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ABSTRACT: A hydrogel immobilized with light-responsive amino group was developed by 

using amino-kappa carrageenan (amino-CG) and polydopamine (PDA). In the hybrid amino-

CG@PDA microcomposite system, amino-CG was used to encapsulate PDA microspheres that 

act as a photothermal agent. Near infrared (NIR) irradiation is absorbed by the PDA to generate 

heat, releasing the amino-CG via gel-to-sol phase transition. By precisely controlling the 

transition temperature of amino-CG gel at 40 °C by adding a KCl hardening solution at the 

appropriate concentration, we successfully developed a composite hydrogel that dissolves at 

40 °C when heated with NIR irradiation. The amino-CG@PDA was further composited into an 

aldehyde-introduced dextran hydrogel, which was reported to degrade by reaction with amino 

compounds. Utilizing the amino-CG release via NIR irradiation, we can successfully control the 

release of drug incorporated in the hydrogel, in which the NIR irradiation helps to diffuse amino-

CG into the dextran hydrogel to initiate the hydrogel degradation by the reaction with aldehyde. 
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1. INTRODUCTION 

The human health and quality of life have greatly benefited from the design, development, 

fabrication, and use of polymeric biomaterials for biomedical applications, such as tissue 

engineering, artificial organs, regenerative medicine, and controlled drug release systems. Some 

of these polymers have been incorporated into smart, intelligent, or stimuli-responsive 

materials.1-3 Various stimuli such as temperature, pH, enzyme, and light can affect the properties 

of smart polymers.4-7 In particular, thermoresponsive polymer hydrogels are widely employed as 

smart materials with the important property of tunable phase transition in response to 

temperature change. 8, 9 This unique property allows the smart polymer hydrogels to function as 

on-off controls that could be switched by temperature change. 

We have previously developed a degradable polysaccharide hydrogel for bioadhesion.10 An 

aqueous solution of aldehyde with introduced oxidized dextran was mixed with a polyamine 

solution to form the hydrogel via Schiff base formation as crosslinking points.10 Interestingly, the 

hydrogel was degraded by main chain scission of the polysaccharide part via Maillard reaction. 

To control the degradability of this hydrogel, we introduced methacrylate moiety into the 

oxidized dextran to form crosslinking points with dithiothreitol via thiol-ene Michael addition 

reaction with the remaining aldehyde groups.11 In that system, we found that a posteriori addition 

of amino compounds could initiate the hydrogel degradation through the reaction of aldehyde 

with amine, and such degradation could be controlled independently from the mechanical 

properties of the hydrogel11. In this report, we further create a posteriori delivery system of 

amino compounds to the thiol-ene oxidized dextran hydrogel triggered by external stimuli. Such 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_8
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_9
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_10
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_10
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a drug delivery system could be especially useful for the temperature-responsive release of 

amino compounds.  

A few natural polymers and their modification products have been considered as temperature-

sensitive materials. Cellulose derivatives such as methyl cellulose show reverse thermogelation. 

When an optimum balance of hydrophilic and hydrophobic moieties is established, this 

methylcellulose solution gels upon heating and returns to the liquid state upon cooling.12 Ethyl 

(hydroxyethyl) cellulose also showed thermoresponsive gelation in the presence of lysine-based 

surfactants. An increase of temperature triggers the formation of mixed micelles and causes the 

network to swell due to charge repulsion between polymer chains.13 Another temperature-

sensitive polysaccharide is chitosan (CS). The CS/β-glycerol phosphate (GP) system provides 

themoresponsive gelling induced by heat, due to the hydrophobic interaction to form a colloidal 

network. When the temperature decreases, it slowly turns into a flexible network due to the 

existence of additional hydrogen bonds.14 This unique thermosensitive hydrogel can be 

potentially applied in drug delivery15-17 and regenerative medicine (tissue regeneration).18, 19 

Kappa-carrageenan (κ-CG) is a temperature-sensitive polysaccharide that is receiving attention 

for pharmaceutical applications. The sol-gel transition temperature of κ-CG could be tuned by a 

variety of physical crosslinking conditions near the physiological temperature. Thus, this work 

focused on using themoresponsive carrageenan for the controlled release of active compounds by 

using heating as external stimuli.  

