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Abstract 
 
Corneal perforations are medical emergencies in which the cornea is partially or 

completely ruptured, resulting in the loss of stability of the whole eye. Such situations can be 
caused by bacterial or fungal keratitis, autoimmune, or ocular-surface related disorders. Corneal 
perforations, if left untreated, can cause partial or total blindness. Therefore, immediate treatment 
is necessary. The best treatment available is corneal transplantation; however, due to donor 
limitation, this treatment is non-feasible. Alternatively, applying cyanoacrylate or fibrin glue is 
the treatment used clinically. Nonetheless, these treatments have been shown to cause 
inflammation and result in recurrence of the perforation which may lead to a full thickness donor 
transplantation in future. Thus, an easily available and applicable, biological and non-
immunologic solution is required for a better treatment. For this, injection of in situ crosslinked 
and biocompatible hydrogels can provide a better long-term solution. Even though there are 
several different strategies for crosslinking of hydrogels such as chemical crosslinking, enzyme 
mediated, or UV-initiated crosslinking, there are several limitations in these methods such as 
cytotoxicity or immunogenic potential of the method. This study involves the development of 
injectable in situ forming gel crosslinked by Fenton´s reaction, a chemical mimic of horseradish 
peroxidase (HRP), which can have potential applications for corneal perforations. The polymers 
used in this study were both synthetic polymers such as poly (ethylene glycol) (PEG) and ECM-
derived such as gelatin. 

The results demonstrated that it is possible to tune the mechanical properties and gelling 
kinetics of the resulting hydrogel by adjusting the reactant compositions. In vitro cytotoxicity 
tests were performed for relevant concentrations of Fe (II) and hydrogen peroxide, and have 
shown that the cells remained viable.  
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Popular Scientific Summary:  
 
Development of easily applied treatments for corneal perforations  
using biocompatible gels 

  
Corneal perforations are punctures on the outermost surface of the eye and they can 

potentially result in blindness or loss of the eye completely. Replacing the cornea with a new one 
could be the best treatment; however, available donors are very limited. Temporary solutions are, 
therefore, most implemented treatments. In such temporary techniques, a type of glue is applied 
to seal that gap on the eye surface. Some of the used glues are not biological and cause eye 
inflammation. On the other hand, biological glues can also be problematic since they are hard to 
prepare and can transmit diseases. An alternative solution is the use of gel materials specifically 
designed to overcome these problems and that can easily be applied only by dropping to the 
surface. These gels have two parts which are initially liquid. After mixing these two components, 
they start obtaining a gel-like structure within minutes and then this gel fills the gap on the eye 
surface. In this study, we have designed a specific gelatin gel to cover the damaged part of the 
eye. With a small modification on gelatin molecules, we have shown that making the gel within 
the desired time was possible. Also, the second component is formed by two simple reagents: 
iron ions and tiny amount of hydrogen peroxide. When mixed in the correct ratio, the hydrogen 
peroxide is completely consumed by the iron ions and the liquid gelatin becomes the gelled 
gelatin. Iron ions with hydrogen peroxide, known as Fenton’s reagent, had been used so far for 
different purposes other than biological applications. In our study, we used this method because it 
resembles one of the enzymes in the horseradish plant. We wanted to make use of this 
resemblance as enzymes work best at biological conditions but, in practice, it is difficult to use 
the actual plant enzyme on the patients. At first, we started with another synthetic polymer to 
show that the reagent is indeed capable of making the gels and that it is possible to adjust the 
gelling time and its stiffness. By changing the concentration of either iron ions or hydrogen 
peroxide, we observed different gelling times that can be optimized for applicability in hospitals. 
Once we had manageable gelling times, we switched the initial synthetic polymer with the 
modified gelatin. After this, we produced the gels that can be simply dropped on the surface of 
the eye.  We then tested their stiffness as well as the possible toxic effects of iron and hydrogen 
peroxide on the cells. Results showed that for the low concentrations used, there was very little 
effect of the Fenton’s reagent on the cells. With these results, we now intend to develop the 
finalized version which can potentially be starting point for further development of this 
alternative treatment. 
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1. Introduction  

1.1 Hydrogels and Crosslinking of Hydrogels 
 
Hydrogels are three-dimensional network of crosslinked hydrophilic polymers containing 

a large amount of entrapped water [1], [2]. If there is only a few covalent crosslinks between the 
polymer chains in the hydrogel, or if these chains are assembled with only non-covalent 
interactions, the resulting hydrogel often swells when stored in aqueous systems due to the 
hydrophilic nature of the incorporated polymers. [2]. The high amount of entrapped water and its 
tissue-like stiffness make hydrogels an ideal substitute for mimicking tissues for in vitro studies. 
Many hydrogels developed to date are comprised of natural polymers derived from extracellular 
matrix (ECM). Such ECM-derived hydrogels are biodegradable and therefore, can be used for in 
vivo application. Moreover, ECM plays crucial roles in vivo by providing accurate bio-instructive 
cues, many of which can be achieved by using ECM-derived hydrogels – resulting in these 
hydrogels to be highly biocompatible [1], [3]. Among various polymers used hyaluronic acid 
(HA), gelatin, and collagen are the most used among mammalian ECM-derived polymers, 
whereas several other naturally occurring polymers such as cellulose, alginate, chitosan, etc. are 
also used for fabricating hydrogels. Among synthetic polymers, poly-(ethylene glycol) (PEG), 
polyvinyl alcohol (PVA), poly-(2-hydroxyethyl methacrylate) (pHEMA) are the most commonly 
employed polymers. [4]. Due to their high biocompatibility, tunable physical and mechanical 
properties, hydrogels have been used in various tissue engineering and regenerative medicine 
applications including but not limited to bone, cartilage, heart, dental tissue applications as well 
as drug delivery applications and bioprinting purposes [4], [5]. These applications may employ 
hydrogels in two different ways: (1) preparation of the hydrogels in a pre-shaped manner and 
loading them with either cells or bioactive substances, (2) preparation of the hydrogels as a 
polymer solution and mixing this solution with cells or other target molecules prior to the 
crosslinking [6]. While the former type of applications require a surgery to implant the graft to 
the host, the latter has the possibility of the injection via needle, as the hydrogel is still a solution 
[6], [7]. Injectable hydrogels, as they might get crosslinked in situ as well, provide several 
advantages: less invasive and localized delivery, easier application to the host and ability to fill 
void or shaped wounds, gaps or defects in the host tissue [8].  

