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Summary: Hydrogels developed as stimuli-responsive drug delivery systems (DDSs) are increasingly 
concerned research focus in many fields such as chemistry, functional materials and biomedicine. 

Herein, we report the fabrication, characterization and drug release property of new gelatin composite 
hydrogels by using biocompatible gelatin and the doxorubicin (DOX)-loaded micelles of a 

redox-responsive side-chain ferrocene (Fc)-containing amphiphilic diblock copolymer 
PNFc-b-PNTEG (Fig. 1). The self-assembly method was firstly adopted to prepare the DOX-loaded 

micelles of PNFc-b-PNTEG with oxidation-sensitive release property, and the DOX-loaded gelatin 
composite hydrogels were then successfully fabricated by using blending and soaking methods, 

respectively. The formed hydrogels were characterized by many techniques including scanning 
electron microscope, energy-dispersive spectroscopy, differential scanning calorimetry, 

thermogravimetry and swelling test. The successful encapsulation of the DOX-containing micelles in 
the gelatin matrix was demonstrated, and the prepared composite hydrogels exhibited improved 

thermal stability, faster swelling speed and higher swelling ratios. The oxidation-triggered controlled 
in vitro release of DOX from the composite hydrogels was confirmed by using FeCl3 at different 

concentrations as an oxidizing agent. The composite hydrogels could act as excellent solid carriers to 
guarantee the sustained-release effect of DOX, and it is feasible to keep the DOX molecules with high 

concentration at the specific site for a long period (20 days or so). Thus, the present composite 
hydrogels are anticipated to be good candidates as redox-responsive DDSs. 

 
Keywords: Gelatin; Composite hydrogels; Doxorubicin; Redox-responsive; Ferrocene-containing polymer; 
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Introduction 

 

Polymer-based drug delivery systems 

(DDSs), such as micelles, vesicles, polymer-drug 

conjugates, hydrogels and films, have attracted 

considerable interests of scientists in many fields 

including chemistry, functional materials and 

biomedicine [1-3]. Among them, hydrogels are 

three-dimensional polymer networks that are 

cross-linked by physical or chemical linkages and 

possess the ability to absorb and keep a large amount 

of water [4]. The insoluble bulk hydrogels are 

considered as excellent matrices of various drugs 

owing to their complimentary property of immobility 

once they are embedded or transfused into the specific 

site of treatment [5]. Moreover, hydrogels feature 

remarkable porosity and compatibility with aqueous 

environments [6], which afford them significant 

superiorities as drug delivery vehicles such as 

successive discharging of the encapsulated drug 

molecules [4,5]. And drug ingredients could be 

maintained with high local concentration at the treated 

sites for an extended period via various releasing 

mechanisms including diffusing, swelling and 

external stimuli [7]. 

 

Stimuli-responsive hydrogels, as one 

important subclass of hydrogels, are especially 

promising smart DDSs that can encapsulate drugs and 

controllably discharge them at the desirable sites 

under some specific triggers [8-10]. Especially, 

redox-responsive hydrogels are eye-catching because 

redox reactions are frequently found in various 

biological processes such as cellular respiration and 

apoptosis [11], and the dramatic difference in redox 

circumstances is also observed in the internal and 

external of cells as well as in normal and tumor tissue 

[12], thus many kinds of redox-sensitive linkages were 

adopted for this purpose [13].  

 

Ferrocene (Fc)-containing polymers were 

also applied to fabricate various DDSs with redox- 

responsiveness, which is attributed to the reversible 

redox activity and stability of Fc unit under chemical 

or electrochemical action [14-16]. Most of the 

reported DDSs with redox-sensitive Fc moieties are 
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micelles [17], vesicles [18], nanocapsules [19], 

nanoparticles [20], nanotubes [21] and multilayer 

films [22]. However, the construction of DDSs via 

Fc-containing polymeric hydrogels is still a challenge, 

and there are few related reports [23,24]. Herein, we 

report the preparation of novel hydrogel DDSs by 

using biocompatible gelatin and a redox-responsive 

side-chain Fc-containing amphiphilic diblock 

copolymer (PNFc-b-PNTEG, Fig. 1). The doxorubicin 

(DOX)-loaded micelles with redox-responsiveness 

were firstly fabricated by the self-assembly of 

PNFc-b-PNTEG in the aqueous solution containing 

DOX, and the DOX-loaded gelatin hydrogels were 

then successfully prepared by blending and soaking 

methods, respectively. In the blending method, the 

DOX-loaded micellar solution of PNFc-b-PNTEG 

and gelatin were mixed at 50 oC, and then cooled to 

room temperature to get the gelatin composite 

hydrogel encapsulating DOX molecules. In the 

soaking method, the prefabricated pure gelatin 

hydrogel was immersed into the DOX-loaded micellar 

solution of PNFc-b-PNTEG to form the corresponding 

DOX-loaded hydrogel. The formed hydrogels were 

characterized by various techniques including 

scanning electron microscope (SEM), differential 

scanning calorimetry (DSC) and thermogravimetry 

(TG). The oxidation-triggered controlled in vitro 

release of DOX from the formed hydrogels was 

confirmed by using FeCl3 as an oxidizing agent at 

different concentrations. The present drug-load 

hydrogels are anticipated to be good candidates as 

redox-responsive DDSs. 

