

2.3.6 Determining molecular weight via GPC 

In this section, the decreasing molecular weight of the oxidized Dex-GMA after reacting 

with the mono-thiol reagent, Ac-Cys-OH, and glycine is described. The molecular weight of 

various samples after reacting with Ac-Cys-OH and glycine solutions of various concentrations 

were recorded by GPC, as shown in Figure 2.9.  As shown, when the Ox(24%)-GMA(23%)-Dex 

(1% w/v) reacted with 0.3 and 2.5%  w/v of Ac-Cys-OH (here, the thiol amount was similar and 

eight times higher than C=C concentration, respectively), the molecular weight remained 

unchanged after 3 h.  The molecular weight of the Ox(24%)-GMA(23%)-Dex decreased rapidly 

in the glycine solution during the first 30 min, and then reduced gradually until it became steady. 

This is consistent with the results of the previously reported molecular degradation of oxidized 

dextran by glycine, and suggests that the GMA conjugation did not affect the degradation. In this 

study, we conclude that the hydrogels via the Michael addition between the GMA and thiol was 

stable in the PBS. The degradation of the hydrogel was controlled by the a posteriori addition of 

amine sources by main chain scission via a Maillard reaction independent of the mechanical 

properties.  
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A 

 

B 

 

Figure 2.8 Degradation of the oxidized Dex-GMA (23% DS of GMA) hydrogel at 37 °C. (A) Gel 

degradation with different degrees of oxidation and different concentrations of DTT in a 1% w/v 

glycine solution. (B) Gel degradation of the oxidized Dex-GMA with 23% DS of GMA and 24% 

oxidation with different concentrations of glycine. 
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Table 2.3 Crosslink density and degradation pattern of various hydrogels with different oxidation 

degree and concentration of crosslinker 

Sample name ν (x 10
22

 m
-3

) Degradation ratio at 8 days 

(%) 

Ox(0%)-GMA(23%)-Dex – 1.36% DTT 12 ~0 

Ox(10%)-GMA(23%)-Dex – 1.36% DTT 12 100 ± 0.04 

Ox(10%)-GMA(23%)-Dex – 1% DTT 3.8 100 ± 0.00 

Ox(24%)-GMA(23%)-Dex – 1.36% DTT 304 40 ± 0.18 

Ox(24%)-GMA(23%)-Dex – 1% DTT 140 40 ± 0.50 

 

However, the addition of thiol into the Ox(24%)-GMA(23%)-Dex (green and orange 

lines in Figure 2.9) resulted in almost no molecular degradation. This suggests that the thiol and 

GMA reaction did not affect the degradation of the polymer chain. Interestingly, a slower 

degradation was observed when the Ox(24%)-GMA(0%)-Dex was mixed with thiol (black and 

yellow lines in Figure 2.9). This indicates that the aldehyde may react with the thiol and 

accelerate the molecular scission in the polymer main chain. To confirm this, detailed reaction 

kinetics analyses of the reaction between the thiol and aldehyde and the thiol and GMA were 

performed using the 2D NMR technique described in the following section. 
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Figure 2.9 Changes in molecular weight of oxidized Dex-GMA (23% DS of GMA and 24% 

oxidation) and oxidized dextran (24% oxidation) in present of a monothiol reagent and glycine 

over the course of five days. 

 

2.3.7 Determination of the reaction between the aldehyde and thiol 

The aldehyde content in the Ox(24%)-GMA(23%)-Dex in the presence of thiol groups 

was determined via a fluorometry method in order to investigate the reactivity between the 

aldehyde and thiol. The aldehyde content of each of the samples is summarized in Table 2.4. 

Without the monothiol reagent, the volume of the aldehyde group in the Ox(24%)-GMA(23%)-

Dex was 2.96 x 10
-5

 mole in 0.1 mL of solution. Interestingly, the amount of aldehyde showed a 

tendency to decrease when the mono-thiol concentration increased. When 3% (w/v) thiol was 

added, the volumes of the thiol and methacrylate were equivalent in the solution. When 1.5 and 

3.0% Ac-Cys-OH were added, the amount of aldehyde did not significantly decrease; however, 
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when 5% of Ac-Cys-OH was added, the aldehyde amount did significantly decreased. This 

suggests that the thiol groups were able to react with the aldehyde. 

To confirm the reaction of the aldehyde in the oxidized Dex-GMA with the thiol groups 

from the DTT, Ox(24%)-GMA(0%)-Dex (without introducing GMA) was used as model to react 

with the mono-thiol reagent, Ac-Cys-OH  E     ’                                             

sulfhydryl groups remaining in the sample. Here, a fixed amount of Ac-Cys-OH was added to the 

solution of oxidized dextran with various concentrations. The results showed that the 

concentration of the thiol groups decreased when the amount of oxidized dextran increased, as 

shown in Figure 2.10. From this, it can be concluded that the aldehyde can react with the thiol 

groups. From the literature, thiol reacts with aldehyde to produce hemithioacetal [35, 36]. 

However, from the result of Table 2.4, the thiol group reacts dominantly with the methacrylate 

group via a Michael addition reaction. Thus, less DTT should be added than immobilized GMA 

in the oxidized Dex-GMA to preserve the aldehyde groups after gel formation. The proposed 

model describing the formation of an oxidized Dex-GMA based hydrogel is shown in Figure 

2.2B. The remaining aldehyde will react with the amine sources after gel formation, which will 

result in a degradation reaction (Figure 2.2C).  
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Table 2.4. Analytical results for determining the aldehyde content in the oxidized Dex-GMA 

Sample -CHO found in 0.1 mL of 10% Ox(24%)-GMA(23%)-Dex 

(x 10
-5

 mole) 

Ox(24%)-GMA(23%)-Dex + 

0% (w/v) Ac-Cys-OH 

2.96 ± 0.41 

Ox(24%)-GMA(23%)-Dex + 

1.5% (w/v) Ac-Cys-OH 

2.77 ± 0.15 

Ox(24%)-GMA(23%)-Dex + 

3% (w/v) Ac-Cys-OH 

2.55 ± 0.35 

Ox(24%)-GMA(23%)-Dex + 

5% (w/v) Ac-Cys-OH 

1.94 ± 0.81*** 

Different from 0% (w/v) of Ac-Cys-OH at *** p < 0.035 

 

 

Figure 2.10 Sulfhydryl content of the reaction of oxidized dextran and Ac-Cys-OH. 
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2.3.8 Kinetic analysis of the reaction between the GMA and thiol, and the aldehyde 

and thiol by NMR 

The identified time dependent NMR peak changes in the 5% Ox(24%)-GMA(23%)-Dex 

with 0.75% Ac-Cys-OH (low concentration condition) are shown in Figure 2.11. Under these 

conditions, there was more C=C than thiol. Figure 2.11A shows the time dependent peak intensity 

changes via the red to blue lines. The kinetics of the specific peaks are shown in Figures 2.11B–F. 

The aldehyde groups in the oxidized part reacted with adjacent hydroxyl groups to form 

hemiacetal substructures (substructures 2 to 4). Proton peaks in substructures 2 and 4 and the Ac-

Cys-OH decreased (Figures 2.10B, C, and F). In contrast, the peaks of the GMA vinyl protons 

and substructure 3 showed no decrease in intensity (Figures 2.11D and E). These suggest that the 

thiol reacted quickly with aldehyde substructures 2 and 4, and not with the vinyl protons in the 

GMA. Substructure 3 did not react with the thiol under these conditions. The time dependent 

NMR peak changes in the 5% Ox(24%)-GMA(23%)-Dex with 3% Ac-Cys-OH (high 

concentration condition) are shown in Figure 2.12. Under these conditions, there was more thiol 

than C=C. The peak intensity of the vinyl protons in the GMA (5.8 and 6.2 ppm) rapidly 

disappeared after the reaction with the thiol groups (Figure 2.12B) after a time constant of 0.53 h.  

