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Abstract

Novel, liposome-cross-linked hybrid hydrogels cross-linked by the Michael-type addition of thiols 

with maleimides were prepared via the use of maleimide-functionalized liposome cross-linkers 

and thiolated polyethylene glycol (PEG) polymers. Gelation of the materials was confirmed by 

oscillatory rheology experiments. These hybrid hydrogels are rendered degradable upon exposure 

to thiol-containing molecules such as glutathione (GSH), via the incorporation of selected 

thioether succinimide cross-links between the PEG polymers and liposome nanoparticles. 

Dynamic light scattering (DLS) characterization confirmed that intact liposomes were released 

upon network degradation. Owing to the hierarchical structure of the network, multiple cargo 

molecules relevant for chemotherapies, namely doxorubicin (DOX) and cytochrome c, were 

encapsulated and simultaneously released from the hybrid hydrogels, with differential release 

profiles that were driven by degradation-mediated release and Fickian diffusion, respectively. This 

work introduces a facile approach for the development of advanced, hybrid drug delivery vehicles 

that exhibit novel chemical degradation.
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INTRODUCTION

Advances in nanotechnology have contributed significantly to the development of novel 

nanoscale carriers in the field of drug delivery.1–5 A wide variety of nanoparticles have been 

developed over the past few decades, including inorganic nanoparticles,6–8 liposomes,9–11 

polymeric micelles,12–14 and nanogels.15–17 These nanoparticles are of appropriate size (10–

150 nm) both to penetrate vessels and accumulate in specific tissues (e.g., tumors) and also 

for their surfaces to be functionalized with specific ligands for targeting effects, providing a 

promising platform for drug delivery with enhanced therapeutic efficacy.18–20 In particular, 

various liposomal formulations including both classical and stealth liposomes have been 

widely used in preclinical and clinical studies, with a number of drug-encapsulated 

liposomal products such as AmBisome and Doxil on the market and many more under 

clinical development.21,22 Parallel to the development of nanotechnology approaches in drug 

delivery, hydrogels have also been a focus of continued study as an important class of 

materials for the delivery of a variety of bioactive molecules including nutrients, drugs, and 

proteins.23–25 Composed of hydrophilic three-dimensional polymer networks, hydrogels 

have several advantageous properties including high water content, tunable viscoelasticity, 

and biocompatibility, which allow bioactive molecules to be protected against degradation 

and released from the hydrogel matrix in a controlled manner over an extended period of 

time.26,27 Among various kinds of polymeric hydrogels, hydrogels synthesized from 

polyethylene glycol (PEG), an FDA-approved polymer, have been extensively studied in the 

field of drug delivery and tissue engineering with encouraging preclinical and clinical 

results.26,28,29 Additionally, several PEG hydrogel-based medical devices composed of 

reactive PEG polymers including thiol-modified PEG and acrylate-modified PEG have 

received approval for use as sealants (CoSeal)30 and wound healing matrices (Premvia).31

In recent years, there has been an increasing interest in the incorporation of nanoparticles 

into hydrogels for improved therapeutic efficacy.32–34 Such hybrid systems not only 

preserve the structural integrity and functionalities of the incorporated nanoparticles, but 

also combine the advantageous properties of two distinct drug delivery platforms, offering 

unique benefits such as improved tissue localization, minimized burst release, and controlled 

sequential delivery. A common approach for the preparation of these hybrid hydrogels is to 

trigger gelation of hydrogel-forming monomer solutions in nanoparticle suspensions. 

Varieties of nanoparticles including metallic nanoparticles,35 carbon-based nanomaterials,36 

and polymeric nanoparticles37 have been physically embedded within the hydrogel network 

to create reinforced polymeric hydrogels, developing nanocomposites with tailored physical 

properties and custom-made functionalities. Particularly, owing to their well-known 

advantages in drug delivery,38 drug-loaded liposomes and modified liposome nanoparticles 

have been incorporated into a wide range of hydrogels based on synthetic polymers,39,40 

Liang and Kiick Page 2

Biomacromolecules. Author manuscript; available in PMC 2017 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



natural polymers,41,42 and peptides43,44 to provide prolonged release of the therapeutic 

molecules and significantly enhance therapeutic efficacy. Nevertheless, in these above cases, 

there is no specific interaction between the polymer matrix and the nanoparticle.

More recently, other strategies involving the use of nanoparticles as cross-linkers for 

hydrogel formation have been exploited,45–48 introducing additional engineering flexibility 

and structural diversity to these hybrid systems. For example, hydrophobic interactions 

between polymers and nanoparticles have been utilized to engineer self-assembled hydrogels 

with shear-thinning and self-healing properties. Raghavan and co-workers49–51 developed a 

series of injectable hybrid hydrogels based on the interactions between hydrophobically 

modified chitosan and various bilayer-structured building blocks (liposomes, vesicles, and 

cells). The hydrophobes from chitosan embedded in the hydrophobic interiors of the vesicle/

cell bilayer membranes, forming hydrogels with shear-thinning behavior. Similarly, Langer 

and co-workers52 designed shear-thinning injectable hydrogels via the polymer–nanoparticle 

interactions between hydrophobically modified cellulose derivatives and hydrophobic 

nanoparticle surfaces. Additionally, polymer–nanoparticle hybrid hydrogels have also been 

fabricated via the covalent interactions between polymer chains and nanoparticle surfaces. 

Akiyoshi and co-workers53,54 reported biodegradable hybrid hydrogels based on the 

Michael-type addition between thiolated 4-arm polyethylene glycol (PEG) and acryloyl-

modified pullulan nanogels. The PEG polymer chains covalently cross-linked the pullulan 

nanogels into a three-dimensional network, with the nanogels serving as structural 

components. These multicomponent hybrid hydrogels offer great opportunities for the 

sequential delivery of multiple drugs/growth factors, which improves therapeutic efficacy by 

synergistic effects that aid in overcoming drug resistance in cancer therapy11,55–58 and better 

mimic the temporal profile of the healing process during tissue regeneration.59,60 Despite the 

promise of these methods, nanoparticle-cross-linked hydrogels with chemo-responsiveness 

that is based on specific polymer–nanoparticle interactions have not been widely 

developed.48,61

Inspired by these elegant approaches, we report an advanced, responsive drug delivery 

system that integrates liposome nanoparticles and PEG polymers into a unifying hydrogel 

construct for the controlled sequential delivery of multiple therapeutic molecules. 

