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We reported a novel injectable doxorubicin-loaded hydrogel 

based on host-guest interaction and Schiff’s base reaction. A 

supramolecular polymeric prodrug was prepared through the 

inclusion of adamantane-modified doxorubicin into the β-

cyclodextrin cavity on the polyaldehyde dextran chain, which 

was in situ crosslinked by carboxymethyl chitosan. 

Cancer is one of the leading causes of death in the world today and 

has seriously threatened human health.1, 2 Although surgical 
resection is the preferred therapy for the early stage solid tumors, the 

recurrence rate of tumors is high after surgery.3 Chemotherapy is the 

main treatment for tumor recurrence, especially for the middle and 

late stage tumors.4 However, chemotherapeutic drugs are difficult to 

reach the tumor tissues selectively and cause undesirable side effects 

on human normal tissues during therapy. 5, 6  

To overcome these drawbacks, nanocarriers for drug delivery, 

including liposomes,7-10 microspheres,11-13 micelles,14-19 have been 

widely investigated and developed. Nevertheless, these nanocarriers 

are transported along the blood circulatory to tissues and penetrate 

from blood vessel walls into targeted tumor sites.20 As a result, only 
a fraction of drugs can reach the tumor tissues, thus reducing 

therapeutic efficacy and increasing toxicity to normal tissues.21 

Compared to the traditional chemotherapy, the localized drug 

delivery can not only control the steady load and sustained release of 

anticancer drugs, but also avoid the systemic circulation of drugs and 

reduce toxicity to normal tissues. To achieve the best therapeutic 
efficacy of anticancer drugs, numerous attempts have been made to 

develop localized drug delivery systems.22, 23 

Hydrogels are a class of materials which present a three 

dimensional structure and can maintain a significant amount of water, 

which have showed promising potential for biomedical 

applications.24-27 Injectable hydrogels, which can in situ form gel in a 

minimally invasive way, maintain the drugs within the target tumor 

tissues, and perform sustained drug release, have caused widespread 

concern for their potential applications for intratumor  drug 

delivery.28, 29 Direct drug embedding into the hydrogel can allow the 
hydrophilic drugs to homogeneously diffuse into the pores of the 

hydrogel. However, the release of the loaded drugs is not well 

regulated and shows a burst release.30 One the other hand, some 

hydrophobic drug could also be diffused into the hydrogels 

employing amphiphilic block polymers as precursors.31, 32 
Nevertheless, because of the weak interaction between drug and 

hydrophobic segment, the stability and drug loading capacities of 

this kind of hydrogels are limited. 

In order to avoid the burst release and enhance drug loading 

capacity, antitumor drugs have been covalently bonded onto the 

hydrophilic polymeric carriers to form polymeric prodrugs, so called 
polymer-drug conjugates,33-35 which can release the drugs when 

triggered by unique biological stimuli such as pH,36 redox potential37 

or enzyme38 for anticancer chemotherapy. For example, the obvious 

difference in pH between normal tissues (pH ∼ 7.4) and acidic tumor 

tissues (pH < 6.8) has motivated researchers to design pH-responsive 
polymeric prodrugs via acid-labile covalent linkages like benzoic-

imine bond,39 Schiff’s base bond,40 and hydrazone bond 41 for tumor 

targeted delivery. Kataoka et al42 have reported a pH-sensitive 

polymeric prodrugs by which doxorubicin (DOX) was conjugated to 

the poly(ethylene glycol)-b-poly(β-benzyl-L-aspartate)  through 

acid-sensitive hydrazone linkages, which showed a highly sensitive 
drug release under an acidic microenvironment. This kind of 

covalent conjugations has improved the stability and loading 

capacity of drugs. However, because all polymers have 

polydispersity, these covalently bonded polymeric prodrugs are not 

pure chemical compounds, but mixtures, which makes them difficult 

to be approved by the drug administration of most countries. 
In this study, based on host-gust interaction, we designed and 

synthesized a novel supramolecular polymeric drug as hydrogel 

precursor to solve this problem.  First, β-cyclodextrin-modified 

polyaldehyde dextran (PAD-CD), was synthesized through the 

Schiff’s base reaction between amino β-cyclodextrin and 

polyaldehyde dextran. Meanwhile, a small molecular prodrug, 

adamantane-modified doxorubicin (AD-DOX), was synthesized via 

an acid-labile benzoic–imine linkage between adamantane 

benzaldehyde and doxorubicin. The supramolecular polymeric 

prodrug could be facilely prepared form PAD-CD and AD-DOX 

through the strong host-guest interaction between CD and AD 
moieties, which could combine the advantages of polymeric prodrug 

and purity of small molecular prodrug. Then supramolecular 

polymeric prodrug was in situ crosslinked by carboxymethyl 

chitosan, resulting in an injectable DOX-loaded hydrogel (Scheme 
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1). The degradation behavior and in vitro DOX release upon 

different pH values were investigated. 