κ-CG is a linear sulfated polysaccharide extracted from marine red algae, and it is composed of 

D-galactose and 3,6 anhydrogalactose units. The gelation of κ-CG involves a coil-to-helix 

conformational transition followed by helix aggregation.20, 21 The gel formation process is 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_11
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_12
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_13
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_18
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_20
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thermoreversible, and it can be induced by cooling or crosslinking by monovalent cations such as 

potassium ions.22-24 The cross-linking density and the charge of the gel affect the phase transition 

temperature and control the release profile of entrapped active molecules.22, 24 The thermo-

sensitive nature of κ-CG hydrogels makes them an interesting candidate for temperature-

activated drug delivery applications.24-26 In addition, the structure of κ-CG contains abundant 

hydroxyl groups, providing the possibility for further derivatization and bioconjugation. The 

chemical modification of polysaccharides is considered to enhance their properties. In this paper, 

κ-CG was functionalized to produce the amino-CG derivative. The gelation of beads was 

promoted by K+, and the gel-to-sol transition of amino-CG was controlled by increasing the 

temperature from 37 to 40 °C.  

To create a smart platform for controlled molecule release, near-infrared (NIR) irradiation is an 

especially attractive candidate external stimuli, 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, 

photothermal agents have been intensively explored. These photothermal agents can readily 

absorb NIR light and convert the photon energy into thermal energy, and the heating triggers the 

polymer matrices to release entrapped molecules.27 Polydopamine (PDA) particle is a widely 

used photothermal agent in photothermal therapy and controlled release system by NIR.27-31 This 

paper reports a new platform of entrapment material, by trapping PDA microspheres into a 

thermo-sensitive polysaccharide (amino-CG derivative). Upon exposure to an NIR laser, the 

generated heat triggers the gel-to-sol phase transition, leading to the diffusion of amino 

carrageenan.  

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_21
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We intend to utilize the triggered release of amino compounds to further control the release of a 

drug by hydrogel degradation. From our previous report, we can control the degradation of 

oxidized glycidyl methacrylate immobilized dextran (oxidized Dex-GMA)-based hydrogel by 

amino group addition via the Maillard reaction, triggered by the Schiff base formation between 

aldehyde and amino groups11. In this work, a dispersion of amino-CG@PDA in oxidized Dex-

GMA based hydrogel was prepared. Irradiated of NIR light caused the diffusion of amino-CG 

into the hydrogel, which reacts with aldehyde remaining in the hydrogel. As a result of hydrogel 

degradation, drugs loaded in it were released. The above concept is illustrated in Figure 1A and 

B.  

2. Experimental section 

2.1 Materials 

Kappa-Carrageenan (κ-CG, molecular weight 4.3×105) 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. 

2.2 Preparation of degradable hydrogel via Schiff base formation reaction with amino compound 

Oxidized glycidyl methacrylate derivatized dextran (Ox-GMA-Dex) was synthesized as 

described in the previous report.11 First, 5 g of dextran was dissolved in 20 mL of dimethyl 

sulfoxide (DMSO), and N2 gas was flowed through the transparent solution for 30 min. Then, 0.8 

g of 4-dimethylaminopyridine (DMAP) and 2.2 g of GMA were added to the solution under 
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nitrogen gas for 30 min, and the reaction mixture was allowed to stand at 50 °C for 12 h. An 

equimolar amount of hydrochloric acid (HCl) was added to neutralize the DMAP, before dialysis 

against distilled water for one week. After drying, the pale yellow-brown flake product of Dex-

GMA was obtained.  

Sodium periodate (NaIO4) was used as oxidizing agent to prepare oxidized Dex-GMA. In brief, 

2.5 g of Dex-GMA was dissolved in 10 mL of distilled water, and NaIO4 (0.375 g in 5 mL DI 

water) was added into the solution. The reaction was allowed to proceed at 50 °C for 1 h. The 

oxidized Dex-GMA product was obtained after dialysis and drying.  