Though biocompatible, the hydrogels usually require crosslinking due to the lack of 
mechanical strength and in vivo enzymatic stability [9]. The crosslinking degree can be important 
in the points including but not limited to: matching the mechanical properties of the hydrogel 
graft to the host tissue [10], achieving the aimed degradation rate to provide a local release of the 
target bioactive substance [11] or protecting the delivered cell mass during the integration process 
of the graft to the host tissue [12]. In general and including the in situ crosslinked gels, there are 
two different crosslinking types: physical and chemical crosslinking. In physical crosslinking, the 
polymer molecules are crosslinked by ionic interactions, hydrogen bonding or hydrophobic 
interactions; in contrast, chemical crosslinking involves one or more chemical reaction to 
covalently bind the polymer chains to each other [2]. Physical crosslinking, compared to 
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chemical crosslinking, is less toxic within the biological systems as it doesn’t usually employ 
chemical reagents; however, the resulting crosslinking degree and/or the mechanical strength, in 
general, is weaker than the chemically crosslinked gels [10]. One of the most well-known 
crosslinking strategies is using acrylate polymerization to crosslink the polymer chains; the 
kinetics and the mechanism of the acrylate polymerization have been well described in the 
literature [13]. In order to achieve chemical crosslinking, there are several different methods: 
UV-initiated crosslinking, crosslinking using bio-orthogonal reactions, and  enzyme mediated 
crosslinking [14], [15].  In UV-initiated crosslinking, a photoinitiator molecule is used to provide 
the necessary radicals to initiate the crosslinking reaction once the photoinitiator is treated with 
UV light [2]. In crosslinking using bio-orthogonal reactions, several different mechanisms such 
as Schiff base crosslinking, metal-free or metal-catalyzed ‘click chemistry’, Fenton’s reaction or 
Michael-type addition reactions might be employed to initiate the crosslinking [16], [17]. For 
enzymatic crosslinking, an isolated enzyme is used to chemically crosslink the polymer chains. 
Lysyl oxidase (for collagen crosslinking), horseradish peroxidase (HRP), transglutaminase, or 
tyrosinase are among the most popular examples [1], [18].  

Depending on the application, the crosslinking method might have a crucial importance. 
Within the premise of injectable and in situ gelling hydrogels, UV-initiated crosslinking would 
have drawbacks in applications due to the requirement of exposing the target tissue to UV light 
and tissue penetration depth for UV light. On the other hand, enzymatic crosslinking would result 
in a potential immunogenicity despite the high efficiency rate, as reported in an application of 
HRP earlier [19]. Moreover, for patient applications, the human version of the enzymes, which 
does not exist always, needs to be manufactured using recombinant technology; thereby making 
enzymatic crosslinking unfeasible for clinical translation due to immunogenicity and costs in 
manufacturing. In terms of chemically crosslinked in situ hydrogel applications, the solution 
mixture should have mild conditions to minimize the cytotoxicity of the crosslinkers or potential 
interactions with the bioactive substances [15]. Also, combining the chemical crosslinking with 
physical crosslinking methods have started to draw attentions and these hydrogel networks have 
been reported to be superior than the hydrogels crosslinked by only chemical or only physical 
methods due to increased strength and toughness [20]. 

 

1.2  Corneal Perforations 
 
Corneal perforation is a condition in which the integrity of the cornea is either partially or 

totally lost. The common reasons for the corneal perforations can be infectious or non-infectious: 
autoimmune disorders, keratitis (either bacterial, fungal or herpetic), or ocular surface-related 
disorders [21]. When untreated, the perforation can lead the vision loss or the loss of the eye itself 
[22]. Currently, the best treatment is the corneal transplantation; however, the limitation of 
available donors cause this method to be non-feasible [23]. Therefore, even though the 
requirement of emergent treatment remains present, the methods of treatment of corneal 
perforation are usually applied to treat the immediate medical situation, which is regaining the 
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integrity of the cornea [24]. In such treatments, either cyanoacrylate or fibrin glue is used to seal 
the perforated area of the cornea [21]. Cyanoacrylate glue, which has been shown to be more 
successful on the small-sized defects, is not an ultimate treatment as it usually starts leaking and 
requires reapplication of the glue [21], [22]. Moreover, the glue has been demonstrated to cause 
inflammation and formation of new blood vessels (neovascularization) [25]. As a more 
biocompatible and less proinflammatory-provoking alternative, fibrin glues have been used as a 
sealant for treatment of the corneal perforations; however, several different risks and drawbacks 
of this method have been reported: the difficulty of application, possible presence of virus or 
prion contamination, short degradation times, interference with epithelialization etc. [21], [25]–
[27]. As for a more idealistic alternative, allografts for corneal transplantation might be used; 
nevertheless, the high risk of rejection of the graft as well as the high expenses of the process 
causes this procedure to be practically non-applicable [23]. Therefore, a biocompatible, effective 
and easily applicable alternative for treatment of corneal perforations is an unmet and significant 
need.  

1.3 The Aim of the Study 
 
In this study, providing an alternative treatment for corneal perforations by using in situ 

crosslinked injectable hydrogels was aimed. For this purpose, several different polymers and 
conjugates with different origins, properties and functional groups were tested: as a synthetic 
polymer, either branched (8-arm) or linear (2-arm) acrylate group functionalized PEG (PEGDA), 
and as an ECM-derived biopolymer, methacrylate group functionalized gelatin polymers were 
tested. Moreover, as an alternative, a conjugate of 8-arm PEG polymer with collagen-like peptide 
(CLP, (Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4), named as CLP-PEG, was aimed to be 
tested for crosslinking as well.  Monomeric structures of 8-arm PEG and PEGDA molecules are 
represented in Figure 1. 