Under these conditions, the protons from all substructures decreased after mixing with 

the thiol. Substructures 2 (H4 peak at 5.40 ppm) and 4 (H3/4 peak at 5.72 ppm) exhibited very 

rapid decomposition, which meant that the reaction was almost finished by the time the 

measurement started. However, substructure 3 (Figure 2.12C, H2 peak at 5.53 ppm) decomposed 

with a time constant of 4.33 h, which was slower than the time for the GMA peak to diminish, 

which had a time constant of 0.53 h. Comparing the speed of reaction with the thiol, it can be said 

that substructures 2 and 4 were faster than that for the GMA, and substructure 3 was later than the 

GMA. 
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Figure 2.11 (A) One-dimensional 
1
H NMR spectra of the reaction of 5% Ox(24%)-GMA(23%)-

Dex and 0.75% Ac-Cys-OH (low concentration condition), and a kinetic analysis of the time-

course NMR spectra for (B) substructure 2, (C) substructure 4, (D) vinyl group, (E) substructure 
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3      (F) α           A -Cys-OH. The solid lines were computed by single-exponential curve 

fitting, and the time constants (   of the exponential function are shown. 

 

Figure 2.12 (A) One-dimensional
 1

H NMR spectra of reaction of the 5% Ox(24%)-GMA(23%)-

Dex and 3% Ac-Cys-OH (high concentration condition) and a kinetic analysis of the time-course 

NMR spectra for (B) the vinyl group, and (C) substructure 3. Solid lines are calculated by single-

exponential curve fitting and the time constants (   of the exponential function are shown. 

 

The reaction products of the thiol and aldehyde are shown in Figures 2.13A and 2.13B. 

These peaks were assigned to monothioacetal protons. Although, under high concentrations of 

thiol, the proton peaks of the reaction products were so broad they could not be assign to the 

structures, at low concentrations, the thioacetal production could be allocated between thiol and 

substructure 4 by HSQC and HMBC (Figure 2.14). In low concentration Ac-Cys-OH conditions, 

most of the thiol was consumed to produce thioacetal with aldehydes, which suggested fast 
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reaction aldehydes. This can be confirmed by thiocetal proton peak increasing (Figure 2.15). 

From this, it was determined that aldehyde (substructure 4), which reacted quickly with thiol, 

formed thioacetal, based on which the main structure of the product was assigned (Figure 2.13A). 

By comparing the production peaks between low and high concentrations of Ac-Cys-OH, I 

detected the same proton peaks in the high concentration condition, which indicates that 

thioacetal was produced even in high Ac-Cys-OH conditions (Figure 2.13B). It was determined 

that stable thioacetal [37] also contributed to the crosslinks in addition to the thiol-en crosslinking 

during hydrogel formation by the oxidized Dex-GMA and DTT. This is why the storage moduli 

in the Ox(24%)-GMA(23%)-Dex hydrogels were higher than those in the Ox(0%)-GMA(23%)-

Dex or Ox(10%)-GMA(23%)-Dex hydrogels (Figure 2.7A). This was also supported by the 

observation that the oxidized dextran without GMA took the form of a hydrogel when mixed with 

DTT. However, the gelation time was very slow, which suggests the crosslinking by thioacetal 

may not be dominant.  
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Figure 2.13 
13

C-
1
H HSQC NMR spectrum of (A) 5% Ox(24%)-GMA(23%)-Dex and 0.75% Ac-

Cys-OH and the estimated main structure of the thioacetal produced by the reaction between thiol 

and aldehyde (substructure 4), and (B) 5% Ox(24%)-GMA(23%)-Dex and 3% Ac-Cys-OH. 
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Figure 2.14 HMBC and HSQC for the assignment of thioacetal (substructure 4) of the reaction of 

5 % Ox(24%)-GMA(23%)-Dex and 0.75 % Ac-Cys-OH (low concentration condition). 

 

Figure 2.15 (A) One-dimensional 
1
H NMR spectra of the reaction of 5 % Ox(24%)-GMA(23%)-

Dex and 0.75 % Ac-Cys-OH (low concentration condition), and a kinetic analysis of the time-

       NMR                        Hα    (B) 4 58     (C) 4 64      
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As shown in Figure 2.16, the reduction in the end proton production only in high 

concentration Ac-Cys-OH conditions (black dots surrounded by circles) was detected. More rapid 

reductions in the number of end protons in the glucose unit was taken as evidence of main chain 

scission. This result suggested that the molecular degradation in the polysaccharide main chain 

also occurred after the reaction between the thiol and slow reacting aldehyde, which contradicts 

the GPC results. However, in Figure 2.9B, the yellow and black lines (Ox(24%)-GMA(0%)-Dex 

and thiol reaction) indicate a gradual degradation, which may be a result of the main chain 

scission after the aldehyde and thiol reaction, although a more detailed quantitative analysis will 

be required to confirm this. Also in Figure 2.8B, the Ox(24%)-GMA(23%)-Dex hydrogel 

exhibited slight degradation in PBS without an amine source, which may have been due to not 

only ester hydrolysis, but also to the main chain degradation caused by the thiol and aldehyde 

reaction. However, there were multiple crosslinking points of thiol-en and thiol-aldehyde, which 

should have delayed the degradation of the hydrogel. The rapid aldehyde reaction (substructure 2, 

4) formed thioacetal with SH, followed by SH reacting with the GMA. Then, since SH reacted 

with substructure 3 and generated reducing ends, this suggests it was involved in the molecular 

decomposition. 
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Figure 2.16 HSQC ana y       (A) α     (B) β                                                 

oxidized GMA-Dex and low (blue) and high (black) concentration Ac-Cys-OH. 

 

In Figure 2.17, the rapid decomposition of the aldehydes (hemiacetal substructure 2) in 

the Ox(24%)-GMA(23%)-Dex and glycine (model of amine source) mixture was confirmed. In 

addition, reducing the end proton signal suggested the main chain scission increased. 

Interestingly, based on the Figure 2.18 peak around 2.2 ppm, methylene groups were generated 

and this was ascribed to 3-deoxyosone during the progress of the Maillard reaction (Figure 2.1), 

which is consistent with the previous report [22], including the introduction of GMA. However, 

these methylene proton peaks were not observed in the mixture of Ox(24%)-GMA(23%)-Dex and 

Ac-Cys-OH, which suggested there was a different degradation pathway between the aldehyde 

and thiol, and aldehyde and amine reactions. This was also confirmed by the color change of the 

hydrogels, for example, the addition of glycine addition caused the hydrogel to turn brown. 

Therefore, the reaction mechanism was concluded as follows. There were fast and slow reactive 



Chapter 2 

Controlling degradation of oxidized dextran-based hydrogel 

   

64 

 

aldehyde substructures in the oxidized Dex-GMA, and the fast reactive ones reacted with the thiol 

to produce thioacetal, which resulted in crosslinking. Then, the thiol reacted with the GMA to 

produce dominant crosslinking points, followed by the slow reactive aldehydes reacting to the 

thiol and contribute to the main chain scission of the oxidized Dex-GMA. Finally, the a posteriori 

addition of amine resulted in a reaction with hemiacetal that led to a Maillard reaction via 

dexyosone production and accelerated the degradation. Considering these complicated reaction 

mechanisms, hydrogels were able to prepare in which the degradation timing was controlled 

independently of the mechanical properties. 