Specifically, we have developed glutathione-sensitive, liposome-cross-linked hybrid 

hydrogels based on the reversible Michael-type addition between arylthiol-functionalized 4-

arm PEG and maleimide-functionalized liposomes. The successful formation of the 

liposomes and liposome-cross-linked hydrogels was confirmed via dynamic light scattering 

(DLS) and oscillatory rheology. Mass loss and in vitro drug delivery experiments also 

confirmed that the selective capacity of certain thioether succinimides to undergo retro-

Michael reaction and thiol exchange62–65 serves as the basis of cross-link scission between 

the PEG polymers and liposomes in thiol-containing microenvironments, resulting in matrix 

degradation and subsequent release of therapeutic molecules. The hierarchical structure of 

the gel enables dual encapsulation and differential release of multiple therapeutic cargos 

from one robust hybrid system with unique physical and chemical properties that are absent 

in the individual building blocks.
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EXPERIMENTAL SECTION

Materials

4-Arm, alkylthiol-functionalized PEG (PEG-SH, Mn 20 000 g/mol) and 4-arm, hydroxyl-

functionalized PEG (Mn 20 000 g/mol) were purchased from JenKem Technology USA, Inc. 

(Allen, TX, USA). All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, 

USA), including: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), anionic 1,2-dioleoyl-

sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG), and the anionic maleimide-functionalized 

lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl) 

butyramide (MPB-PE). 4-Mercaptophenylpropionic acid (4-mercaptohydrocinnamic acid) 

was purchased from TCI America (Portland, OR, USA). Doxorubicin hydrochloride (DOX) 

was purchased from Alfa Aesar (Ward Hill, MA, USA). Glutathione (GSH) and cytochrome 

c from equine heart were purchased from Sigma-Aldrich (Saint Louis, MO, USA). All other 

reagents and materials were purchased from Fisher Scientific (Pittsburgh, PA, USA) unless 

otherwise noted. 1H NMR spectra were acquired under standard quantitative conditions at 

ambient temperature on a Bruker AV400 NMR spectrometer (Billerica, MA, USA). All 

samples were dissolved in CDCl3 (D, 99.8%) + 0.05% V/V TMS.

Synthesis of Arylthiol End-Functionalized 4-Arm PEG

The synthesis of arylthiolated 4-arm PEG was performed by modifying PEG with 4-

mercaptohydrocinnamic acid based on a modified protocol from previous reports.63 Briefly, 

20K 4-arm PEG (2g, 0.4 mmol OH groups), 4-mercaptophenylpropionic acid (0.36g, 2 

mmol), p-toluenesufonic acid (p-TSA, 27.55 mg, 0.16 mmol), and dithiothreitol (DTT, 30.8 

mg, 0.2 mmol) were dissolved in toluene (30 mL). The reaction mixture was refluxed at 

155 °C with stirring for 48 h. Water was collected by using a Dean–Stark trap. The reaction 

mixture was precipitated in cold ether, and white polymer powder was collected after 

filtration. The polymer product was stored under N2 at −20 °C for future use. 1H NMR (400 

MHz, CDCl3): δ 7.22 (d, 2H), 7.10 (d, 2H), 4.27–4.21 (m, 2H), 3.67 (s, 449H), 2.92 (t, 2H), 

2.65 (t, 2H).

Preparation of Maleimide-Functionalized Liposomes

The liposomes were prepared based on the conventional dehydration–rehydration method as 

previously reported.9–11 Ten micromoles of lipids in chloroform (a lipid composition of 

DOPC:DOPG:MPB = 4:1:5 molar ratio was typically used) were dispensed into small 

round-bottom flasks, and the organic solvents were evaporated under nitrogen overnight to 

prepare dried thin lipid films. The lipid films were rehydrated at room temperature in 1 mL 

0.2 M bis-tris buffer at pH 7.0 for 1 h with rigorous vortexing for 30 s every 5 min, and then 

sonicated in alternating power cycles of 8% amplitude (~30W) in 30 s intervals for 5 min on 

ice. The resulting liposomes were extruded 21 times through a 0.2 µm polycarbonate 

membrane (Whatman, Piscataway, NJ, USA) using an Avanti Mini-Extruder (Avanti Polar 

Lipids Inc., Alabaster, AL, USA). The liposome solutions were freshly made and used 

shortly after preparation to avoid the ring-opening (hydrolysis) reactions of the maleimide 

moieties, which might prevent them from further reactions.66 The average size of the 

monodisperse liposomes was analyzed via DLS at 25 °C on a Malvern Zetasizer Nano ZS 
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apparatus with Malvern Instruments DTS software (v.6.01) using the cumulants fit (Malvern 

Instruments, Malvern, Worcestershire, UK).

Preparation of Liposome-Cross-Linked Hybrid Hydrogels

The liposomal hybrid hydrogels were prepared by Michael-type addition between arylthiol 

end-functionalized 4-arm PEG and the maleimide-functionalized liposomes. Briefly, 20K 4-

arm PEG arylthiol was dissolved directly in 10 mM liposome solutions (50 µL, in 0.2 M bis-

tris buffer at pH 7.0) at room temperature and the mixture was vortexed for approximately 

30 s to completely dissolve the solid polymers. The mixture was then purged with nitrogen 

and incubated quiescently at 37 °C overnight to achieve complete cross-linking, although 

rheological experiments (below) confirm that gelation occurs within several minutes. The 

molar ratios of the maleimide groups from liposomes to the –SH groups from PEG were 

approximately 1:1, 1:2, and 1:4, which was altered by altering the amount of PEG-SH 

precursors added during preparation (3, 6, and 12 wt %, respectively). Thiol-insensitive 

hybrid hydrogels (control) were prepared by using 20K 4-arm, alkylthiol-functionalized 

PEG based on the same procedure. Detailed chemical structures of these thiolated PEG 

polymer precursors are included in Scheme 1. A PEG hydrogel-only control (without 

liposomes) was also prepared by dissolving 20K 4-arm PEG arylthiol and 10K 4-arm PEG 

maleimide in PBS separately and then mixing the two precursor solutions.

Rheological Studies

Oscillatory rheological characterization of the hybrid hydrogels was performed on a stress-

controlled AR-G2 rheometer (TA Instruments, New Castle, DE, USA) equipped with a 

Peltier plate. In situ gelation experiments were conducted at 37 °C using a 20 mm-diameter, 

1° cone and plate geometry with a 25 µm gap distance, with oscillatory time, frequency, and 

strain sweeps performed. Strain sweeps were performed on samples from 0.1% to a 

maximum strain of 1000% to determine the limit of the linear viscoelastic region. Dynamic 

oscillatory time sweeps were performed to monitor the in situ gelation and mechanical 

properties of different hybrid hydrogel compositions at angular frequencies of 6 rad/s and 

1% strain amplitude chosen from the linear viscoelastic region. Dynamic oscillatory 

frequency sweeps were conducted from 0.1 to 100 rad/s at 1% strain amplitude. Thiolated 

PEG polymer precursors were dissolved in the liposome suspension (~40 µL). The mixture 

was then quickly vortexed and loaded onto the rheometer stage.

