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In situ Forming Hydrogel Crosslinked with Tetronic Micelle for 
Controlled Delivery of Hydrophobic Anticancer Drug

Abstract: For cancer treatment, anti-cancer hydrophobic drugs such as paclitaxel

(PTX) are usually intravenously administrated as a systemic delivery which has low

targeting efficiency, rapid clearance, and non-specific side effects. Although local

chemotherapy using biomaterials to overcome these limitations has attracted atten-

tion, the poor water solubility of hydrophobic drugs is still challenging for controlled

delivery and bioavailability of drugs. In this study, an in situ forming hydrogel cross-

linked with PTX-loaded micelle was developed for enhanced stability and controlled

delivery of PTX. Tetronic-tyramine micelle (TTAm) is a phenol-conjugated Tetronic

micelle (TETm) that can facilitate enzymatic crosslinking between TTAm and gela-

tin-hydroxyphenyl propionic acid (GH) hydrogels to produce GH hydrogels cross-

linked with TTAm (TTAm/GH) for controllable physicochemical properties such as

gelation time, stiffness, and swelling ratio. The TTAm/GH showed PTX release pattern

for 4 weeks in a controlled manner, whereas TETm/GH and GH only had limited

release profiles. Moreover, TTAm/GH showed cytocompatibility and improved drug

efficacy against cancer cells compared to the control group. Such in situ forming GH hydrogel crosslinked with Tetronic micelle is expected

to be a promising local hydrophobic anti-cancer drug carrier for cancer treatment.

Keywords: cancer, hydrophobic anti-cancer drug, micelle, hydrogel, hydrogel crosslinked with micelle, controlled drug delivery.

1. Introduction

Cancer is one of the leading causes of mortality worldwide.1

Currently, intravenous drug administration is the most widely

used cancer treatment to suppress tumor recurrence.2-4 How-

ever, it has a low efficacy due to a systemic circulation and non-

specific adverse effects.5-7 Although various active strategies tar-

geting cancers have been attempted, challenges such as ineffi-

cient in vivo targeting because of rapid blood clearance and tumor

heterogeneity remain.8,9 As an alternative, local drug delivery

systems including particles and hydrogels have attracted atten-

tion because drugs can be delivered to the tumor site in high

concentrations with minimal side effects through such delivery

systems without undergoing rapid clearance through blood cir-

culation.10,11 In situ forming hydrogels have been spotlighted due

to their minimally invasiveness and high drug loading with con-

trolled drug release as ideal drug delivery systems.12-14 However,

aggregates of hydrophobic cargo in hydrophilic hydrogels can

inhibit sustained drug release and even increase the toxicity

due to a burst release.15-17 Among various particle types, polymeric

micelles have a unique core-shell structure, resulting in effective

encapsulation and protection of loaded hydrophobic drugs from

the external environment.18 Some recent studies have been con-

ducted to fabricate crosslinked micelles for advanced designs of

polymeric micelles that can exhibit prolonged stability and con-

trolled drug release.19-21 However, micelle-based vehicles undergo

rapid clearance and blood dilution with limited long-term sta-

bility in the body.22,23 Recently, composite systems incorporating

polymeric particles into a bulk hydrogel have attracted much

attention by providing a secondary diffusional barrier around

the particle phase, thus enabling the prolonged sustained drug

delivery into eyes, knee joints, and skins due to inhibition of

rapid initial burst, fast dissociation, and clearance of pure parti-

cles.24-28 Previously, we have reported various biomaterials such

as injectable hydrogel and shell crosslinked micelles based on

phenol functionalized polymeric materials using enzymatic cross-

linking system. Mechanical properties of the hydrogels could

be easily tuned to mimic various kinds of human tissues.29 The

shell crosslinked micelles have been prepared as an advanced

hydrophobic drug carrier, showing prolonged release of hydro-
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phobic drugs compared to non-crosslinked micelles.30

