
A gel-forming clusteroluminogenic polymer with tunable emission 

behavior as a sustained-release carrier enabling real-time tracking 

during bioactive agent delivery 

Abstract 

Sustained-release carriers with intrinsic luminescence exhibit the potential to combine 

imaging with bioactive agent delivery in practice. This study reports the synthesis and 

properties of CT, which is a gel-forming and highly tunable non-conjugated polymer with 

intrinsic luminescence. Owing to the excitation wavelength-dependent emission tunability 

of CT, optical imaging can be performed in a wide range of excitation wavelengths. This 

study is the first proof-of-concept study successfully integrating the property of 

clusterization-triggered emission into carrier design for combining imaging with bioactive 

agent delivery. By using cancer therapy as a practical example, our results demonstrate that 

CT is a depot system that cannot only enhance in vivo antitumor efficacy but can also allow 

its location and gelation process to be tracked in real time by giving an intrinsic blue-

colored fluorescence signal. Together with its high biocompatibility, CT shows high 

practical potential for executing self-illuminating therapy to tackle cancer. 

1. Introduction

Sustained-release carriers with high luminescence show the potential to combine imaging 

with bioactive agent delivery in practice. Different luminescent systems have been reported 

in the literature, ranging from metal nanoclusters [1] and upconversion nanoparticles [2,3] 

to luminescent polymers [4]. Among them, luminescent polymers have drawn special 

interest partly because of their structural flexibility and ease of functionalization for 

subsequent property modification. Over the years, diverse carriers have been developed 

from luminescent polymers [5,6], rendering the combination of imaging with bioactive 

agent delivery possible. Despite this, luminescence from these polymers necessitates the 

availability of π-conjugated systems. Due to the presence of the rigid planar structure 

inherently linked to the conjugated electronic system [7], these polymers experience 

aggregation-caused quenching easily when they are in high concentration [7]. In addition, 

owing to the need of extended conjugation (and hence higher structural complexity) in the 

structure of these polymers, laborious synthetic procedures are often involved. All these 

factors impose limitations on the working concentration and large-scale production of these 

polymers for use in bioactive agent delivery. 

To address these problems, readily-fabricated luminescent polymers enabling high 

flexibility of structural design are desired. By taking advantage of the mechanism of 

clusterization-triggered emission (CTE), this study develops a novel gel-forming non-

conjugated luminescent polymer, namely CT. Because of its luminescence properties and 

excitation wavelength-dependent emission tunability, CT enables its location and in 

situ gelation process inside a body to be tracked in real time, with the imaging process 

being able to be performed in a wide range of excitation wavelengths based on practical 

needs. Importantly, due to the lack of conjugated electronic structures, CT is structurally 
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flexible, and can serve as an in situ gel-forming depot system for sustained and controlled 

release of the loaded agent. Such structural flexibility can hardly be achieved by existing 

carriers that are developed conventionally from polymeric luminogens with rigid π-

conjugated structures. By using cancer therapy as a practical example, CT is demonstrated 

to show high potential to mediate the execution and development of self-illuminating 

therapy in disease treatment due to its high biocompatibility, release sustainability and in 

situ gel-forming capacity which can spare the need of subsequent gel implantation. 

2. Materials and methods 

2.1. Materials 

4-Dimethylaminopyridine (DMAP), 1-chloro-2,3-epoxypropane, 2-methylpropenoic acid, 

and various other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Cellulose modified simultaneously by hydroxypropylation (degree of substitution = 7–

12%) and methylation (degree of substitution = 28–30%), with the viscosity of its 2% 

aqueous solution at ambient conditions being 6, 15, or 50 mPa∙s (designated as CE06, CE15, 

and CE50, respectively), was purchased from Macklin (Shanghai, China). Dulbecco's 

Modified Eagle's Medium (DMEM; Gibco, Grand Island, USA), RPMI-1640 (Gibco, 

Grand Island, USA), penicillin G-streptomycin sulfate (Life Technologies Corporation, 

Chicago, USA), and fetal bovine serum (FBS; Hangzhou Sijiqing Biological Engineering 

Materials Co, Hangzhou, China) were used as the cell culture medium. Trypsin-EDTA 

(0.25% trypsin-EDTA) was obtained from Invitrogen (Carlsbad, CA, USA). 

2.2. Synthesis of CT 

100 mL of 2-methylpropenoic acid was added to 100 mL of heptane, followed by the 

dropwise addition of 200 mL of a 50% (w/v) NaOH solution at 55 °C under constant 

stirring. After 30 min of reaction at 55 °C, 0.2 g of hydroquinone was added. The product 

was purified by vacuum distillation. 40 g of the product was added to a flask equipped with 

a reflux condenser and a CaCl2 tube, followed by the addition of 0.2 g of pre-desiccated 

hydroquinone, 1.2 g of pre-desiccated tetrabutylammonium bromide, and 285 mL of 

1-chloro-2,3-epoxypropane under constant stirring. The reaction mixture was heated at 90–

95 °C on a water bath for 4 h, and was then cooled to room temperature. 