The results for PEG alkylthiol hydrogels instead of PEG arylthiol are shown for these in situ 

rheological experiments, as the arylthiol-based hydrogels showed frequency-responsive 

behaviors (likely resulting from the hydrophobic interaction between the aromatic moieties 

of PEG arylthiol and lipid bilayers) that complicated comparisons. For experiments to 

confirm the role of the liposomes in the mechanical integrity of the hydrogels, the hybrid 

hydrogels (~65 µL) were formed in a 3 mL syringe prior to loading onto the rheometer 

stage, and then incubated in situ with 10% Triton X-100 in water at 37 °C. Dynamic 

oscillatory time sweeps were conducted at angular frequencies of 6 rad/s and 1% strain 

amplitude using an 8 mm-diameter, parallel plate geometry with a 200 µm gap distance to 

monitor the changes in storage modulus when the hydrogels were immersed in 10% Trition 

X-100.
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Scanning Electron Microscopy

The liposome-cross-linked hybrid hydrogels (~25 µL) were dehydrated in a series of 

ethanol/water solutions (1 mL) progressing from 30% ethanol to 50%, and 70% for 4 h 

respectively, and eventually to 100% ethanol for 12 h at room temperature. The dehydrated 

gels were dried at the critical point of CO2 for 1 h using an Autosamdri-815B critical point 

dryer (Tousimis, Rockville, MD, USA). Samples were sputter coated with a thin layer of 

gold–palladium to provide a more conductive surface and imaged using scanning electron 

microscopy (SEM) at an accelerating voltage of 3.0 kV (Zeiss Auriga 60, Oberkochen, 

Germany).

Mass Loss Studies

Hydrogel samples were formed as described above by directly dissolving PEG-SH polymers 

(~3 mg) in liposome suspensions (~50 µL, in 0.2 M bis-tris buffer at pH 7.0) in 1.5 mL 

Eppendorf tubes and then incubating the mixture at 37 °C overnight. After being placed in 

phosphate buffered saline (PBS) for 24 h to achieve equilibrium swelling, the hydrogel 

samples were immersed in 1 mL 10 µM or 10 mM GSH solutions in PBS, or PBS alone at 

37 °C. At predetermined time points (every 48 h for the first 4 days and every 24 h after that 

until day 7), the mass of hydrogels after incubation was measured after blotting off excess 

water. The percentage of mass remaining from a hydrogel sample was calculated as [(mass 

after incubation)/(swollen mass)] × 100%.

In Vitro DOX Encapsulation and Release

To prepare DOX-loaded liposomes, DOX was dissolved in a minimum amount of DMSO 

(ca. 10% of the total volume of liposome solutions, which were approximately 1 mL in 

volume) and added dropwise to the liposome suspensions (in 0.2 M bis-tris buffer at pH 7.0) 

while stirring, at a drug-to-lipid ratio of approximately 1:3. The mixture was stirred 

overnight at room temperature. The resulting DOX-loaded liposomes (usually in ~150 µL 

aliquots for each experiment), were used without further purification due to the small 

volume of the samples and the limited amount of unencapsulated DOX present (which was 

confirmed in DOX release experiments, see below). The encapsulation efficiency of DOX 

was indicated to be approximately 92%, and was determined by washing the DOX-loaded 

liposomes three times with PBS and then extracting the encapsulated DOX by treatment 

with 10% Triton X-100. A calibration curve for DOX was developed by measuring the 

fluorescence intensity of DOX solutions at a concentration range of 0.25–10 µg/mL 

(excitation 485 nm, emission 590 nm) using a PerkinElmer Fusion microplate reader 

(Waltham, MA, USA).

DOX-loaded liposome-cross-linked hydrogels were prepared by dissolving either the aryl or 

alkylthiolated PEG polymers in DOX-loaded liposome suspensions. The resulting hydrogels 

(~50 µL) were then directly immersed in 1 mL 10 mM GSH in PBS solutions or PBS alone 

at 37 °C. A volume of 0.5 mL of the supernatant was removed and replenished every day, 

and the release of DOX was monitored by measuring the fluorescence intensity (excitation 

485 nm, emission 590 nm) of the removed buffer as described above.
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Co-delivery of DOX and Cytochrome c in Vitro

DOX-loaded liposomes were prepared as described above, and the liposome suspensions (in 

0.2 M bis-tris buffer at pH 7.0) were used to prepare hybrid hydrogels at 37 °C as above 

except with cytochrome c dissolved along with the arylthiol PEG polymers (potential side 

reactions including disulfide exchange between the protein and polymers are slow and thus 

expected to be insignificant within the time scale of the rapid cross-linking reaction),67 with 

a total of 1 mg cytochrome c in 50 µL of hydrogel to ensure detection upon release and to 

measure release at a high concentration gradient. The hydrogels were placed in 1.5 mL 

Eppendorf tubes, and 10 mM GSH in PBS (1 mL) was added to immerse the hydrogels. The 

hydrogels were incubated at 37 °C, and 0.5 mL of the supernatant was removed and replaced 

with fresh buffer every 24 h. The amount of cytochrome c was determined using a Pierce 

Microplate BCA Protein Assay Kit - Reducing Agent Compatible (Thermo Scientific, 

Rockford, IL, USA). The amount of DOX released was measured by fluorescence intensity 

using a microplate reader.

Data Analysis

Statistical analysis was performed using a two-tailed Student’s t test. A p value of <0.05 was 

considered to be statistically different.