In the present study, an in situ forming gelatin-hydroxyphe-

nyl propionic acid (GH) hydrogel crosslinked with Tetronic-Tyra-

mine (Tet-TA) micelle (TTAm/GH) was developed for local

controlled delivery with enhanced drug efficacy of hydrophobic

anticancer drugs to achieve effective cancer treatment. For the

hydrogel matrix, gelatin was chosen as a backbone polymer

due to its excellent biocompatibility. It is a naturally derived

ECM component from collagen with proteolytic degradability

and mild foreign body reaction.31 To prepare the shell cross-

linked micelles, tetronic, a 4-Arm poly(propylene oxide) (PPO)-

poly(ethylene oxide) (PEO) block copolymer, was selected. It

has been widely studied for self-assembled micelle formation

with low critical micelle concentrations (CMC) (1.67 × 10−6 M)

to be a suitable hydrophobic drug carrier.32,33 Paclitaxel (PTX)

was chosen as a model hydrophobic anti-cancer drug and loaded

into TTAm. TTAm/GH was then fabricated via an enzyme-mediated

oxidative reaction capable of simultaneous shell crosslinking of

TTAm and GH formation crosslinked with TTAm. The effects of

shell crosslinking and conjugation with the hydrogel on physi-

cochemical properties and in vitro controlled drug release pro-

file of TTAm/GH were investigated. In vitro cytocompatibility

and drug efficacy against cancer cells were also evaluated. Our

results suggest that this in situ forming hydrogel crosslinked

with micelles is a promising hydrophobic drug delivery platform

for an advanced local cancer treatment.

2. Experimental

2.1. Materials & Methods

2.1.1. Materials

Tetronic 1307 (Tet; 4-arm-polypropylene oxide (PPO)-polyeth-

ylene oxide (PEO), M.W.=18,000 g/mol) was obtained from BASF

Corp. (Kunsan, Jeollabuk-do, Korea). 4-Dimethylamino pyridine

(DMAP) was purchased from Alfa Aesar (Heysham, Lancashire,

UK). Gelatin (type A from porcine skin, > 300 bloom), hydroxy-

phenyl propionic acid (HPA), 1-ethyl-3-(3-dimethyl aminopro-

pyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), horseradish

peroxidase (HRP, type IV, essentially salt-free, lyophilized powder,

250-330 units/mg solid), hydrogen peroxide (H2O2), p-nitro-

phenyl chloroformate (PNC), tyramine (TA), tyramine hydro-

chloride (TA∙HCl), and paclitaxel (PTX) were supplied from

Sigma-Aldrich (St. Louis, MO, USA). Triethylamine (TEA) was sup-

plied from Kanto Chemical Corp. Methylene chloride (MC) and

ethyl acetate (EA) were purchased from J.T. Baker (Philips-

burg, PA, USA). Dimethylsulfoxide (DMSO) was purchased from

Junsei Chemical (Chuo-ku, Tokyo, Japan). Dialysis tubing (Mole-

cular weight cut off (MWCO) = 3.5 kDa, 6-8 kDa) was purchased

from Spectrum Laboratories, Inc. (CA., L.S., USA). Diethyl ether

(Cold ether, extra pure) and methanol were purchased from

DAEJUNGS (Siheung, Gyeonggi-do, Korea). For cell studies, Dul-

becco’s modified eagle medium (DMEM), fetal bovine serum

(FBS), trypsin/EDTA, penicillin-streptomycin (PS), and Dulbecco’s

phosphate-buffered saline (DPBS) were purchased from Gipco

BRL (Gaithersburg, MD, USA). EZ-CYTOX for WST-1 assay was

obtained from DoGen Bio Corp (Guro-gu, Seoul, Korea).

2.1.2. Synthesis and characterization of GH and Tet-TA

conjugates

GH conjugates were synthesized using EDC/NHS coupling reac-

tion as previously reported.34 Briefly, gelatin (5 g) was com-

pletely dissolved in deionized water (DIW) at 40℃. HPA (3.323 g,

20 mmol) was dissolved in a co-solvent of DIW and DMF at a

volume ratio of 3:2. To activate the carboxyl groups of the HPA,

EDC (3.834 g, 20 mmol) and NHS (2.302 g, 27.8 mmol) were dis-

solved in 20 mL of co-solvent, respectively, and reacted with

HPA solution at room temperature (RT) for 2 h. The activated

HPA solution was then applied to gelatin and the reaction was

conducted at 40℃ for 24 h. After the reaction, the solution was

dialyzed against DIW (MWCO = 3.5 kDa) at 40℃ for 4 days. GH

conjugates were then obtained by lyophilization. 