 

 

Figure 2.17 Kinetic analysis of time-course NMR spectra for substructure 2 for the reaction of 

Ox(24%)-GMA(23%)-Dex and glycine. 
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Figure 2.18 Kinetic analysis of time-course NMR spectra for methylene group for the reaction of 

Ox (24%)–GMA (23%)-Dex and glycine.  
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2.4 Conclusion 

As described, by introducing GMA into oxidized dextran and then forming a hydrogel 

with DTT while preserving the aldehyde, the major drawback of oxidized dextran and polyamine 

hydrogels which was the uncontrollable degradation have overcome.  In the proposed 

formulation, degradation did not occur immediately after the hydrogels were formed. Instead, the 

degradation could be controlled by the posteriori addition of an amine source, and interestingly, 

the degradation speed could be controlled independently of the mechanical properties of the 

hydrogel. The mechanical properties were found to depend on the number of crosslinking points, 

and NMR was used to determine that both the GMA and aldehyde groups react with thiol to form 

crosslinking points. Thus, the mechanical properties could be controlled by the numbers of both 

the GMA-thiol and aldehyde-thiol crosslinks. The addition of amine began a reaction with the 

remaining aldehyde, which triggering the degradation through a Maillard reaction via a Schiff 

base reaction. To the best of these knowledge, this is the first time the details of these degradation 

mechanisms have been elucidated at the molecular level. This level of understanding of the 

mechanism of molecular degradation is an important step toward the design of polymer materials 

in which the degradation can be precisely controlled. In the human body, there are many amine 

sources, such as proteins. This hydrogel must therefore be capable of biodegradation. For external 

stimuli responsive drug delivery applications, the study involving some combination of 

temperature responsive hydrogels that incorporate amine sources for control amino release 

manner should be studied. Therefore, in the next chapter, I prepare the novel system to 

temperature responsive materials to release amino compounds by external NIR light stimulation. 
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Chapter 3 

Control release of amino source 

3.1 Introduction 

The design, development, fabrication and application of polymeric biomaterials have 

been designed and developed for improving human health and quality of life by using in 

biomedical application such as tissue engineering, artificial organs, regenerative medicine and 

controlled release system. The polymeric materials have been developed to create the smart, 

intelligent or stimuli-responsive materials [1,2,3]. There are various stimuli that can affect the 

alterable properties of smart polymers, such as temperature, pH, enzyme and light [4,5,6]. The 

thermoresponsive polymers are widely employed as a smart polymers which shows an important 

characteristic properties of alterable phase transition, occurring when response to a change in 

temperature [7]. This unique property can reach the smart polymers as on-off switchable control 

by temperature. 

Thermoresponsive polymers are materials that undergo reversible phase transition by 

responding to an environmental temperature change. Temperature-sensitive hydrogel have gained 

considerable attention in the pharmaceutical field due to the ability of the hydrogels to swell or 

de-swell as a result of changing the temperature of the surrounding fluid. The sensitivity to the 

thermal environment of hydrogel have been used for various proposes, especially on-off release 

of drugs or other substances when temperature increased from physiological to higher or 
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decreased to lower. There are various type of polymers which show temperature-sensitive 

behavior, not only synthetic polymer but some chemical modified natural polymers also.  

Poly(N-alkyl (meth)acrylamide)s are maybe the most studied temperature-sensitive 

polymer, particularly, homopolymers and copolymer of PNIPAM which have earned strong 

attention because of its well defined structure and property specially and its lower critical solution 

temperature (LCST) is closed to human body and can be improved its structure as well. The 

LCST polymers compress upon increase in temperature beyond their critical temperature [8]. 

PNIPAM contains amide (-CONH-) and propyl (-CH(CH3)2) moieties in the monomer structure 

which are an important part in response to temperature change. When temperature is low, the 

hydrophilic amide group is solvated by the water molecules thus their hydrogen bonding results 

in the structured hydration shell, as a result the polymer is soluble. When the temperature 

increase, the interactions among the hydrophobic groups (-CH(CH3)2) become strong because of 

the weakness of hydrogen bonding, leading to the release of water from the structure [8,9]. Due to 

the phase transition property, this polymer are more favorable for biomedical purposes which can 

release the substance at human body temperature or higher. However, PNIPAM possess some 

disadvantages, such as questionable biocompatibility, phase transition hysteresis, and a 

significant end group influence on thermal behavior [10,11]. 

The polypeptides and related artificial poly(amino acid)s have attracted interest recently 

in the drug delivery applications due to their biodegradability, biocompatibility and unique 

LCST-like behavior [12,13]. For instance, Elastin-like polypeptides (ELPs) which consist of 

repeating pentapeptide sequences Val–Pro–Gly–Xaa–Gly, where the guest residue (Xaa) can be 

any naturally occurring amino acid except proline [14]. These polymers undergo reversible phase 

transition that can be triggered by temperature. ELPs can be soluble in aqueous solution at low 
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temperatures but dehydration of the valine side chains took place when getting heat, leading to an 

aggregation of polypeptides [15]. To vary the transition temperatures of ELPs, the changing of 

amino acid residues presented in the pentapeptide was allowed. For example, by substitution of 

more hydrophobic such as oligoalanine and oligoglycine at the fourth position, the point of 

transition raised up to 40 °C [16]. However, the method to synthesize ELP is usually time 

consuming and expensive to scale up. 

In addition, the natural polymers and their modification have been interested as a 

temperature-sensitive materials. Cellulose derivatives such as methyl cellulose show reverse 

thermogelation when an optimum balance of hydrophilic and hydrophobic moieties is established, 

with the methylcellulose solution gelling upon heating and returning to the liquid state upon 

cooling [17]. Another temperature sensitive polysaccharide is chitosan which can form a 

thermosensitive hydrogel when chitosan solution was neutralized with a polyol counterion salt, 

showing a liquid below room temperature and transformed into a gel at body temperature [18]. 

This system was successfully employed to deliver biologically-active compounds and applied for 

tissue engineering application. Kappa-            (κ-CG) is one kind of temperature sensitive 

polysaccharide that receiving an attention for pharmaceutical applications, however, this 

polysaccharide has not been extensively studying. Thus, this research is interested in 

themoresponsive carrageenan for utilization in the control release of active compounds.      

κ-CG is a linear sulphated polysaccharide composed by D-galactose and 3,6 

anhydrogalactose units (Figure 3.1) extracted from marine red algae. It shows the ability to form 

gel, which involves a coil to helix conformational transition followed by helix aggregation 

(Figure 3.2) [19]. The process to form gel is thermoreversible which can be induced by cooling 

and encouraged by monovalent cations such as potassium ions. The thermo-                    κ-
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CG hydrogels makes this biopolymer an interesting candidate for temperature activated drug 

       y               I                             κ-CG contains a lot of hydroxyl groups, 

providing the possibility for further derivatization and bioconjugation.  

O
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Figure 3.1 Kappa-carrageenan structure. 

I                 κ-CG was used to apply in the development of new carrier formulations 

because of its gelation properties. The carrageenan chain was funtionalized to create amino-CG 

derivative and its gelation beads were promote by K
+
. The control release of amino groups was 

reached when amino-CG absorbed suitable heat. The details of this part was descrptied in this 

chapter. 

 

 

 

 

Figure 3.2 ( ) T                                   κ -carrageenan and (b) a schematic 

                      κ-carrageenan gelation mechanism: (i) random coil conformation, (ii) helix 

conformation, (iii) aggregation of helices. [19] 
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The external stimuli such as pH, temperature,          γ-irradiation, and light have been 

developed for triggered the releasing of active substances. Among them, near-infrared (NIR) is 

especially attractive as it can be remotely applied for a short period of time with on-off switching 

and temporal precision. To enhance the potential of NIR, deal with NIR photothermal agents has 

been intensively explored. When exposed to NIR light, the photothermal agents can readily 

absorb and convert photo energy into thermal energy producing heat, leading to the response of 

the polymer matrices, realizing the triggered release of entrapped molecules [20].  Large number 

of light-sensitive materials responding to NIR have been reported recently. Xu et all., 2017 [20] 

reported polydopamine (PDA) microspheres as a photothermal agent capping with a PNIPAm 

thermosensitive polymer shell for control release of small pesticide molecules. The entrapped 

                                 −      PDA@PNIPA                               y 

increasing temperature under NIR-light irradiation. The hydrogel design relies on loading gold 

nanorods (AuNRs) in an ABA-type triblock copolymer that is able to undergo the gel to sol phase 

transition upon light exposure was reported by Zhang et al., 2017 [21]. The NIR light absorption 

of AuNRs could generate heat that raises the hydrogel temperature above upper critical solution 

temperature (UCST) and, consequently, the gel-to-sol transition. 

