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Injectable small molecule hydrogel as a potential 

nanocarrier for localized and sustained in vivo 

delivery of Doxorubicin 

Manish Singh,a,† Somanath Kundu,a,† Amarendar Reddy M,b,† 
Vedagopuram Sreekanth,a Rajender K. Motiani,c Sagar Sengupta,d,* 
Aasheesh Srivastava,b,* and Avinash Bajaj a,* 

Majority of localized drug delivery systems are based on polymeric or polypeptide scaffolds, 

as weak intermolecular interactions of low molecular weight hydrogelators (LMHGs, MW 

<500 Da) are significantly perturbed in presence of anticancer drugs. Here, we present L-

alanine derived low molecular weight hydrogelators (LMHGs) that remain injectable even after 

entrapping anticancer drug doxorubicin (DOX). These DOX containing nanoassemblies 

(DOX-Gel) showed promising anticancer activity in mice models. Subcutaneous injection of 

DOX-Gel near tumor achieved greater decrease in tumour load than intravenous injection of 

DOX (DOX-IV), and local injection of DOX alone (DOX-Local) at tumor site. We noticed 

that DOX-Gel nanocarriers are especially effective when injected during early stage of tumor 

progression, and achieve substantial decrease in tumor load in long term. 

 

 

Introduction: Efficacy of cancer chemotherapy is limited by 

systemic and cellular transport mechanisms of our body as most 

of drugs are administered orally or via intravenous routes.1 

Administration of chemotherapeutics faces multiple challenges 

before they can act at the site of disease.2 Many 

pharmaceuticals fall short of realizing their potential due to 

their poor bioavailability, high toxicity, short plasma half-life, 

low permeability across cell membrane, and rapid clearance 

from body.3 To overcome these impediments, advanced drug 

delivery systems based on liposomes,4 polymers,5 and gold 

nanoparticles6 have been engineered and explored for drug 

delivery.7 These delivery systems are often non-discriminating, 

and deliver anticancer drugs to healthy tissues with detrimental 

effects.8 Therefore, there is an urgent need for localized drug 

delivery vehicles that would have beneficial characteristics of 

improved efficacy, reduced toxicity, and sustained drug release 

with minimal side effects.9 

Doxorubicin (DOX) is a potent anticancer drug that inhibits 

cancer cell growth by intercalating between DNA base pairs 

and inducing DNA breaks.10 Liposomal formulations of DOX 

like Doxil, Caleyx, and Myocet are commercial available and 

used for treatment of cancer.11 Accumulation of DOX enhances 

risk of developing cardiomyopathy, cardiac dilatation, and heart 

failure even with liposomal formulations.12 Therefore, 

development of strategies aimed at sustained localized delivery 

of DOX is required for proficient cancer treatment. 

Localized drug delivery involves use of implantable or 

injectable systems with sustained drug release characteristics 

that would prevent growth of cancerous cells which cannot be 

removed during resection.13 Polymeric hydrogels14 and low 

molecular weight hydrogelators (LMHGs)15 capable of self-

assembly are being investigated for localized drug delivery in 

cancer.16 Self-assembling nanocarriers based on LMHGs open 

up new avenues for chemists to design efficient delivery agents 

whose release-profiles could be altered by chemical and/or 

physical stimuli.17 LMHGs have additional advantages over 

their polymeric counterparts like lower cytotoxicity, lesser 

immunogenicity, predictable degradation pathways, and 

formation of networks like ECM.18 Similarly, synthetic 

derivatives of some anticancer drugs have shown self-assembly 

propensity, and have been explored for drug delivery.19 

However, since intermolecular forces holding these molecular 

assemblies are often weak, they can readily fall apart in 

presence of shear forces encountered during drug encapsulation 

or injection through syringe.20 LMHGs often show thixotropic 

(shear-thinning) behavior.20 However, for most LMHGs, once 

the self-assembled fibrillar networks disintegrate due to shear, 

their re-construction may be a slow process, requiring hours to 

complete. This slow recovery of gel-strength is undesirable for 

in vivo applications.  
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Herein, we present low molecular weight derivatives of L-

alanine to exemplify a new paradigm in development of 

injectable localized drug delivery agents. These derivatives, 

each with molecular weight of <300 Da, undergo self-assembly 

in aqueous medium through inter-molecular hydrogen bonding. 