Tet-TA conjugates were synthesized by activating the terminal

hydroxyl groups of the Tet with PNC and DMAP followed by linking

TA molecules with amine-reactive Tet-PNC.35 PNC (2.240 g,

11.1 mmol) was dissolved in MC at RT under a nitrogen atmo-

sphere. DMAP (1.357 g, 11.1 mmol) dissolved in MC was added

into the PNC solution. After reaction at RT for 30 min, Tet (20.0 g,

1.1 mmol) was dissolved in MC and then slowly added into the

activated PNC solution. The mixture was stirred under a nitrogen

atmosphere at RT for 24 h. After the reaction, MC was evapo-

rated using a rotary evaporator. EA was then added. The precipi-

tate was removed by filtration. The solution containing Tet-PNC

was then precipitated in cold ethyl ether. Tet-PNC conjugates

were dried overnight in a vacuum oven. Dried Tet-PNC (17.44 g,

0.97 mmol) was dissolved in DMSO under a nitrogen atmosphere

at RT. TA (1.331 g, 9.7 mmol) was dissolved in DMSO and then

slowly added into the Tet-PNC solution. TEA (2.0 mL, 0.014 mmol)

was added and reacted at RT for 24 h under a nitrogen atmo-

sphere. The solution was dialyzed against methanol (MWCO

= 6-8 kDa) for 5 days to remove unreacted TA. After dialysis,

the remaining organic solvent was evaporated, and the concen-

trated solution was precipitated in cold ethyl ether. The polymer

was isolated by filtration and dried in a vacuum oven to obtain

a white powder. 

For chemical structure analysis, GH and Tet-TA were dis-

solved in D2O and CDCl3, respectively, and then analyzed using
1H NMR spectroscopy (JEOL 600 MHz NMR). The phenol con-

tents of the GH and Tet-TA were determined using a UV visible

spectrophotometer (Jasco, V-750 UV/VIS/NIR, Japan). The amount

of the conjugated phenol moieties was calculated using a cali-

bration curve of TA∙HCl at known concentrations. 

2.1.3. Preparation, size, and PTX loading analysis of micelles

Tet micelle (TETm) and Tet–TA micelle (TTAm) were prepared

by the direct dissolution method as previously reported.30 Briefly,

Tet or Tet-TA polymers (45 mg) were completely dissolved in

300 mL of DIW below 4℃ and then stirred at 37℃ for 12 h

for self-assembly of the hydrophobic PPO portion of Tet. Then,

the micelle solution was sonicated at 37℃ for 15 min to avoid

aggregation of micelles. To avoid disassembly of the micelle struc-

ture, the micelle solution was frozen rapidly in liquid nitrogen

and then lyophilized for 24 h to yield a white powder. PTX-loaded

micelles were prepared using a single emulsion and solvent

evaporation method. Tet or Tet-TA polymers (45 mg) were
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dissolved in 300 mL of DIW below 4℃. PTX (4.5 mg) dissolved in

5 mL of ethanol was added slowly into the Tet or Tet-TA solution.

The solution was stirred (700 rpm) for 12 h at 37℃. Then, the

PTX-loaded micelle solution was sonicated for 15 min at 37℃

and lyophilized for 48 h to obtain a dried product. The obtained

PTX-loaded micelle powder was redissolved in DPBS and cen-

trifuged at 8,000 rpm for 1 min at 37℃ to remove unloaded

PTX precipitates before use. 

Size distribution of micelles was evaluated using a dynamic

light scattering (DLS) instrument (Zeta-sizer, 3000 HS; Malvern

Instruments, UK). The micelle powder (1 mg/mL) was sus-

pended in DIW at 37℃ to retain the micelle structure. Before

analyzing, the micelle solution was passed through a syringe

filter (0.45 μm pore size) to remove aggregated micelles. 