In this chapter, the new platform of entrapment material by trapping a photothermal agent 

with thermo-sensi        y            κ-CG and its derivative was created. After trigger by NIR 

laser the release of active compounds is carried out. Furthermore, the release rate can be 

controlled by on-off switching of NIR-light irradiation. Thus, the amino-CG was synthesized to 

provide the dual function of being amino source and showing temperature responsive behavior. 

The photothermal agent, PDA microspheres, were capped with carrageenan derivative to induce 

the phase transition when irradiation by NIR for control release of amino groups. 



Chapter 3 

Control release of amino source 

77 

 

3.2 Material and method 

3.2.1 Materials 

Kappa-C           (κ-CG) and dopamine hydrochloride were obtained from TCI 

(Tokyo, Japan). 3-bromopropylamine hydrobromide was purchased from Sigma Aldrich (St. 

Louis, MO, USA). Ammonium hydroxide (NH4OH, 28-30%) was acquired from Kanto Chemical 

Co. Inc., (Tokyo, Japan). Ethanol and other chemicals were purchased from Nacalai Tesque, Inc., 

(Kyoto, Japan). All chemicals were used without purification. 

3.2.2 Synthesis and characterization of amino-CG 

Amino-CG was synthesized by applying the method that reported by Tranquilan-Aranilla 

et al in 2012 [22]  κ-CG (1 g) was suspended in 10 mL of  80% (w/v) of 2-propanol in a 100 mL 

of round bottom flask equipped with a reflux cooler, and stirred vigorously at room temperature. 

NaOH (40%, 1.2 mL) was added dropwise to the mixture and stirring was continued for another 1 

     4  ◦C  A       k                  3-bromopropylamine hydrobromide (0.11 to 1.4 g) was 

added. The reaction was allowed to proceed for 24 h at 40 °C. After the reaction was finished, the 

mixture was filtered, suspended in 80% (w/v) of 2-propanol (aq), and neutralized with 1 M HCl. 

The products were collected after filtration, washed several times with 80% (w/v) 2-propanol (aq) 

followed by pure 2-propanol, freeze-dried for a day, and kept in the refrigerator until use. The 

synthesized amino-CG was characterized by 
1
H and 

13
C NMR, differential scanning calorimetry 

(DSC), and zeta potential analysis. 

FTIR analysis was conducted using FT/IR-4200 spectrophotometer in the range of 4000-

600 cm
-1

 to investigate the functional groups of synthesized product. To confirm the structure of 
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products, 
1
H NMR and 

13
C NMR spectra were collected using a Bruker 400 MHz NMR 

spectrophotometer after dissolving the sample in D2O. 

The zeta potential was determined using a Zetasizer Nana-ZS (Malvern Instruments, UK) 

instrument. The samples were diluted to 0.1% (w/v) with DI water at pH 7. Three zeta potential 

measurements were taken for each sample. 

DSC (Seiko SII Exstar6000) was used to determine the thermal transition of modified 

samples. The experiment was done under N2 gas atmosphere from 35 to 150 °C at a heating rate 

of 10 °C/min. 

3.2.3 Determination of amino content 

2,4,6-Trinitrobenzene sulfonic acid (TNBS) is a rapid and sensitive assay reagent for 

quantitative determination of amino groups [23]. In brief, 1 mL of standard glycine (0–25 µg/mL) 

or analysis sample was added to 1 mL of 4% (w/v) NaHCO3 (pH 8.5) and 1 mL of 0.1% (w/v) 

TNBS in water. The solution was then incubated at 40 °C in the dark for 2 h. After that, 1 mL of 

10% (w/v) of SDS and 0.5 mL of 1 M HCl were added to each sample solution. The absorbance 

of the solution at 335 nm was read. A curve was generated using the measurement from standard 

samples, and used to determine the concentration in the analysis sample. 

3.2.4 Synthesis and characterization of polydopamine (PDA) microspheres 

PDA microspheres were synthesized by using a previously reported [20]. Dopamine 

hydrochloride (0.3 g) was dissolved in 5 mL of DI water. The prepared solution was slowly added 

       x        28−3 % NH4OH (1 mL), ethanol (20 mL), and DI water (45 mL). The reaction 

was allowed to proceed for 12 h at room temperature under mild magnetic stirring. Subsequently, 
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the prepared PDA microspheres were collected by centrifugation and washed with DI water 

several times. The synthesized products were dried and characterized. 

The functional groups in the products were confirmed using a FT/IR-4200 

spectrophotometer in 4000–600 cm
-1

. The surface morphologies were observed by a Hitachi S-

4100 SEM and a Hitachi H-7100 TEM systems. UV-vis spectra were obtained using a UV-1800 

spectophotometer. 

3.2.5 Preparation of amino-CG@PDA microcomposite beads 

C            κ-CG or amino-CG solutions in distilled water were prepared by heating 

the dispersion at 60 °C with constant stirring to obtain homogeneous solutions (2, 3, and 4% 

(w/v)). After that, 0.02% (w/v) of PDA microspheres were suspended into each of solution. The 

beads were prepared using an ionotropic gelation method. Briefly, 5 mL of the heated amino-CG 

solution was extruded dropwise through a syringe needle (0.838 mm of inner diameter) into 50 

mL of KCl solution. The beads were allowed to harden for 30 min in KCl cross-linking solution. 

The gel beads were filtered, washed with DI water 3 times, and freeze dried until constant weight 

was achieved. The CG@PDA and amino-CG@PDA were obtained. Different types of processing 

parameters were varied; the polysaccharide concentration (2, 3 or 4% (w/v)), and the KCl 

concentration (5% or 10% (w/v)). 

3.2.6 Swelling study 

Water uptake of the prepared beads is defined as the weight percent with respect 

to that of the dried beads. To measure the swelling ratio of amino-CG@PDA, dried 

samples were weighted (Wdry) and immersed in PBS at 37 °C (or 40 °C) for different 

periods of time. The wet samples were carefully blotted with filter paper to absorb the 
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excess water, and then weighted again (Wwet). The water uptake is defined by the 

following equation (1): 

 

Water uptake (%) = [(Wwet-Wdry)/Wdry] x 100  (1) 

In this study, we used two temperatures (37 and 40 °C) to find the suitable 

condition to prepare amino-CG@PDA microcomposite that is stable at 37 °C but 

undergoes gel-to-sol phase transition at 40 °C. Beads prepared under this condition will 

be further used to prepare the NIR-induced temperature-responsive microcomposite. 

 

3.2.7 Temperature and light-responsive amino releasing test  

To evaluate thermoresponsive amino release, amino-CG@PDA microcomposites were 

suspended in PBS and incubate at 37 °C or 40 °C for 24 h. At different time intervals, the 

suspension was collected for the amino quantification. For NIR trigged amino release, the 

suspension of amino-CG@PDA was exposed to the 808 nm NIR light (at a power density of 1 

W/cm
2
) for 30 min at different time point (0.5, 1.5, 2.5, 3.5, and 4.5 h One milliliter of the 

supernatant was collected at each predetermined time to analyze the amino group amount by 

TNBS assay. Then, the sample was re-dispersed for further irradiation. A suspension incubated in 

dark condition was used as a negative control. The cumulative amount of amino-CG released 

from the composite beads was calculated according to the following equation (2): 

Amino release efficiency (%) = (Wt/Wi) x 100 (2) 

Where Wi and Wt are the amino content in the obtained microcomposites at equilibrium state and 

released from the loaded nanocomposites at time t during the release process, respectively. 
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3.3 Results and discussion 