We demonstrate that these compounds can readily entrap DOX, 

and still form injectable assemblies (Fig. 1). These drug-

carrying hydrogels were then explored for tumor regression 

studies using in vivo mice models. 

Results and Discussion: As amino acid is common feature in 

many hydrogelators,21 molecular feature of these gelators is 

presence of an aromatic N-protecting group on L-alanine that is 

designed to be rotationally flexible (Fig. 2a). Use of such 

rotationally-flexible aromatic residues accentuates nanofiber 

formation. Hydrogen-bonding elements in these compounds 

were augmented by addition of carboxamide or hydrazide units 

at carboxylic end of alanine. A protonated variant of ALA-

HYD was also prepared in the form of ALA-HYD+ with 

chloride counter ion (Fig. 2a, Scheme 1, ESI). Initial 

cytotoxicity studies confirmed that all these alanine derivatives 

are non-toxic to cancer cells on their own (Fig. S1, ESI). 

Gelation studies showed that upon cooling hot sols, all three 

molecules could rigidify water at ambient conditions. Minimum 

gelation concentration (MGC) for all these molecules was 

≤1.0% w/v (Fig. 2b). Atomic force micrographs of resulting 

assemblies showed each xerogel composed of nanofibers (for 

ALA-CAM, ALA-HYD) (Fig. 2c, d) or a combination of 

globules and nanofibers for ALA-HYD+ (Fig. 2e). We 

confirmed nanofiber structures of ALA-HYD hydrogels (Fig. 

S2a, ESI); and globular nature of ALA-HYD+ hydrogels (Fig. 

S2b, ESI) by SEM studies; whereas ALA-CAM hydrogels 

were unstable in SEM conditions. These nano-assemblies are 

thermally robust up to 58 ± 2 °C, as confirmed by invert-vial 

experiments. Rheology studies showed that even at MGC, 

resulting gels were mechanically strong, with storage modulus 

(G′) values being in range of 106 Pa (Fig. S3a-b, ESI). ALA-

CAM gave materials with highest G′ values, reflecting stronger 

intermolecular hydrogen bonding by carboxamide unit that is 

sterically least encumbered (Fig. S3a-b, ESI). Hydrogels 

formed by hydrazide compounds (ALA-HYD and ALA-

HYD+) were only slightly weaker with G′ value ~105 Pa. 

Therefore, all derivatives turned out to be rather strong 

hydrogelators at >1 % (w/v) concentrations.  

We then attempted physical entrapping of anticancer drug 

doxorubicin (DOX) during formation of these hydrogels. DOX 

solution was added to hot aqueous sol of gelator, and resulting 

mixture was allowed to cool naturally under ambient 

conditions. We observed that carboxamide analogue ALA-

CAM could not form stable gels with DOX (Fig. 3a-b), 

whereas hydrazide derivatives (ALA-HYD and ALA-HYD+) 

form stable hydrogels even in presence of DOX (Fig. 3a/b). 

Introduction of hydrazide functionality in these molecules 

ensured facile encapsulation of DOX at 40 and 80 µg/ 200 µL 

concentration (Fig. 3a, b). ALA-HYD and ALA-HYD+ could 

encapsulate DOX at ≥ 1.5 and ≥ 2.0% gelator concentration to 

yield stable hydrogels. At lower gelator concentrations, 

resulting gels were mechanically weaker. Gels prepared from 

 

Fig. 2. a) Molecular structures of hydrogelators having 

rotationally flexible aromatic residues, b) invert vial images 

showing hydrogelation capability of hydrogelators, c-e) AFM 

images of ALA-CAM (c), ALA-HYD (d) and ALA-HYD+ (e) hydrogels.  

 

Fig. 1. Schematic presentation showing effectiveness of injectable 

doxorubicin containing low molecular weight hydrogel in early stage 
cancer models.  