Drug loading content (DLC) and drug loading efficiency (DLE)

of TETm and TTAm were measured using a high-performance

liquid chromatography (HPLC, Agilent 1260 Infinity II.) instrument

equipped with a C18 column (Agilent InfinityLab Poroshell 120

EC-C18, 4.6 × 150 mm, 4 μm pore). Before analysis, the PTX-loaded

micelle solution was diluted with acetonitrile (volume ratio

= 1:1) to solubilize PTX completely. The mobile phase was ace-

tonitrile mixed with water (volume ratio = 1:1) at a flow rate of

1.0 mL/min. UV absorbance was detected at a wavelength of 227

nm at 25℃. The amount of PTX was calculated from the cali-

bration curve. DLA and DLE of micelles were determined using

the following equations:

DLC (Drug loading content) = 

× 100 (%) (1)

DLE (drug loading efficiency) = 

× 100 (%) (2)

2.1.4. Fabrication and gelation time measurement of micelle-

hydrogel 

PTX-TETm/GH hydrogel composites (PTX-TETm/GH) and PTX-

TTAm/GH hydrogel composites (PTX-TTAm/GH) were prepared

by mixing PTX-loaded micelles and GH solutions in the presence

of HRP and H2O2. The PTX loading concentration in the resultant

composite was fixed at 0.5 mg/mL by incorporating appropri-

ate amounts of PTX-loaded micelles. The GH polymer was dis-

solved in the PTX-loaded micelle solution at 37℃. HRP and H2O2

were separately added to the micelle/GH solution (volume ratio

of micelle/GH solution:HRP or H2O2 = 9:1). To fabricate PTX-

loaded micelle/hydrogel composites, micelle/GH solution includ-

ing HRP was mixed with the same volume of micelle/GH solu-

tion including H2O2. Final concentrations of GH, HRP, and H2O2

were 5 wt%, 0.001 mg/mL, and 0.01 wt%, respectively. The

mixture was vortexed for 5 seconds and stabilized at 37℃. To

investigate the effects of drug and micelle encapsulation on

hydrogels, PTX-loaded GH hydrogels without micelles (PTX-

GH) and GH hydrogels without PTX and micelles (Blank GH)

were prepared as a control group.

A vial-tilting method was used to determine the gelation time

of Blank GH, PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH. Sam-

ples were prepared as described above. The final concentration

of HRP was adjusted from 0.0003 to 0.003 mg/mL. Solutions

including HRP and H2O2 were gently shaken, and the gelation

time was decided when no flow was observed after inversion

of the vial.

2.1.5. Microporous structure of micelle-hydrogel

Microporous structures of Blank GH, PTX-GH, PTX-TETm/GH,

and PTX-TTAm/GH were observed. For analysis, samples were

swollen in DIW at 37℃ to induce porous structure. After swell-

ing, samples were frozen rapidly in liquid nitrogen and then freeze-

dried. Lyophilized samples were cross-sectioned and visualized

by scanning electron microscopy (SEM; JSM-7900F, JEOL, Japan).

2.1.6. Mechanical strength and swelling behavior

An AR-G2 magnetic bearing rheometer (TA Instruments) was

used to determine the elastic modulus (G’) of Blank GH, PTX-

GH, PTX-TETm/GH, and PTX-TTAm/GH. The instrument was

fitted with a 20 mm diameter plate geometry and a 500 mm gap.

After 200 μL of samples were placed on the plate with the tem-

perature maintained at 37℃, tests were carried out for 10 min

in the oscillatory mode at a frequency of 0.1 Hz with 0.01% strain.

PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH were prepared

in conical tubes. Weight of each conical tube was measured and

the initial weight (Wi) of each sample was recorded. Samples

were subsequently incubated in 1 mL of DPBS medium (0.01 M)

at 37℃. At each time point, the weight of the swollen sample

(Ws) was measured after removing the medium at predetermined

time intervals. The medium was then refreshed. The swelling

ratio was calculated using the following equation:

Swelling ratio (%) = (3)

Where Ws and Wi were the weight of the swollen hydrogel and

the weight of the initial hydrogel, respectively. 

2.1.7. In vitro PTX release test

For the in vitro PTX release test, 200 μL of PTX-GH, PTX-TETm/

GH, and PTX-TTAm/GH were prepared as described above using

HRP (final concentration: 0.001 mg/mL) and H2O2 (final con-

centration: 0.01 wt%). The PTX loading concentration in the

resultant composite was fixed to be 0.5 mg/mL by incorporating

appropriate amounts of PTX and PTX-loaded micelles. Hydrogels

were incubated in 1 mL of DPBS medium at 37℃. At predeter-

mined time intervals, the medium containing released drug were

collected and a fresh medium was added. The amount of PTX

released was determined using an HPLC instrument equipped

with a C18 column. The amount of PTX was calculated from

the calibration curve of PTX with known concentrations.