 

 

 

Fig. 1: Molecular structure of PNFc-b-PNTEG. 

Experimental 

 

Materials 

 

The used amphiphilic diblock copolymer, 

PNFc-b-PNTEG, was synthesized following our 

previous method [25]. Gelatin (Type B, porcine skin), 

doxorubicin (DOX) and FeCl3 were purchased from 

Energy Chemical, and used directly. All other 

chemicals were from commercial sources and used as 

received. All the solvents used were dried and freshly 

distilled. 

 

Instrument 

 

UV–vis absorption spectra were recorded 

using a Perkin-Elmer Lambda 19 UV-visible 

spectrometer. Scanning electron microscopy (SEM) 

images were recorded using a SM-7500F field 

emission SEM instrument (JEOL, Japan). An EDAX 

device, which is an accessory equipment of SEM, was 

applied to determine the energy-dispersive spectrum 

(EDS). The used voltage was 15 kv, and the aperture 

was 60 μm. Fluorescence spectra were measured using 

a fluorescence spectrophotometer (RF-5310PC, 

SHIMADZU, Japan). Dynamic light scattering (DLS) 

curves were determined using Malvern Zetasizer 

Nano-ZS series equipment (Malvern Instruments, UK) 

at 25 °C at an angle of 90°. Differential scanning 

calorimetry (DSC) measurements were performed 

using DSC1/700 (Mettler Toledo, Switzerland) and 

the sample was heated from 0 oC to 200 oC at 10 
oC/min under N2 atmosphere. 

Thermogravimetry/derivative thermogravimetry 

(TG/DTG) analysis was conducted using 

TGA/DSC2/1600 (Mettler Toledo, Switzerland) from 

30 oC to 800 oC at a heating rate of 10 oC/min under N2 

atmosphere. 

 

Fabrication of DOX-loaded micelles of 

PNFc-b-PNTEG 

 

1 mL of DMF (N,N-dimethylformamide) in a 

vial was firstly adopted to dissolve completely the 

PNFc-b-PNTEG (2.5 mg) and DOX (5.0 mg). 9 mL of 

deionized water was then injected drop-by-drop into 

the vial under dramatically stirring condition. The 

formed mixture was further agitated vigorously at 

room temperature (RT, 25 oC) for 2h. After that, the 

mixture was transferred into a dialysis bag with 

MWCO (molecular weight cut off) of 3500 Da, and 

the dialysis treatment was conducted against 

deionized water at RT for 3 days to get rid of the DMF 
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solvent and the unencapsulated DOX. The loaded 

DOX in the formed micelles of PNFc-b-PNTEG could 

be determined by using UV–vis spectrophotometry. 

The absorbance at 485 nm, which is the maximum 

absorption (λmax) of DOX, was recorded, and the 

loaded DOX could be calculated using the standard 

curve of DOX (Fig. 2). The following two formulas 

were adopted to calculate the two parameters of 

loading effect, namely, loading content (LC) and 

encapsulation efficiency (EE) [25].  

 

 

 

 

 

Thereinto, Wloaded DOX is the amount of DOX 

(mg) encapsulated by the micelles of PNFc-b-PNTEG 

and Wmicelles is the amount of micelles of 

PNFc-b-PNTEG used (mg), while Wadded DOX is the 

amount of DOX added during the loading process. 

 

 

 

Fig. 2: The standard curve of DOX in water by 

using its UV–vis absorption at 485 nm. 

 

Oxidation-triggered DOX release from micelles of 

PNFc-b-PNTEG 

 

FeCl3 was used as the oxidizing agent to 

carry out the DOX release experiments, and its 

concentrations were 0, 400, and 600 μmol L-1, 

respectively. Concretely, 5 mL of the prepared 

DOX-loaded micelles of PNFc-b-PNTEG was 

injected into a dialysis bag with MWCO of 3500 Da, 

and the dialysis treatment was then conducted at RT 

against the FeCl3 aqueous solution (30 mL). At 

different intervals, the released DOX was determined 

using the UV–vis spectroscopy. The obtained 

absorbance value at 485 nm was used to calculate the 

amount of released DOX using the standard curve of 

DOX. The release profile was drawn using the 

calculated values as the Y-axis and the treatment time 

as X-coordinate.  

 

Fabrication of gelatin composite hydrogels containing 

DOX-loaded micelles of PNFc-b-PNTEG 

 

In the blending method, the prepared 

DOX-loading micellar solution of PNFc-b-PNTEG 

was used as the solvent to dissolve gelatin. Concretely, 

1.0 g of gelatin was added in a vial, and 5 mL of the 

DOX-loading micellar solution of PNFc-b-PNTEG 

was then added into the vial. The obtained mixture 

was dramatically agitated at 50 oC for 10 min to get the 

transparent solution. The gelatin composite hydrogel 

was then obtained by cooling the solution to RT, and 

labeled as DOX-gel-1.  