The synthesized products were characterized by 1H nuclear magnetic resonance (NMR) (400 

MHz, Bruker). The 1H-NMR results were used to investigate the degree of substitution (%DS) of 

GMA, by comparing the ratio of the areas under the proton peaks at 1.9 ppm (methyl protons in 

GMA) to the peak at 3.2–4.1 ppm (dextran sugar unit protons). In addition, The aldehyde content 

or the degree of oxidation (%oxidation) in Ox-GMA-Dex was determined using the fluorometric 

method, based on the reaction between acetoacetanilide (AAA) and aldehyde in the presence of 

ammonia.32  

The hydrogel was prepared by the crosslinking of Ox-GMA-Dex with dithiothreitol (DTT). 

Equal volumes of Ox-GMA-Dex (10% w/v) and DTT in phosphase buffer solution (PBS) 

(1.36% w/v) were mixed. The hydrogel was easily formed via thiol Michael addition reaction 

between methyl acrylate (from Ox-GMA-Dex) and thiol (from DTT) in 1:1 mole ratio at 37 °C. 

Removal of DTT was not required because we previously confirmed that most of thiol had 

reacted with the GMA and aldehyde parts.11 
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2.3 Synthesis and characterization of amino-CG 

Amino-CG was synthesized by applying the method reported by Tranquilan-Aranilla et al. in 

2012.33 κ-CG (1 g) was suspended in 10 mL of 80% (w/v) solution of 2-propanol in a 100-mL 

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 the stirring was continued for 

another 1 h at 40 °C. After alkaline activation, 3-bromopropylamine hydrobromide (0.55 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 1H and 13C NMR, differential 

scanning calorimetry (DSC), and zeta potential analysis. 

To confirm the structure of products, 1H NMR and 13C NMR spectra were collected using a 

Bruker 400 MHz NMR spectrophotometer after dissolving the sample in D2O.  

The zeta potential at pH 7.0 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. 

2.4 Determination of cytotoxicity 
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Cell viability was determined by measuring the ability of cells to convert 3-(4,5-dimethyl thial-2-

yl)-2, 5-diphenyltetrazalium bromide (MTT) to a purple formazan dye. L929 cells suspended in 

0.1 mL medium at a concentration of 1.0 × 104/mL were placed in 96-well culture plates. After 

incubation for 72 h at 37 °C, 0.1 mL of the medium containing different concentrations of 

amino-CG or non-treated CG as a control was added to the cells, followed by incubation for 48 

h. To evaluate 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 °C. After removing the remaining 

medium, 0.1 mL DMSO was added to each well to dissolve the precipitate. 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. 

 

2.5 Determination of amino content and of amino-CG and its ability to function as amino source 

2,4,6-Trinitrobenzene sulfonic acid (TNBS) is a rapid and sensitive assay reagent for quantitative 

determination of amino groups.34 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. 

To confirm that the amino-CG could function as an amino source, the reduction in the molecular 

weight (Mw) of Ox-GMA-Dex after adding amino-CG was investigated. Ox-GMA-Dex (2% 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_33
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w/v, 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 Mw of oxidized Dex-GMA at a 

given 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. 

2.6 Synthesis and characterization of polydopamine (PDA) microspheres 

PDA microspheres were synthesized by using a previously reported method.27 Dopamine 

hydrochloride (0.3 g) was dissolved in 5 mL of DI water. The prepared solution was slowly 

added to a mixture of 28−30% 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, 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. 

2.7 Preparation of amino-CG@PDA microcomposite beads 

An amino-CG aqueous solution (2–4% w/v) was prepared by heating at 60 °C with constant 

stirring. 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 (5% w/v). The beads were allowed to harden for 30 min in the KCl cross-

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_26
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linking solution. The gel beads were filtered, washed with DI water 3 times, and freeze-dried 

until constant weight was achieved. The amino-CG@PDA was thus obtained. 