3.3.1 Synthesis and characterization of amino-CG 

The amino-CG was synthesized in a simple reaction as shown in F      3 3  T   κ-CG 

was activated by NaOH and the varied amount of 3-bromopropylamine hydrobromide was then 

added to form amino-derivatized carrageenan with various degree of substitution (DS). The 
1
H 

and 
13
C NMR            κ-CG and modified CG are shown in Figures 3.4A and 3.4B, 

respectively. T                   y    κ-CG contains 3-   k   β-D-galactopyranose (G unit) and 

4-linked 3,6-anhydro-α-D-galactopyranose (DA unit) as a repeating unit which showed the 
1
H 

chemical shifts in Figure 3.4A-b [24]. In the spectrum for amino-CG (Figure 3.4A-c), new proton 

peaks appeared at the chemical shift of 2.25–3.20 ppm, possibly due to the mixing of shifted 

chemical shift of the methylene protons in the propylamine and that of amino proton of amino-

CG. The proton decoupled 
13

C NMR analyses gave more information on the structural properties 

of amino-CG derivatives. T                         κ-CG (Figure 3.4B-a) shows strong signals 

of the twelve carbon atoms in the disaccharide repeating unit [24,22]. New signals were present 

in the amino-CG spectrum (Figure 3.4B-b), namely additional resonances at the chemical shifts 

of 31.05 and 30.08 ppm, which were assigned to the methylene carbon from propylamine 

substitution. The intensities of the new signals are very weak due to the low amount of DS. 

 

Figure 3.3 Schematic presentation of the synthesis of amino-CG. 
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Figure 3.4 (A) 
1
H NMR spectra of 3          y        y          ( )           κ-CG (b) and 

amino-CG (c). (B) 
13
C NMR                     κ-CG (a) and amino-CG (b). 
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T   FTIR                                                   F      3 5         κ-CG, the 

band at 850 cm
-1

 and 1227 cm
-1

 were attributed to vibration of O=S=O and to –O–SO3 stretching 

at C-4    β-D-galactose residue (G4S), respectively. The signal at 927 cm
-1

 was related to the C-

O-C vibration of the 3,6-anhydro-D-galactose residue (DA) [25,22]. The sharp peak at 1641 cm
-1

 

was assigned to the structural water deformation band [26]. In the spectrum of amino-CG, it 

showed the new band of N-H bond of 1° amine at 1563 cm
-1

 but the intensity was very weak 

because the %DS was very low. The %DS was calculated from the number of amines contained 

within amino-CG sample which experimented using a rapid and sensitive assay reagent, TNBS 

[23]. Table 3.1 presented the different % DS when addition various amount of 3-

bromopropylamine hydrobromide in   1   κ-CG. Thus, the amino-CG with 0.87 %DS was used 

in the further experiment.  

 

Figure 3.5 FTIR                      κ-CG (black line) and amino-CG (red line). 
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Table 3.1 %DS of –NH2 when varying the added amount of 3-bromopropylamine hydrobromide 

     1      κ-CG 

g of 3-bromopropylamine 

hydrobromide/1 g of κ-CG 

%DS 

0.11 Cannot detect –NH2 

0.55 0.87 

0.80 0.9 

1.36 Cannot dissolve 

 

 

The charge of polysaccharide is reflected by the zeta potential of the solution, determined 

as the electrical potential produced around the surface of particles dispersed in solvent. The zeta 

potential results can help to confirm the synthesized product (Table 3.2 and Figure 3.6). The 

negative zeta potential of -58 6 ±   8  V                 κ-CG can be explained by the anionic 

structure which contains –SO3
-
 groups. However, the functionalized amino-CG showed a 

relatively higher zeta potential (-37.3 ± 1.4 mV), because the functionalized amino groups carry 

positive charge to partially neutralize the high negative value of unmodified κ-CG. Consequently, 

a higher zeta potential was observed.  
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Table 3.2 T   z                 κ-CG and amino-CG 

Polysaccharide solution Zeta potential (mV) 

κ-CG -58.6 ± 0.8 

amino-CG (0.87% DS) -37.3 ± 1.4 

* Concentration of the polysaccharides was 1 mg/ml;  

**average of three measurements at 25°C 

 

 

Figure 3.6 Z                              κ-CG and amino-CG. 

 

 

The thermal analysis results also supported the successful synthesis of amino-CG. Figure 

3.7 showed DSC thermograms of pure CG and amino-CG for detecting the glass transition 

temperature (Tg). The Tg of amino-CG was 102.2 °C whereas that of CG was lower (70.7 °C), 

because in amino-CG the intra- and/or intermolecular interaction is enhanced by the methylene 

groups [27, 28]. Consequently, restricted segments of polymer chains were formed, and hence it 
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takes more energy to break the bonds. All these results confirmed the successful modification of 

κ-CG with amino groups. 

 

 

 

 

 

 

 

Figure 3.7 DSC                κ-CG and amino-CG. 

 

3.3.2 Synthesis and characterization of PDA microspheres 

This study reports a delivery system based on amino groups using NIR light and 

temperature for remote triggering, using PDA as a photothermal agent. The synthesis of PDA is 

presented in Figure 3.8, where the dopamine monomer was oxidized and then cyclized to form 

dopaminechrome in a mixture of water, ethanol, and ammonia. After that, the molecular structure 

of dopaminechrome was rearranged to produce an 5,6-dihydroxyindole intermediate, which 

further formed PDA microspheres by intermolecular polymerization (which is clearly seen by the 

solution color change from pale to dark brown).  
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Figure 3.8 Schematic presentation of the production of PDA. 

To verify the successfully synthesized PDA microspheres, SEM and TEM images were 

manipulated to characterize the product. Figure 3.9, SEM observation of the obtained PDA 

microspheres indicated that PDA microspheres had regular spherical structure with an average 

size range of 150-300 nm (Figure 3.9a,b) and showed good dispersibility. Moreover, TEM image 

confirmed the synthesized product, presenting the uniform spherical shape of PDA microspheres 

(Figure 3.9c).  

 

Figure 3.9 SEM images of the PDA microspheres (a (15k magnification) and b (50 k 

magnification)) and TEM image of the PDA microspheres (c). 
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The chemical composition of free dopamine and PDA were characterized by FTIR 

spectrometry. Unlike pure dopamine, the FTIR spectrum of PDA showed absorption bands at 

1520 and 1615 cm
-1

,                                   N−H                        T             

3265 cm
-1

 revealed the existence of –OH groups in 1,2-dihydroxybenzene or catechol (Figure 

3.10a) [29]. In the UV-Vis spectra (Figure 3.10b), characteristic absorption peak of free 

dopamine was observed at 280 nm [20]. The curves of dopamine and PDA were dissimilar. PDA 

showed an absorption ranging from UV to NIR in wavelength, due to the oxidation of dopamine 

into dopaminechrome and dihydroxyindole, which subsequently self-polymerized [30]. A change 

in the solution color from colorless to deep brown was detected (the inset image of Figure 3.10b), 

suggesting the successful synthesis of polydopamine, which can function as a photothermal agent 

in the NIR range. 
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Figure 3.10 FT-IR spectrometry analy    ( )     UV−                            PDA ( )  

 

3.3.3 Amino-CG@PDA beads preparation and characterization 

The PDA@amino-CG microcomposite can be easily prepared by using an ionotropic 

                 κ-CG is an anionic polyelectrolyte hydrogel due to its sulfate groups. In aqueous 

solutions and in the presence of cations such as K
+
, Na

+
, or Ca

2+
  κ-CG easily forms 

thermoreversible gels. In this process, there is an initial coiling to produce the helical 

conformation, and then the helices aggregate to form infinite networks [31, 32]. The cations can 

induce conformational changes in the polymer [33]. Due to the instantaneous nature of such ionic 

gelation, drugs, enzymes, and other substances can be encapsulated in carrageenan. In this study, 

  κ-CG derivative, amino-CG, was used for encapsulation of PDA microspheres in the presence 

of K
+ 

to form thermoreversible gel. SEM allows the investigation of the morphology of dried 

beads samples which showed in Figure 3.11 and 3.12. It was observed that samples produced by 
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κ-CG display spherical form showing that SEM image of pure carrageenan (Figure 3.11a-c) 

provides a smoother surface compared to the CG@PDA (Figure 3.11d-f) which showed a rough 

surface morphology since the PDA microspheres prevented the carrageenan chains from 

approaching each other. These results are similar to the SEM images from the beads prepared 

from amino-CG showing that the higher roughness of outer surface is presented in amino-

CG@PDA (Figure 3.12d-f).  