 

The soaking method was also used to prepare 

the gelatin composite hydrogel containing 

DOX-loading micelles of PNFc-b-PNTEG. The pure 

gelatin hydrogel was firstly fabricated by cooling the 

gelatin (1.0 g) aqueous solution (5 mL) from 50 oC to 

RT. The formed hydrogel was then lyophilized. The 

gelatin composite hydrogel was fabricated by soaking 

the dried hydrogel into 30 mL of the prepared 

DOX-loading micellar solution of PNFc-b-PNTEG. 

The soaking treatment was conducted at RT for 2 days, 

and the resulting product was called as DOX-gel-2.  

 

Oxidation-triggered DOX release from gelatin 

composite hydrogels 

 

The dialysis method was adopted to conduct 

the release experiments using the FeCl3 aqueous 

solution with the concentrations of 0, 400, and 600 

μmol L-1, respectively. Specifically, 1.0 g of the 

lyophilized gelatin composite hydrogel (DOX-gel-1 

or DOX-gel-2) was put in a dialysis tube 

(MWCO=3500), and the dialysis operation was then 

carried out at RT against the FeCl3 aqueous solution 

(30 mL). During this period, the released DOX was 

measured via the UV–vis spectroscopy. The obtained 

absorbance value at 485 nm was applied to calculate 

the amount of released DOX using the standard curve 

of DOX (Fig. 2). The release curve was drawn using 

the calculated values as the vertical coordinate and the 

treatment time as the horizontal axis. 
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Measurement of swelling ratio of hydrogels 

 

The tested hydrogel was firstly freeze-dried 

and weighed as W1 (mg). Then, the dried hydrogel 

were immersed at RT into the deionized water (200 

mL). During this period, the sample was taken out at 

some time point, and the water on its surface was 

absorbed quickly using filter paper, and it was 

weighed as Wt (mg). The following formula was then 

used to calculate its swelling ratio (SR).  

 

 

 

Results and Discussion 

 

Fabrication of DOX-Loaded micelles of 

PNFc-b-PNTEG 

 

Amphiphilic Fc-containing polymers could 

be developed to be smart drug carriers owing to the 

revisable redox property of Fc units [26-28]. In this 

study, the used amphiphilic block copolymer 

PNFc-b-PNTEG (Fig. 1) contains the hydrophobic 

Fc-containing block and hydrophilic block bearing the 

dendronized triethylene glycol (TEG) groups. Using 

the known two-step sequential ring-opening 

metathesis polymerization (ROMP) method [25], this 

well-defined polymer was successfully synthesized 

with 50 of polymerization degrees for both two blocks 

by controlling the feed molar ratio of its two 

monomers to the Grubbs' 3rd generation catalyst. The 

obtained PNFc-b-PNTEG was fully characterized by 
1H NMR, 13C NMR, IR and UV-vis spectra, and its 

molecular weight was determined by gel permeation 

chromatography (GPC) and the 1H NMR end-group 

analysis. All these results were listed in the 

supplementary information (SI). 

 

Amphiphilic polymers could self-assemble 

into various nanostructures only when the used 

concentrations are beyond their critical micelle 

concentrations (CMCs) [29]. Herein, the CMC value 

of PNFc-b-PNTEG was thus measured following the 

typical pyrene fluorescence probe method [30]. Fig. 

3a shows the recorded fluorescence spectra of the 

mixture of pyrene and PNFc-b-PNTEG at different 

concentrations. According to Fig. 3a, a series of ratios 

between the intensities at 383 nm (I3) and those at 372 

nm (I1) were calculated at the corresponding 

concentrations of PNFc-b-PNTEG. The profile shown 

in Fig. 3b was then drawn using the obtained ratios 

and the corresponding logarithmic concentrations of 

PNFc-b-PNTEG as the vertical and horizontal 

coordinates, respectively. The CMC value of 

PNFc-b-PNTEG was determined to be 0.1 mg mL-1 

following the reported tangent method [30]. Based on 

this result, a concentration of 1.0 mg mL-1, which is 

much larger than the measured CMC, was adopted in 

the following experiments to prepare the micelles of 

PNFc-b-PNTEG and the corresponding 

DOX-containing micelles using the self-assembly 

method [30]. 

 

 

Fig. 3: CMC determination of PNFc-b-PNTEG. (a) 

Fluorescence spectra of the mixture of 

PNFc-b-PNTEG (from 0.0001 to 0.2 mg 

mL-1) and pyrene in water. (b) Profile of 

I3/I1 versus the logarithmic concentration of 

PNFc-b-PNTEG aggregate solution. 

 

Both empty micelles and the ones 

encapsulating anticancer drug of DOX were prepared 

by the typical dialysis procedure [31], and the 

morphology and size of the formed micelles were 

analyzed by SEM and DLS, respectively. As shown in 

Fig. 4, the torispherical shape was observed for the 

empty and DOX-containing micelles of 

PNFc-b-PNTEG. The formation of micelles was 

driven by the amphiphilicity of PNFc-b-PNTEG. 