 
Scheme 1 Preparation of the injectable DOX-loaded hydrogel. 

 
A supramolecular polymeric prodrug was prepared via the host-

guest interaction between adamantane-modified doxorubicin (AD-

DOX) and β-Cyclodextrin-modified polyaldehyde dextran (PAD-

CD). AD-DOX was synthesized through the reaction between the 

aldehyde group of 1-adamantanemethyl 4-formylbenzoate (AD-

CHO) and the amino group of DOX, which was characterized by 1H 

NMR. The signals of corresponding protons were well assigned with 

the chemical structure. Notably, the absence of the signal of 

aldehyde proton (Hg, 10.1 ppm, Fig. S1A) and the presence of the 

imine proton (Hg’, 8.0 ppm, Fig. S1B) clearly confirmed the 

formation of the imine bond. PAD-CD was synthesized by Schiff’s 

base reaction between amino-CD (Fig. S2) and PAD, which was 
characterized by 1H NMR (Fig. S3) and Fourier transform infrared 

spectroscopy (FT-IR) (Fig. S4). The new absorption peaks at 1650 

cm-1 and 850 cm-1 in FT-IR spectrum corresponding to azomethine 

(CH=N) group40  suggested the acquisition of PAD-CD. The 

supramolecular polymeric prodrug (PAD-CD/AD-DOX) was 

characterized by proton nuclear magnetic resonance (1H NMR) with 

D2O as the solvent (Fig. S5). The signals of AD-DOX that was 

insoluble in water were clearly observed, which indicated the AD-

DOX had been successfully attached onto PAD-CD backbone via the 

host-guest interaction. The actually loaded DOX in supramolecular 

polymeric prodrug is 2.06 wt-%, which was determined by UV-vis 
spectrometry after treating the supramolecular polymeric prodrug 

with citrate buffer solution (pH 3.0) for 48 h. 

An injectable DOX-loaded hydrogel was prepared via Schiff’s 

base reaction between supramolecular polymeric prodrug and 

carboxymethyl chitosan. Fig. 1A clearly displayed the in situ 

formation of DOX-loaded hydrogel. Briefly, after mixing 
supramolecular polymeric prodrug and carboxymethyl chitosan 

solutions at a concentration of 4 wt-%, the DOX-loaded hydrogel 

was formed rapidly within 1 minute. The formation of injectable 

hydrogels was further confirmed by FT-IR spectra as shown in Fig. 

S6. The disappearance of the peak at 1730 cm-1 and the enhanced 

absorbance at 850 cm-1 clearly demonstrated the complete reaction 

between the aldehyde groups of PAD-CD and the amino groups of 

CMCTS. The mechanical properties of DOX-loaded hydrogel and 

blank hydrogel were evaluated by monitoring the variations of 

storage modulus (G’) and loss modulus (G’’) as a function of 

frequency at 37 °C. As shown in Fig. 1B, G’ values of both DOX-

loaded hydrogel and blank hydrogel were independent of frequencies, 
indicating the formation and stability of covalently crosslinked 

hydrogel networks. Moreover, G’ values (2.4 kPa) were significantly 

higher than the corresponding G’’ values, demonstrating the high 

elasticity of hydrogels. Notably, the storage modulus of DOX-loaded 

hydrogel was slightly higher than that of blank one, which may be 

attributed to hydrophobic interactions of DOX moieties leading to a 

denser network structure in DOX-loaded hydrogel than that in blank 

hydrogel. SEM images were used to characterize the morphologies 

of DOX-loaded hydrogel and blank hydrogel (Fig. 1C). Both 

hydrogels displayed macroporous and regular networks, indicating a 
homogeneous reaction during the gelation. Importantly, the pore 

diameter of DOX-loaded hydrogel was slightly smaller than that of 

blank hydrogel, which was consistent with the results of rheological 

experiments. Swelling curves of the lyophilized blank hydrogel in 

different phosphate buffer saline (PBS) solutions were presented in 
Fig. S7. All hydrogels in PBS solutions basically reached 

equilibrium swelling within 72 h with high swelling ratios ranged 

from 3,500 % to 4,000 %, depending on the pH values of PBS 

solutions. 

 
Fig. 1 (A) Photographs of in situ formation of DOX-loaded hydrogel; 
(B) Frequency dependency of storage modulus (G’) and loss 

modulus (G’’) of DOX-loaded hydrogel and blank hydrogel; (C) 

SEM images of  DOX-loaded hydrogel (a) and  blank hydrogel (b), 

scale bars are 100 µm for both images.  