2.8 Swelling study for determination of so-gel transition of amino-CG 

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 excess water, and then weighted again 

(Wwet). The water uptake is defined by the following equation (1): 

Water uptake (%) = [(Wwet-Wdry)/Wdry] × 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. 

2.9 Temperature and light-responsive sol-gel transition test of amino-CG@PDA 

microcomposites 

To evaluate the dissolution of the thermoresponsive gel, amino-CG@PDA microcomposites were 

suspended in PBS and incubated at 37 or 40 °C for 24 h. At different time intervals, the 

suspension was collected for the amino quantification. For NIR-triggered dissolution, the 

suspension of amino-CG@PDA composite was exposed to 808-nm NIR light (at a power density 

of 1 W/cm2) for 30 min at different time points (0.5, 1.5, 2.5, 3.5, and 4.5 h). One milliliter of the 
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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) × 100  (2) 

Where Wi and Wt are the amino content in the obtained microcomposites at equilibrium state and 

that released from the loaded nanocomposites at time t during the release process, respectively. 

2.10 Drug loading into Ox-GMA-Dex based hydrogel 

Doxorubicin hydrochloride (DOX) was loaded into Ox-GMA-Dex. DOX was dissolved at the 

concentration of 0.05 mg/mL in a solution of 10 wt% Ox-GMA-Dex (10% oxidation, 23% DS of 

GMA) in PBS. The DOX-loaded hydrogel was prepared as follows. Briefly, 0.5 mL of the mixed 

solution of DOX and Ox-GMA-Dex, 0.5 mL of 1.36 wt% DTT, and 0.01 g of amino-CG@PDA 

were mixed in a test tube and then incubated at 37 °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. 

2.11 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/cm2) 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 480 nm and λem 590 nm). Then, 1 mL of PBS was re-
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added the rest of the mix for further irradiation. The experimental setup is shown in Figure 1A. 

The cumulative amount of DOX released from the hydrogel was calculated according to the 

following equation (3): 

DOX release efficiency (%) = (Wt/Wi) × 100              (3) 

Where Wi and Wt are the DOX content in the oxidized Dex-GMA based hydrogel, and that 

released from the loaded hydrogel at time t during the release process, respectively. 
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Figure 1 (A) Experimental setup for light-responsive drug release test. (B) Schematic 

presentation of drug release via hydrogel degradation under NIR irradiation. 

 

3. Results and discussion 

3.1 Synthesis and characterization of amino-CG 

The amino-CG was synthesized in a simple reaction as shown in Figure 2A. The κ-CG was 

activated by NaOH to increase the nucleophilicity by the formation of alkoxides,35 and 3-

bromopropylamine hydrobromide was then added to react with carrageenan alkoxides to form 

amino-derivatized carrageenan. The 1H and 13C NMR spectra of κ-CG and modified CG are 

shown in Figures 2B and 2C, respectively. The disaccharide polymer κ-CG contains 3-linked β-

D-galactopyranose (G unit) and 4-linked 3,6-anhydro-α-D-galactopyranose (DA unit) as a 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_34
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repeating unit which showed the 1H chemical shifts in Figure 2B-b. In the spectrum for amino-

CG (Figure 2B-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 13C NMR analyses gave more information 

on the structural properties of amino-CG derivatives. The spectrum of untreated κ-CG (Figure 

2C-a) shows strong signals of the twelve carbon atoms in the disaccharide repeating unit.33, 35 

New signals were present in the amino-CG spectrum (Figure 2C-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. 

 

 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_32
https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_34
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Figure 2 (A) Schematic presentation of the synthesis of amino-CG. (B) 1H NMR spectra of 3-

bromopropylamine hydrobromide (a), original κ-CG (b) and amino-CG (c). (C) 13C NMR spectra 

of original κ-CG (a) and amino-CG (b). 