During the self-assembly of PNFc-b-PNTEG 

macromolecules in water, as expected, the 
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hydrophobic Fc-containing blocks aggregated into the 

cores of micelles to keep away from the water medium, 

while the hydrophilic TEG-containing blocks covered 

over the cores as the peripheries of micelles owing to 

its high affinity to water solvent. During this period, 

the hydrophobic DOX molecules were also 

encapsulated into the micellar cores, which is 

attributed to the theory that similarities can be solvable 

easily in each other [28-31]. Thus, the formed micelles 

could exist stably in water as the combined result of 

these actions. 

 

Fig. 4: SEM image (a) and size distribution (b) of 

micelles of PNFc-b-PNTEG. SEM image (c) 

and size distribution (d) of DOX-loading 

micelles of PNFc-b-PNTEG. UV-vis 

spectrum (e) and DLS curve (f) of 

DOX-loading micelles of PNFc-b-PNTEG. 

 

For the empty micelles, the particle size of 90 

± 20 nm is provided by SEM (Fig.4b), while the DLS 

analysis (not shown) indicated an average 

hydrodynamic diameter of 123 nm with PDI 

(polydispersion index) of 0.121. The size difference 

provided by SEM and DLS could be explained by 

their different determination conditions [25,28,30]. 

Interestingly, the SEM image (Fig. 4c) illustrates two 

different size distributions for the formed 

DOX-loaded micelles. As shown in Fig.4d, one is 89 ± 

40 nm, which is very close to the size of empty 

micelles. This comparison confirms that a part of 

micelles have no DOX molecules encapsulated during 

the fabrication process of drug-loaded micelles of 

PNFc-b-PNTEG. Another size distribution is found to 

be 235 ± 50 nm, which is much larger than the size of 

empty micelles. This increase in size could be 

attributed to the successful encapsulation of DOX 

molecules by these micelles of PNFc-b-PNTEG 

[25,29,30]. The loading of DOX was also proved by 

the UV-vis spectrum of the resulting micelles (Fig.4e). 

In this curve, a maximum absorption peak is observed 

at 485 nm, and this peak could be regarded as the 

characteristic λmax of DOX. The encapsulated-DOX 

was then quantitatively measured using the standard 

profile of DOX (Fig. 2). The obtained LC and EE 

values were calculated to be 4.7% and 9.4%, 

respectively, when the concentration of 

PNFc-b-PNTEG reached 1.0 mg mL-1. In addition, the 

particle size of DOX-loaded micelles was also 

characterized by DLS method. The average 

hydrodynamic diameter is found to be 302 nm with 

PDI of 0.291. The DLS result also indicates the bigger 

size of the drug-loaded micelles of PNFc-b-PNTEG. 

Notably, the bigger PDI value, indicating the wider 

size distribution of particles, is also obtained, which is 

attributed to the coexistence of empty and 

DOX-containing micelles in the final product.  

 

Oxidation-triggered release of DOX from micelles of 

PNFc-b-PNTEG 

 

The chemical or electrochemical treatments 

could lead to the conversion of neutral Fc group into 

cationic ferricinium (Fc+) units [16]. When this 

transformation takes place, Fc-containing polymers 

with electric neutrality could change into 

Fc+-containing polyelectrolytes with electric 

positivity. Accordingly, the charge balance can be 

broken in the interior of a micelle and between 

different micelles. The original micelles could 

disappear or convert into swelling ones, which 

depends on the types and intensity of external redox 

stimuli [16]. Thus, the loaded-drug molecules could 

be released in vitro or in vivo with the action of 

specific redox stimuli. Herein, we used the FeCl3 

aqueous solutions with different concentrations (0, 

400 and 600 μmmol L-1) as the oxidizing agents to 

investigate the in vitro release behavior of DOX from 

micelles of PNFc-b-PNTEG. Fig. 5 provides the 

resulting three release profiles. When these curves are 

compared, it can be concluded that the higher the 

concentration of FeCl3, the faster the release rate of 

DOX. Specifically, when there is no oxidizing agent, 

namely the concentration of FeCl3 is 0 μmmol L-1, the 

release amount of DOX is almost negligible. In the 

first 9 h, the release percent of encapsulated DOX 

reached only 6.6%, and after 93 h of dialysis treatment, 

the value of 11.5% was obtained. In the early period, 
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the released DOX probably is belong to the unloaded 

ones, and in the subsequent stage, the slight release of 

DOX should be driven by the diffusion action that is 

resulted from the concentration difference of DOX 

between the inside and outside of dialysis bag [29,30]. 

However, the low release amount obtained indicates 

that the diffusion action is not strong enough to 

promote the rapid release of loaded DOX in the 

micelles of PNFc-b-PNTEG. Unlike the case of the 

control group, both experimental groups with 400 and 

600 μmmol L-1 of FeCl3, respectively, witnessed the 

explosive release of DOX, especially in the early 

period. To be specific, during the first 9 h, the release 

ratios were increased to 23.9% and 29.0%, 

respectively. The rapid and almost exponential release 

of DOX could be found in the first 45 h or so. 