 
In vitro DOX release behavior from DOX-loaded hydrogels was 
investigated at pH 5.8, 6.8 and 7.4. As shown in Fig. 2A, the 

cumulative release of DOX was suppressed at pH 7.4, and only 

about 20 % of DOX was released from the hydrogels within 17 days. 

However, under acidic conditions (pH 6.8 and 5.8), the DOX was 

released much faster than at a physiological pH. For instance, about 
45 % of DOX was eleased from the hydrogels at pH 6.8 was in 17 

days. Moreover, the DOX release was markedly accelerated by 

decreasing the pH of release media to 5.8. All of the loaded DOX 

was released from the hydrogels in 17 days. This pH-responsive 

release behavior may be ascribed to the acid-labile benzoic-imine 

linkage of the small molecular prodrug, which is stable at 

physiological pH and labile at acidic pH. Based on the cumulative 

release of DOX from the hydrogel in pH 5.8 PBS solution, the 

actually loaded DOX in hydrogel was calculated to be 318 µg/mL, 

which is in great accord with the feeding value. 

When DOX was recovered due to the cleavage of benzoic-imine 

bond at low pH, it may remain in the 3D network of the hydrogels 
for a certain period before diffusing into the release medium. So the 

degradation rate of hydrogel may also influence the DOX release 

behavior. To confirm this speculation, the in vitro degradation 

behaviors of the blank hydrogels were also investigated at pH 5.8, 

6.8 and 7.4. As presented in Fig. 2B, the degradation of the blank 

hydrogels was greatly accelerated in the acidic environment (pH 5.8) 
with respect to the physiological pH condition (pH 7.4), due to the 

acid-sensitive imine crosslinkages. That is to say, the hydrogels 

exhibited a pH-responsive degradation behavior, similar to the DOX 
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release behavior from DOX-loaded hydrogels. Notably, an apparent 

increase of weight loss of the blank hydrogels was observed from the 

twelfth day at pH 5.8 (in Fig. 2B), and a significant enhancement of 

cumulative DOX release from DOX-loaded hydrogels also appeared 

at corresponding time (in Fig. 2A). This phenomenon verified that 

the pH-responsive degradation of the hydrogel made it easy for DOX 

diffusing from the hydrogel to the release medium, especially in the 
latter period of release. As we know, the pH of tumor tissues is 

acidic (pH < 6.8). The benzoic-imine bonds incorporated to the 

hydrogels could be cleaved under this condition. Moreover, the 

hydrogel destructed under weak acidic environment, leading to rapid 

drug release from the DOX-loaded hydrogel due to the breakage of 
the pH cleavable Schiff’s base bonds. 
 

 
Fig. 2 (A) In vitro DOX release profiles of DOX-loaded hydrogels at 

pH 5.8, 6.8 and 7.4; (B) In vitro degradation profiles of blank 

hydrogels at pH 5.8, 6.8 and 7.4. 

 
To evaluate the cytotoxicity of the hydrogels, HeLa cells were 

exposed to blank hydrogels, DOX-loaded hydrogels and free DOX 

for a series of time ranging from 24 h to 72 h by the MTT assay. The 

dose of DOX was 300 µg/mL. As shown in Fig. 3, the blank 

hydrogels showed no significant cytotoxicity on the growth 

inhibition of HeLa cells, while a clear inhibition of the growth of 
HeLa cells was observed when the cells were treated with either 

DOX-loaded hydrogel or free DOX in PBS solution with time 

increasing. In addition, it should be noticed that the DOX-loaded 

hydrogel at the equivalent DOX dosage exhibited lower cytotoxicity 

compared to the free DOX, which may result from the controlled 

sustained release behavior of DOX from the hydrogel.  

 

 
Fig. 3 In vitro cytotoxicities of blank hydrogel and DOX-loaded 
hydrogel on HeLa cells determined by MTT assay. 

 
In conclusion, a supramolecular polymeric prodrug was prepared 

based on host-guest interaction from β-cyclodextrin-modified 

polyaldehyde dextran and adamantane-modified doxorubicin, which 

could be in situ crosslinked by carboxymethyl chitosan under 

physiological conditions, to give injectable DOX-loaded hydrogel. 

Acid-responsive release of DOX from the hydrogel was observed 

due to the acid-labile benzoic-imine bond between DOX and 

adamantane moieties, as well as the imine crosslinkages of the 

hydrogels. Furthermore, as a small molecular prodrug with high 
chemical purity, AD-DOX was non-covalently conjugated to the 

framework of hydrogel, which makes this drug-loaded hydrogel a 

promising candidate as drug carrier for intratumor drug delivery in 

clinical applications. 
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