 

Fig. 3. a-b) Doxorubicin entrapment capability of hydrogelators 

(ALA-CAM, ALA-HYD, ALA-HYD+) with 40µg/200 µL 

(a) and 80µg/200 µL (b) concentration of DOX, c-d) 

injectability of ALA-HYD (c) and ALA-HYD+ (d) at 1.5% 

w/v gelator concentration with or without DOX (40µg/200 

µL). 
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ALA-HYD were readily injectable through a 20 gauge syringe 

in their pristine as well as in its DOX encapsulating state (Fig. 

3c), whereas ALA-HYD+ gel with DOX had poor injectability 

(Fig. 3d). Gels prepared from ALA-CAM were mechanically 

disintegrated upon passing through syringe (not shown).  

Above studies suggested that ALA-HYD gelator is most robust 

gelator with high mechanical strength, and good injectability. 

Further investigations were thus focused on this compound. 

Time dependent rheological studies on gels formed by ALA-

HYD confirmed their thixotropic behavior (Figure S3c, ESI) 

confirming rapid recovery of gel-strength upon removal of 

shear stress. Within 5 min of removal of stress, gel-strength was 

similar to pristine gel-strength. Rheological studies further 

established stability of ALA-HYD gels at physiologically 

relevant conditions (37 oC, pH 7.4); and acidic pH 5.8 (Fig. 

S3d-3e, ESI). Scanning electron microscopy (SEM) imaging of 

ALA-HYD xerogels revealed similar self-assembled fibrillar 

nanoassemblies as observed in pristine xerogels (Fig. S4a-b, 

ESI). Rheology studies of ALA-HYD showed no perceptible 

change in mechanical strength upon DOX encapsulation (Fig. 

S4c, ESI). Hydrogel formed by ALA-HYD showed a Tm value 

of 58 ± 2 oC, and this value did not change even after DOX 

entrapment. Therefore, entrapment of DOX had virtually no 

influence on morphology, thermal, and mechanical stability of 

ALA-HYD gels.  

We then investigated whether DOX is physically entrapped 

within the gel framework or is having any chemical interaction 

with gelator molecules. Fluorescence titration studies showed 

quenching of DOX fluorescence on titrations with gelator 

ALA-HYD molecules (Fig. S4d, ESI). MALDI studies of DOX 

entrapped gel revealed formation of covalent imine bond 

between free amine of gelator and carbonyl group of DOX (Fig. 

S4e, ESI). Imine bond between ALA-HYD and DOX is 

reversible and can be cleaved in vicinity of tumors. This would 

allow sustained release of DOX.  

 We then studied drug release profile of these DOX 

encapsulated ALA-HYD hydrogels (DOX-Gel) in PBS (pH 

7.4) at 37 oC. We observed that DOX-Gel system indeed 

allowed slow and sustained release of DOX, with only ~40% of 

entrapped drug released at 96 h (Fig. 4a). We then studied 

cytotoxicity of this DOX-Gel system against 4T1 cells using 

transwells (Fig. 4b). MTT assay22 concluded that DOX-Gel 

induces cellular toxicity after 24h and 48h (Fig. 4c). Confocal 

microscopy studies confirmed co-localization of DOX in 

nuclear compartment (Fig. 4d, Fig. S5, ESI) suggesting the 

cellular uptake of DOX is responsible for cellular toxicity.  

 In order to explore in vivo anticancer potential of DOX-Gel, 

we used two different tumor (Colon and Breast) model systems. 

We initially developed colon tumors by injecting CT-26 cells in 

Balb/c mice.23 To explore efficacy of DOX-Gel in early and 

late stage tumors, we divided mice into two groups: one mice 

group bearing palpable tumors, and another mice group bearing 

developed tumors (~100 mm3). DOX-Gel was injected 

subcutaneously in vicinity of tumor. Gel alone without DOX, 

(Free Gel), and intravenous injection of DOX (DOX-IV) was 

employed as controls. We observed ~25% reduction in tumor 

volume with DOX-IV, and DOX-Gel as compared to Free Gel 

control group in mice where tumor was at developed stage (Fig. 