 

 

Figure 1: Monomeric structures of A) 8-arm PEG molecule, B) 2-arm PEG molecule (PEGDA). 
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In addition to the material-based alternative provided to the treatment options for corneal 
perforations, a chemical mimicking system of crosslinking provided by horseradish peroxidase 
was demonstrated on different materials in order to overcome the reported limitations of 
employment of such enzymes in injectable in situ crosslinked hydrogel systems. As HRP is a 
heme group-containing enzyme which uses hydrogen peroxide as the substrate for oxidation, 
Fenton’s reagent (Fe (II) & H2O2) can provide a less immunogenic alternative to HRP [15]. The 
reaction in Fenton’s reagent is described in Equation 1. During this reaction, iron ions, in either 
form of Fe+2 or Fe+3, are preserved in a cycle, which provides hydroxyl or perhydoxyl radicals in 
a 1:1 molar ratio of hydrogen peroxide consumed. Moreover, the cytotoxicity of Fe (II) or H2O2 

can be less when compared to other chemical crosslinking methods as the reaction conditions are 
compatible with physiologic pH [16].  

 
Fe+2 +  H2O2  → Fe+3 + HO •  +OH− 
Fe+3 +  H2O2  → Fe+2 + HOO •  +H+ 

Equation 1: Fenton’s reagent and the reaction of Fe+2 with hydrogen peroxide. (•) symbol 
donates the radical group on any molecule.   

 
In conclusion, this study aimed to provide a more biocompatible solution for the 

crosslinking of hydrogels by mimicking the mechanism of HRP by a chemical reaction and to 
demonstrate the variety of this mimicking system on different biomaterials, by taking injectable 
in situ crosslinked gels for corneal perforations as a model.   
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2 Materials & Methods 

2.1 Materials 
 
Gelatin (Porcine Skin, Type A, 300 Bloom), methacrylic anhydride (94% purity), 

picrylsulfonic acid solution (5% (w/v)) , phosphate-buffered saline (PBS), deuterium oxide (D2O, 
99.9 atom %D), iron (II) chloride tetrahydrate (FeCl2.4H2O, puriss. p.a., ≥99%), poly(ethylene 
glycol) diacrylate (PEGDA, average Mw: 700 Da ), 8-arm-PEG-acrylate, (average Mw: 10 kDa, 
tripentaerythritol (TP) core), iron (III) chloride hexahydrate (98%)  and sodium hydroxide 
(NaOH , ≥97.0%) were purchased from Sigma Aldrich, Sweden. Hydrogen peroxide (30% (w/v)) 
and diethyl ether (extra pure, SLR) were purchased from Fisher Scientific, Sweden. DMEM (high 
glucose, GlutaMAX supplement), TrypLE Express Enzyme ((1X), no phenol red), Dubecco’s 
PBS (DPBS, 1X, without Ca, without Mg), Penicillin-Streptomycin and fetal bovine serum (FBS, 
heat inactivated) were purchased from Gibco. W-20-17 mouse bone marrow stroma cells were 
purchased from ATCC. PrestoBlue cell viability reagent was purchased from Invitrogen. 
Dimethyl sulfoxide-D6 (D, 99.9%, DMSO) was purchased from Cambridge Isotope Laboratories. 
Sodium hydrogen carbonate (NaHCO3) was purchased from Merck, Sweden. HCl (37%, reagent 
grade) was purchased from Scharlau. Dialysis membrane (Spectra/Por4 12-14 kDa) was 
purchased from Spectrum Laboratories. CLP-PEG was synthesized earlier by Dr. Ayan Samanta.  

2.2 Methods 

2.2.1 Preparation of Methacrylated Gelatin (MAG) 
 
Methacrylated gelatin was synthesized according to a previously published procedure 

with minor modifications [28]. Briefly, 1% gelatin solution was prepared by dissolving 10 g 
gelatin in 1 L distilled water at 55 °C with constant stirring. Afterwards, the pH of the solution 
was adjusted to pH 10 by dropwise addition of 2 M NaOH. In order to use excess methacrylic 
anhydride, 5 molar equivalents of the lysine and arginine amino acids were used; each gelatin 
molecule has 38 lysine and arginine and as a result, 2.817 mL MAA was added to a total 1 L 1% 
gelatin solution. The addition of MAA to the gelatin solution was performed dropwise and in 
portions with constant stirring of the gelatin solution. After each addition, the pH was monitored 
and adjusted to pH 10, if necessary. After the completion of the addition of MAA, the pH was 
adjusted to pH 10 and the reaction was left stirring overnight in order to allow the completion of 
the methacrylation reaction. The next day, the methacrylated gelatin (MAG) solution was 
dialyzed against pH 10 water for one week, with changing the water two times per day, in order 
to remove any unreacted MAA from the solution. Then, the MAG was lyophilized for a week to 
evaporate solvent. Afterwards, the dried MAG was stored at -20 °C.   
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2.2.2 Preparation of CLP-PEG-Methacrylate (CPM) 
 
1% CLP-PEG solution was prepared by adding 0.2 g CLP-PEG to 20 mL distilled water 

and leaving overnight stirring at room temperature. Afterwards, the pH of the solution was 
adjusted to pH 10. Then, required MAA amount was determined by taking 5 molar equivalents of 
total number lysine and arginine amino acids in one CLP-PEG molecule, which is 32. As a result, 
63.55 µL MAA was added to the 1% CLP-PEG solution in portions and by constant stirring. 
After each addition, the pH of the solution was restored to pH 10. Once the MAA was completely 
added to CLP-PEG solution, the pH was adjusted to pH 10 and the reaction was left overnight 
stirring to allow the completion of the methacrylation reaction. Then, the dialysis and 
lyophilization steps were performed in the same way as described in 2.2.1 and the obtained CLP-
PEG-Methacrylate (CPM) was stored at -20 °C.  