RESULTS AND DISCUSSION

Hydrogel Design

Maleimide-functionalized liposomes (10 mM, DH ~ 100 nm according to DLS 

measurements) were prepared by the conventional hydration of dried lipid thin films (the 

total lipids comprised 50% by mole of a maleimide-functionalized lipid, MPB-PE, as well as 

40% DOPC and 10% DOPG, Scheme 1A). Previous work reported by our group 

demonstrates that arylthiol-maleimide adducts and hydrogels (owing to the low pKa of the 

aryl thiol) can undergo a retro Michael-type reaction and thiol-exchange in the presence of 

thiol-containing molecules (which leads to cross-link scission in the case of hydrogels), 

while alkylthiol-maleimide adducts and hydrogels exhibit limited activity in the retro 

reaction under the same conditions.62–65 More detailed investigations of the reactivity of 

various thiol compounds in retro Michael-type reaction and thiol-exchange are underway 

and will be the subject of future reports. Therefore, 4-arm PEG polymers functionalized with 

arylthiols (GSH-sensitive) or alkylthiols (GSH-insensitive) were utilized during hydrogel 

formation to selectively control network degradation (Scheme 1B). The liposome-cross-

linked hybrid hydrogels (lipogels) were prepared subsequently by thiol-maleimide Michael-

type addition between the thiol groups of the PEG polymers and the maleimide groups on 

the liposome surface, where the liposomes serve as structural elements (cross-links) within 

the polymer gel network (Scheme 2). As shown in the images, mixtures of solutions of the 

liposomes and thiol-functionalized PEG formed self-supporting hydrogels. Although it is 

possible that the 4-arm PEG-SH would also form disulfide-based crosslinks, the reaction 

kinetics of thiol oxidation (ca. 15.2 M−1 s−1)68 are orders of magnitude slower than those of 

the Michael-type additions (ca. 1.3 × 103 M−1 s−1),69 so significant amounts of cross-linking 

due to disulfide bond formation were not expected. A key feature of the hydrogel design is 

that the thioether succinimide cross-links formed by the reaction of arylthiol moieties and 
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maleimide groups are degradable via a thiol-exchange reaction (enabled by retro-Michael-

type addition reaction) in the presence of glutathione,62–65 which results in the degradation 

of the hydrogel to yield a viscous liquid (Scheme 2). We postulated that this would result in 

the release of the liposomes along with any encapsulated molecules in the hydrogels. These 

hydrogel compositions should therefore permit the triggered release of multiple compounds 

via passive diffusion from the hydrogel network and/or via thiol-triggered release of drug-

containing liposomes.

Rheological Characterization

The ability of the maleimide-functionalized liposomes to form a percolated hydrogel 

network upon reaction with thiol-functionalized PEG was confirmed in a series of 

rheological experiments. Initial observations indicated that hydrogel formation required the 

presence of both maleimide-functionalized liposomes and 4-arm PEG-SH; the liposome and 

PEG polymer solutions alone remained low-viscosity liquids over the time scales at which 

gelation occurred (Scheme 2). Oscillatory time sweep and frequency sweep measurements 

were also performed to quantitatively monitor the in situ gelation and examine the stability 

of the three-dimensional cross-linked networks. Oscillatory frequency sweeps of the 

arylthiol-based hybrid hydrogels indicated the frequency dependence of both moduli, 

suggesting contributions from hydrophobic interactions between the liposomes and the PEG-

arylthiol polymers (Supporting Information (SI), Figure S1),49,50 which complicated 

comparisons of mechanical properties between hydrogels of different polymer compositions. 

Therefore, in situ rheological results of the alkylthiol-based hydrogels are shown to simplify 

these comparisons. Rapid gelation of the materials (indicated here by the crossover point 

where G′ (~0.40 Pa) becomes larger than G″ (~0.14 Pa), Figure S2) usually occurred 

within 5 min, which, owing to the rapid kinetics, excludes the possibility of gelation based 

on disulfide bonds and suggests that hydrogel formation is driven mainly by thiolmaleimide 

Michael-type addition reactions. Compared to other thiol-maleimide hydrogel 

systems,63,64,70,71 the gelation kinetics observed from the hybrid hydrogels were not as 

rapid, possibly due to steric hindrance and limited chemical accessibility of the maleimide 

groups on the liposome surface. The hydrogels were subsequently cured for 7 h to achieve 

maximum cross-linking. To further confirm that there was not significant cross-linking based 

on disulfide bonds, oscillatory time sweep experiments were performed on hydrogels 

comprising only 4-arm alkyl PEG-SH, where the lack of a significant increase in storage 

modulus suggested that disulfide cross-linking did not contribute significantly to the 

mechanical properties of the hydrogels (Figure S3).

Confirmation of the impact of the thiol-maleimide reaction on hydrogel properties was 

assessed by changing the ratio of maleimide groups (Mal) on the liposome surface to thiol 

groups (SH) on the PEG polymer. Initial experiments in which the liposome concentration 

was varied from 0.5 mM to 10 mM indicated that stable hydrogels could be formed 

reproducibly with liposome concentrations of at least 10 mM (data not shown). Owing to the 

ease with which the maleimide:thiol ratio could be reproducibly changed by varying thiol 

content (rather than by altering the amount of maleimide in the liposomes), liposome-

containing precursor solutions were mixed with increasing fractions of alkylthiol PEG 

polymers (10 mM liposome solutions were mixed with 3, 6, and 12 wt % PEG, 
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corresponding to Mal:SH ratios of 1:1, 1:2, and 1:4 respectively). The storage and loss 

moduli (G′ and G″, respectively) of these hydrogels were measured as a function of 

frequency; representative data are presented in Figure 1A. The frequency independence of G
′ indicated the formation of a stable, cross-linked network with G′ dominating in the entire 

frequency range of 0.1–100 rad/s. The data in Figure 1B more clearly highlight that the 

storage moduli of the liposome-cross-linked hydrogels increased from 1200 to 2500 Pa 

when the cross-linking ratios were varied from 1:1 (Mal:SH) to 1:2 (Mal:SH), a result in part 

due to the higher polymer concentration but also likely due to a reduction in the number of 

elastically inactive loops and unreacted chain ends when the stoichiometric ratio is 1:2. 

Other reports have shown that a 1:1 stoichiometric ratio rarely results in the highest storage 

modulus, owing to a reduced mobility of the cross-linker chains with increasing gel 

viscosity, which leads to incomplete reaction.72–74 However, when the amount of thiol was 

further increased (1:4 Mal:SH), the storage modulus of the hydrogels decreased to 1600 Pa 

despite the high concentration of polymer. The low degree of cross-linking at higher 

polymer concentration likely results from both steric hindrance and consumption of 

functional groups on the liposomes, thus reducing the extent of polymer bridging between 

liposomes.52 Owing to the more efficient cross-linking in the 1:2 Mal:SH hydrogel, this 

composition was employed in all further studies of the hydrogels. Taken together, these 

rheological results illustrate the relatively rapid formation of a stable, viscoelastic hydrogel 

network, indicative of network cross-linking based on the Michael-type addition (ca. 1.3 × 

103 M−1 s−1)69 rather than disulfide formation (ca. 15.2 M−1 s−1).68 Given the rapid 

gelation, mild preparation conditions, and biocompatibility of the thiol-maleimide cross-

linking chemistry demonstrated by others in cell encapsulation75–77 and in vivo delivery,71 

these hydrogels have significant potential for minimally invasive, direct injection 

applications.