5a). There was no significant difference in tumor volume an 

tumor weight between DOX-Gel and DOX-IV treatment 

groups (Fig. 5a, 5b). In contrast, we observed ~20% reduction 

in tumor volume (Fig. 5c) and ~60% decrease in tumor weight 

(Fig. 5d) on DOX-Gel treatment as compared to DOX-IV and 

Free Gel in mice with palpable tumors. These results suggested 

that DOX-Gel treatment is more effective than DOX-IV in 

mice with early stage tumors. High potency of DOX-Gel might 

 

Fig. 5. Efficacy of DOX-Gel in subcutaneous CT-26 tumor model in 

Balb/c mice. a, b) Changes in tumor volume (mean + SEM) (a) and 
tumor weight (mean + S.D.) (b) of mice subjected to dosage schedule 

after average tumor volume had reached 100 mm3 (n= 7). c, d) 

Changes in tumor volume (mean + SEM) (c) and tumor weight (mean 
+ S.D.) (d) of mice treated with different formulations when tumors 

are at palpable stage (n= 3). * (p<0.05); ** (p<0.001); ns (non 

significant). 

 

Fig. 4 a) DOX release studies from ALA-HYD hydrogelator (DOX-

Gel) with  40µg/200 µL, and 80µg/200 µL DOX concentrtaion.  

b) Well plate showing release of DOX from transwells after 48h, c) 
MTT assay showing toxicity of DOX-Gel system at different drug 

concentrations, d) Confocal microscopy showing localization of DOX 

in the nucleus after being released from gels. 
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be due to slow and localized release of DOX from DOX-Gel, 

whereas DOX-IV was in circulation and may require multiple 

doses that carry associated risk of cardiotoxicity.  

To further validate efficacy of DOX-Gel, we conducted in vivo 

experiments using breast tumor model by injecting 4T1 cells in 

Balb/c mice24 and investigated the potential of DOX-Gel in 

early stage tumors for long duration. After 2 days of cell 

injection, mice were divided into four groups of 8-10 mice in 

each set and were treated with a) untreated control, b) Free 

Gel, c) DOX-IV, and d) DOX-Gel. Single implantation of 

DOX-Gel reduces tumor volume by ~50% (Fig. 6a) as 

compared to untreated control on 11th day. Implantation of Free 

Gel did not cause any change in tumor volume. We sacrificed 3 

mice in each group at 11th day to measure the changes in tumor 

weight, and to explore the mechanism of tumor regression; and 

followed rest of mice. We observed 4-fold and 2-fold reduction 

in tumor weight by DOX-Gel as compared to control and DOX 

(IV) treated mice respectively (Fig. 6b, c). Prolonged 

observations of mice suggested diminished effect of DOX (IV) 

as tumors grew at a similar rate to those observed for Free Gel 

treated mice, whereas DOX-Gel reduced tumor volume by 40% 

as compared to DOX (IV) (Fig. 6d) without much change in 

body weight of mice (Fig. S6, SI).  

We then studied mechanism of tumor regression in tumors 

harvested from mice by performing western blotting for 

apoptotic markers. Treatment of DOX-Gel induces cleavage of 

caspase-7, -3 and -8, as observed in western blot studies (Fig. 

7a), indicating activation of apoptotic pathway responsible for 

tumor regression. Tunnel assay on tumor tissues confirmed 

apoptotic mechanism of tumor regression by DOX-Gel as we 

observed high number of apoptotic Tunnel-positive cells 

showing DNA breaks in DOX-Gel treated mice (Fig. 7d) as 

compared to control and DOX (IV) treated tissues (Fig. 7c). 

We then compared in vivo potential of DOX-Gel with mice 

group, where we injected equivalent dose of DOX locally 

(DOX-Local) to compare antitumor efficacy of DOX-Gel with 

one-time localized delivery of active drug. We observed that 

effect of DOX-Local gets totally diminished, whereas DOX-

Gel reduces tumor burden by ~40% as compared to untreated 

control (Fig. 8a, b). Therefore, in vivo tumor regression studies 

confirmed that DOX-Gel is able to regress tumor progression 

in mice for a significantly longer duration due to slow and 

sustained release of DOX, whereas DOX-Local is not effective 

for tumor regression due to its high diffusion.  