2.2.3 Nuclear Magnetic Resonance (NMR) Analysis 
 

Presence of the modification on the CPM and gelatin molecules was analyzed by using 1H 
Nuclear Magnetic Resonance (NMR). The 1H spectrum was obtained by using an NMR 
Spectrometer (JEOL, Tokyo, Japan) at the 400 Hz frequency. For each analysis, 7.5 mg of 
sample was dissolved in 700 µL NMR solvent: gelatin samples were dissolved in D2O at 40 °C 
and CPM samples were dissolved in D6-DMSO. Each sample was analyzed with 500 scans.  

2.2.4 Determination of the Degree of Functionalization 
 
The functionalization degree of the prepared MAG was determined by using TNBS assay, 

which employs picrylsulfonic solution as the reactant [28]. For the assay, 4 wt% NaHCO3 and 
0.5% TNBS solutions and 6 M HCl solutions were freshly prepared. 2 mg MAG sample was 
dissolved in 1 mL NaHCO3 solution; then, 1 mL TNBS solution was added. The samples were 
incubated at 40 °C water bath with mild shaking for 2 hours to allow the completion of the 
reaction shown in the Figure 2, which takes place between the free amine groups present in 
lysine and arginine amino acids in gelatin molecules and TNBS reagent. Afterwards, 3 mL 6 M 
HCl solution was added to the samples. The unreacted TNBS was removed by extracting with 
diethyl ether. For the blank solution, no sample was used and 3 mL 6 M HCl solution was 
directly added to 2 mL NaHCO3 and TNBS mixture, before the incubation. For the negative 
control, 2 mg unmodified gelatin was treated as described above. The absorbance values of the 
MAG and the unmodified gelatin were measured by using UV-Vis Spectrophotometer (Lambda 
35 Perkin Elmer UV-Vis Spectrophotometer) at 346 nm. The functionalization degree was 
calculated according to the equation below; 

 

DF (%) = �1 −  �
𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 −  𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝐺𝐺

𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
��  x 100 
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where,  
DF (%): degree of functionalization (%, with respect to the lysine and arginine amino 

acids present in the unmodified gelatin molecule)  
AbsGelatin: the absorbance of gelatin sample at 346 nm 
AbsMAG: the absorbance of MAG at 346 nm 
 

 

Figure 2: Reaction mechanism of TNBS assay, the resulting molecule is orange colored. The red arrow 
indicates the free amine group on the polymer chain. 

 

2.2.5 Preparation of Crosslinked Hydrogels 
 

2.2.5.1 PEG Hydrogels 
 
For the crosslinking of PEG hydrogels, iron (II) chloride tetrahydrate (200 mM), 

hydrogen peroxide (176 mM), 8-arm-PEG-acrylate (12%) and PEGDA (12%) solutions were 
prepared freshly, by using argon-treated water in order to prevent quenching of the radicals to be 
produced. As physical crosslinking without external factors in PEG hydrogels at room 
temperature is not possible, the reactions were carried at room temperature. The necessary 
amounts from the stock solutions, depending on the combination of concentrations, were taken 
and mixed by either vortex or micropipette. Unless specified, all PEG hydrogels were prepared 
by using 10% final solid concentration; the iron (II) chloride tetrahydrate concentration was 
varied from 0.25 mM to 20 mM while hydrogen peroxide concentration was varied from 0.25 
mM to 1 mM. For the gelation time determination, vials were tilted and the flowing of the 
polymer mixture was observed; if no flowing of the solution was observed, the time passed was 
recorded as gelling time. All measurements were performed in triplicates.  
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2.2.5.2 Methacrylated Gelatin Hydrogels 
 
For the crosslinking of hydrogels, iron (II) chloride tetrahydrate (200 mM), hydrogen 

peroxide (176 mM) and MAG (12%) solutions were prepared freshly, by using argon-treated 
water in order to prevent quenching of the radicals to be produced. All of the solutions except 
iron (II) chloride tetrahydrate solution were kept at 37 °C on Grant QBD2 dry block heating 
system (Grant Instruments, Cambridge). Then, the necessary amounts from the stock solutions, 
depending on the combination of concentrations, were taken by using pre-heated micropipette 
tips and mixed. Unless specified, all MAG hydrogels were prepared by using 10% final MAG 
concentration; the iron (II) chloride tetrahydrate concentration was varied from 0.25 mM to 20 
mM while hydrogen peroxide concentration was varied from 0.5 mM to 5 mM. The assessment 
of gelation time was performed as described in 2.2.5.1.  For further experiments, the gels were 
casted to ~8 mm molds with the volume of ~300 µL and covered with parafilm in order to 
prevent gels from drying during overnight curing for the reaction to complete. 

2.2.6 Rheological Analysis 
 
Rheological analyses were performed by using a Discovery Hybrid Rheometer 2 (DHR2) 

(TA Instruments) with 8 mm parallel plate geometry. For the different types of rheological 
analysis, different sample compositions were used. For analysis of gelling kinetics in situ, if 
applicable, a time dependent analysis (time sweep) was performed with the following parameters: 
maximized number of points at 1% strain with a 1 Hz frequency, the gap was set to 1000 µm for 
every measurement. For the in situ analysis, the solutions were prepared and mixed as described 
in the section 2.2.5 and directly loaded to the rheometer plate and the plate temperature was set to 
37 °C for MAG hydrogels while the temperature was set to 25 °C for the PEG hydrogels. The 
time point when the storage modulus starts to get higher than the loss modulus was selected as 
the gelling time. For the end-point analysis of the hydrogels, a frequency sweep was performed 
with the following parameters: strain was minimized to 2.67 x 10-3 and the frequency was 
increased linearly from 0.1 Hz to 25 Hz up to 50 for the total number of points, with plate 
temperature set to 25 °C. In end-point analysis of hydrogels, a blank hydrogel prepared only with 
10% MAG was used as a negative control for MAG hydrogel samples.  