Concretely, at 400 μmmol L-1 of FeCl3, the determined 

releasing percent was 56.1%, and when the 

concentration of FeCl3 was improved to 600 μmmol 

L-1, the corresponding releasing rate was increased to 

63.6%. However, after this period, the release rate of 

DOX sharply slowed down. It can be seen that the 

final release ratios are 60.0% and 70.2%, respectively, 

after 93 h of dialysis treatment with 400 and 600 

μmmol L-1 of FeCl3. There is no dramatic 

improvement for the release amount of DOX during 

the second half period of dialysis treatment. This 

could be attributed to the more and more severe 

aggregation of oxidized PNFc-b-PNTEG formed by 

the disassembly of its micelles. This process probably 

leaded to the encapsulation of unoxidized micelles 

into these large aggregates, thus it could be more and 

more difficult for these micelles to release the loaded 

DOX molecules [25, 29, 30].  

 

 

Fig. 5: Release curves of DOX from micelles of 

PNFc-b-PNTEG treated by FeCl3 at different 

 concentrations. 

 

In order to further explore the release process, 

the DLS method was applied to detect the particle size 

change of the PNFc-b-PNTEG micelles containing 

DOX during the period of treatment with FeCl3 

aqueous solution. Fig.6a shows the DLS curves of the 

treated micelles during the first 3.5 h, while Fig.6b 

provides time-dependent average size change of these 

micelles. Notably, the treatment of FeCl3 as an 

oxidizing agent of Fc units can lead to the change of 

the original DLS curve with one peak into the ones 

with two peaks. For example, after 0.5 h of dialysis 

treatment with FeCl3, the resulting DLS profile 

possess one peak at 250 nm or so, whose location and 

shape is similar to that of original DLS curve (0 h), 

and a new peak at about 600 nm is observed. The 

appearance of the new peak with bigger size could be 

explained by following two points. One is that the core 

size of micelles is increased as a result of charge 

repulsion by Fc+ units resulted from the oxidation by 

FeCl3. Another reason is that aggregation of several 

micelles results in the formation of aggregates with 

bigger size. As expected, the intensity of peak at about 

250 nm is gradually decreased with the prolonged 

treatment time, which indicates that the number of 

unoxidized micelles is fewer and fewer. Moreover, as 

the treatment time goes on, an obvious right shift is 

observed for the new peak and its width is 

dramatically improved. These results indicate that the 

newly formed aggregates have gradually increased 

particle size, and the corresponding range of size 

distribution is wider and wider. Accordingly, as 

shown in Fig.6b, while the treating time was 

prolonged, the average particle size of treated micelles 

exhibit a gradually increase trend. Specially, the mean 

size was improved from the original 300 nm or so to 

about 1200 nm after 3.5 h of treatment. In short, the 

time-dependent DLS analysis further demonstrates the 

oxidation-triggered drug release property of the 

PNFc-b-PNTEG micelles containing DOX. 

 

Fabrication of DOX-Loaded gelatin composite 

hydrogels 

 

Smart hydrogels, as desirable DDSs, possess 

several critical advantages such as providing suitable 

region for drug storage, controlling the releasing rate 

of drug under specific stimuli, modifying the 

undesirable properties (e.g. bitter taste, odor), etc 

[32-34]. Especially, the application of hydrogels as 

DDSs is beneficial for promoting the therapeutic 

efficacy of lipophilic drugs in the side of improving 

solubility, dispersibility, bioavailability and in vivo 

stability [34]. In this study, we further explored the 

effective methods to upload the hydrophobic 
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anticancer drug of DOX encapsulated in the micelles 

of PNFc-b-PNTEG to a gelatin hydrogel system, and 

the fabricated gelatin composite hydrogels were well 

investigated in terms of interior structure, 

thermostability, swelling property and the release 

behavior of DOX loaded. 

 

Gelatin is one of the functional materials 

frequently used drug delivery owing to its appealing 

advantages such as good water solubility, good 

biodegradability, excellent biocompatibility, low 

antigenicity and low price [4]. Thus, gelation was here 

adopted as the main matrix to build composite 

hydrogels as DDSs. Using the above prepared 

DOX-containing micelles of PNFc-b-PNTEG as one 

starting material, the gelatin composite hydrogels 

were fabricated by blending and soaking methods, 

respectively. The DOX-containing gelatin composite 

hydrogels were successfully prepared using both 

methods, and their structure and properties were fully 

characterized and compared by various analysis 

techniques including SEM, EDS, DSC, TG, swelling 

test and DOX-releasing experiments. 

 

 

 

Fig. 6: DLS curves (a) and average particle sizes (b) 

of DOX-loading micelles of PNFc-b-PNTEG 

treated in FeCl3 aqueous solution (600 μmol 

L-1) at different time. 