 

 

Figure 3.11 SEM          4% κ-CG (a- )     4% κ-CG@PDA (d-f) prepared with 5% KCl. 
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Figure 3.12 SEM images of 4% amino-CG (a-c) and 4% amino-CG@PDA (d-f) prepared with 

5% KCl. 

 

Water uptake is an important property in release studies. The swelling of hydrogel 

promotes the release of substances, because water molecules penetrate the structure of dry 

hydrogel and boost the relaxation of chains. This increases the pore size of porous hydrogel for 

the release of drugs or other target substances [34, 35]. In case of thermorevesible hydrogel, the 

strategy that I seek to develop the release molecule after swelling was being stable at body 

temperature (37 °C) but allowed the temperature-sensitive hydrogel to dissolve after reach to a 

desirable temperature. Thus, the water uptake of CG@PDA and amino-CG@PDA beads at 37 

and 40 °C in PBS as the immersion solution was studied (Figure 3.13a and b). The different types 

of processing parameters; the polysaccharide concentration (2, 3 or 4% (w/v)), and the KCl 

concentration (5% or 10% (w/v)) affected the swelling ratio, due to the changing of gel charges 

and network density. From the swelling ratio in Figure 3.13, an initial burst of quick water 
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penetration occurred within the first 3 h at both temperatures. The higher of crosslinking beads 

prepared with 10% KCl (dash lines) provides a lower swelling ratio compared to the gel beads 

hardened in 5% KCl (solid lines). Higher concentration of KCl contains more K
+
 to crosslink 

with SO3
-
 on carrageenan backbone, resulting in high crosslinking degree. Focusing on Figure 

3.13a, the thermoreversible gel beads samples can be stable at 37 °C with constant swelling ratio 

after 10 h, except 2% and 3% of amino-CG@PDA beads prepared with 5% KCl which 

demonstrated the dissolving within 5 h. Beads rapidly dissolve, because the –SO3
-
 contents are 

lower than 4% amino-CG@PDA beads prepared with 5% KCl, providing low ionic crosslink. 

The water uptake of beads samples at 40 °C displays in Figure 3.13b. I did not observe the 

                                                           κ-CG and KCl. However, the water 

    k     2% κ-CG beads (5% KCl crosslinking) at 40 °C was 1/3 time lower than that of 37 °C 

because its low crosslink degree  maybe enhanced some parts of beads to dissolve when more 

water was penetrated at high temperature. In addition, besides 2% and 3% of amino-CG@PDA 

beads prepared with 5% KCl, the 4% amino-CG@PDA thermoreversible gel bead with 5% KCl 

allowed to dissolve at 40 °C incubation within 5 h but the amino-CG@PDA beads prepared with 

10% KCl were still remaining. Thus, a thermoreversible 4% amino-CG@PDA prepared with 5% 

KCl was selected for further experiments, since it formed stable swelling beads at body 

temperature and became a liquid at 40 °C. 
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Figure 3.13 Water uptake studies for different formulation of beads at 37 °C (a) and 40 °C (b). 
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3.3.4 Temperature responsive amino release test 

In this study, the hydrogel beads of 4% amino-CG@PDA crosslinked with 5% KCl were 

chosen for use in thermo-sensitive sol-gel transition. Since the driving force for dissolving the 

amino-CG should be controlled precisely by small temperature changes, the supernatant amino 

group concentration is plotted in Figure 3.14 after immersing amino-CG@PDA in PBS at 37 or 

40 °C.  As shown in Figure 3.14, the amount of released amino group was negligible at 37 °C, 

since at this temperature the beads just swelled without dissolution. In comparison, the amino 

release was much faster at 40 °C, up to 70% after 5 h and 100% at around 10 h. Under this higher 

temperature, the gel dissolved into a sol after reaching swelling equilibrium. These results agree 

with the swelling behavior studies. It exhibits that the 4% amino-CG@PDA thermoreversible gel 

beads could dissolve at 40 °C incubation within 5 h, while it can remain stable at 37 °C with a 

constant swelling ratio after 10 h. To sum up, the beads prepared by 4% amino-CG@PDA 

crosslinked with 5% KCl indeed showed a thermosensitive releasing capability, and the release 

behavior could be easily managed via controlling the environment temperature. 
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Figure 3.14 Release profiles of 4% amino-CG@PDA microcomposites prepared with 5% KCl 

under direct heating to various temperatures (37 and 40 °C) for different periods of time. 

 

3.3.5 NIR light-responsive amino release test 

In the temperature-responsive release test, the amino-CG@PDA is sensitive to high 

temperature above the body temperature. To further confirm the ability of external stimulus (NIR 

light) to trigger the amino-CG release, amino-CG@PDA microcomposites were exposed to NIR 

light irradiation, and the cumulative amino release was evaluated by using a UV−    

spectrophotometer. As plotted in Figure 3.15A, the amino-CG release was negligible in the 

absence of NIR light. When the NIR light was turned on, the temperature of the suspension 

increased to 42 °C as shown in in Figure 3.15B, and thus the amino release was greatly enhanced. 

When the external trigger (NIR light) was turned off, a slower release was observed. For 

example, the measured cumulative release of amino groups was 40.14% after 30 min of NIR 

irradiation. After the light was turned off, the release increased by another ~20% within 30 min 
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later (to 59.68%). Either with or without NIR light, the release of amino groups gradually 

increased after 2 h. The reason is the prominent gel-to-sol phase transition of amino-CG@PDA 

gel beads when the PDA converted NIR light to heat, leading to the re-dissolution of amino-CG 

chain. As a result, the encapsulated PDA microspheres were liberated and dispersed in the 

solution. Now, with less encapsulated PDA in the amino-CG@PDA microcomposites during the 

subsequent irradiation, the temperature of the suspension clearly decreased in the third cycle of 

irradiation to 38 °C, leading to less amino compounds being released. This amino release pattern 

occurred periodically, suggesting that the amino-CG@PDA beads possess the continuous 

photothermal-responsive ability, and that the release rate of amino compounds can be controlled 

by switching NIR-light irradiation.  

A 

A 

 

 

B 
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B 

 

 

 

 

 

 

 

 

Figure 3.15 (A) Cumulative release profiles of amino compound from amino-CG@PDA 

microcomposites with and without NIR-light irradiation. (B) Time course of temperature profile 

of the suspension containing amino-CG@PDA microcomposites in the light-to-heat conversion 

experiment under NIR irradiation. 
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3.4 Conclusions 

In summary, I fabricated novel amino-CG@PDA microcomposites that can be used as an 

NIR light-controlled release-targeted system for amino groups via gel-to-sol phase transition. The 

environmental temperature and external NIR irradiation have an obvious influence in 

photothermal-responsive release property. The release of amino groups from the phase transition 

of amino-CG@PDA microcomposites was enhanced by increasing temperature and more greatly 

under NIR-light irradiation. Thus, the photothermal-responsive behavior of carrageenan 

derivatives has very broad applicability in biomedical field. To create the new platform of control 

drug release, the combination of photothermal-sensitive material (amino-CG@PDA gel beads) 

and hydrogel was conducted. The detail of the temperature responsive drug release by using this 

system was descripted in chapter 4. 
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Chapter 4 

Degradation of oxidized Dex-GMA by amino 

groups released from amino-CG@PDA and its 

application for drug delivery use 

 

4.1 Introduction 

Hydrogels are the hydrophilic polymer network which can hold large amounts of water or 

biological fluid. They may be chemically stable or can degrade and eventually disintegrate and 

dissolve [1]. Hydrogels are called reversible or physical gel when molecular entanglements 

and/or secondary forces such as ionic, H-bonding or hydrophobic forces are held together in 

forming network [2, 3]. In chemical gels, the network of covalent bonds are formed by 

crosslinking agent between macromolecule chains. The chemically charged hydrogels normally 

exhibit change in variation of temperature and pH. In case of physical gels, they are often 

reversible and show the possibility to dissolve when the environmental conditions (such as pH, 

ionic strength, or temperature) are changed [1]. The utilization of gel types depends on the 

application, the main areas are wound dressings, drug delivery systems, tissue engineering. 