 

The charge of polysaccharide is reflected by the zeta potential (ζ-potential) of the solution, 

determined as the electrical potential produced around the surface of particles dispersed in 

solvent.36, 37 The ζ-potential results at pH 7.0 can help to confirm the synthesized product (Table 

1 and Figure S1). The negative zeta potential of -58.6 ± 0.8 mV in the original 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 ζ-potential was observed. 

The cytotoxicity of intact CG and amino-CG to L929 cells was evaluated through MTT assay, and the 

results are provided in Figure S2. As amino-CG and intact CG formed hydrogel-like viscous fluid at higher 

concentration, we evaluated their cytotoxicity at ≤ 5000 and 2000 µg/mL in the medium, respectively. Even 

at the maximum tested concentrations, we did not observe any viability decrease due to their low 

cytotoxicity. Generally, cationic compounds show cytotoxicity. But as the DS of amino group was low in 

amino-CG, the cytotoxicity might be almost the same as that of intact CG. As we previously reported,11 the 

cytotoxicity of Ox-GMA-Dex was 3000 times lower than that of glutaraldehyde, due to the stability of the 

aldehyde groups in the polymer backbone. From these results, our composite hydrogel could be a 

cytocompatible system. 

 

https://d.docs.live.net/cbf6fa2bb0a17f37/AAA_tmp/current/AZMAT_45_Original_files/AZMAT_45_5978_1537563066/Job_files/New%20folder/AZMAT_45_0921Polydopamine@amino-carrageenan_microcomposites__Biomacromol_0920_PN.docx#_ENREF_35
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Table 1 The Zeta Potential of 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 

 

The thermal analysis results also supported the successful synthesis of amino-CG. Figure 3 

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.38, 39 Consequently, restricted segments of polymer chains were formed, and hence it takes 

more energy to break the bonds. All these results confirmed the successful modification of κ-CG 

with amino groups. 

 

Figure 3 DSC thermograms of κ-CG and amino-CG. 
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3.2 Amino content in amino-CG and the reactivity with Ox-GMA-Dex  

The degree of substitution (%DS) was calculated from the amount of amines contained within 

the amino-CG sample, by using a rapid and sensitive assay reagent (TNBS).34 The calculated DS 

value of amino-CG was 0.87 %. In our previous report, Ox-GMA-Dex reacted with thiol groups 

in the GMA part to form hydrogel, and reacted with amine in the aldehyde part to start the 

degradation.10, 11, 40, 41 To confirm the reactivity of amino-CG with aldehyde group in Ox-GMA-

Dex and the degradability of the polysaccharide, we checked the molecular weight of Ox-GMA-

Dex by using GPC. The %DS of GMA and %oxidation in Ox-GMA-Dex were determined by 

previously reported methods.11 The proton chemical shifts of Ox-GMA-Dex are: 1.9 ppm 

(methyl proton of GMA), 3.2–4.1 ppm (dextran sugar unit proton), 4.9 ppm (dextran anomeric 

proton), and 5.7–6.2 ppm (vinyl proton of GMA), as shown in Figure S3. The DS value was 

determined to be 23% by comparing the ratio of the areas under the proton peaks at 1.9 ppm 

(methyl protons in GMA) to the peak at 3.2–4.1 ppm (dextran sugar unit protons, H2-H6). The 

aldehyde content was evaluated from the fluorometric method by the reaction of AAA and 

aldehyde. From the fluorescence intensity, %oxidation was controlled to be 10%. In the 

remainder of this paper, we denote this oxidized Dex-GMA as Ox(10%)-GMA(23%)-Dex, where 

10% is the degree of oxidation and 23% is the DS of the GMA. 