2.2.7 Determination of the Degree of Swelling 
 
The degree of swelling was determined in order to quantify the degree of crosslinking, as 

higher crosslinking degree would result in lesser swelling and for this purpose; the dry weights of 
the crosslinked and control gels were measured. Afterwards, the gels were placed in 10 mM PBS 
solutions. The weights of the PBS-soaked gels were measured at 24 hour, after removing the 
excess buffer from the gels. The degree of swelling was calculated according to the equation 
below;  

 

11 
 



DS (%) =  
𝑤𝑤𝑠𝑠 −  𝑤𝑤𝑑𝑑
𝑤𝑤𝑑𝑑

 x 100 

where, 
DS (%): degree of swelling (%, w/w) 
ws: swollen weight of MAG gels (g) 
wd: dry weight of MAG gels (g) 
 

2.2.8 Iron (III) Coordination Testing 
 
The iron (III) coordination testing was performed in order to analyze the effect of ferric 

ion in the process of crosslinking of methacrylated gelatin hydrogels. Iron (III) chloride 
hexahydrate (200 mM) and MAG (12%) solutions were prepared freshly. All solutions were kept 
at 37 °C on Grant QBD2 dry block heating system (Grant Instruments, Cambridge). The gelation 
status and times, if applicable, were noted. Then, the necessary amounts from the stock solutions, 
depending on the combination of concentrations, were taken by using pre-heated micropipette 
tips and mixed. Unless specified, all MAG hydrogels were prepared by using 10% final MAG 
concentration and the concentration of iron (III) chloride hexahydrate was varied from 1 mM to 4 
mM. The assessment of gelation time was performed as described in 2.2.5.1.   

 

2.2.9 Cytotoxicity Test  
 
The cytotoxicity of the Fenton’s reagent was assessed with PrestoBlue Cell Viability 

Reagent, according to the manufacturer’s instructions. The assay was performed on W-2017 
mouse fibroblast cells, which were kept in 37 °C 5% CO2 incubators, cultured in DMEM 
GlutaMAX medium, which was supplemented with 10% FBS and 1% penicillin and 
streptomycin. For the testing, the cells were detached from the tissue culture flask by using 
TrypLE cell dissociation enzyme with the instructions provided. Briefly, 1 mL of TrypLE was 
added to confluent cells cultured in a T25 tissue culture flask and the flask was incubated at 37 
°C until the cells were detached. Afterwards, 3 times of cell culture media was added to the flask 
to inhibit the enzyme reaction for further processing. Then, the detached cells were counted by 
using NanoEntek Cell Counter and 1 x 105 cells were seeded to the wells of 48-well plates. Then, 
1 mM hydrogen peroxide, 1 mM Fe (II) or 20 mM Fe (II) including 300 µL cell culture medium 
was added onto the cells and they were incubated at 37 °C for 15 minutes. Afterwards, the 
medium was discarded and the wells were washed with culture medium to start PrestoBlue cell 
viability assay. For each well, 10% PrestoBlue reagent containing growth medium was added and 
2 hours of incubation was performed. The fluorescence excitation and emission values were set 
as 560 nm and 590 nm, respectively and the readings were measured by using Infinite 200 PRO 
automated plate reader in triplicates. The results were normalized by using untreated cells as 
controls.  
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3 Results 

3.1 PEG Hydrogels 

3.1.1 Determination of Gelation of Hydrogels 
 
Gelation status of PEG hydrogels (8-arm) was determined by vial tilting method and 

gelling time was noted; different concentration combinations of Fenton’s reagent were tested. 
The results from the vial tilting method are presented in Table 1. Starting from 20 mM Fe (II) 
concentration, until 2 mM Fe (II) end-point concentration in 10% 8-arm PEG hydrogels resulted 
in instant gelling when reacted with 1 mM hydrogen peroxide. After obtaining slower reaction 
rates when compared to instant gelling, the mixing method was switched to micropipetting in 
order to achieve more homogenous and controllable mixing. However, in order to conclude that 
gelling is a result of the Fenton’s reagent reaction, only 5 mM Fe (II) and only 5 mM hydrogen 
peroxide containing 10% PEG solutions were tested as well. These solutions remained as liquid, 
demonstrating that the Fenton’s reagent indeed initiated the crosslinking reaction on 8-arm PEG 
polymer chains. For the experiment groups, no gelling was observed when 0.25 mM Fe (II) 
concentration was tested and this concentration was selected as the lower point for further testing. 

 
 

Table 1: Concentration combinations of Fenton’s reagent, the gelling time results and the 
mixing methods for crosslinking 8-arm PEG molecules with 10% end point concentration 

 
Fe (II) 

 (mM) 
H2O2  

(mM) 
Gelling 

time 
Mixing  
Method 

20 1 Instant Vortex 
10 1 Instant Vortex 
5 1 Instant Vortex 
2 1 Instant Vortex 

1.5 1 20 sec Vortex 
1 1 ~15 sec Micropipette 

0.5 1 ~30 sec Micropipette 
0.4 1 ~3 min Micropipette 
0.25 1 No gelling Micropipette 

5 - No gelling Micropipette 
- 5 No gelling Micropipette 

 
After demonstration of the Fenton’s reagent –initiated crosslinking of 8-arm PEG 

molecules, 2-arm PEGDA molecules were tested with different combinations of the Fenton’s 
reagent. These combinations and the vial testing method results are presented on Table 2. 
According to the results obtained from 8-arm PEG group, the mixing method was kept as 
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micropipette and the Fe (II) concentration range was selected accordingly (0.25 mM to 1 mM). 
Consistently, no gelling was observed when 0.25 mM Fe (II) concentration was tested. 0.3 mM 
Fe (II) concentration resulted in partial gelling in all trials. As in 8-arm PEG group, Fe (II) and 
hydrogen peroxide control groups were tested separately and no gelling was observed in any of 
the groups. 

Table 2: Concentration combinations of Fenton’s reagent, the gelling time results and the 
mixing methods for crosslinking 2-arm PEGDA molecules with 10% end point concentration 

 
Fe (II)  
(mM) 

H2O2  

(mM) 
Gelling  

time 
Mixing 
Method 

1 1 ~12 sec Micropipette 
0.5 1 ~20 sec Micropipette 
0.4 1 ~25 sec Micropipette 
0.35 1 ~30 sec Micropipette 
0.3 1 Partial gelling Micropipette 
0.25 1 No gelling Micropipette 

5 - No gelling Micropipette 
- 5 No gelling Micropipette 

For the further analysis, the following concentration combinations were chosen as the 
starting points: from 8-arm PEG group, 0.4 mM Fe (II) and 1 mM hydrogen peroxide and from 
PEGDA group, 0.3 mM Fe (II) and 1 mM hydrogen peroxide.  