The crude reaction mixture was filtered, with the filtrate further purified by vacuum 

distillation to obtain a product in the form of a colorless mobile liquid. 2 mL of the product 

was added dropwise to 45 mL of an anhydrous DMSO solution containing both CE06 (5.6% 

(w/v)) and DMAP (1.1% (w/v)). The reaction mixture was incubated under the inert 

nitrogen atmosphere for 72 h. After that, the reaction mixture was dialyzed against 

deionized water for 3 days with a molecular weight cut-off of 12 kDa. The dried product 

was obtained by lyophilization, and was stored at 4 °C for subsequent use. The same 

procedure was applied to CE15 and CE50 to generate CT with different molecular weights. 

CT generated from CE06, CE15, and CE50 was designated as CT06, CT15, and CT50, 

respectively. 



2.3. Structural characterization 

The structure of CT was characterized by using a Fourier-transform infrared (FT-IR) 

spectrometer (Spectrum 2000; PerkinElmer, Norwalk, CT, USA) at ambient conditions. 

The potassium bromide (KBr) disk technique was used for analysis. Spectra were obtained 

at a resolution of 2 cm−1, and were reported as an average of 16 scans. In addition, CE06, 

CE15, CE50, CT06, CT15 and CT50 were solubilized in deuterated DMSO (DMSO-d6). 

Their proton nuclear magnetic resonance (1H NMR) spectra were recorded using an NMR 

spectrometer (400 MHz; Bruker Corporation, Karlsruhe, Germany). 

2.4. Gel permeation chromatography (GPC) 

100 mg of CT06, CT15 or CT50 was dissolved in 10 mL of tetrahydrofuran (THF), which 

was used as a mobile phase during subsequent GPC analysis. Dissolution of CT was 

facilitated by sonication for 10 min. During analysis, the flow rate of the mobile phase was 

set as 1.0 mL min−1. Detection was achieved by using a refractive index detector at ambient 

conditions. 

2.5. Thermogravimetric analysis (TGA) 

TGA of CE06, CE15, CE50, CT06, CT15 and CT50 was performed using a Q50 TGA 

analyzer (TA Instruments, New Castle, Delaware, USA) equipped with platinum pans. 

Analysis was carried out in an inert atmosphere of nitrogen from 40 °C to 600 °C. The 

heating rate was uniform in all cases, and was set as 10 °C min−1. 

2.6. Scanning electron microscopy (SEM) analysis 

The microstructure of a lyophilized gel formed from CT was examined by SEM. Slices of 

the lyophilized gel were sputter-coated with gold, and were observed using a scanning 

electron microscope (JSM-6380; JEOL, Tokyo, Japan) operated at an accelerating voltage 

of 10 kV. 

2.7. Rheological measurement 

The viscosity of a 5% (w/v) DMSO solution of CT before and after injection into simulated 

body fluid, which was prepared as previously described [8], was determined using a 

Brookfield DV-III Ultra programmable rheometer (Brookfield Engineering Laboratories 

Inc., Middleboro, MA, USA) with spindles (CP-40). Viscosity parameters were collected 

at different shear rates at ambient conditions, with the equilibration time at every shear rate 

being set as 15 s. Viscoelastic properties of a 5% (w/v) DMSO solution of CT and the gel 

formed were also studied in the frequency range of 1–100 rad s−1. The storage modulus 

(G’) and loss modulus (G’’) were determined. 

2.8. Evaluation of the swelling behavior 

A lyophilized and pre-weighed gel (0.05 g) was immersed in 100 mL of simulated body 

fluid. At a pre-set time interval, the sample was retrieved by centrifugation for 5 min at a 

relative centrifugal force of 4000 × g, followed by the removal of the supernatant. The 
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swelling ratio, the water content, and the water absorption ratio (WAR) of the sample were 

calculated using the following 

equations:(1)Swellingratio=msmd(2)Watercontent(%)=ms−mdms×100%(3)WAR=ms−m

dmdwhere ms and md represent the mass of the swollen gel and that of the dried gel, 

respectively. 

2.9. Evaluation of the erosion behavior 

The erosion behavior of a gel formed from CT was examined as previously described [9]. 

In brief, a lyophilized gel with a known initial dry mass was immersed in simulated body 

fluid, and was incubated at 37 °C. The sample was retrieved at a predetermined time 

interval, and was dried in an oven at 65 °C. The final dry mass of the gel was determined. 

2.10. Cytotoxicity assay 

3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% FBS, 100 UI/mL 

penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine; whereas BGC-823 cells were 

cultured in RPMI-1640 supplemented with 10% FBS. 24 h before the assay, cells were 

seeded separately in a 96-well plate at an initial density of 5000 cells per well, and were 

incubated under a humidified atmosphere of 5% CO2 at 37 °C. On the other hand, an 

appropriate amount of CT was ground in the fresh cell culture medium using mortar and 

pestle to obtain a suspension with a desired CT concentration. During the experiment, the 

cell culture medium in each well was replaced with 100 µL of the suspension. After 5 h 

incubation at 37 °C, the suspension was replaced with the fresh cell culture medium. The 

CellTiter 96 AQueous non-radioactive cell proliferation assay (MTS assay; Promega Corp., 

Madison, WI, USA) was performed, according to the manufacturer's instructions, either 

immediately or after 24 h of post-treatment incubation to determine the cell viability (%) 

in each well. 