 

SEM analysis 

 

Fig. 7. provides the SEM images of the 

DOX-Gel-1 fabricated by the blending method and 

DOX-Gel-2 prepared by the soaking method, and the 

microstructure of the corresponding pure gelatin 

hydrogel (Gel) was also observed by SEM for 

comparison purpose. As can be seen in Fig.7a, 7c and 7e, 

all the hydrogels exhibit typical honeycomb-like internal 

microstructure [14]. It is worth noting that the difference 

in pore size distribution was found in these hydrogels, 

which could be attributed to their different fabrication 

methods. To be specific, the pore size distributions were 

measured to be 85 ± 56 μm for Gel (Fig. 7b), 132 ± 74 

μm for DOX-Gel-1 (Fig. 7d)and 210 ± 90 μm for 

DOX-Gel-2 (Fig. 7f), respectively. Obviously, the two 

gelatin composite hydrogels containing the micelles of 

PNFc-b-PNTEG have bigger pore size than the pure 

gelatin hydrogel, which is attributed to the introduction 

of the DOX-loaded micelles. As expected, the different 

fabrication methods can also result in different pore size 

distributions. The pore size of DOX-Gel-2 is bigger than 

that of DOX-Gel-1. The reason for this difference may 

be that the long-time immersion of gelatin hydrogel in 

the DOX-containing micellar solution of 

PNFc-b-PNTEG leads to its excessive expansion and the 

abundant water absorbed. Thus, when DOX-Gel-2 was 

further freeze-dried, the ice crystals with large volume 

could form in the interior of hydrogel matrix, and the 

remove of them could lead to the appearance of the big 

pores [14]. At the same time, EDS determination, which 

is accompanied by SEM, was conducted to qualitatively 

detect the element distribution in microscopic areas of 

hydrogels. As shown in Fig. 7g and 7h, besides C N and 

O elements that are often found in organic materials, 

there is iron (Fe) element in both hydrogels of 

DOX-Gel-1 and DOX-Gel-2. Fe is the characteristic 

element of Fc units in the molecular structure of 

PNFc-b-PNTEG. Thus, we have the reason to believe 

that the DOX-containing micelles could be encapsulated 

successfully into the inside of gelatin hydrogels by both 

blending and soaking methods used in this work. Namely, 

both two methods are feasible to fabricate DOX-loaded 

gelatin composite hydrogels. 

 

DSC and TG analysis 

 

According to the above analysis, we can 

confirm that there are DOX-loaded micelles of 

PNFc-b-PNTEG in the formed composite hydrogels of 

DOX-Gel-1 and DOX-Gel-2. The introduction of these 

micelles may change the thermal property of the 

resulting hydrogels. Therefore, the DSC and TG 

determinations were further carried out for the prepared 
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composite hydrogels, and the obtained results were 

compared with that of gelatin hydrogel without 

DOX-containing micelles.  

 

Fig. 8 shows the DSC curves of Gel, 

DOX-Gel-1 and DOX-Gel-2. In each DSC curve, only 

one peak is observed during the range 0-150 oC. These 

peak temperatures are the glass transition temperature 

(Tg) of materials, and reflect the thermal denaturation 

temperature of hydrogels. The determined Tg values are 

72.3 oC for Gel, 74.1 oC for DOX-Gel-1 and 75.3 oC for 

DOX-Gel-2, respectively. Noticeably, the introduction 

of the DOX-loaded micelles of PNFc-b-PNTEG slightly 

improves the thermal stability of gelatin hydrogels, 

which is probably attributed to the physical 

intertwinement [14, 15] between gelatin macromolecules 

and the polymeric chains of PNFc-b-PNTEG. 

 

 

Fig. 7: SEM images and pore size distributions of 

Gel (a,b), DOX-Gel-1 (c,d) and DOX-Gel-2 

(e,f). EDS results of DOX-Gel-1 (g) and 

DOX-Gel-2 (h).  

 

 
 
Fig. 8: DSC curves of Gel, DOX-Gel-1 and 

DOX-Gel-2. 
 

TG is another important tool to characterize the 

thermal stability of materials. Because of the difference 

in structure and composition, different materials exhibit 

diverse characteristics in thermal decomposition 

temperature and weight loss rate. The blending of 

materials can also affect the thermal stability of the 

resulting products. Fig. 9 provides the measured TG and 

DTG curves of Gel, DOX-Gel-1 and DOX-Gel-2. As 

shown in Fig. 9a, all the TG curves exhibit the smooth 

reverse S shape, and the thermal decomposition process 

can be divided into three stages in the range of 30-700 oC. 

To be specific, the weight loss between 30 oC and 120 oC 

could be regarded as the first stage that is assigned to the 

evaporation loss of residual water in the hydrogels. As 

shown in Table-1, the corresponding weight loss ratios 

are 9.28% for Gel, 10.46% for DOX-Gel-1 and 2.77% 

for DOX-Gel-2, respectively. Gel and DOX-Gel-1 

exhibit higher weight loss rates in this stage, which may 

be due to the fact the water included in the hydrogels is 

not fully removed during the freeze drying process. To 

eliminate the effect of residual water, as shown in 

Table-1, the following weight loss ratios and residual 

rates were further calculated when the water content is 

totally removed. The weight loss in the range of 120-500 
oC could be deemed as the second stage of thermal 

decomposition. This stage is corresponding to the 

decomposition of main components of gelatin [14, 15]. 