Hydrogels have been attracted for their use in drug delivery due to their unique properties 

such as high water absorption, high porosity, allowable drugs to be loaded, and sustained release. 

The release of drugs may go on through different mechanisms; diffusion controlled, swelling 
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controlled, chemically controlled and environmentally-responsive release [4, 5]. Some natural 

polymers can form hydrogel. Lin et al. [6] synthesized water-soluble chitosan derivative N-(2-

carboxybenzyl)chitosan (CBCS) based pH sensitive hydrogel for colon-specific drug delivery 

system. The release of 5-fluorouracil (5-FU) was pH dependent for instance the release was much 

quicker in pH 7.4 buffer than in pH 1.0 solution. The carboxyl groups (COOH) in the hydrogels 

were the dominant part that would dissociate when increasing the osmotic pressure inside the 

hydrogels at higher pH, leading to gain swelling ratio and release drugs consequently. Dextran-

based nanogels are fabricated by graft polyacrylic acid (PAA) on dextran (Dex) nanohydrogels 

(NGs) with covalent disulfide crosslinking (Dex-SS-PAA) for anti-cancer therapeutics [7]. The 

Dex-SS-PAA were subsequently conjugated with doxorubicin through an acid-labile hydrazone 

bond (Dex-SS-PAA-DOX). The results showed that fabricated dextran-based hydrogel exhibited 

pH- and redox-controlled drug release with strongly inhibited the growth of human breast cancer 

cells (MDA-MB-231) and reduce toxic of free DOX. Moreover, the control degradation of 

hydrogel has been become attention in drug delivery system, particularly control release of drug 

from hydrogel degradation. 

Biodegradable hydrogels have been studied for many applications including drug 

delivery, tissue engineering, and cell encapsulation and culture. The release rates of the drugs 

which controlled by biodegradation kinetics of the polymers becomes attractive in drug delivery 

system. Two strategies are typically used to obtain degradable hydrogels, firstly, the backbone of 

polymer gel are designed to degrade by hydrolysis and/or enzymatic action. The second method 

involves introduction of degradable cross-linking points to systems that are comprised of non-

degradable polymer chains [8, 9]. In previous report, Hyon et al. [10] prepared hydrogels by the 

reaction between aldehyde group in oxidized dextran and amino group in poly-L-lysine. The 

hydrogel showed degradation in the phosphate buffer solution (PBS) and the degradation time 
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can be controlled by the aldehyde introduction rate and amine concentration which were the 

crosslinking point of hydrogel. The mechanism behind the degradation was reported that the main 

chain of oxidized dextran was degraded by the Maillard reaction triggered by the Schiff base 

formation between aldehyde and amino groups. The degradation speed was found to depend on 

the amount of chemical crosslinking points during gelation. In addition, the degradation of 

hydrogel can be stimulated by various manners such as enzymes, chemical reactions, heat, and 

light depending on the type of hydrogels. 

Light-responsive hydrogels are generally classified into two major types. First type, 

photodegradable hydrogels that possess photolabile moieties, such as o-nitrobenzyl [11] and 

azobenzene [12]), in their structures and thermo-sensitive hydrogels. Second type, thermo-

sensitive hydrogels such as PNIPAM [13] that near infrared (NIR) materials (e.g., nanorods [14] 

and carbon nanotubes [15] are encapsulated into gel forming. The photodegradable hydrogels 

release drugs upon light-triggered degradation of their structures. In case of polysaccharide, k-

carrageenan has been extensively used as gelling agent due to their biocompatibility and ability to 

form thermoreversible hydrogel. Temperature and NIR light responsive multi-walled carbon 

nanotube (MWCNT)-k-carrageenan hydrogel composites have been prepared [15]. Under NIR-

light irradiation, the gel-to-sol transition MWCNT–k-carrageenan hydrogel composites (0.25 

wt% CNTs) can be observed after 3.5 min exposure while for the unloaded hydrogel did not 

undergo any visible phase transition. Suggesting that hydrogel composites have potential in the 

development of remotely controlled light activated drug delivery systems. 

In this study, the dispersion of amino-CG@PDA in oxidized Dex-GMA based hydrogel 

was prepared. NIR light was irradiated for amino release leading to react with aldehyde 
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remaining in hydrogel, consequently release of drugs loaded in hydrogel via hydrogel 

degradation. 

4.2 Materials and methods 

4.2.1 Materials 

Doxorubicin hydrochloride (DOX) was obtained from Beijing Packbuy M&C Co., Ltd. 

The oxidized Dex-GMA based hydrogel and amino-CG were provided as descripted in Chapter 2 

and 3. Glycine and other chemicals were purchased from Nacalai Tesque, Inc., (Kyoto, Japan). 

All chemicals were used without purification. 

4.2.2 Mw determination of oxidized Dex-GMA by GPC 

To investigate the Mw decreasing of oxidized Dex-GMA by amino groups addition, 2% 

(w/v) of oxidized Dex-GMA (24% oxidation, 23% DS of GMA) was mixed with the same 

volume of 5% (w/v) amino-CG solution (or glycine) and then incubated at 37 °C. To determine 

the molecular weight of oxidized Dex-GMA at the desired time after reaction, gel permeation 

chromatography (GPC) (Shimadzu, Japan, BioSep-s2000 column, Phenomenex, Inc., CA, USA) 

was utilized. PBS was used as the mobile phase (flow rate = 0.50 mL/min) and pullulan was used 

as the standard. 

4.2.3 Drug loaded into oxidized Dex-GMA based hydrogel 

DOX was dissolved in the solution of 10 wt% oxidized Dex-GMA (10% oxidation, 23% 

DS of GMA) in PBS with concentration of 0.05 mg/mL. The hydrogel loaded DOX was 

prepared, briefly, 0.5 mL of mixture solution of DOX and oxidized Dex-GMA, 0.5 mL of 1.36 

wt% DTT, and 0.01 g of amino-CG@PDA were mixed in test tube and was then incubated at 37 
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°C for 30 min to allow the gelation, and the product was denoted as DOX@hydrogel. Here, we 

assumed that 100% of the drug was loaded into hydrogel. 

4.2.4 Light-Responsive drug releasing test 

For NIR-triggered drug release from hydrogel, the prepared DOX@hydrogel was 

immersed in 5 mL of PBS, and exposed to NIR light (808 nm, 1.0 W/cm
2
) for 30 min. One 

milliliter of the solution was collected at different time points (0.5, 1.5, 2.5, 3.5, and 4.5 h) to 

analyze the DOX release by fluorescence spectroscopy ( λex 48         λem 590 nm). Then, 1 mL 

of PBS was re-added the rest of the mix for further irradiation. The experimental setup is shown 

in Figure 4.1. The cumulative amount of Dox released from the hydrogel was calculated 

according to the following equation: 

DOX release efficiency (%) = (Wt/Wi) x 100 

Where Wi and Wt are the DOX content in the oxidized Dex-GMA based hydrogel and released 

from the loaded hydrogel at time t during the release process, respectively. 