2.11. Blood collection and hemolysis assay 

Blood from anesthetized nude mice was collected via cardiac puncture into a heparin-

containing tube, and was then centrifuged for 10 min at 2000 × g at 4 °C. All procedures 

were approved by the Ethical Committee of the Hong Kong Polytechnic University. The 

collected erythrocytes were washed with phosphate buffered saline (PBS) (pH = 7.4) until 

the supernatant became colorless. Different amounts of CT were ground in PBS using 

mortar and pestle. The solutions obtained were filtered using a microfilter with a pore size 

of 0.45 μm. Erythrocytes were added to the filtrates to reach a final concentration of 8% 

(v/v). After incubation at 37 °C for 1 h, the mixtures were centrifuged at a relative 

centrifugal force of 2000 × g for 15 min. The absorbance of the supernatants was recorded 

at 414 nm. Experiments were performed in triplicate. The extent of hemolysis in PBS and 

0.1% (w/v) Triton X-100 was defined as 0% and 100%, respectively. 

2.12. Photoluminescence (PL) characterization 

0.5 g of CT was dissolved in 10 mL of DMSO for measurements using a FLS920P 

fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK). PL spectra were 

taken at excitation wavelengths of 330 nm, 340 nm, 350 nm, 360 nm, 370 nm, 380 nm, 
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390 nm, 400 nm, 410 nm, 420 nm, and 430 nm. PL lifetime measurements were recorded 

when the sample was excited by a 375 nm pulsed laser (Edinburgh Instruments EPL-375) 

with a pulse rate of 500 ns. 

2.13. Determination of the encapsulation efficiency 

Methylene blue (MB), lysozyme (LYS), capecitabine (CAP), and paclitaxel (PTX) were 

adopted as model agents. 0.2 g of the agent was dissolved in 4 mL of a 5% (w/v) DMSO 

solution of CT. The solution was injected into 25 mL of simulated body fluid for in situ gel 

formation. The agent-loaded gel was retrieved by centrifugation for 30 min at a relative 

centrifugal force of 10,000 × g, followed by the removal of the supernatant. The 

concentration of unloaded MB was determined at 665 nm using ultraviolet–visible (UV–

Vis) spectroscopy. The amount of unloaded LYS was determined using the Bradford 

reagent (Sigma-Aldrich, Missouri, USA) as previously described [10]. The concentrations 

of CAP and PTX were quantified using reverse phase ultra-high performance liquid 

chromatography (UPLC), coupled with a triple quadrupole mass spectrometer (UPLC-

MS/MS). The encapsulation efficiency was calculated using the following 

equation:(4)Encapsulationefficiency(%)=mlmt×100%where ml is the mass of the model 

agent encapsulated in the gel, and mt is the total mass of the model agent added during the 

encapsulation process. 

2.14. Evaluation of release performance 

25 mL of simulated body fluid was added as a releasing medium to 0.2 g of a lyophilized 

agent-loaded gel, and was incubated at 37 °C with saturated humidity. At a pre-set time 

interval, 0.5 mL of the releasing medium was removed for testing, and was replaced with 

0.5 mL of simulated body fluid. The amount of MB released from the gel was determined 

at 665 nm using UV–Vis spectroscopy. The amount of LYS released was determined using 

the Bradford reagent as previously described [10]. The concentrations of PTX and CAP in 

the releasing medium were measured by using UPLC-MS/MS. The cumulative payload 

release was calculated using the following 

equation:(5)Cumulativerelease(%)=∑t=0tmtm∞×100%where mt is the mass of the model 

agent released from the gel at time t, and m∞ is the total mass of the model agent loaded 

into the gel. 

2.15. Determination of the protein activity 

A LYS-loaded gel was prepared as described above, and was crushed thoroughly using 

mortar and pestle in PBS. After removing the debris by filtration, the amount of LYS 

extracted from the gel was determined using the Bradford reagent. 100 μL of the solution 

containing extracted LYS was added to a cuvette, followed by the addition of 1 mL of a 

0.01% (w/v) Micrococcus lysodeikticus cell suspension. The absorbance at 450 nm was 

measured to determine the activity of extracted LYS. 

2.16. Evaluation of use in self-illuminating antitumor therapy 

BALB/c nude mice (5 weeks of age) were purchased from the Institute of Laboratory 

Animal Sciences (Beijing, China). BGC-823 cells were cultured in RPMI-1640 
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supplemented with 10% FBS. All procedures were approved by the Ethical Committee of 

the Hong Kong Polytechnic University. A BGC-823 cell suspension prepared in 0.2 mL of 

a PBS/Matrigel mixture (1:1) at a concentration of 1 × 107 cells mL−1 was transplanted 

subcutaneously into the nude mice to produce tumors. The tumor volume (V) was 

determined using a caliper, and was calculated using the following 

equation:(6)V=12×L×S2where L is the larger dimeter of the tumor, and S is the small 

diameter of the tumor. When the tumor reached a volume of 100 mm3, the mice were 

weighed, coded, and randomly divided into 4 groups, with 7 mice in each group. 