Morphology of the Liposome-Cross-Linked Hydrogels

To visualize the liposomes in the hydrogel matrix, SEM was performed on the hybrid 

hydrogels after critical point drying. The representative SEM images in Figure 2 show that 

liposomes with a diameter of 105 ± 25 nm (calculated from analysis via ImageJ of over 200 

particles and consistent with DLS characterization of liposomes liberated from the hydrogel 

(below)) are homogeneously distributed on the hydrogel surface; the apparently low number 

of liposomes detectable in these images is a result of the evaluation of strictly the surface of 

the hydrogels. The number of intact liposomes in the bulk of the hydrogel cannot be probed 

directly in the SEM experiment, but is indicated to be significantly greater than the density 

observed on the surface, given the robust mechanical properties of the liposome-cross-linked 

hydrogels (above) and the poor mechanical properties of a mixture of nonmaleimide 

liposomes and PEG-SH polymers (Figure S4). Although some ruptured liposomes can be 

observed in the SEM images above, possibly due to the drying process during sample 

preparation, the liposomes mainly retain their size and thus are indicated to remain intact 

throughout the cross-linking and degradation processes as indicated by the DLS 

characterization below. In contrast, no such nanostructure was observed in SEM images of a 

PEG hydrogel control lacking liposomes under the same conditions (Figure S5). These data 

are consistent with previous reports43,49,53 and confirm the structural integrity of the 

liposomes during the cross-linking reactions.
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Hydrogel Stability

To verify the role of liposomes as cross-linkers in the polymer matrix, the liposome-cross-

linked hydrogels were incubated with 10% Triton X-100, a nonionic detergent that 

solubilizes lipid bilayers.78 Visual inspection and rheological characterization of the 

liposome-cross-linked hydrogels upon treatment with the Triton solution are shown in 

Figure 3. Images of the samples illustrate that opacity associated with the presence of 

liposome nanoparticles in the hydrogels was significantly reduced after incubation with 

Triton, suggesting the solubilization of liposomes within the network. The evolution of the 

storage modulus of the hydrogels during the incubation with Triton was also monitored via 

oscillatory rheology, where the initial modulus of the hydrogels prior to Triton addition was 

normalized to 1 to facilitate comparison. As expected, the Triton-treated hydrogels exhibited 

a rapid decrease in storage modulus to approximately 30% of its initial value within 3 h, 

whereas no significant change in normalized modulus was observed in the PEG hydrogel 

control under the same conditions. The rapid decrease in storage modulus of the hydrogels 

indicates a substantial decrease in the number of cross-links within the network as a result of 

the disruption of liposome bilayer structure by Triton X-100. Taken together, these results 

confirm that the maleimide-functionalized liposomes serve as cross-links within the hybrid 

hydrogels.

Thioether succinimide cross-links of maleimide–arylthiol hydrogels are known to undergo a 

retro Michael-type reaction and thiol-exchange, which leads to thiol-mediated network 

degradation.63–65 Although the kinetics of the retro-Michael addition and thiol exchange 

were independent of the use of glutathione disulfide (GSSG) or GSH as demonstrated in our 

previous report,62 suggesting that GSH in either of its forms will be competent for the thiol 

exchange, we specifically used GSH throughout this study (as opposed to other thiol-

containing molecules such as GSSG and DTT) for hydrogel degradation due to the presence 

of GSH under physiologically/pathologically relevant conditions in vivo. GSH, a thiol-

containing tripeptide localized in intracellular compartments,79,80 is found at elevated levels 

(ca. 0.5–10 mM) in various types of tumors (versus ca. 10 µM in circulation), likely 

associated with increased cellular proliferation and metastatic activity.81 Therefore, the 

stability of these liposome-cross-linked hybrid hydrogels in the presence of GSH was 

evaluated by a series of mass loss studies in physiologically relevant buffer conditions (PBS) 

with GSH concentrations that are analogous to those of extracellular environments (ca. 10 

µM GSH) as well as intracellular compartments and carcinoma tissues (ca. 10 mM 

GSH).79,80 Figure 4 displays results from experiments in which the mass of the liposome-

cross-linked hydrogels (synthesized from the PEG arylthiol (aryl lipogel) and from the alkyl 

PEG-SH (alkyl lipogel)) was monitored as a function of time. No significant loss of mass 

was observed for the aryl lipogel when it was incubated in PBS (~97% of the hydrogel 

remained intact at day 7), indicating the stability of such liposome-cross-linked hydrogels 

under physiologically relevant buffer conditions. Similarly, only slow and partial degradation 

of the aryl lipogel was observed for GSH concentrations of 10 µM (with approximately 85% 

of the hydrogel remaining intact at day 7), demonstrating the stability of the hydrogels under 

conditions consistent with those in extracellular environments. At low concentrations of 

GSH, the hydrogel degradation rate is dependent on both the number of cross-links and the 

concentration of GSH. The degradation kinetics were thus calculated as second-order 
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reactions, with an apparent rate constant of kapp = 1.9 × 10−3 mM−1 h−1 (Figure S6A). In 

contrast, a rapid decrease of mass was observed for the aryl lipogel in 10 mM GSH 

solutions, where almost complete hydrogel dissolution was observed within a week (~3% of 

the hydrogel remained intact at day 7), indicating that the liposome-cross-linked hydrogels 

undergo significant matrix degradation in GSH-abundant environments. Given the linearity 

of the degradation curve, the hydrogel degradation in 10 mM GSH was fit to zero-order 

kinetics, showing an apparent rate constant of kapp = 4.8 × 10−3 mM h−1 (Figure S6B). It 

should be noted that these liposome-cross-linked hydrogels show slower GSH-mediated 

degradation than that observed in the bulk arylthiol-maleimide hydrogels we have previously 

reported;63,64 in these previous experiments, complete network degradation was observed in 

approximately 4 days in 10 mM GSH and 8 days in 10µM GSH. The increased stability of 

the polymer–nanoparticle hybrid hydrogels here likely results from steric hindrance of the 

arylthioether succinimide cross-links at the polymer-liposome interface and from the fact 

that they reside in a more hydrophobic local environment as opposed to the homogeneous 

distribution of the cross-links in the previously reported bulk hydrophilic networks.

