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Abstract: Hydrogel have been a great material for biomedical applications. In this study, 

fluorescent hydrogels formulated from carrageenan biopolymers and firefly luciferin, exhibited 

high fluorescence quantum yield and stability, thermo-reversibility, and high transparency. 

Importantly, the hydrogels are pH-responsive which allow them to be used as sensing materials 

for a range of pH from 3 to 6.5. The hydrogels may find potential applications as cheap and tailored 

materials in photodynamic therapy (i.e., pH sensor for wound healing, bioluminescence hydrogels 

for cell study).  
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1. Introduction 

"Luciferin" is the generic term of organic compounds that exist in a luminous organism and emits 

energy in the form of light through oxidation.1, 2 Firefly (Lampyridae) luciferin, referred to as D-

luciferin, is a bioluminescent compound that has been investigated extensively over the last few 

decades. To understand the mechanism of firefly bioluminescence, the analog structure of luciferin 

– oxyluciferin (the emitting molecule) is taken into account.3, 4 The firefly bioluminescence occurs 

as a result of a multistep oxidation of D-luciferin to oxyluciferin in the presence of luciferase, 

oxygen, magnesium ions, and adenosine-5’-triphosphate (ATP). When oxyluciferin (OxyLH2) 
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decays to its ground state, a bioluminescent light is emitted and its color depends on the conditions 

of the active site.5 Oxyluciferin is labile in alkaline solutions, and its structure is strongly affected 

by solvent polarity and pH.6 Apart from bioluminescence, D-luciferin is a fluorescent organic 

molecule that absorbs UV light at an excitation wavelength of 327 nm and emits light at an 

emission wavelength of 530 nm. This is due to the dissociation of proton at the 6'-hydroxyl group 

(phenol form) in the excited state that leads formation of a fluorescent phenolate anion.7 The 

fluorescence emission peak of the phenolate anion of luciferin is red-shifted by more than 3200 

cm-1 when changing from non-polar solvents to water. Further red-shift of the emission peak of D-

luciferin was observed when zinc and cadmium ions were used. 

 Fluorescence experiments with D-luciferin in liquid media often require careful handling 

and uncontrollable contour of products; thus, the hydrogel form have been proposed. Of the 

interest is carrageenan, the natural polysaccharides that can be extracted from red algae (Chondrus 

Crispus).8 Carrageenan is common in everyday life as they are used as stabilizers, thickeners, and 

gelling agents for example in the food industry.9 They are biodegradable, non-toxic, and can easily 

dissolve in warm water. Depending on the positions and number of the ester sulfate groups on the 

backbone, there several forms of carrageenan including, for examples, ι-, κ-, and λ-carrageenan. 

Among them, the ι-carrageenan is commonly used for its gelling properties, it tends to form elastic 

hard gels compared to other types of carrageenan.10, 11 The formed hydrogel possesses physically 

thermo-reversible crosslinking between the unprotonated sulfate moieties of the ι-carrageenan and 

metal ions. Importantly, the ι-carrageenan is the most transparent one among forms of carrageenan 

making them a good model for spectroscopic study.12 Therefore, the hydrogel form of the ι-

carrageenan is the focus of this report where the hydrogel is formulated from aqueous solutions of 

carrageenan with magnesium ions. The choice of magnesium ions was based on their essential role 

in the enzyme-catalyzed reaction in fireflies. The Mg-ATP complex is involved in the 

bioluminescence reaction of luciferin by luciferase enzyme and takes part in the formation of an 

intermediary compound known as luciferyl adenylate and also contributes to the release of 

pyrophosphate. Magnesium ions also play important role in the bioluminescence reaction 

occurring in earthworm Fridericia heliota.13 Besides their role in bioluminescence, manganese 

ions help in enhancing the gelation of carrageenan comparing to sodium ion.14 In this research, we 

aim for incorporating the firefly luciferin into a carrageenan-based hydrogel by using solution 

processing for potential application in pH sensing. The result is a free-standing and fluorescent 
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hydrogel, exhibiting a slight blue-shift together with increase in intensity of the emission bands 

when the pH rises from 3 to 6.5.  