Intratumoral administration of the CT15 solution, the PTX solution, or the PTX-containing 

CT15 solution, was provided twice a week for 2 weeks. The dose of PTX administered 

each time was 20 mg kg−1. In all cases, the solvent used was DMSO, which was selected 

in this study partly because of its track record of use in direct injection in preclinical trials 

[11,12] and its high miscibility with body fluid [13]. Intratumoral administration of the 

solvent alone was used as the control. Dynamic changes in the tumor volume were 

determined. After 2 weeks of treatment, mice were sacrificed, with their tumors excised 

and weighed. The tumor growth inhibition (TGI) value was determined using the following 

equation:(7)TGI(%)=(1−WTWC)×100%where WT is the average tumor weight in the 

treatment group, and WC is the average tumor weight in the control group. Sections of 

tumors were examined by hematoxylin and eosin (H&E) staining. Proliferating cell nuclear 

antigen (Ki67) staining was used to determine cell proliferation. Apoptotic nuclear DNA 

breaks in the tissue sections were assessed by both terminal dUTP nick-end labeling 

(TUNEL) and 4,6-diamidino-2-phenylindole (DAPI) labeling. 

2.17. Real-time tracking of the gel 

Mice were injected via intraperitoneal (IP) injection with 500 μL of a 5% (w/v) DMSO 

solution of CT15 using an 18-gauge needle. All procedures were approved by the Ethical 

Committee of the Hong Kong Polytechnic University. After injection, fluorescence 

imaging was performed using the FocusBio iKon In Vivo Imaging System (ColdSpring, 

Beijing, China) at a pre-set time interval. Automatic settings were used for all imaging 

procedures (λex = 435 nm; λem = 609 nm). The in vivo fluorescence signal of the gel formed 

from CT was analyzed using the BioAnalysis software package. The same procedure was 

applied to image the gel formed upon intratumoral injection of a 5% (w/v) DMSO solution 

of CT15 containing PTX to nude mice with gastric cancer xenografts. 

2.18. Statistical analysis 

All data were expressed as the means ± standard deviation. Unless otherwise specified, the 

mean value was obtained by averaging five replicates. Student's t-test was performed to 

assess the statistical significance. Differences with p-value < 0.05 were considered to be 

statistically significant. Statistical analysis was performed using GraphPad Prism 8.2.0 

software (GraphPad Software Inc., San Diego, CA, USA). 

3. Results and discussion 
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3.1. Synthesis and structural characterization of CT 

Generation of CT starts from hydroxypropylation and methylation of cellulose, followed 

by transesterification which is facilitated by the use of a polar aprotic solvent as the reaction 

medium (Fig. 1A). CT with various molecular weights (32.6 kDa, 47.8 kDa, and 52.7 kDa) 

is synthesized. The polymers are designated as CT06, CT15, and CT50, respectively. The 

yields of these polymers are approximated to be 45.2%, 55.1% and 65.3%, with their 

polydispersity index (PDI) values being 1.77, 1.73 and 2.04, respectively (Fig. 1B-C). The 

structure of CT is examined using FT-IR spectroscopy (Fig. 1D). The peak at 1730 cm−1 in 

the spectra of CT is attributed to the carbonyl signal from the methacrylate group (C=O 

stretching). Compared to the spectra of CE, those of CT show stronger signals in the 

wavenumber range between 2850 and 3000 cm−1. These signals are assigned to C H 

stretching vibrations. The amplification of the signals in the spectra of CT is attributed to 

the supplementary CH3 groups from methacrylate groups. The structure of CT is further 

characterized using 1H NMR (Fig. 1E), in which peaks at around 5.7 and 6.2 ppm are 

observed in the spectra of CT but not in the spectra of CE. These peaks are characteristic 

of protons from the double bond in the methacrylate group. 

https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0001
https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0001
https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0001
https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0001


 



Fig. 1. Synthesis and structural characterization of CT. (A) A schematic diagram showing 

the synthetic process of CT. (B) Yield percentages of different CT samples. (C) The 

molecular weights of different CT samples as determined by GPC. (D) FT-IR spectra of (a) 

CE06, (b) CE15, (c) CE50, (d) CT06, (e) CT15, and (f) CT50. (E) 1H NMR spectra of (a) 

CE06, (b) CE15, (c) CE50, (d) CT06, (e) CT15, and (f) CT50. 

The thermal behavior of CT is studied by TGA. The curves of CE06, CE15 and CE50 

suggest that they are thermally stable up to 260 °C, after which thermal decomposition 

occurs, showing a significant reduction in the weight percentage between approximately 

266 and 394 °C (Δm = 82.45%) (Fig. 2A). There is a slight increase in the thermal 

decomposition temperature as the molecular weight of CT increases. The process of 

transesterification for the production of CT has led to no observable change to the thermal 

property of CE. 
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Fig. 2. Thermal and rheological properties of CT. (A) TGA curves of (a) CE06, CE15 and 

CE50, as well as those of (b) CT06, CT15, CT50. (B) Viscosity curves of DMSO solutions 

of CT with different molecular weights. Measurements were made (a) before and (b) after 

injection of the solutions into simulated body fluid. (C) Changes in G’’ and G’ values from 

1 to 100 rad s−1 before and after injection of the DMSO solution of CT15 into simulated 

body fluid. Solid dots represent G’ values and unfilled dots denote G’’ values. (D) Changes 

in G’’ and G’ values from 1 to 100 rad s−1 experienced by the gels formed from DMSO 

solutions of CT with different molecular weights. Solid dots represent G’ values and 

unfilled dots denote G’’ values. 