2.1.8. In vitro cytotoxicity

To assess cell viability, an indirect method was used for hydro-

gels without PTX (Blank GH, Blank TETm/GH, and Blank TTAm/

GH). All samples (Blank GH, Blank TETm/GH, Blank TTAm/GH)

were fabricated in 24-well cell culture plates following the hydro-

gel fabrication method. Before fabricating, GH polymer, micelle,

HRP, and H2O2 solutions were prepared using DPBS and filtered

Amount of loaded PTX in the micelle

Amount of PTX − loaded micelle

 

Total amount of loaded PTX in the micelle

Feed amount of PTX

Ws Wi–

Wi

----------------- 100×
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through syringe filters (0.2 μm pore size) for sterilization. All

samples were incubated at 37℃ with 5% CO2 for 24 h in 1 mL

of DMEM growth medium supplemented with 10% FBS and

1% PS. After incubation, supernatant was collected as extracted

medium. Human dermal fibroblasts (hDFBs) were previously

cultured in DMEM supplemented with 10% FBS and 1% PS

under a standard culture condition (37℃ and 5% CO2). Cells

were detached by trypsin-EDTA and incubated in a 48-well

culture plate at a density of 2 × 104 cells per well for 24 h. The

culture medium was then removed and replaced with the pre-

pared extraction medium. After incubation at 37℃ with 5%

CO2 for 24 h, the medium was removed and replaced with 1 mL

of WST-1 reagent (reagent:DMEM = 1:9). After incubation for

2 h, 200 μL of the reacted solution was transferred to a 96-well

plate. As a control, hDFBs were incubated with DMEM supple-

mented with 10% FBS and 1% PS instead of extraction medium

in the same culture plate. The optical density (O.D.) was measured

at 450 nm using a microplate spectrophotometer (VersaMax

Tunable Microplate Reader, Molecular Devices, USA). The rela-

tive cell viability was determined using the equation below:

Cell viability (%) =

× 100

(4)

2.1.9. In vitro drug efficacy

Drug efficacy of released PTX against HeLa cells was evaluated

using WST-1 assay. HeLa cells were seeded into 24-well cell

culture plates at a density of 2 × 104 cells per well and cultured

under the standard culture conditions with DMEM supplemented

with 10% FBS and 1% P/S for 24 h as described above. Previ-

ously, PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH were fabri-

cated with sterilization and incubated with DMEM supplemented

with 10% FBS and 1% P/S for 14 days to prepare the extraction

medium containing released PTX. HeLa cells were incubated

with the extraction medium for 24 h. The viability was measured

in comparison with that of control cells as described above.

The O.D. was measured at 450 nm using a microplate reader.

The relative cell viability was determined with the following

equation:

Cell viability (%) = 

× 100

(5)

2.2. Statistical analysis

All experiments were performed in triplicate. Data are pre-

sented as means ± standard deviation. Statistical differences

were analyzed using the Student’s t-test. Significant levels were

set at *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. Structural analysis of synthesized GH, Tet-TA conju-

gates

Synthetic routes of GH and Tet-TA conjugates are illustrated in

Figures 1(a) and 1(b), respectively. Chemical structures of GH

and Tet-TA were characterized using 1H NMR spectroscopy as

shown in Figure 2. 1H NMR (D2O): δ 4.8 ppm (protons of ano-

meric carbon of gelatin), δ 0.8-4.6 ppm (alkyl proton of gelatin),

δ 6.8 and 7.1 ppm (aromatic proton of HPA). 1H NMR (CDCl3): δ

1.12 and 3.2-4.4 ppm (protons of Tet), δ 7.3 and 8.2 ppm (aro-

matic protons of PNC), δ 6.7 and 7.1 ppm (aromatic protons of TA).

Phenol contents of GH and Tet-TA were determined by UV-

spectroscopy. Figure 3 shows an increase in the absorbance at

275 nm, indicating successful grafting of phenol groups on gela-

tin and Tet. Absorbance values at 275 nm of polymer solutions

were used to calculate phenol contents. The content of HPA

O.D.  of samples incubated with extraction medium

O.D.  of controls incubated with DMEM

O.D.  of samples incubated with extraction medium

O.D.  of controls incubated with DMEM

Figure 1. Synthetic routes of gelatin derivative (a) and Tetronic derivative (b).
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was 157.9 ± 5.3 µmol per 1 g of GH. The content of TA was 209.6

± 8.7 µmol per 1 g of Tet-TA, indicating approximately 98.0 ±

4.1% of substitution degree by calculating the molar ratio of TA

compared to hydroxyl groups of original Tet.