 In this study, the decrease of Mw in the oxidized Dex-GMA (containing aldehyde groups) after 

the reaction with amino-CG or glycine solution (model of primary amine) was determined by 

mixing oxidized Dex-GMA and amino-CG (or glycine) at 37 °C. The Mw was measured by GPC 

every 20 min for 3 h. As shown in Figure 4, the Mw of oxidized Dex-GMA (1% w/v) did not 
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change after addition of intact CG. However, it dramatically decreased in glycine solution (2.5% 

w/v) after 30 min, then decreased more slowly and became stable after 3 h (red line). This agreed 

well with our previous study that showed the amino group reacts with aldehyde to cause the 

degradation.11,40 The same trend of Mw was observed after adding 2.5% w/v amino-CG, but the 

Mw value after degradation was higher than that in glycine solution (blue line). The reason 

behind this result is that the amino content in amino-CG was lower than that of free amino 

groups from the glycine solution, leading to a low capacity for degradation. However, Mw still 

decreased at 120 min in the amino-CG added group, suggesting the lower diffusion of amino-CG 

due to its high molecular weight (4.3 ×105). Since the amino-CG was confirmed to trigger the 

degradation, it was further used in the degradation of hydrogel.  

 

 

Figure 4 Mw decrease of oxidized Dex-GMA by amino-CG and glycine addition with time. 
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3.3 Synthesis and characterization of PDA@amino-CG microcomposite 

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 PDA microspheres were 

encapsulated in amino-CG gel beads, which undergo conformation transition when the 

temperature is increased,23 leading to the release of compounds containing the amino group. The 

synthesis of PDA is presented in Figure 5A, 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). 

SEM and TEM images were used to confirm the successful synthesis of PDA microspheres. The 

obtained PDA microspheres had regular spherical structure with an average size of 150–300 nm 

(Figure 5B) and showed good dispersibility.  

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, corresponding to the vibration of N−H in the aromatic rings. The signal at 3265 cm-1 

revealed the existence of –OH groups in 1,2-dihydroxybenzene or catechol (Figure 5C).42 In the 

UV-Vis spectra (Figure 5D), characteristic absorption peak of free dopamine was observed at 

280 nm.27 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 
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dihydroxyindole, which subsequently self-polymerized.43 A change in the solution color from 

colorless to deep brown was detected, suggesting the successful synthesis of polydopamine, 

which can function as a photothermal agent in the NIR range. 

 

 

 

 

 

Figure 5 (A) Schematic presentation of the production of PDA. (B) SEM (a: 15k magnification, 

b: 50 k magnification) and TEM (c) images of the PDA microspheres. (C) FTIR spectra of 

dopamine and PDA. (D) UV−vis spectra of dopamine and PDA. 
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The PDA@amino-CG microcomposite can be easily prepared by using an ionotropic gelation 

method. 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 Ca2+, 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.44, 45 The cations can 

induce conformational changes in the polymer.46 Due to the instantaneous nature of such ionic 

gelation, drugs, enzymes, and other substances can be encapsulated in carrageenan. In this study, 

a κ-CG derivative, amino-CG, was used for encapsulation of PDA microspheres in the presence 

of K+ to form thermoreversible gel. SEM images in Figure 6A show the morphology of dried 

bead samples. Samples produced by amino-CG (Figure 6Aa-c) display spherical form with a 

smoother surface compared to the amino-CG@PDA (Figure 6Ad-f), which showed a rough 

surface morphology since the PDA microspheres prevented the carrageenan chains from 

approaching each other.  

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.24, 47 The hydrogel we developed here is supposed to be stable at 37 °C 

and dissolves upon heating with external stimuli such as NIR. Thus, the swelling behavior of 

amino-CG@PDA beads at 37 and 40 °C in PBS was studied (Figure 6B). The polysaccharide 

concentration (2, 3, or 4% w/v) affected the swelling ratio, due to the changing gel charges and 

network density. From the swelling ratio in Figure 6B, an initial burst of quick water penetration 

occurred within the first 3 h at both temperatures. The more crosslinked beads (prepared with 4% 

amino-CG at 37 °C, red solid line) provides a lower swelling ratio compared to those prepared 
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with 2% and 3 % amino-CG (blue and yellow solid lines). The reason is that, at a higher 

carrageenan concentration, the more abundant SO3
- on the carrageenan backbone can form more 

crosslink with K+ in KCl, resulting in a high degree of crosslinking. The thermoreversible gel 

beads prepared with 4% amino-CG were stable at 37 °C after 10 h with a constant swelling ratio. 