3.2. Rheological properties and microstructural tunability 

The viscosity of the DMSO solutions of CT is shown in Fig. 2B. The apparent viscosity of 

all of the CT solutions, before and after injection into simulated body fluid, is higher at a 

low shear rate than at a high shear rate. This indicates that the polymers, as well as the gels 

formed, exhibit pseudoplastic behavior. An increase in the molecular weight of CT 

facilitates the entanglement of the molecules, thereby enhancing the extent of inter-

molecular interactions and hence the viscosity of the solution. Compared to the CT solution 

in the sol form, the viscosity of the solution increases remarkably after injection into 

simulated body fluid. This is attributed to the reduction in the solubility of CT in an aqueous 

environment. Owing to their large molecular weight and extensive branching structure, CT 

molecules entangle with each other, generating a highly porous and compact 

microstructure via molecular entanglement (Movie S1). Such a network traps a substantial 

amount of fluids to form a gel at the injection site, and enables CT to be applied as a depot 

system in subsequent in vivo studies. 

Apart from changes in viscosity, in situ gelation of the CT solution is evidenced in 

rheological analysis, in which the G’ and G’’ values are determined by using an oscillatory 

shear field applied to the sample. G’ and G’’ values of the CT solutions are found to be 

much higher after injection into simulated body fluid (Fig. 2C). In all of the gels formed, 

the G’ values are higher than the G’’ values. This evidences that the gels exhibit solid-like 

behavior and are robust. As the gelation process is driven by molecular entanglement, it is 

expected that by increasing the molecular weight of CT, the extent of molecular 

entanglement increases, leading to the formation of a gel with higher mechanical strength. 

This is confirmed by the observation that the G’ and G’’ values of the gels increases in the 

order: CT06 < CT15 < CT50, suggesting that an increase in the molecular weight of the 

polymer enhances the gelation process by more effectively forming a continuous network 

and hence a firmer gel (Fig. 2D). The microstructure of the gels formed from CT is 

examined using SEM (Fig. 3A). With an increase in the molecular weight of CT, the level 

of entanglement per unit volume of the gel increases, leading to the formation of a more 

compact gel structure. By taking advantage of the microstructural tunability, the swelling 

behavior (including the swelling ratio, the WAR value, and the water content) and erosion 

susceptibility of the gel can be changed by manipulating the molecular weight of CT 

(Fig. 3B-E). 
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Fig. 3. Swelling and erosion behavior of CT gels. (A) In situ gelation of the DMSO solution 

of CT and the microstructure of the gel formed: (a-b) photos showing (a) the CT solution, 

and (b) the process of gel formation upon injection into simulated body fluid. Scale 

bar = 1 cm. (c-e) SEM images of the microstructure of a lyophilized gel formed from (c) 

CT06, (d) CT15, and (e) CT50. Scale bar = 500 μm. (B) The WAR, (C) the swelling ratio, 

(D) the water content, and (E) the erosion susceptibility of gels formed from CT with 

different molecular weights. 

3.3. Optical properties of CT 

The luminescence of the DMSO solutions of CT under UV irradiation is shown in Fig. 4A. 

CT displays strong PL upon excitation between 330 nm and 430 nm. The emission peak is 

rather broad with a full width at half maximum (FWHM) of 100–200 nm (Fig. 4B). CT 

shows strong excitation wavelength dependence. For CT06, excitation at 330 nm leads to 

an emission peak at around 440 nm, while excitation at 430 nm shifts the emission peak to 

490 nm. This also applies to CT15 and CT50, whose emission peak shifts from 450 to 

500 nm, and from 470 to 520 nm, respectively. The average PL lifetime of CT is estimated 

to be around 4 ns. Depending on the molecular weight of CT, a Stokes shift in the range of 

60–140 nm is observed. When the concentration of the CT solution is increased, the 

luminescence intensity is enhanced (Fig. 4C). This is an important feature of CTE as 

reported by earlier studies [14], [15], [16], and supports the role played by the 

entanglement of CT molecules during PL emission. Mechanistically, CTE is an 

aggregation-induced emission (AIE)-like process caused by interactions among electron-

rich heteroatoms (particularly those from functional groups such as C=O, N=O, and 

C=N) [7]. The occurrence of CTE has previously been reported by a study examining the 

UV-excited luminescence from oligo(maleic anhydride)s (OMAhs) and poly[(maleic 

anhydride)-alt-(2,4,4-trimethyl-1-pentene)] (PMP) [16]. The luminescence intensity of 