3.2. Size distribution and PTX loading capacity of micelles 

TETm and TTAm were prepared without drug loading by a

direct dissolution method. A concentration of 0.15 g/L was used

to prepare TETm and TTAm. The hydrodynamic sizes of TETm

and TTAm were 23.1 ± 5.2 and 22.6 ± 5.4 nm, respectively (PDI <

0.4), indicating the formation of a compact nanostructure at

over CMC.30 After PTX loading, particle sizes of PTX-TETm (23.1 ±

5.2 to 211.4 ± 9.8 nm) and PTX-TTAm (22.6 ± 5.4 nm to 203.8 ± 11.1

nm) were drastically increased by encapsulating PTX in the

hydrophobic core of micelles (Figure 4 and Table 1).36 The encap-

sulated amount of PTX in micelles was quantified by HPLC. Table

2 summarizes the DLA and DLE of TETm and TTAm. DLA (μg/

mg) and DLE (%) were found to be 56.15 ± 1.03 μg/mg and 61.77

± 1.14%, respectively, for PTX-TETm. They were found to be

54.47 ± 0.50 μg/mg and 59.91 ± 0.55%, respectively, for PTX-TTAm,

indicating that TA substitutes did not affect the PTX loading.

Figure 2. 1H NMR spectra of gelatin (a), GH (b), Tetronic 1307 (c), Tet-PNC (d), and Tet-TA (e).

Figure 3. UV-vis spectra of gelatin, GH, Tetronic, and Tet-TA.

Figure 4. DLS data of size distribution of micelles before and after

drug loading.

Table 1. Average diameters measured by DLS of micelles before and after

drug loading (n = 3)

Micelles Mean particle size (nm)

TETm 23.1 ± 5.2

TTAm 22.6 ± 5.4

PTX-TETm 211.4 ± 9.8

PTX-TTAm 203.8 ± 11.1

Table 2. Drug loading content (DLC) and drug loading efficiency (DLE) of PTX-loaded micelles (n = 3)

Polymer content (mg) Initial drug content (mg) DLC (%) DLE (%)

PTX-TETm
45 4.5

5.6 ± 0.1 61.8 ± 1.1

PTX-TTAm 5.5 ± 0.1 59.9 ± 0.6
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3.3. Enzyme-mediated fabrication and controllable gela-

tion time 

PTX-TETm/GH, PTX-TTAm/GH, and PTX-GH were fabricated

by enzyme-catalyzed crosslinking in the presence of HRP and

H2O2. HRP, a heme-containing enzyme, can catalyze coupling

reactions of phenoxy radicals from aniline and phenol deriva-

tives in the presence of H2O2 as an oxidizing agent.37 HRP-medi-

ated hydrogelation has remarkable characteristics such as

controllable gelation time, water absorption content, and mechanical

strength by changing concentrations of HRP and H2O2.
38 Figure 5

shows increased opacity of PTX-GH because unencapsulated

hydrophobic PTX could be easily aggregated in hydrogels. On

the other hand, PTX-TETm/GH and PTX-TTAm/GH remained

transparent, indicating that PTX was effectively solubilized in the

core of micelles to reduce hydrophobic aggregation and phase

separation. Improving the solubility of hydrophobic drugs in

hydrogels is important to achieve a steady and sustained drug

release and to minimize the burst release effect known to cause

toxicity.39 The gelation time of hydrogels was determined by

vial tilting method and controlled by varying HRP concentra-

tions (0.0003 to 0.003 mg/mL) at fixed GH (5 wt%) and H2O2

(0.01 wt%) concentrations (Figure 6). For comparison, blank

GH hydrogels without PTX were prepared as a control. As a

result, the gelation time was well controlled by varying HRP

concentrations. The gelation time of all specimens was not signifi-

cantly different at HRP concentrations of 0.001 mg/mL or higher.