 

3.1.2 Rheological Analysis 
 
The rheological analysis for all the groups in PEG hydrogels (either 8-arm or PEGDA) 

were performed as in situ gelling kinetics in order to demonstrate the gelling time as well as the 
demonstration of the end point mechanical properties, if applicable. The storage modulus value 
increases with the crosslinking ratio; therefore, higher storage modulus of the sample indicates a 
higher crosslinking degree. For the 8-arm PEG hydrogels, 0.4 mM Fe (II) with 1 mM hydrogen 
peroxide was tested and the storage and loss modulus were observed. The rheology graph for the 
analysis is shown in Figure 3. The gelling time was observed on the 225 second in rheology; 
however, the time between the mixing and the first measurement was recorded as 30 seconds. 
Thus, the actual gelling time was 255 seconds (4 minutes 15 seconds). Even though the 
measurement was performed for 30 minutes in total, no plateau region in the storage modulus 
was observed. 
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Figure 3: Rheological analysis of 10% 8-arm PEG crosslinked with Fenton's reagent (0.4 mM Fe (II) and 1 
mM hydrogen peroxide). Red arrow indicates the gelling time (255 s) (time between mixing and first data is 30 
seconds). 

 
 
 
For PEGDA hydrogels, as stated in the section 3.1.1, the selection point was determined 

as 0.3 mM Fe (II) with 1 mM hydrogen peroxide concentration. Furthermore, the following 
concentration combinations were assessed and compared in storage modulus changes: 0.3 mM Fe 
(II) with 0.6 mM hydrogen peroxide, 0.29 mM Fe (II) with 0.58 mM hydrogen peroxide and 0.27 
mM Fe (II) with 0.54 mM hydrogen peroxide, these results were presented in Figure 4. As there 
is a measurement delay in the rheology, for two of the combinations, 0.3 mM Fe (II) with 1 mM 
hydrogen peroxide and 0.3 mM Fe (II) with 0.6 mM hydrogen peroxide, the actual gelling time 
was not possible to determine due to the quick gelling kinetics. When the 0.29 mM Fe (II)/0.58 
mM hydrogen peroxide-containing sample was compared to the 0.27 mM Fe (II)/0.54 mM 
hydrogen peroxide-containing sample, the difference between the gelling times could be 
determined by a shift on the sharp increase region of the graph. For all of the groups, a plateau 
region in storage modulus was reached within the allocated measurement time (900 s). According 
to these plateau regions, the crosslinking degree increases with increasing concentrations of the 
Fenton’s reagent. However, increasing hydrogen peroxide concentration did not result in an 
increase in the end point mechanical properties when 0.3 mM Fe (II) concentration was kept 
constant, which indicates that the crosslinking degree was lower in the 1 mM hydrogen peroxide 
containing sample (green line in Figure 4).  
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Figure 4: Comparison of storage modulus in PEGDA hydrogels crosslinked with different concentration 
combinations of Fenton's reagent (HP: hydrogen peroxide, the measurement delay is 30 seconds for all samples)   

 
 

3.2 Gelatin Hydrogels 

3.2.1 Nuclear Magnetic Resonance (NMR) Analysis 
 
NMR analysis was performed to ensure that the functionalization was successful. In the 

obtained spectra, which are presented in Figure 5, the methacrylated gelatin and unmodified 
gelatin are compared. In the part A of the figure, which demonstrates the methacrylated gelatin 
spectrum, the two peaks denoted by red arrows show the peaks obtained from double bond 
hydrogen atoms in the methylene group of the methacrylate molecule: at 5.7 and 5.5 ppm as 
previously reported [29].  

 

3.2.2 Determination of the Degree of Functionalization  
 
As described in section 3.2.1, NMR analysis demonstrates the presence of methacrylate 

group functionalization on the gelatin samples; however, the degree of functionalization is 
assessed by TNBS assay. The degree of modification is calculated as 78.61%, with respect to the 
amine groups present in gelatin molecules.  
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Figure 5: NMR Spectra of A) Methacrylated gelatin and B) Unmodified gelatin. Red arrows denote the 
proton peaks obtained from the protons of the methylene (CH2-) group of the methacrylate group, which is only 
present in the methacrylated gelatin. 

 
 

3.2.3 Determination of Gelation of Hydrogels 
 
Gelation status of methacrylated gelatin (MAG) hydrogels was determined by vial tilting 

method and gelling time was noted for the different concentrations of Fenton’s reagent in order to 
determine the gelling kinetics. The results from the vial tilting method are presented in Table 3. 
5 mM and 3 mM Fe (II) concentration in 10% MAG hydrogels resulted in instant gelling when 
reacted with 10 mM and 6 mM hydrogen peroxide, respectively. 2 mM Fe (II) coupled with 4 
mM hydrogen peroxide resulted in a gelling time of 10 minutes while any lower concentration of 
Fe (II) did not result in gelation when kept at 37 °C.  The samples which gelled (5 mM, 3 mM 
and 2 mM Fe (II)-containing samples) were noticeably yellow. The ratio of the hydrogen 
peroxide concentration to iron ion concentration was kept as 2:1 to maintain the ratio of the 
generated radicals constant.  