Interestingly, the alkyl lipogel, a thiol-insensitive hydrogel control, also exhibited a slight 

decrease in mass in the presence of 10 mM GSH, reaching a mass-retention plateau of 

approximately 70% at day 7. Due to the excess amount of GSH, the degradation kinetics 

were calculated according to first-order kinetics, with an apparent rate constant of kapp = 2.0 

× 10−3 h−1 (Figure S6C). The observed degradation may be attributable to the degradation of 

any disulfide linkages present in the network as a result of the excess stoichiometry of the 

thiol employed during gelation. The reduction in mass (ca. 30%) is generally consistent with 

what would be expected based on the 1:2 Mal:SH stoichiometric ratio employed during 

gelation and the disulfide bond formation that consequently could occur after long 

incubation times.82 Under these conditions, approximately 50% of the PEG-SH could be 

available to form disulfide bonds. Regardless, these data demonstrate that the liposome-

cross-linked hybrid hydrogels can undergo network degradation in a responsive manner to 

GSH owing to the presence of arylthioether succinimide linkages, offering significant 

opportunities in the design of such polymer–nanoparticle hybrid hydrogels for controlled 

and triggered drug delivery.

Liposome Stability

The structural integrity of the liposomes incorporated in and released from the hybrid 

hydrogel was further examined by DLS; results are shown in Figure 5. The maleimide-

functionalized liposomes showed a diameter of 105 ± 2 nm in solution before cross-linking. 

Following hydrogel formation, the liposome-cross-linked hydrogels were incubated in 10 

mM GSH in PBS at 37 °C to trigger degradation. Analysis of the hydrogel supernatant after 

complete hydrogel dissolution demonstrated that the released liposomes exhibited an 

average diameter of 109 ± 2 nm, essentially unchanged from that of the liposomes before 

cross-linking. These results confirm the stability of the liposomes, without rupture or 

apparent changes in morphology, during cross-linking and network disassociation, in 

accordance with the SEM observations of the liposome-cross-linked hydrogels above and 

consistent with results previously reported for a liposome-containing polyacrylamide gel 

system.40 Analysis of the supernatant after treatment with Triton indicated the presence of 
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much smaller nanoparticles with diameters of approximately 10 nm, consistent with the size 

of Triton-containing mixed micelles83 and confirming the liposomal nature of the 

nanoparticles released from the hydrogel after treatment with GSH.

In Vitro Release of DOX from Liposome-Cross-Linked Hybrid Hydrogels

DOX, which is an anthracycline anticancer drug that inhibits the biosynthesis of bioactive 

macromolecules via interaction with DNA or RNA,84,85 was used as a model drug for in 

vitro release studies. Although the release of DOX has been widely explored in various 

delivery systems including liposomes,86,87 polymeric nanoparticles,88–92 and 

hydrogels,93–95 significant burst release is usually observed within 12–24 h in these systems. 

To evaluate the potential of our liposome-cross-linked hybrid hydrogels as a matrix for 

controlled delivery of DOX, drug-loaded liposome-cross-linked hydrogels were prepared by 

first encapsulating DOX into liposomes, followed by dissolution and cross-linking of the 

PEG-SH precursors in the suspension of these liposomes. The DOX released from these 

hydrogels will be subject to a combination of diffusion barriers: first the liposomal bilayer 

and then the polymer network, and the presence of the two barriers may minimize burst 

release and prolong release over an extended period of time. To test this, the release of DOX 

from liposome-cross-linked hydrogels synthesized from PEG arylthiol (aryl lipogel) and 

alkyl PEG-SH (alkyl lipogel), respectively, was monitored as a function of time at 37 °C in 

PBS containing 10 mM GSH (or in PBS alone), via measurement of the fluorescence 

intensity of the buffer in which the hydrogels were immersed (Figure 6).

As shown in Figure 6A, the aryl lipogel exhibited a diffuse boundary between the gel and 

the release buffer after incubation with GSH for 1 day, suggesting rapid GSH-mediated 

matrix degradation that is in agreement with the mass loss data above. In contrast, the aryl 

lipogel that was incubated with PBS showed a clear boundary between the gel and the 

buffer, indicating hydrogel stability and the lack of any significant release of DOX at early 

time points (indicated to be less than 7% via fluorimetry). The release profiles of DOX from 

these hydrogels are presented in Figure 6B. For the aryl lipogel incubated in 10 mM GSH, 

rapid, linear release of DOX was observed, with approximately 70% of the DOX released by 

day 6, commensurate with the time point at which significant hydrogel degradation occurred 

(visual inspection indicated the loss of hydrogel integrity and the presence of suspended 

particulate matter) and clearly different from the two control conditions. The release of DOX 

is not necessarily expected to correlate exactly with hydrogel degradation, as a significant 

fraction of the DOX is retained in the liposomes (demonstrated below). Modeling of the 

release data from the aryl lipogel in GSH according to the empirical Ritger–Peppas equation 

for non-Fickian transport96,97 yields a release rate constant of 4.55 × 10−3 h−1 (Figure S7A, 

eq 1 in the SI), indicating a degradation-based mechanism. For both the GSH-insensitive 

control (alkyl lipogel in GSH) and the GSH-lacking control (aryl lipogel in PBS), DOX was 

released in a relatively slow and sustained fashion, with a total of ca. 30–35% of DOX 

released in 10 days. The similarity in the DOX release between these two conditions is 

commensurate with their lack of significant matrix degradation in both cases (ca. 35% 

release for the alkyl lipogel in GSH vs ca. 30% release for the aryl lipogel in PBS at day 10, 

shown in Figure 6B).
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The diffusion-controlled release of DOX from the two control lipogels lacking degradation 

was analyzed by fitting the data to the early time approximation of Fickian diffusion (Figure 

S7B, and eq 2 in the SI),40,98 which also yields similar rate constants of release for the two 

hydrogels (2.88 × 10−2 h−1/2 for the alkyl lipogel in 10 mM GSH and 2.67 × 10−2 h−1/2 for 

the aryl lipogel in PBS). The goodness of the fit (R2 = 0.99) indicated a diffusion-controlled 

mechanism of DOX release from the alkyl lipogel (GSH-insensitive) in 10 mM GSH 

solutions. In contrast, burst release (nearly 50% by day 1) was observed from a DOX-loaded 

PEG hydrogel control (PEG-arylthiol/PEG-maleimide) prepared without liposomes 

(regardless of GSH concentration, Figure S8), indicating that incorporation of liposomes 

within these hydrogel systems slows drug diffusion.