The corrected values based on absolute dry hydrogels are 

74.33% for Gel, 70.45% for DOX-Gel-1 and 67.15% for 

DOX-Gel-2, respectively. Notably, both DOX-Gel-1 and 

DOX-Gel-2 have lower weight loss ratios than Gel in 

this stage, indicating their thermal stability could be 

improved by the introduction of the DOX-loaded 

micelles of PNFc-b-PNTEG. This results are in keeping 

with ones of the above DSC measurements. Furthermore, 

this viewpoint was also proved by the calculated values 

of the maximum thermal decomposition temperatures 
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(Tmax) for the three hydrogels. As shown in Fig. 9b, Gel 

has a Tmax of 313.7 oC, while the Tmax values were 

increased to 320.3 oC (DOX-Gel-1) and 318.4 oC 

(DOX-Gel-2), respectively. These results indicate that 

when the DOX-loaded micelles were introduced by the 

blending or soaking methods, their interaction with 

gelatin molecules is beneficial for improving the thermal 

stability of hydrogel framework. The range of 500-700 
oC is the third weight loss stage of the TG curves, and 

this stage is reuslted from the further thermal degradation 

of gelatin ingredients and other orgianic components 

included [14,15]. All the hydrogels exhibit low weight 

loss ratio in the third stage, and the obtained values are 

3.43% for Gel, 2.08% for DOX-Gel-1 and 2.69% for 

DOX-Gel-2, respectively. It is worth reminding that 

distinctly different residual rates were observed between 

the pure gelatin hydroge and composite ones. Gel 

possesses the lowest residual rate of 22.24%, indicating 

its worst thermal stability. As expected, the formed 

gelatin composite hydrogels exhibit the increased 

residual rates, and the values are 27.47% for DOX-Gel-1 

and 30.16% for DOX-Gel-2, respectively. The increased 

residues should be resulted from the decomposition 

products of PNFc-b-PNTEG, especially the organic 

oxide of iron [15]. These results further demonstrate the 

improvement of composite hydrogel in thermal stability.  
 
Swelling ratio (SR) is a very important index to 

indicate the water absorbing capacity of hydrogel, and is 

also crucial for the application of hydrogels as DDSs 

[32,33]. Thus, the swelling kinetics of the hydrogels 

prepared in this study was determined, and the 

corresponding swelling curves are listed in Fig. 10. It is 

very clear that the DOX-loaded gelatin composite 

hydrogels exhibit the faster swelling rate and higher SR 

than the pure gelatin hydrogel. For example, in the first 

0.5 h of soaking, the determined SRs are 124.5% for Gel, 

757.2% for DOX-Gel-1 and 176.2% for DOX-Gel-2, 

respectively. And after 32h, the final SR of Gel is only 

1115.2%, while the corresponding SRs reach 1323.1% 

for DOX-Gel-1 and 1193.1% for DOX-Gel-2, 

respectively. Notably, although Gel and DOX-Gel-2 

have different values of SRs at the same soaking time, 

their swelling curves possess similar shape, namely they 

have similar swelling kinetics. Concretely, they exhibit 

relatively slow swelling rate, and 24 h are needed for 

them to achieve the equilibrium swelling state. On the 

contrary, DOX-Gel-1 possesses rapid swelling rate, 

especially in the first 3 h of soaking treatment, and it took 

only 5 h or so to reach almost the balance of swelling. 

Obviously, the introduction of DOX-loaded micelles of 

PNFc-b-PNTEG is helpful to increase the water 

absorbing capacity of the resulting gelatin composite 

hydrogels, which is probably attributed to the larger pore 

size of these hydrogels and the hydrophilic periphery of 

micelles [30]. On the other hand, the fabrication method 

of hydrogels could also affect their water absorbing 

behaviors. DOX-Gel-2 prepared by the soaking method 

exhibits much slower swelling speed than DOX-Gel-1 

fabricated by the blending method, although the former 

has slight bigger pore size than the latter. This is could be 

explained by the more evenly distribution of pore size of 

DOX-Gel-1 prepared by blending method, which is 

more conducive to the flow of water molecules [4]. 

 
 
Fig. 9: TG (a) and DTG (b) curves of Gel, 

DOX-Gel-1 and DOX-Gel-2. 
 

 

 

Table-1: Weight loss ratio (%) of hydrogels from TG curves. 
Hydrogel The first stage (30-120 oC) The second stage (120-500 oC) The third stage (500-700 oC) Residual rate 

Gel 9.28 67.43/74.33a 3.11/3.43a 20.18/22.24a 

DOX-Gel-1 10.46 63.08/70.45a 1.86/2.08a 24.60/27.47a 

DOX-Gel-2 2.77 65.29/67.15a 2.62/2.69a 29.32/30.16a 
a Values calculated when the water content is totally removed, namely, the weight loss ratio or residual rate of hydrogel without water. 
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Swelling property of hydrogels 

 

 

 

Fig. 10: Swelling curves of Gel, DOX-Gel-1 and 

DOX-Gel-2. 