 
 

17 
 



Table 3: Concentration combinations of Fenton’s reagent, the gelling time results and the 
mixing methods for crosslinking MAG molecules with 10% end point concentration 

 
Fe (II) 
  (mM) 

H2O2  
(mM) 

Gelling  
time 

Mixing 
Method 

5 10 Instant Micropipette 
3 6 Instant Micropipette 
2 4 ~10 minutes Micropipette 

1.75 3.5 No gelling Micropipette 
1.5 3 No gelling Micropipette 
1.25 2.5 No gelling Micropipette 

 

3.2.4 Rheological Analysis 
 
The rheological analysis for all the groups in MAG hydrogels were performed as end-

point mechanical properties testing with a frequency sweep and as a result, the effects of 
concentrations of Fenton’s reagent were analyzed by comparison within each group and with the 
negative control. The linear regions of the results were considered as the stable region of the gel. 
In Figure 6, the effect of the iron ion concentration on the mechanical properties when constant 
hydrogen peroxide concentration is maintained is presented. According to the graph, the storage 
modulus increased with the increasing concentration of Fe (II) ions and the results were higher 
than the control group (10% thermogel).  

 
 

 

Figure 6: The mechanical testing of 10% MAG hydrogels, crosslinked with different concentrations of Fe 
(II) in Fenton’s reagent. In all samples, hydrogen peroxide (HP) concentration was kept constant to monitor the 
effect of Fe (II). The negative control used was 10% thermogel. 
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Figure 7: The mechanical testing of 10% MAG hydrogels, crosslinked with different concentrations of 
hydrogen peroxide (HP) in Fenton’s reagent. In all samples, Fe (II) concentration was kept constant to monitor the 
effect of hydrogen peroxide. The negative control used was 10% thermogel. 

 
In order to test the effect of the concentration of hydrogen peroxide to the end point 

stiffness, the concentration of Fe (II) was kept constant at 30 mM and three different 
concentrations of hydrogen peroxide was tested: 1 mM, 2 mM and 3 mM. The hydrogels were 
tested with a frequency sweep and the linear regions of the results are presented in Figure 7. In 
this analysis, increasing concentrations of hydrogen peroxide did not result in an increase in the 
storage modulus value of the hydrogel. Instead, the highest hydrogen peroxide concentration (3 
mM) resulted in the lowest storage modulus. However, as in the case of constant hydrogen 
peroxide testing, all of the results were higher than the 10% thermogel control. Even with this 
difference, these results were inconclusive about the effect of the hydrogen peroxide on the 
stiffness.   

3.2.5 Determination of the Degree of Swelling 
 
The degree of swelling was determined by calculating the difference in weight before and 

after incubation of the MAG hydrogels in 10 mM PBS solution for 21 hours and the results were 
compared with the 10% MAG thermogel. In Figure 8, the comparison of the effects of hydrogen 
peroxide concentration (Figure 8A) and Fe (II) concentration (Figure 8B) is demonstrated. The 
blank hydrogels resulted in the higher degree of swelling, indicating that the least crosslinking 
was present in these gels. When 1 mM hydrogen peroxide-containing sample was compared to 2 
mM hydrogen peroxide-containing sample, the swelling degrees obtained were similar to each 
other, and ~15% different than the blank hydrogels. On the other hand, increasing concentrations 
of iron did not result in drastic differences in test groups: the hydrogel sample with 12.5 mM Fe 
(II) concentration had the same swelling degree with the 15 mM Fe (II)-containing sample.  

0

5000

10000

15000

20000

25000

30000

0 1 2 3 4 5 6

Storage  
Modulus  

(Pa) 

Frequency (Hz) 

1mM HP + 30 mM Fe 2mM HP + 30 mM Fe
3mM HP + 30 mM Fe 10% Thermogel

19 
 



Moreover, the combination of 10 mM Fe (II) concentration coupled with 1 mM hydrogen 
peroxide resulted in a similar swelling degree as the 10% thermogel sample. When considered 
together, the concentration increase of hydrogen peroxide or Fe (II) did not result in a 
proportional decrease in the degree of swelling as expected.  

 
 
 
 

 

Figure 8: Degree of swelling analysis of 10% MAG hydrogels crosslinked with Fenton’s reagent under the 
following conditions: A) 15 mM Fe (II) concentration coupled with 1 mM and 2 mM hydrogen peroxide (HP), B) 1 
mM hydrogen peroxide coupled with 10 mM, 12.5 mM and 15 mM Fe (II). Both groups were compared with 10% 
thermogel as negative control. 

 
 

3.2.6 Iron (III) Coordination Testing 
 
The presence of physical crosslinking due to presence of ion coordination via Fe+3 ions 

was tested by mixing Fe (III) solution with 10% end-point concentration MAG solutions. The 
gelling status (and times, if applicable) of samples containing various Fe (III) concentrations is 
presented in Table 4. Starting from 2 mM Fe (III), any higher ferric ion concentration resulted in 
instant gel formation as a clump on the tip of the micropipette. On the other hand, 1 mM Fe (III) 
solution did not result in any gelling or clump formation when mixed with 10% MAG solution at 
37 °C. All of the resulting gels were yellow, due to the yellow color of Fe (III) solution. 
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Table 4: Iron (III) ion coordination physical crosslinking in 10% MAG hydrogels and the 
gelling time/status of different concentrations of ferric ion: Clump formation is forming the gel as 
a dense aggregate on the tip of the micropipette. 

 
Fe (III)  
(mM) 

Gelling time Mixing Method 

4 Instant clump formation Micropipette 
3 Instant clump formation Micropipette 
2 Instant clump formation Micropipette 
1 No gelling Micropipette 

 

3.3 Cytotoxicity Test1  
 
The assessment of the effects of Fenton’s reagent on cells was performed by using 

PrestoBlue Cell Viability Reagent. After the 15 minutes of incubation with either 1 mM Fe (II) or 
20 mM Fe (II) and 1 mM hydrogen peroxide containing growth media, the viability results of the 
cells are presented in the Figure 9. 100% viability was calculated by using untreated control 
samples and the average viability of the cells when exposed to 1 mM Fe (II) was analyzed as 
86.97% whereas the 15 minutes of exposure of 1 mM hydrogen peroxide resulted in 88.53% 
viability of the cells. On the other hand, exposing the cells to 20 mM (II) caused relatively higher 
cytotoxicity: 76.26% of the cells were viable after the treatment. These results show that the 
cellular growth and metabolism was not affected crucially due to the exposure of Fenton’s 
reagent components separately and the cells can continue to grow after 15 minutes of exposure.   