We then performed pharmacokinetic studies to quantify DOX 

in blood at different time points on treatment with DOX-Gel, 

DOX (IV), and DOX-Local in tumor bearing mice. We have 

not observed any DOX presence in blood serum after 2, 6, 24, 

and 72h in treated mice. We believe that absence of DOX in 

blood might be due to very low amounts of DOX released in 

the blood, which is beyond the detection limits of our assay. It 

is to be noted that we have used only 40 µg of DOX per mice 

 

Fig. 7. a) Western blot of tumors showing presence of cleaved caspase 

indicating DOX mediated apoptosis; b-d) Tunnel assay of tumor 
samples b) control, c) DOX (IV), and DOX-Gel treatment showing 

high apoptosis by DOX-Gel.. 

 

Fig. 6.  Efficacy of DOX-Gel formulation in subcutaneous 4T1 

murine breast tumor model in Balb/c mice. a) Change in tumor 
volumes (mean + SEM) of mice treated with formulations at stage of 

palpable tumors (n= 10) up to day 11; b) Change in the tumor weight 

(gm.) of tumors excised (mean + S.D.) from mice (n= 3) on day 11; c) 
Representative excised tumor pictures of No Treatment, Free Gel, 

DOX (IV), and DOX-Gel group mice (n= 3); d) Change in tumor 

volume (mean + SEM) of mice treated with formulations at stage of 
palpable tumors up to day 23 (n= 7 from day 11). * (p<0.05); ** 

(p<0.001); **** (p<0.0001); ns (non significant). 

 

 

Fig. 8. a) Change in tumor volume on treatment with DOX-Gel 

and DOX-Local in 4T1 murine breast tumor model in Balb/c 

mice (n = 7), ** (p < 0.01); b) Representative excised tumor pictures 

of No Treatment, DOX-Gel, and DOX-Local group mice 
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(~2 mg/kg) for our studies as compared to high toxic dose of 

~30 mg/kg used for polymeric hydrogel based in vivo mice 

studies.25  

Conclusions: In summary, we report small molecular 

hydrogelators that form injectable hydrogels even after 

encapsulating anticancer drugs like doxorubicin (DOX). We 

noticed that DOX is covalently attached with gelator through 

imine bond, which is known to be unstable under acidic 

conditions found in vicinity of tumors. The DOX-containing 

gels were able to regress tumor load at palpable stage when 

injected at site of tumors. We believe that slow release of DOX 

caused higher reduction in tumor burden in tumor models at 

their early stages. We hope that this study would draw attention 

of researchers in designing of new LMHGs for localized 

anticancer therapy. 

 

Experimental Section 
 

In vitro Dox release: A weighted amount of DOX (40/80µg) per 

200µL of 1.5% of hydrogelator was casted in upper chamber above 

polcabonate membrane (0.4µm) of transwell plate and 800µL of PBS 

(pH 7.4) solution was taken in lower compartment of transwell plate. 

During experiments, plate was kept at 37 °C, in a humidified 

atmosphere. At desired time point (24, 48, 72 and 96 h) transwell 

was transferred to well having fresh PBS solution. Amount of DOX 

released in lower compartment of plate was calculated by measuring 

doxorubicin fluorescent intensity (Excitation 480 nm/Emission 560 

nm). Cumulative DOX release was plotted by converting fluorescent 

intensity to corresponding DOX concentration. All experiments were 

done in triplicates. 

Cell viability tests: Mouse mammary gland cancer cell line 4T1 was 

cultured in RPMI 1640 medium (Sigma-Aldrich), supplemented 

with 10% fetal bovine serum (FBS; Sigma-Aldrich), 1% (v/v) Penn-

Strep, at 37 °C, under 5% CO2 in a humidified atmosphere. We 

seeded ~1×104 cells per well in lower compartment of 24 well of 

corning transwell  plate.  Cells were seeded 1 day before 

experiments for proper attachment of cells and each well having 

800µL of complete growth media. DOX (10, 20, 30 & 40 µg /mL) 