PMP, in which the maleic anhydride (MAh) repeating units are separated by the bulky t-

butyl group, has been shown to be lower than that of OMAhs. This observation is caused 

by the difference in the distance of two adjacent MAh units. The shorter the distance, the 

more effective the intra-chain non-covalent interactions of the carbonyl groups. Such 

interactions enable the interpenetration of the lone pair of one carbonyl group into the 

empty π* orbital of another carbonyl group, resulting in the hybridization of the orbitals 

and ultimately the release of the excited energy as PL emission [[16], [17]–18]. Apart from 

OMAhs and PMP, CTE has been observed in non-conjugated natural polymers (such as 

chitosan [19] and cellulose [20]) via through-space nonbonding interactions among 

heteroatoms. In fact, the possible occurrence of such interactions between second and third 

row heteroatoms has already been reported [[21], [22]–23]. These interactions can narrow 

down the energy gap between the HOMO and LUMO to render the polymer luminescent 

despite the absence of the conjugated structure [[21], [22], [23]–24]. 
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Fig. 4. Optical properties of CT. (A) DMSO solutions of (a, d) CT06, (b, e) CT15 and (c, 

f) CT50 under (a-c) visible light and (d-f) UV irradiation at 365 nm. Scale bar = 5 mm. (B) 

PL spectra of DMSO solutions of CT (a, CT06; b, CT15; c, CT50) taken at different 

excitation wavelengths. (C) PL spectra (λex = 400 nm) of DMSO solutions containing 

different (w/v) concentrations of CT15. 

 

Due to the occurrence of CTE, an increase in the luminescence intensity of the CT solutions 

is observed when an increasing amount of simulated body fluid is added to induce gel 

formation (Fig. 5A-B). As the process of gelation proceeds, the intensity of the 

luminescence is enhanced, too (Fig. 5C-D). The potential use of this unique optical 

property in in vivo tracking of CT is evidenced by using nude mice as a model. Upon IP 
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injection of the CT solution, in situ gelation is initiated, leading not only to the formation 

of a gel as a depot of bioactive agents within 24 min after injection (Fig. 5E-F) but also to 

the enhancement of the luminescence intensity. The latter enables the gel to be successfully 

located via in vivo imaging techniques, with the gelation process being monitored in real 

time. Along with the excitation wavelength-dependent emission tunability of CT, the gel 

can function as a tunable light-emitting device in a body, with its size and location being 

able to be tracked optically during subsequent self-illuminating antitumor therapy. 

https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0005


 



Fig. 5. In situ gelation of CT and optical tracking. (A) PL spectra (λex = 370 nm) of DMSO 

solutions of CT15 upon the addition of simulated body fluid at different simulated body 

fluid/DMSO volume-to-volume ratios. (B) (a-d) Visible light and (e-h) UV images of a 

droplet of the CT15 solution after the addition of simulated body fluid at different 

simulated body fluid/DMSO volume-to-volume ratios (a, e, 0:5; b, f, 1:5; c, g, 3:5; d, h, 

5:5). Scale bar = 1 cm. (C) PL spectra (λex = 370 nm) of a DMSO solution of CT15 taken 

at different time intervals after the addition of simulated body fluid. The volume-to-volume 

ratio of the CT15 solution and simulated body fluid is 1:1. (D) (a-d) Visible light and (e-h) 

UV images of a droplet of the CT15 solution taken at different time intervals (a, e, 0 min; 

b, f, 1 min; c, g, 5 min; d, h, 15 min) after the addition of simulated body fluid. The volume-

to-volume ratio of the CT15 solution and simulated body fluid is 1:1. Scale bar = 1 cm. (E) 

(a) The visible light image of the abdomen of a nude mice after IP injection of the CT 

solution, and (b) the visible light image of the in situ-formed gel exposed upon skin 

removal. (F) UV images of the abdomen of a nude mice after IP injection of the CT solution. 

The images are taken (a) 0 min, (b) 6 min, (c) 12 min, and (d) 24 min after the injection 

procedure. Scale bar = 1 cm. 

3.4. Performance of CT as a depot of bioactive agents 

The process of molecular entanglement in an aqueous environment enables CT to form a 

depot of bioactive agents in situ (Fig. 6A). MB, LYS, CAP, and PTX are adopted as model 

agents in this study. Depending on the solubility and molecular weight of the agent to be 

loaded, the encapsulation efficiency of the gel formed from CT reaches 30–90% (Fig. 6B). 

The release sustainability of a gel has been shown by previous studies to be affected not 

only by the aqueous solubility of the loaded agent but also by the swelling and erosion 

behavior of the gel [25,26]. The latter is attributed to the fact that the release of the loaded 

agent (particularly hydrophilic ones) from a matrix-type device is generally driven by 

Fickian diffusion, which is governed largely by the degree of swelling of the device [27]. 