At HRP concentration of 0.0005 mg/mL, blank GH showed a

faster gelation rate than other specimens. Interestingly, PTX-

TTAm/GH showed faster gelation than PTX-GH and PTX-

TETm/GH because phenol groups on micelle shell participated

in matrix crosslinking.40

3.4. Microporous structures

Microporous structures of the hydrogel matrices are shown in

Figure 7. The blank GH showed a regular porosity (15-20 µm)

with smooth pore walls, whereas the PTX-GH had an irregular

porosity (50-300 µm) with rough walls due to formation of PTX

aggregates and phase separation with hydrophilic segment in

the hydrogel.41 In PTX-TETm/GH, 60-100 µm of pores and much

smaller number of aggregates than the PTX-GH were shown

on the matrix (red arrows). On the other hand, co-crosslinking

of TTAm with GH enhanced the homogeneity within the matrix,

resulting in reduced porosity (30-50 µm) and the number of

aggregates (red arrows) in PTX-TTAm/GH compared to PTX-

TETm/GH. On the other hand, co-crosslinking between TTAm

and GH occurred in PTX-TTAm/GH, resulting in reduced porosity

(30-50 µm) and decreased number of aggregates (red arrows)

compared to PTX-TETm/GH. It means that co-crosslinking between

TTAm and GH can inhibit the aggregation of PTX-loaded micelles

and enhance the homogeneity in the matrix.

3.5. Mechanical strength and swelling ratio

Crosslinking density of the hydrogel determines important

properties such as mechanical properties, swelling ratio, and dif-

fusion rate of therapeutic cargos.42 At the same crosslinking

density using 0.01 wt% of H2O2, elastic moduli (G', Pa) of blank

Figure 5. Digital pictures of PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH.

Figure 6. Gelation time of Blank GH, PTX-GH, PTX-TETm/GH, and PTX-

TTAm/GH with varying HRP concentrations (n = 3).

Figure 7. SEM images of Blank GH, PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH. Red arrows indicate aggregates.
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GH, PTX-GH, PTX-TETm/GH, and PTX-TTAm/GH are pre-

sented in Figure 8. Compared to the G' of blank GH (6,636 Pa), the

G' of PTX-GH was decreased to 4462, probably due to phase

separation between PTX and GH, which diminished the

mechanical strength of PTX-GH.43 The addition of PTX-TETm

interrupted the chain-entanglement in GH by micelle, resulting in

a slightly decreased mechanical strength to 5,461 Pa. Mean-

while, the higher crosslinking density induced by additional phe-

nol moieties of TTAm in PTX-TTAm/GH increased the mechanical

strength to 7,351 Pa,40 suggesting that TTAm could act as a sec-

ondary crosslinker in GH networks via enzyme-mediated reac-

tion. Changes in swelling ratio of GH hydrogel according to the

incorporation of PTX, PTX-TETm, and PTX-TTAm were also

assessed. Results are shown in Figure 9. After swelling for 3 days,

the swelling ratios of PTX-GH, PTX-TETm/GH, and PTX-TTAm/

GH were 129.7±7.7%, 122.6±11.1%, and 119.2±8.2%, respec-

tively. As a result, the swelling ratio decreased as the mechanical

strength of hydrogel increased.