The key role of the liposomes in mediating the release of DOX was indicated by the 

observed additional burst release (ca. 30%) of DOX from aryl lipogels upon treatment with 

Triton X-100 (Figure S9). In addition, the sequestration of liberated, DOX-loaded liposomes 

in a dialysis cup (MWCO 3500) significantly depresses the amount of DOX that can be 

detected from GSH-containing buffer solutions surrounding the aryl lipogel, indicating that a 

significant fraction of the DOX released from the aryl lipogels (ca. 65% at day 6) is located 

in liberated liposomes (Figure S10). No such reduction in the amount of detected DOX is 

observed for the alkyl lipogel. These results in aggregate demonstrate that DOX release from 

the multicomponent hybrid hydrogels proceeds in a sustained manner without initial burst 

due to the liposome component and can be selectively triggered by thiol compounds that are 

known to be present in the tumor microenvironment.

Co-delivery of DOX and Cytochrome c

Combined and sequential delivery of two or multiple drugs with orthogonal and possibly 

synergistic mechanisms might not only improve therapeutic efficacy by affecting multiple 

disease targets, but also minimize side effects caused by high doses of a single toxic drug 

and delay the generation of drug resistance.11,99–101 As the liposomes constituted a 

structural component of the hybrid hydrogels, we anticipated that the multicomponent 

network would offer opportunities for dual encapsulation and differential release of multiple 

therapeutic cargo molecules. To examine the potential suitability of these hybrid hydrogels 

for such applications, cytochrome c, a small mitochondrial protein (~12 kDa) that can 

initiate an apoptotic cascade leading to programmed cell death upon cytoplasmic 

release,102–105 was chosen as a second therapeutic molecule. Dual encapsulation of DOX 

and cytochrome c in the hydrogels was carried out by dissolving cytochrome c along with 

the PEG-arylthiol polymers in DOX-loaded liposome suspensions. As a control, a solution 

of cytochrome c and PEG-arylthiol was evaluated after 1 h of incubation, with results 

demonstrating that the incubated cytochrome c electrophoresed almost identically to native 

cytochrome c during SDS-PAGE electrophoresis (Figure S11) and indicating that disulfide 

exchange between the protein and polymers was not significant within the time scale of the 

rapid cross-linking reaction.

In order to probe the differential release of both cargo molecules, the simultaneous release of 

both molecules from the hybrid hydrogels was monitored over time in 10 mM GSH 

solutions; results are presented in Figure 7. Consistent with our hypothesis, entirely different 
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release profiles for DOX and cytochrome c were observed from the liposome-cross-linked 

hybrid hydrogels (Figure 7A). The release profile of DOX demonstrates zero-order release 

kinetics, with approximately 70% release at day 6 (144 h), consistent with the observed 

release of DOX alone from the liposome-cross-linked hybrid hydrogels (Figure 6), and 

suggesting that DOX was released via erosion-mediated release of liposomes from the 

hydrogel surface in GSH-containing solutions. The release of cytochrome c, however, 

appears to be first-order, with almost 100% release within 6 days (144 h), consistent with the 

time scale of the GSH-induced degradation of the hydrogel (Figure 4). The surface erosion 

mechanism for the DOX, commensurate with the observation that the hydrogel decreased in 

size over time, may result from the localization of the arylthiolether succinimide cross-links 

in the sterically hindered and relatively hydrophobic environment at the polymer–liposome 

interface, limiting the GSH exchange reactions within the matrix and resulting in a faster 

degradation rate on the hydrogel surface. Similar linear, zero-order release profiles of cargo 

loaded in the nanoparticles were also observed as a result of surface erosion in a hybrid 

hydrogel system employing drug-loaded poly-(ethylene glycol)-block-poly(lactic acid) 

nanoparticles as cross-linkers.52

The release data for the DOX and the cytochrome c were modeled using the empirical 

Ritger–Peppas equation for non-Fickian transport96,97 (DOX, eq 1 in SI) and the late-time 

approximation equation derived from Fick’s second law of diffusion106,107 (cytochrome c, 

eq 3 in the SI). The results from these fits indicate that the release rate constants k are 5.33 × 

10−3 h−1 for DOX and 2.64 × 10−2 h−1 for cytochrome c, with the goodness of the fits 

indicating that the release of DOX from the hybrid hydrogels is dominated by a degradation-

mediated release mechanism,52 while the release of cytochrome c from the hybrid hydrogels 

is governed by Fickian diffusion. Individual release of DOX and cytochrome c from separate 

hybrid hydrogels, measured in separate experiments and plotted together in Figure 7B, 

exhibited similar release kinetics compared to their counterparts when released 

simultaneously from a single gel, with release rate constants of 4.55 × 10−3 h−1 for DOX and 

2.33 × 10−2 h−1 for cytochrome c. Statistical analysis of the release rate constants in both the 

simultaneous and individual release experiments shows that the release of cytochrome c is 

statistically the same in both cases. The release of DOX was suggested to be statistically 

slightly different (p < 0.05) in these experiments, which might be caused by slight batch-to-

batch variations in DOX concentration in the liposomes.49 Nevertheless, these results 

indicate that the release of the two therapeutic molecules is not affected substantially by 

their combined delivery; the sequential release of multiple therapeutic molecules is desirable 

for tailoring extended therapeutic regimens as well as for potentially promoting the transport 

and penetration of DOX-loaded liposomes to deep tissue of solid tumors through a tumor-

priming mechanism.56,108,109 Similar differential release characteristics for multiple cargos 

have been observed in hydrogel nanocomposite drug delivery systems, where hydrophilic 

molecules encapsulated in the gel were released fairly rapidly while hydrophobic species 

encapsulated in the nanoparticles were released in a more sustained manner.52,110 Consistent 

with these reports, our results suggest that the liposome-cross-linked hybrid hydrogels 

containing both nanoparticle and polymer network domains can be exploited as a functional 

carrier for different therapeutics to be dually encapsulated and simultaneously released with 

differential profiles upon GSH-mediated degradation of the matrix.
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Altogether, our studies illustrate the facile synthesis of liposome-cross-linked hybrid 

hydrogels for the controlled and thiol-triggered release of multiple therapeutic molecules 

with differential release profiles. Although nanocomposite hydrogels have been extensively 

studied and are widely used in the field of drug delivery and tissue engineering,32,34 there 

have been limited studies that have explored the use of nanoparticles as cross-linkers during 

hydrogel formation.49–54 These hybrid hydrogels, developed based on either polymer–

nanoparticle hydrophobic interactions49–52 or polymer–nanoparticle covalent cross-

linking,53,54 have shown great potential in controlled drug delivery with additional 

engineering flexibility, although the delivery of multiple relevant therapeutic molecules with 