  

 

Figure 4.1 Experimental setup for light-responsive drug releasing test. 
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4.3 Results and discussion 

4.3.1 Mw determination of oxidized Dex-GMA 

In this study, the Mw decreasing of oxidized Dex-GMA after the reaction with amino-

CG, and glycine solution was determined by the mixing solution of oxidized Dex-GMA and 

amino-CG (or glycine) at 37 °C. The Mw of various samples were recorded by GPC every 20 

min for 3 h as shown in Figure 4.2, and the Mw of oxidized Dex-GMA (1% w/v) dramatically 

decreased in glycine solution (2.5% w/v) at the first 30 min and then gradually reduced until be 

stable over 3 h (red line).  

 

 

Figure 4.2 Mw decrease of oxidized Dex-GMA by amino-CG and glycine addition. 
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Similarly, the same trend of Mw decrease from 2.5% w/v amino-CG addition was 

detected, however, the higher Mw than that in glycine solution after degradation was observed 

(blue line). The reason behind this result is the amino content presented in amino-CG was lower 

than free amino groups from glycine solution, leading to the low power of degradation. Due to the 

ability to trigger the degradation of amino-CG, thus it was further used to control the degradation 

of hydrogel.  

4.3.2 NIR light-responsive DOX release from hydrogel degradation test 

Hydrogels provide a platform for achieving controlled therapeutic delivery to specific 

sites. The stimulus responsive hydrogels undergo changes (such as degradation) in response to 

environmental triggers. This property suggests the possible use of these materials for specific 

functions, especially drug release [16,17]. Doxorubicin is one of the most widely used 

                                                     I              DOX•HC                       

and hence it was used as a model drug to investigate the release from Ox-GMA-Dex based 

hydrogel. Figure 4.3A and 4.3B show the cumulative drug release from hydrogels loaded with 10 

μ /             5       1    y     PBS             y  O  y      y                 DOX     

released in the absence of NIR light (black line), and it may come from free DOX liberated from 

the outer surface of hydrogel. In the presence of NIR light, we proposed a model of drug release 

as shown in Figure 4.4. The NIR light is irradiated on the DOX@hydrogel (step A), generating 

heat in the PDA of amino-CG@PDA microcomposites. This heating triggers the gel-to-sol phase 

transition of amino-CG to produce a flowing sol (step B) [18,19]. Then, the released amino-CG 

reacts with the remaining aldehyde on the hydrogel to form Schiff base in step C, initiating the 

degradation process which facilitates drug release (step D). In this experiment, the amino-

CG@PDA gel beads started to transform to sol when irradiated under NIR light. After 4 h of 
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incubation the beads dissolved completely, suggesting that the Schiff base reaction occurred. The 

cumulative DOX release is significantly increased under NIR irradiation compared that with 

without NIR light. Thus, the release of drug from hydrogel can be controlled by NIR trigger, and 

drug release continues to some extent even after the NIR light was turned off. However, the 

cumulative DOX %release was only 5.5% over 5 h, and the hydrogel was not completely 

degraded. The release of DOX was likely to come from two factors: degradation and hydrogel 

swelling. The small amount of release may be explained as follows. First, the DOX molecules are 

positively charged
 
and can be easily adsorbed on the negatively charged Ox-GMA-Dex chain by 

electrostatic interaction. Hence, the release of DOX by diffusion from the Ox-GMA-Dex 

hydrogel network was slow. The second reason was the low speed of hydrogel degradation, 

which is the critical step for drug release from the hydrogel. Because the amount of amino source 

used (5.4×10
-6

 mole –NH2) was 11.5 times lower than the aldehyde content in oxidized Dex-

GMA (6.2×10
-5

 mole), the degradation points (Shift base formation) was subsequently less 

quantity, hence the slow release of the drug. Figure 4.3B shows the cumulative DOX release 

profile over 10 days without NIR light irradiation after the first 5 h. We estimated that as much 

time as 10 days was required for main chain scission of DOX@hydrogel to enhance the DOX 

release. The main chain degradation of oxidized Dex-GMA hydrogel proceeded gently for the 

first 2 days to reach a DOX release of almost 10%. After that, the main chain scission was 

significantly accelerated, reaching a cumulative drug release of up to 83% over 7 days, and 100% 

release can be obtained for 10 day of incubation with complete degradation of hydrogel. These 

findings indicate that we can control the release of drug by hydrogel degradation triggered from 

NIR irradiation.  
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Figure 4.3 (A) Cumulative release profiles of DOX from hydrogel with and without NIR-light 

irradiation over 5 h. (B) Cumulative release profiles of DOX from hydrogel over 10 days. 

 

 

Figure 4.4 Schematic presentation of drug release under NIR irradiation. 
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4.4 Conclusion 

The results revealed that the amino-CG provided the ability to be the amino source for 

the reaction with aldehyde groups from oxidized Dex-GMA to initiate the main chain degradation 

of oxidized Dex-GMA. The amino-CG@PDA gel beads were responsive to the temperature 

which can be changed by NIR light resulting the gel-to-sol phase transformation of amino-CG 

beads. The release of DOX from oxidized Dex-GMA based hydrogel was controlled under NIR 

irradiation due to the Schiff base reaction of amino compound from amino-CG and the preserved 

aldehyde on hydrogel, hence the degradation occurred and drug was able to be released. This kind 

of controlled drug release model can be regarded as a promising candidate for therapeutic 

hydrogels in drug delivery, although the rate of degradation should be considered. 
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Chapter 5 

General conclusion 

 

Regarding to the objective of this research, the main goal of the study is to overcome the 

drawback of uncontrollable degradation timing of oxidized dextran-based hydrogel prepared by 

the reaction between aldehyde groups in oxidized dextran and amino groups. And the control 

release of amino source from the temperature-sensitive material by NIR stimulation was 

considered. In chapter 2, I introduced GMA into oxidized dextran and then forming a hydrogel 

with DTT while preserving the aldehyde to react with amine source. The finding showed that the 

degradation did not occur immediately after the hydrogels were formed. The addition of amine 

began a reaction with the remaining aldehyde, which triggering the degradation through a 

Maillard reaction via a Schiff base reaction. Moreover, the degradation could be controlled by the 

posteriori addition of an amine source, and interestingly, the degradation speed could be 

controlled independently of the mechanical properties of the hydrogel because the crosslinking 

points (both the GMA-thiol and aldehyde-thiol crosslinks) and degradation points (the reaction of 

aldehyde groups and amine) were different. In addition, the details of degradation mechanisms at 

the molecular level have been elucidated which can be helpful for the design of polymer materials 

in the precise degradation control. 
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Chapter 3, the themoresponsive material, amino-CG@PDA microcomposite was 

fabricated. It can be used as an NIR light-controlled release-targeted system for amino groups via 

gel-to-sol phase transition. The environmental temperature and external NIR irradiation have an 

obvious influence in photothermal-responsive release property that is, the release of amino groups 

from the transforming of amino-CG@PDA microcomposites gel beads to sol state was enhanced 

by increasing temperature and more greatly under NIR-light irradiation.  

In chapter 4, amino-CG provides the ability to be the amino source for the reaction with 

aldehyde groups from oxidized Dex-GMA to initiate the main chain degradation of oxidized Dex-

GMA. The amino-CG@PDA gel beads were suspended in drug-loaded oxidized dextran based-

hydrogel. The release of drug from oxidized Dex-GMA based hydrogel was controlled under NIR 

irradiation due to the release of amino compound from amino-CG@PDA to react with the 

preserved aldehyde on hydrogel, leading to Schiff base formation. Hence, the degradation is 

started and drug can be released.  

In this thesis, the controllable degradation of oxidized dextran-based hydrogels was 

accomplished. The release of amino compound was successfully controlled by NIR switching, 

subsequently react with the remaining aldehyde from oxidized dextran based-hydrogel and 

further initiated the main chain scission by Maillard reaction. For the future work, the animal 

implantation by this hydrogel should be considered. Hopefully, this platform can be regarded as a 

promising candidate for therapeutic hydrogels in drug delivery applications and tissue 

engineering. 
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