In contrast, the 2% and 3% of amino-CG@PDA beads dissolved within 5 h, due to their lower–

SO3
- contents and therefore reduced ionic crosslinking (low crosslink density). The water uptake 

by all types of bead samples at 40 °C are shown by the dashed lines. Besides the 2% and 3% of 

amino-CG@PDA beads, the 4% amino-CG@PDA thermoreversible gel beads were dissolved 

after 5 h under incubation at 40 °C. Thus, the thermoreversible 4% amino-CG@PDA preparation 

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 6 (A) SEM images of 4% amino-CG beads (a-c) and 4% amino-CG@PDA beads (d-f) 

prepared with 5% KCl. (B) Water uptake for different bead formulations at 37 °C and 40 °C. 

 

3.4 Temperature and light-responsive amino-CG release 

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 7A after immersing amino-CG@PDA in PBS at 37 or 40 °C. 

As shown in Figure 7A, 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 
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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. 

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−vis 

spectrophotometer. As plotted in Figure 7B, 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 Figure S4, 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% 30 min 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-



27 

 

responsive ability, and that the release rate of amino compounds can be controlled by switching 

NIR-light irradiation. 

 

 

 

Figure 7 (A) Release profiles of 4% amino-CG@PDA microcomposites prepared with 5% KCl 

under direct heating to 37 or 40 °C for different periods of time. (B) Cumulative release profiles 
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of amino compound from amino-CG@PDA microcomposites with and without NIR-light 

irradiation. 

3.5 NIR light-responsive DOX release from hydrogel degradation 

In this work, the Ox-GMA-Dex was used for hydrogel preparation. Equal volumes of Ox(10%)-

GMA(23%)-Dex (10% w/v) and DTT solution (1.36% w/v) were mixed to form hydrogel 

including amino-CG@PDA beads and used for drug-loaded template. The process of drug 

release via hydrogel degradation under NIR irradiation was shown in Figure 1B.  

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.48, 49 Doxorubicin is one of the most widely used commercial 

anticancer drugs in clinical application. Its derivative DOX·HCl is soluble in water, and hence it 

was used as a model drug to investigate the release from Ox-GMA-Dex based hydrogel. Figure 

8A, B show the cumulative drug release from hydrogels loaded with 10 μg/ml drug over 5 h and 

10 days in PBS, respectively. Only a very small amount of DOX was 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 

8C. 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).50, 51 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 
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beads started to transform to sol when irradiated under NIR light. After 4 h of 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 

chargedand can be easily adsorbed on the negatively charged Ox-GMA-Dex chain by 

electrostatic interaction.52 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 fewer, 

hence the slow release of the drug. Figure 8B 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 days 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 8 (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. (c) 

Schematic presentation of drug release under NIR irradiation. 

 

4. Conclusion 

Amino-CG was composited with PDA to form a hydrogel. This hydrogel showed gel-sol 

transition at 40 °C, therefore it is stable at physiological temperatures. NIR irradiation could 

dissolve the amino-CG@PDA gel beads due to the photothermal property of PDA. When the 
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amino-CG@PDA gel beads were incorporated into the Ox-GMA-Dex hydrogel, the aldehyde 

group in the latter can react with the external amino group in the former, degrading the main 

chain through the Schiff base formation reaction. Under NIR irradiation, hydrogel degradation 

was initiated to release DOX incorporated in it. This kind of controlled drug release model may 

be a promising candidate for therapeutic hydrogels, for use in external stimuli-responsive drug 

delivery, although the rate of degradation should be considered. 
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Figure S1 Zeta potential distribution of κ-CG and amino-CG. 
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Figure S2 Cytotoxicity of dextran, intact CG, and amino-CG. 
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Figure S3 1H NMR spectrum of Ox-GMA-Dex. 
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Figure S4 Time course of temperature profile of the suspension containing amino-CG@PDA 

microcomposites in the photothermal conversion experiment under intermittent NIR irradiation 

(gray shaded areas). 
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