3.6. Controlled in vitro PTX release profile

The controlled release profiles of PTX from PTX-TTAm/GH,

PTX-TETm/GH, and PTX-GH are presented in Figure 10. In PTX-

TTAm/GH, the initial burst release of PTX within 1 day was

19.1 ± 0.3%, and the cumulative release was 47.3 ± 2.8% up to

28 days in a controlled manner. The PTX-TTAm/GH is the hydro-

gel network where micelles are co-crosslinked via enzymatic

crosslinking between the phenol groups presented in the micelle

and hydrogel, resulting in the highest mechanical strength (7,351

Pa) among the hydrogels. Thus, the PTX must be diffused into hydro-

gel networks after its release from polymeric micelles immobi-

lized in the hydrogels covalently.44 Meanwhile, PTX-TETm/GH, the

hydrogel matrix containing non-crosslinked TETm, exhibited sus-

tained drug release and the cumulative release amounts were

26.3 ± 3.1, 37.3 ± 0.8, and 41.9 ± 3.1% for 1, 7, and 14 days, respec-

tively. However, after 14 days, abrupt drug release was evaluated

(cumulative 74.7 ± 11.9% and complete release on days 21 and

28, respectively). The encapsulation of PTX in TETm which can-

not undergo co-crosslinking with GH, probably resulted in improved

solubility due to the free movement in the matrix.45 Moreover,

the fast release profile is expected to be due to the decrease in

mechanical strength (5,461 Pa) of the hydrogel because of the

interruption of chain-entanglement of GH by PTX-TETm. The

PTX release rate was slower in PTX-TTAm/GH than that in

PTX-TETm/GH due to the shell-crosslinking which prolong the

drug release period. In our previous report, the cumulative

release of indomethacin (IMC) from shell-crosslinked TTAm was

suppressed to 80%, whereas the non-crosslinked TETm was

completely released up to 4 days.30 Although the drug model was

different, it could be considered that the co-crosslinking of

micelle with hydrogel network and the hydrogel matrix as a

secondary barrier contributed to the controlled PTX release. In

addition, the hydrophobic PTX aggregation was formed in

PTX-GH which prevented dissolution and diffusion of drugs.41

Therefore, the cumulative release was suppressed to 3.3 ± 1.0%

for 14 days. However, the burst release of PTX was observed and

the cumulative release amount was 13.0 ± 6.3% at 21 days.

This is probably due to the hydrophobic PTX aggregates causing

irregular porosity (50-300 µm), phase separation from the hydro-

philic segment of the matrix, and the lowest mechanical strength

(4,462 Pa) of the hydrogel. 

3.7. In vitro cytocompatibility

Cytocompatibility is one of the most important properties for

injectable hydrogels to avoid adverse side effects. To determine in

vitro cytocompatibility, hDFBs were cultured in the extracted

Figure 8. Elastic moduli of Blank GH, PTX-GH, PTX-TETm/GH, and

PTX-TTAm/GH.

Figure 9. Swelling behaviors of PTX-GH, PTX-TETm/GH, and PTX-

TTAm/GH (n = 4).

Figure 10. In vitro cumulative PTX release profiles from PTX-GH, PTX-

TETm/GH, and PTX-TTAm/GH (n = 3).
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medium of each hydrogel sample for 24 h and then subjected

to a viability test. Figure 11 shows that all specimens are spin-

dle-shaped with well-proliferated cells comparable to TCPS

control. Furthermore, cell viabilities of all samples were evalu-

ated to be over 90% by WST-1 assay, indicating that blank GH,

TETm/GH, and TTAm/GH were non-toxic.

3.8. In vitro drug efficacy of released PTX 

In vitro cytotoxicity test against HeLa cells confirmed the effec-

tive drug efficacy of released PTX from hydrogels. Figure 12

presents the viabilities of cells cultured in the extracted medium

containing released PTX from PTX-GH, PTX-TETm/GH, and

PTX-TTAm/GH. For PTX-GH, the cell viability was slightly decreased

to 60.7 ± 13.4% due to inhibited drug release by aggregation.

For PTX-TTAm/GH and PTX-TETm/GH, viabilities of HeLa cells

were similarly decreased to 30.7 ± 5.7 and 34.7 ± 4.8%, respec-

tively, resulting from a faster release rate of PTX by encapsu-

lating in micelles compared to PTX/GH. The longer-term drug

efficacy in PTX-TTAm/GH is expected because the PTX could

be released sustainably with therapeutic dose maintained for

over one month based on PTX release profiles (Figure 10). 

4. Conclusions

In this study, an enzyme-mediated in situ forming hydrogel

crosslinked with Tetronic micelle was developed for local con-

trolled delivery of hydrophobic anticancer drugs. Drug-loaded

micelles/hydrogels were simply formed via enzymatic cross-

linking between phenol moieties of GH and TTAm. The gela-

tion time of TTAm/GH could be easily adjusted by varying HRP

concentrations. The PTX-loaded and shell-crosslinked TTAm

was simultaneously co-crosslinked to the hydrogel matrix, thereby

limiting the aggregation of micelles within the hydrogel matrix

and releasing the PTX in a controlled manner with a satisfying

therapeutic concentration over one month. Moreover, the co-

crosslinking of micelle and hydrogel improved matrix homo-

geneity and stability and enhanced the mechanical properties

of hydrogels. The TTAm/GH was cytocompatible. It had an effective

drug efficacy against cancer cells. This in situ forming hydrogel

crosslinked with micelles is expected to be a promising local

hydrophobic anti-cancer drug delivery system for advanced

cancer treatment.
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