In the case of CT gels, the swelling capacity and erosion susceptibility can be tuned by 

changing the microstructure, which in turn can be controlled by changing the size of the 

polymer molecule (Fig. 3). The release sustainability of CT gels can, therefore, be 

manipulated by changing the molecular weight of CT (Fig. 6C). Furthermore, because the 

rate of diffusion of the loaded agent from the gels to the releasing medium is affected by 

the size of the agent molecule [[28], [29]–30] and by the affinity of the agent to the gel 

matrix [25,31], the release rate varies with the model agent adopted. 
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Fig. 6. Performance of CT as a depot system for bioactive agent delivery. (A) A schematic 

diagram showing the formation of a depot of bioactive agents via (a) precipitation and (b) 

molecular entanglement of CT molecules upon injection of a DMSO solution of CT into 

an aqueous environment. (B) The encapsulation efficiency of gels formed from CT with 

different molecular weights. (C) Release profiles of (a) PTX, (b) LYS, (c) CAP, and (d) 

MB from gels formed from CT with different molecular weights. 



 

In order for a gel system to be applicable as a bioactive agent carrier, the capacity of 

maintaining the activity of the agent after the loading process is required [28,30,32]. Unlike 

gels formed by chemical crosslinking in which exposure of the loaded agent to the 

crosslinking reaction may compromise the agent stability [[33], [34]–35], the smart 

response of CT to the surrounding medium for in situ gel formation allows the gelation 

process to occur under mild conditions without necessitating the artificial provision of 

irradiation or any other physical/chemical initiators. To demonstrate the ability of the CT 

gel to maintain the activity of the loaded agent, LYS is used. It is a protein that can 

hydrolyze β(1→4) linkages between N-acetyl-D-glucosamine residues in chitodextrin, and 

between N-acetyl-D-glucosamine and N-acetylmuramic acid residues in 

peptidoglycan [36]. Because of its labile protein nature, it is highly susceptible to 

inactivation and conformational destabilization upon different stimuli (ranging from 

aggregation and heat to chemical denaturation). This makes LYS an ideal model to evaluate 

the possible effect imposed by gel encapsulation on the activity of the loaded agent. As 

revealed by the high rate of lysis of the gram-positive bacteria Micrococcus 

lysodeikticus (which is vulnerable to hydrolysis mediated by lysozyme because of the 

presence of a high level of peptidoglycan in its cell wall) (Fig. 7A-B), the activity level of 

LYS is high (over 80%) after the loading process. This suggests that the effect of 

encapsulation by the CT gel on the activity of the loaded agent is insignificant. 
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Fig. 7. Biocompatibility of CT as a carrier of bioactive agents. (A) The antibacterial activity 

of LYS extracted from gels formed from CT with different molecular weights. The activity 

of pure lysozyme is taken as 100%. (B) Time-dependent changes in the content 

of Micrococcus lysodeikticus after the addition of LYS extracted from different CT gels. 

The LYS solution and PBS are used as the controls. (C) Optical images of 3T3 fibroblasts 

after 5 h treatment with (a) PBS, (b) CT06, (c) CT15 and (d) CT50. Scale bar = 200 μm. 

(D) Viability of 3T3 fibroblasts and BGC-823 cells after 5 h treatment with different 

concentrations of CT, (a) without or (b) with 24 h post-treatment incubation. (E) 

Percentages of erythrocytes lysed upon treatment with different concentrations of CT. 

 

Finally, the safety profile of CT is evaluated in 3T3 fibroblasts. No apparent change in cell 

morphology is observed after 5 h treatment with CT06, CT15 and CT50 (Fig. 7C). The low 

cytotoxicity of CT is further confirmed by using the MTS assay, which reveals that the loss 

of cell viability after 5 h treatment with the CT polymers is negligible in all concentrations 

https://www.sciencedirect.com/science/article/pii/S2352940720303243#fig0007


tested (Fig. 7Da). To determine potential chronic cytotoxicity, the viability of the treated 

cells is examined after 24 h post-treatment incubation. No significant loss of cell viability 

is observed (Fig. 7Db). Apart from 3T3 cells, the cytotoxicity assay is performed in BGC-

823 cells, which are adopted to establish the xenograft model for studying the use of CT in 

self-illuminating antitumor therapy, so as to ensure that any therapeutic effect observed in 

the subsequent part of this study is due to the efficiency of CT as a carrier rather than due 

to the toxic effect of CT per se. Both acute and chronic cytotoxicity of CT are found to be 

negligible in all concentrations tested (Fig. 7D). Apart from its low cytotoxicity, CT 

exhibits high biocompatibility as demonstrated by its low hemolytic activity (Fig. 7E). All 

these corroborate the high safety profile of CT for biomedical use. 

3.5. Applications in self-illuminating antitumor therapy 

To illustrate the application potential of CT in self-illuminating antitumor therapy, a mouse 

xenograft model established by using BGC-823 cells is adopted. PTX is employed to 

mediate the therapy due to its track record of effectiveness against a variety of human 

cancers [37]. Upon administration of the PTX-containing CT solution into the tumor site, 

rapid phase inversion from a solution to a hardened depot matrix is induced. This forms a 

depot of bioactive agents in situ to localize the delivery site and to enable sustained PTX 

release. The use of CT as a carrier remarkably enhances the antitumor effect, with the size 

of the tumor in the CT/PTX group being the smallest among all treatment groups (Fig. 8A). 