 

2. Methods 

2.1 Materials and instrumentation 

D-luciferin free acid is supplied from Apollo Scientific. ι-carrageenan is received from CP Kelco 

as laboratory samples. Tris(hydroxymethyl)aminomethane (Tris buffer), quinine bisulfate, HCl, 

NaOH, and MgCl2 are purchased from Merck. 

Molar mass characterization was conducted by a gel permeation chromatography (GPC) 

system equipped with a differential refractive index (RI) concentration detector and a multi angle 

light scattering detector in the infrared-range (MALS). The size separation was performed with 

two UltrahydrogelTM columns (7.8 × 300 mm, I.D. × L). The freeze-dried sample was dissolved in 

0.1 M NaNO3 (aq) to 5 mg mL-1 overnight and filtered over a 0.2 μm Nylon syringe filter prior to 

GPC analysis. The GPC/MALS/RI system was operated under the following conditions: 40 °C 

column temperature; 0.5 mL min-1 flow rate; 0.15 mL g-1 dn/dc, 100 µL injection volume. Data 

evaluation used ASTRA software, version 7.3.2. The molecular weight of ι-carrageenan calculated 

from the obtained chromatogram (Figure S1) is 1.5×106 g/mol. 

PerkinElmer LS-50B luminescence spectrometer with the capability of measuring 

fluorescence, phosphorescence, chemiluminescence and bioluminescence. Source is Xenon 

discharge lamp, equivalent to 20 kW for 8 µs duration. Pulse width at half height <10 µs. Sample 

detector is the gated photomultiplier with modified S5 response for operation up to around 650 

nm. Red-sensitive R928 photomultiplier can be optionally fitted for operation up to 900 nm. 

Wavelength accuracy and reproducibility: +1.0 and +0.5 nm, respectively. The excitation slits 

(2.5-15.0 nm) and emission slits (2.5-20.0 nm) can be varied and selected in 0.1 nm increments. 

Scanning speed is selected in increments of 1 nm for 10-1500 nm/min. The measurement is done 

without purging O2. Absorption spectra of the samples were recorded with a Shimadzu UV-3600 

spectrophotometer. pH of hydrogels was measured with the Metrohm pH meter with a gel 

electrode.  

 

2.2 Preparation of the fluorescent hydrogels 
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A stock solution of 1 mM D-luciferin was prepared by dissolving D-luciferin with milliQ water 

containing 0.1 M Tris buffer. The 0.1 M MgCl2 together with different weight concentration (wt%) 

of ι-carrageenan were added to glass vials containing the 5-mL stock solution to form the 

hydrogels. The final pH of the hydrogels was adjusted by solutions of 1.0 M HCl or 1.0 M NaOH. 

This pH adjustment is required due to pH dependence of the carrageenan, i.e. protonation and 

unprotonation of the sulfate groups. The mixtures were heated between 40-45 °C for 3 min and 

then transferred into plastic cuvettes and a Teflon mold for cooling to form hydrogels and hydrogel 

films, respectively.  

Preparation of patterned hydrogels were done using 10-mL syringe, UV light lamp with a 

wavelength 365 nm. 3 wt% of ι-carrageenan was prepared in a beaker and pre-heated over a water 

bath at 60 °C. The stock solutions of 0.5 M Mg2+ and 0.1 mM of luciferin was injected into a 50mL 

beaker to received patterned hydrogels. Figure 1c shows single droplets formed in the luciferin 

solution. Spherical gels rapidly absorb the luciferin forming photopatterning fluorescence spheres, 

approximately 0.5-2.0 mm based on diameter of the syringe. Modification of hydrogel pattern into 

tubular shape was achieved by injecting the fluorescent hydrogel into a transparent rubber tube 

(Figure 1d).  

For studying the stability of hydrogels, two identical luciferin solutions were prepared from 

a stock solution containing 1 mM of luciferin, 0.1 M of MgCl2 but with different pH values (1 and 

4) to examine the gelation efficiency of carrageenan in the abovementioned pH range. 

  

2.3 Fluorescent experiment 

2.4.1 Evaluation of the quantum yield of the hydrogel 

Five different concentrations (from 0.05 mM to 0.1 mM) of quinine bisulfate (in 0.1 M H2SO4) 

solutions and luciferin solutions were prepared to record the absorbance for determination of the 

quantum yield. Quinine bisulfate is as a standard reference to determine the quantum yield of 

luciferin with emission range 400-800 nm wavelength. The excitation wavelengths were chosen 

at 347 nm and 327 nm for quinine bisulfate and luciferin, respectively. The gradients of the graphs 

obtained above are proportional to the quantum yield of the quinine bisulphate and luciferin.  