 

Oxidation-triggered release of DOX from gelatin 

composite hydrogels 

 

 

 

Fig. 11: DOX release profiles of DOX-Gel-1 (a) and 

DOX-Gel-2 (b) at different concentrations of 

FeCl3. 

 

The in vitro releasing kinetics of DOX 

encapsulated in the gelatin composite hydrogels, 

DOX-Gel-1 and DOX-Gel-2, was investigated by 

using FeCl3 as the oxidizing agent. The typical 

dialysis procedure [29,30] was adopted in these 

experiments, and the UV-vis spectroscopy was used to 

detect the releasing DOX in the dialysate. Fig. 11 

shows the obtained releasing curves under different 

concentrations of FeCl3. It is obvious that FeCl3 can 

trigger the release of DOX in both composite 

hydrogels, and the higher its concentration, the faster 

the release rate of DOX. When there is no FeCl3, the 

release percent of DOX is almost negligible (less than 

10%) after the long period (24 days) of dialysis 

treatment. On the contrary, a lot of DOX could be 

released in the presence of FeCl3. Concretely, when 

the concentration of FeCl3 is 400 μmol L-1, the final 

release rates are 79.2% for DOX-Gel-1 and 75.4% for 

DOX-Gel-2, respectively. And when the concentration 

is improved to 600 μmol L-1, the release rates at 24 

days are measured to be 90.4% for DOX-Gel-1 and 

87.8% for DOX-Gel-2, respectively. Notably, the 

similar release kinetics of DOX is observed under 

different concentrations of FeCl3. For DOX-Gel-1, it 

took 20 days to reach the equilibrium release period; 

while for DOX-Gel-2, 15 days are needed to achieve 

this stage. In other words, the release rate of DOX 

from DOX-Gel-1 is slower than that from DOX-Gel-2, 

which could be explained by the different loading 

methods of DOX. The blending method probably 

leads to the deeper and evener encapsulation of 

DOX-containing micelles in the gelatin hydrogel 

matrix, and the resulting DOX-Gel-1 exhibit the 

denser microstructure. On the contrary, in the soaking 

method, the DOX-containing micelles are mainly 

located in outer space of hydrogel network owing to 

the steric hindrance, and the loose microstructure of 

DOX-Gel-1 is beneficial for the more rapid release of 

DOX encapsulated. However, the release speed of 

DOX from these composite hydrogels is dramatically 

slower that that from the micellar solution of 

PNFc-b-PNTEG. This release property could lead to 

the sustained-release effect of drug, and thus the high 

concentration of drug could be kept in the specific site 

for a long time. 

 

Conclusion 

 

In this study, we successfully fabricated the 

DOX-containing micelles with oxidation-triggered 

release property by using a polynorbornene-based 

amphiphilic diblock copolymer PNFc-b-PNTEG 

containing redox-sensitive hydrophobic ferrocene 

units and hydrophilic dendronized triethylene glycol 

groups in the side chain. And these micelles were then 

used to prepare DOX-encapsulated gelatin composite 
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hydrogels by the blending and soaking methods, 

respectively. The obtained hydrogels were fully 

investigated in terms of microstructure, thermal 

stability, swelling property and the in vitro 

DOX-release behavior, and the following conclusions 

could be reached. 

 

1 Both blending and soaking methods are feasible 

in the preparation of DOX-containing gelatin 

composite hydrogels by using the DOX-loaded 

micelles of PNFc-b-PNTEG and gelatin as the 

starting materials. The encapsulation of these 

micelles cannot alter the honeycomb-like 

microstructure of gelatin hydrogel, but the formed 

composite hydrogels exhibit increased pore size, 

especially the one fabricated by soaking method.  

2 Compared with the pure gelatin hydrogel, the 

DOX-containing gelatin composite hydrogels 

possess not only the improved thermal stability, 

but also the faster swelling speed and higher 

swelling ratios.  

3 The DOX encapsulated in the gelatin composite 

hydrogels could be controlled released in the 

presence of FeCl3 as the oxidizing agent of 

ferrocene groups. The higher the concentration of 

FeCl3, the faster the release speed of DOX. The 

present hydrogels could act as excellent solid 

carriers to guarantee the sustained-release effect 

of DOX, and it is feasible to keep the drug 

molecules with high concentration at the specific 

site for a long period (20 days or so). Thus, the 

gelatin composite hydrogels fabricated by the 

blending and soaking methods in this work have 

great potential to be used as effective drug 

delivery systems for the application in the 

biomedical field. 

 

Supplementary material 

 

The synthesis and characterization data of the 

diblock copolymer PNFc-b-PNTEG, including 1H 

NMR, 13C NMR, IR, UV-vis, GPC and end-group 

analysis, were listed in the supplementary material. 

These data can be obtained free of charge at the 

website of this journal or by contacting the 

corresponding author of Dr. H. Gu via the email of 

guhaibinkong@126.com.  
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