Histological analysis shows that the number of Ki67 positive cells is significantly reduced 

by treatment with the PTX-containing CT solution (Fig. 8B), which also causes the absence 

of the morphological features of normal gastric cancer cells in the tumor section obtained 

from the treated mice (Fig. 8C). 
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Fig. 8. Applications of CT in real-time self-illuminating antitumor therapy (A) Images of 

tumors dissected from mice in different groups: (a) control, (b) CT, (c) PTX, and (d) 



CT/PTX. Scale bar = 1 cm. (B) Representative images of the Ki67-stained tumor sections 

obtained from different groups: (a) DMSO, (b) CT, (c) PTX, and (d) CT/PTX. Scale 

bar = 100 µm (C) Representative images of the H&E-stained tumor sections obtained from 

different groups: (a) DMSO, (b) CT, (c) PTX, and (d) CT/PTX. Scale bar = 100 µm (D) 

Changes in the tumor volume of mice in different treatment groups. (E) Average weights 

of the tumors dissected on day 12 from mice in different treatment groups. ** denotes p < 

0.01. (F) Representatives images of tumor sections stained with (a, d) 4,6-diamidino-2-

phenylindole (DAPI) and (b, e) a green TUNEL stain, as well as their (c, f) merged images, 

from mice treated with (a-c) DMSO and the (d-f) CT solution. Scale bar = 100 µm. (G) 

Visible light images of (a) the tumor after intratumoral injection of a PTX-containing CT 

solution and (b) the gel formed in situ inside the tumor (with the location of the gel 

indicated by white arrows), as well as the (c-f) UV images of the tumor in a nude mouse. 

The UV images are taken (a) 0 min, (b) 6 min, (c) 12 min, and (d) 24 min after intratumoral 

injection of a PTX-containing CT solution. Scale bar = 5 mm. 

 

To quantitatively evaluate the efficiency of the antitumor therapy mediated by CT as an in 

situ-forming PTX depot, the TGI values in different treatment groups are determined. 

Compared to mice in the control group, those in the CT, PTX, and CT/PTX groups have 

TGI values of 21.1%, 29.0%, and 59.0%, respectively. Mice treated with the PTX-

containing solution experience a substantial reduction in the tumor volume and the tumor 

weight (Fig. 8D-E), with the latter being only 60% of that of mice treated directly with the 

PTX solution. This demonstrates the efficiency of CT in enhancing the performance of the 

therapy. Results of the TUNEL assay reveal that the CT solution alone induces no 

observable increase in apoptosis of tumor cells as compared to the control (Fig. 8F). This 

reveals the high biocompatibility of CT, and is consistent with the in vitro findings reported 

in the preceding section, in which CT shows negligible cytotoxic effects, both acute and 

chronic, in BGC-823 cells (Fig. 7D). Apart from the capacity of enhancing the therapeutic 

effect in treatment, by taking advantage of the CTE property and the excitation wavelength-

dependent emission tunability of CT, the size, location and in situ formation of the PTX 

depot are successfully monitored in real time (Fig. 8G). This enables CT to function as a 

tunable light-emitting depot in a body, with its size and location being able to be tracked 

optically during the therapy. 

4. Conclusion 

Development of sustained-release carriers possessing intrinsic luminescence can enhance 

the combination of imaging with bioactive agent delivery in practice. This study reports 

the synthesis and properties of a biocompatible, gel-forming and highly tunable polymer, 

namely CT. The encapsulation efficiency and release sustainability of the gel formed can 

be tuned by changing the molecular weight of the polymer. Due to its unique CTE property 

and excitation wavelength-dependent emission tunability, CT enables in vivo optical 

tracking, with its use not being hindered by the limitations (e.g., aggregation-caused 

quenching, and the need of laborious synthetic procedures) encountered by conventional 

polymeric luminogens. To the best of our knowledge, this study is the first proof-of-

concept study demonstrating the feasibility of integrating CTE of the non-conjugated 

polymer into carrier design for execution of self-illuminating antitumor therapy. The 

therapy is currently tested only in the in vivo context. Few technical challenges may have 
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to be overcome before the therapy can be translated into clinical reality. One of these 

challenges is the need to search for a more biocompatible organic solvent alternative to 

anhydrous DMSO for dissolution of CT. This can enhance the safe use of the polymer in 

practice. In addition, only intratumoral injection is tested in this study for execution of the 

CT-mediated antitumor therapy. The performance of the therapy administered via different 

routes is required to be tested so as to extend the applicability of the material in antitumor 

therapy. Finally, excitation of CT in this study is mediated by UV or visible blue light, 

which shows limited tissue penetration and may cause detrimental photochemical 

reactions [38]. Further understanding of the mechanism underlying CTE may help provide 

insights into strategies to tune the excitation and emission profiles of CT so that 

interference from tissues can be reduced during optical tracking. Notwithstanding these 

challenges to be solved, based on its high biocompatibility and effective performance, CT 

shows high practical potential to serve as a prototype for further development of carriers 

that enable tracking of the delivery process in real time. 

Movie S1. In situ gelation of the CT solution via molecular entanglement upon injection 

into simulated body fluid. 
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