 

2.4.2 pH sensing 
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A series of hydrogels with different pH (spiked with 0.1 M HCl or NaOH solutions to achieve the 

desired pH values, i.e. 3.0-6.5) were prepared in a Tris base buffer. The hydrogels were prepared 

in the standard 3.5 mL cuvettes with an emission wavelength of 370 nm using PerkinElmer 

spectrometer. In selectivity experiments, 0.5 mM of ATP as interferent was added to the luciferin-

based hydrogels with different pH values ranging from 3, 4, and 6.5 in order to study its effect on 

the fluorescence intensity of the hydrogels. 

 

3. Results and Discussions 

Figure S2 shows the formulated hydrogel (and its dried form) without luciferin as the reference 

for the luciferin-based hydrogel used in our research. Both forms show relative strong film that 

can be handled by tweezer. Transformation between forms is reversible by adding or removing 

water. The transparency of the hydrogel is high (Figure S2a) but lost when the hydrogel becomes 

dried (Figure S2b). This hydrogel form is used for further formulation with luciferin to achieve 

fluorescent hydrogel under similar process (see Experimental section 2.2 and Figure and S3). Even 

though the last processing step includes heating at 50 °C in a bath, the resulting hydrogels emit 

intensive green fluorescence in all forms, the hydrogel in the cuvettes and tubes as well as the 

hydrogel film and spheres (Figure 1). In connection with the stability of luciferin with 1.0 wt% 

carrageenan, a thin film was prepared of which upon drying, the thin film appears golden-yellow 

in colour due to the presence of oxyluciferin. The fluorescence intensity of the hydrogels was 

observed at a wavelength between 525 and 530 nm. The fluorescent state of D-luciferin is 

characterized by a strong charge transfer from the benzothiazole ring to the thiazoline ring.15 The 

Stoke shift is relatively large ~250 nm (from 380 nm to 530 nm) equal to 0.92 eV due to the 

influence of the surrounding hydrogel medium. Figure 1 displays green fluorescence of the 

hydrogel when exposed under 365-nm UV light.  
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Figure 1. (a) The luciferin-based hydrogels prepared from 1 wt% ι-carrageenan. (left) The 

hydrogel in the cuvette is irradiated by UV light of 365-nm wavelength and white light, 

respectively. (right) Absorbance-emission spectra of the hydrogel; the excitation wavelength is 

327 nm. (b-d) The hydrogels of 3 wt% of ι-carrageenan can be processed to different shapes 

including (b) film and (c) spheres of ~0.5 mm in diameter (see the Experiment) or (d) can be loaded 

in rubber tubes of ~0.6 mm in diameter which can be bended into different shapes. The hydrogel 

is irradiated by UV light of 365-nm wavelength. 

 

Due to high molecular weight of ι-carrageenan, the wt% of ι-carrageenan is the first 

variable to be investigated, i.e. hydrogels with different wt% (0.5, 1.0, and 1.5) of ι-carrageenan 

were prepared. Higher wt% of ι-carrageenan than 1.5 was inconvenient for preparation of 

hydrogels in the cuvettes as the solution became very viscous resulting inhomogeneous hydrogel. 

These hydrogels were left in an open space to observe their stability over a period of time with 

measurements taken weekly. These hydrogels were monitored for three weeks and the change in 

emission intensity are recorded (Figure S4). Luciferin hydrogel with 1.5 wt% drops steeply 
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compared to 1.0 wt% and 0.5 wt% ι-carrageenan, the stability of the hydrogel using 1.0 wt% ι-

carrageenan was much better compared to the others on the other hand. With this result, the 

hydrogels formulated from 1.0 wt% ι-carrageenan will be used for further characterization and 

sensing application including pH dependence of hydrogel gelation. A series of experiments were 

performed to assess the gelation efficiency of ι-carrageenan across pH. It was found that the 

hydrogel is formed at pH above 3. Supplementary video demonstrates the solution of 1.0 wt% ι-

carrageenan at pH 1 did not form a gel, while the second solution at pH 4 showed a highly stable 

gel.  