loaded gel was casted in transwell filter and at desired end point of 

experiment cytotoxicity by DOX diffusion from upper camber was 

evaluated by MTT assay. Light absorbance was measured at 555 nm 

wavelength using a micro plate reader. Similarly, toxicity of gelator 

molecules at different conditions was performed in 96-well plate 

using previous procedures.26 

CT-26 murine colon cancer model: Animals were maintained using 

standard protocols at Animal facility, NII, New Delhi. All animal 

experiments were done with approval of Institutional Animal Ethical 

Committee (IAEC), NII, New Delhi. CT-26 murine colon cancer 

cells (1.5×106 ) in 100 µL matrigel were implanted sub-cutaneously  

into right flanks of 6 weeks old female Balb/C mice using 20 gauge 

needle. For treatment, mice were divided into two groups one 

bearing  tumour volume upto 100 mm3 having randomised into 

following groups a) Free Gel, b) DOX (IV) (40µg/ 200µL), and c) 

DOX-Gel (40µg/200µL) (n=7)  and palpable group categorised into 

three groups as a) Free Gel, b) DOX (IV), and c) DOX-Gel (n = 3).  

4T1 murine breast cancer model: 4T1 murine mammary carcinoma 

cells (1.5×106 ) in 100 µL matrigel were injected sub-cutaneously 

into right flanks of 6 weeks old female Balb/C mice.  After two days, 

mice were randomised into 4 groups a) no treatment group, b) free 

gel, c) DOX (IV) injected group (40µg/200 µL) and d) DOX-Gel ( 

40µg/200 µL) injected group. Free gel without DOX and DOX-Gel 

were both injected subcutaneously near the vicinity of tumour using 

20 gauge needle. Doxorubicin was given intravenously through 

lateral tail vein. Only a single dose was given throughout study 

period. Similarly, similar amount of doxorubicin was given locally. 

Tumour volume was measured every alternate day with a digital 

caliper using formula L×B2 /2 followed by continous monitoring of 

body weight.  

Western blotting: For protein isolation, a slice of tumour was cut 

with a scalpel blade from each tumour sets. Cut tissues were then 

homogenised in homogenization tubes containg RIPA buffer with 

protease and phosphatase inhibitor cocktail (Sigma) in a mechanised 

homogenizar (Precellys lysis and homogenization platform). 

Homogeniseed samples were subjected to sonication for 5 minutes at 

4 oC. Samples were then centrifuged at 16,000xg at 4 oC for 10 

minutes. Soluble protein in supernatant was collected. Protein 

estimation was done using the CB-XTM protein estimation kit (G-

biosciences). 30 µg of protein was loaded in to the each lane of 10% 

poly-acrylamide gel to run SDS-PAGE. Protein was transferred to 

0.2 µM pore size PVDF membrane (MDI, Ambala) following wet 

transfer method. 5% skimmed milk was used for blocking membrane 

for non-specific antibody binding. 1:2000 dilutions of antibodies 

Caspase 3, Caspase 7, Caspase 8 (Cell Signalling Technology) in 5% 

Skimed milk in PBST were used. Membranes were incubated with 

primary antibodies overnight at 4 oC. A dilution of 1:5000 was used 

for secondary anti-rabbit (Cell Signalling Technology). For 

Chemiluminisence detection equal amount of luminal substrate and 

hydrogen peroxide were used (ECL Kit Amersham). Blots were 

reprobed with β- actin antibody. 

TUNEL Assay: 6-8µm thick tumour sections were cut out of 

cryopreserved OCT embedded blocks and placed over Poly-L-lysine 

coated slides (Sigma). To find out apoptotic cells in treated samples 

terminal deoxynucleotidyl transferase-mediated dUTP nick end 

labelling (TUNEL) reaction was performed using kit (In Situ Cell 

Death detection Kit, TMR red, Roche) following manufacturers 

instructions. Image aquisition was done using a flourscent 

microscope (GE-API-DV-Elite inverted flourescent microscope) in 

60x magnification in oil immersion. All images were deconvoluted 

after image aquisition using deconvolution software. 

 

Supporting Information: 
 

Electronic Supplementary Information (ESI) available: [Scheme 

1, Figures S1-S6, synthesis of hydrogels; experimental section for 

gelation, rheology, MALDI, microscopy and pharmacokinetic 

studies]. See DOI: 10.1039/b000000x/ 
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