chemo-responsiveness has yet to be reported in these cases. In contrast to these existing 

nanoparticle-cross-linked hybrid hydrogel systems, we have demonstrated the multistage 

and sequential delivery of multiple molecules relevant for chemotherapies from the 

liposome-cross-linked hybrid hydrogels. More importantly, the incorporation of glutathione-

sensitive thioether succinimide linkages within these matrices offers great advantages for 

controlled and triggered release of therapeutic cargos under reducing environments similar 

to those in tumor microenvironments,63–65 making these hybrid hydrogel systems promising 

potential candidates in cancer drug delivery. Given the sequential release characteristics of 

the reported hydrogels, it may be possible that the cytochrome c released first from the 

hydrogels upon matrix degradation could induce partial cell apoptosis and expand the 

interstitial space of solid tumors, which would potentially permit the drug-loaded liposomes 

to diffuse into the deep tumor tissue and slowly release the second drug for more effective 

cancer treatment.56 It is also conceivable that a liposome cross-linked via this chemistry 

could alone be used as a delivery vehicle to transport drug to a tumor (as in current 

liposome-based approaches), with the added advantage that the liposome could more rapidly 

release its cargo upon thiol-exchange with GSH. Furthermore, the liposome-cross-linking 

strategy explored in this study could also be expanded to other bioactive thiolated polymer 

systems (e.g., low molecular weight heparin and hyaluronic acid (HA)), which have been 

shown to be effective in the inhibition of tumor growth via the binding of many angiogenic 

growth factors (such as FGF and VEGF) and the saturation of membrane-binding sites 

(CD44 receptors) required for the attachment of tumor cells to the extracellular matrix, 

respectively),111–113 introducing additional biological functionalities. In addition, while not 

investigated here, the size, functionality, and concentration of liposomes and the identity of 

functional lipids, as well as the molecular weight and functionality of the polymers, could be 

easily tuned to tailor the mesh sizes, delivery properties, and degradation chemistry of the 

hydrogels for specific delivery applications.38,114,115 Also, the versatility of liposomes to 

carry both hydrophilic and hydrophobic drugs in the aqueous lumen and lipid bilayer, 

respectively, offers additional advantages for the delivery of multiple therapeutic molecules 

of differing physicochemical properties.11,116

CONCLUSION

We have developed an advanced hybrid hydrogel material based on the Michael-type 

addition between PEG polymers and liposome nanoparticles. The incorporation of 

arylthioether succinimide cross-links between PEG polymers and liposome nanoparticles 

enables matrix degradation in response to thiol-containing environments (i.e., GSH) relevant 
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to physiological and pathological states. Characterization of the hybrid hydrogels confirms 

the role of liposomes as cross-linkers and demonstrates the GSH-mediated network 

degradation and triggered release of encapsulated molecules. The multiple domains within 

the gel allow dual loading of therapeutic molecules that can be loaded in the liposomes and 

the bulk polymer network. Delivery experiments indicate that multiple therapeutic molecules 

encapsulated within the hydrogels can be released in a controlled and prolonged manner, 

with differential release profiles that are controlled by degradation-mediated release and 

Fickian diffusion. These results suggest the potential of these easily synthesized liposome-

cross-linked hybrid hydrogels in advanced delivery applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Rheological characterization of liposome-cross-linked hybrid hydrogels at various cross-

linking ratios (1:1, 1:2, and 1:4 Mal:SH ratios). (A) Oscillatory frequency sweep of the 

hydrogels from 0.1 to 100 rad/s at 1% strain amplitude. (B) Summary of storage moduli (G
′) of hydrogels prepared at different cross-linking ratios.
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Figure 2. 
SEM images of the liposome-cross-linked hybrid hydrogels after critical point drying. The 

average diameter of the liposomes embedded in the gel is 105 ± 25 nm, as analyzed by 

ImageJ.
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Figure 3. 
Evolution of storage modulus of the liposome-cross-linked hydrogel, as well as a PEG 

hydrogel control, when incubated with 10% Triton X-100 in water at 37 °C, as monitored by 

oscillatory rheology. Mean and standard deviation (SD) are shown (n = 3). Inset: visual 

inspection of the liposome-cross-linked hydrogel immersed in 10% Triton X-100 at 37 °C 

over time. Both hydrogel images were taken with 10% Triton X-100 in the supernatant to 

mimic the conditions in the rheological measurements and to provide parallel comparisons. 

The UD logos are used with permission from the University of Delaware.
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Figure 4. 
Mass loss studies of the liposome-cross-linked hybrid hydrogels incubated with PBS and 

GSH of various concentrations at 37 °C after initial equilibrium swelling in PBS for 24 h. 

Mean and SD are shown (n = 3).
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Figure 5. 
Hydrodynamic diameter of liposomes prior to hydrogel formation, released liposomes after 

complete network degradation in 10 mM GSH, and any particles in the gel supernatant after 

incubation with Triton X-100 at 37 °C, as determined by DLS.
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Figure 6. 
In vitro release of DOX from the liposome-cross-linked hydrogels at 37 °C as assessed via 

visual inspection and fluorimetry. (A) Image of DOX-loaded liposome-cross-linked 

hydrogels incubated in 10 mM GSH (left, diffuse boundary observed) and PBS (right, clear 

boundary maintained) solutions on day 1. (B) Cumulative release profiles of DOX from 

liposome-cross-linked hydrogels in 10 mM GSH or in PBS solutions. * indicates the time 

point where ~90% hydrogel dissolution was observed. Mean and SD are shown (n = 3).
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Figure 7. 
Release profiles of DOX and cytochrome c from the liposome-cross-linked hydrogels in 10 

mM GSH at 37 °C. (A) Co-delivery of DOX and cytochrome c from a single gel. (B) 

Individual release of DOX and cytochrome c from separate gels (DOX release data replotted 

from Figure 6). Mt/M∞ represents the cumulative fractional mass released at time t. Dashed 

lines indicate the fitted curves of the release profiles. The mean and SD are shown (n = 3).
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Scheme 1. 
Chemical Structures of the Lipids Used for Liposome Formulation (A) and the PEG-SH 

Polymers Employed for Hybrid Hydrogel Formation (B)a
aDOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPG: 1,2-dioleoyl-sn-glycero-3-

phospho-(1′-rac-glycerol); MPB-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-

(p-maleimidophenyl) butyramide.
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Scheme 2. 
Schematic Representation of the Formation and Degradation of the Liposome Cross-Linked 

Hybrid Hydrogelsa
aThe UD logos are used with permission from the University of Delaware.
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