Luciferin has been known to be pH-dependent even in the hydrogel form.5 This research 

aims to improve several features which have not been optimized including transparency, 

fluorescence quantum yield (Φ), and application of the hydrogel in pH sensing. Figure 2 shows 

the absorbance and emission of the hydrogel prepared from 1.0 wt% ι-carrageenan that are used 

for calculating Φ of the hydrogel. Absolute values were calculated using the standard samples, 

herein quinine bisulfate (see Experimental and Figure S5), which have a fixed and known Φ value, 

according to the following equation: 

Φ𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑙 = Φ𝑄𝐵 (
𝐺𝑟𝑎𝑑𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝐺𝑟𝑎𝑑𝑄𝐵
)(

𝜂𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑙
2

𝜂𝑄𝐵
2 ) 

Where the subscripts QB denote the quinine bisulfate; Grad is the gradient from the plot 

of integrated fluorescence intensity vs absorbance; and η the refractive index of the solvent. As η 

is constant, the Grad value for each sample is proportional to Φ of sample. Figure 2a show the 

absorption spectra of the fluorescent hydrogel which is much lower than that of the luciferin 

solution (Figure S5b), possibly due to lower molar absorptivity of D-luciferin in the hydrogel. The 

Φ values calculated from the above Eqn. was 0.43, 0.54, and 0.79 for luciferin solution, standard 

quinine bisulfate, and hydrogel, respectively. 
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Figure 2. The (a) absorption spectra and (b) corresponding emission versus absorbance of the (○) 

luciferin hydrogel and (●) the luciferin solutions prepared with different concentrations of 

luciferin, i.e. (1-5) 0.05, 0.06, 0.07, 0.08, and 0.1 mM.  

 

Not only high Φ, but also emission of the hydrogels exhibits strong pH dependence (Figure 

3a). The emission band of the hydrogels gave a prominent peak which slightly blue shifted when 

pH of the hydrogel increase, i.e. from 530 nm at pH 3 to 524 nm at pH 6.5. Meanwhile, the peak 

intensity of the hydrogels exhibits high dependence on the increment of pH. This range of pH was 

chosen as luciferin of the hydrogel precipitate at pH >6.5, while the carrageenan does not gelate at 

pH <3. By plotting the change of the fluorescence intensity in the range of pH 3.0 till 6.5, the pH 

sensitivity of the hydrogel has been shown in Figure 3b. The calibration curve of the normalized 

emission intensity across pH. The linear equation can be written as Inormalized = 0.152 × pH – 0.161 

showing a high correlation between the intensity of the luciferin hydrogel and pH. 

 



9 
 

 

 

Figure 3. (a) Emission of the luciferin-based hydrogel prepared at different pH; the black arrow 

and the trajectory of the yellow dots show increase of peak intensity peak shift, respectively, upon 

the increment of pH (from 3.0 to 6.5); (b) Calibration curve plotted with intensity of the 525-nm 

band of the luciferin-based hydrogel versus different pH values from 3.0 to 6.5 with R2 = 0.73.  

 

Figure S6 illustrates the fluorescence response of the luciferin hydrogels at different pH 

values and with and without the addition of ATP. The choice of ATP as an interfering compound 

was based on its important role in the bioluminescence reaction occurring in fireflies. It indicates 

that nearly no change was observed with the fluorescence intensity of the hydrogel in the presence 

and absence of ATP. This demonstrates that the addition of ATP does not influence the 

fluorescence response of the luciferin hydrogels when varying pH. 

 

4. Conclusions 

The hydrogel systems based on luciferin in this research possess significant fluorescence, stability, 

and mechanical-reversible properties. When excited with 327-nm light, the emission band of the 

hydrogel was observed at a wavelength of 525 nm. The absorbance maximum of D-luciferin is 

ascribed to a neutral form of oxyluciferin (327 nm) as this peak is similar to that of the chemically 

synthesized neutral form. Importantly, the hydrogels exhibited high Φ and pH-dependent feature 

which benefit not only fluorescence-based sensing but also bioluminescence-based systems, i.e. 

when ATP and luciferase are included in the current fluorescent hydrogel. Moreover, ι-
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carrageenan is non-toxic that can pave the way for applications of these systems in biomedical 

field such as bioimaging, cell culture scaffolds, or in vivo sensing. 
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