 
 

 

Figure 9: The cytotoxicity testing of Fenton’s reagent on W-2017 mouse fibroblast cells. The viability was 
normalized according to the untreated control group as 100%. Exposure time: 15 minutes, HP: Hydrogen peroxide. 

1 These data were collected by Jenny Rosenquist in the host lab. 
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4 Discussion  
 
In this study, a mimicking system for the heme-containing enzyme HRP was used to 

develop a sealant for corneal perforation treatments and the mimicking system which was used to 
initiate the crosslinking of the hydrogel network was Fenton’s reagent (Fe (II) & H2O2). The 
potential immunogenicity of the enzyme-mediated crosslinking of the hydrogels is an important 
limitation for the in vivo applications of such materials [19]. By using Fenton’s reagent, a 
chemical substitution for the same mechanism can be provided. Moreover, compared to other 
crosslinkers, Fenton’s reagent requires milder reaction conditions and the low toxicity of ferrous 
ion and hydrogen peroxide has already been described in the literature [17].  

Firstly, in order to demonstrate the ability of Fenton’s reagent for initiation of 
crosslinking of acrylate functionalized polymers, 8-arm PEG-acrylate polymer was used as the 
starting material. As described in Table 1, the crosslinking of the solution was achieved by 
combining ferrous ions and hydrogen peroxide whereas these chemicals by themselves did not 
result any gelling. As 8-arm PEG solution is liquid at room temperature, the flowing of the liquid 
stops when the crosslinking occurs. Therefore, the vial tilting method was suitable to assess the 
gelling time of this polymer. For the mixing method, using vortex was replaced in this step with 
micropipette to ensure smooth and homogenous mixing. Then, in order to have a more sensitive 
measurement, a rheological analysis was performed with one of the concentrations and the 
increase in the storage modulus was demonstrated (Figure 3). As 8-arm PEG has more branches, 
the crosslinked network might have been formed more easily. For testing Fenton’s reagent on a 
chain polymer, PEG-diacrylate (PEGDA) was used as the base material. The results have shown 
that the crosslinking by Fenton’s reagent on PEGDA molecules was successful as the flowing of 
the solution stopped after mixing with the reagents and the gelation time varies with different 
concentrations of the components (Table 2). Afterwards, in order to demonstrate the fine-
tailoring the gelling kinetics by varying the concentrations of ferrous ions or hydrogen peroxide, 
an in situ rheological analysis was performed. These results have shown that the concentrations 
of Fe (II) and hydrogen peroxide can be modified to tune the gelling kinetics and the end-point 
mechanical properties (Figure 4). However, the same results have demonstrated that too high 
hydrogen peroxide concentrations might end up decreasing the mechanical properties as the 
generated radicals from hydrogen peroxide would be high in concentration and they would 
couple to themselves more easily than initiating the crosslinking reaction.  

Secondly, as a more biocompatible alternative, an ECM-derived polymer, gelatin was 
used to test the initiation capability of Fenton’s reagent in initiating the crosslinking. For this 
purpose, the gelatin molecules were functionalized with methacrylate groups so that there would 
be available moieties for the crosslinking. This functionalization was demonstrated by NMR 
analysis (Figure 5) and quantified by using TNBS assay. Afterwards, the crosslinking initiation 
by Fenton’s reagent was performed with different concentration combinations; however, as the 
structure and the molecular weight of methacrylated gelatin (MAG) are different from the ones of 
PEG, the same concentrations did not result in the same rates of gelling. Another important 
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challenge in this group was the thermogelling of MAG at room temperature; in order to 
differentiate the Fenton-initiated gelling from the thermogelling, all of the solutions and samples 
were kept at 37 °C and all of the experiments were performed by using pre-heated micropipette 
tips. Even under these conditions, the gelling was observed after mixing the MAG solution with 
Fenton’s reagent (Table 3). Next, the end-point mechanical properties of the MAG hydrogels 
were assessed after an overnight curing in the molds. As the crosslinking degree increases, the 
mechanical properties of the hydrogel are expected to increase and this increase can be monitored 
as an increase in the storage modulus value in the frequency sweep analysis. In this analysis, both 
the effect of ferrous ion concentration and hydrogen peroxide concentration were analyzed while 
other component’s concentration was kept constant. At constant hydrogen peroxide concentration 
(1 mM), increasing ferrous ion concentration resulted in an increase in the end-point storage 
modulus in the linear regions of the frequency sweep (Figure 6). On the other hand, increasing 
hydrogen peroxide concentration did not result in a proportional increase in the storage modulus 
when the Fe (II) concentration kept constant; rather, 2 mM hydrogen peroxide concentration 
resulted in the highest modulus when compared to 1 mM and 3 mM concentrations (Figure 7). 
This inconsistency could have been explained with the quenching of the radicals at too high 
concentrations of hydrogen peroxide; however, 1 mM hydrogen peroxide resulted in a lower 
storage modulus as well. Interestingly, the proportional increase of end-point mechanical 
properties with the increase of ferrous ion concentration demonstrated that Fe (II) ions contribute 
to the formation of the network. To analyze this phenomenon further, the samples were incubated 
with 10 mM PBS solution for 21 hours to determine the degree of swelling. As crosslinking 
degree increases, the swelling degree is expected to decrease due to less water molecules trapped 
within the network. Analysis of the degree of swelling showed that, despite the fact that the 
swelling was less than 10% thermogel MAG; the samples did not exhibit decreasing degrees of 
swelling with the increasing concentrations of the components of Fenton’s reagent (Figure 8).  

Even though the increasing storage modulus due to increasing concentration of Fe (II) 
was demonstrated, the results were inconsistent when the increasing concentrations of hydrogen 
peroxide was tested and when the degree of swelling for the samples was analyzed. On the other 
hand, as the initiation of the crosslinking by Fenton’s reagent was already shown efficient in PEG 
hydrogels, the interference of other factors could be possible in MAG hydrogels, as the structure 
of gelatin is much more complex than PEG chains. Normally, Fenton’s reagent is based on the 
reutilization of iron ions, either in form of Fe (II) or Fe (III), as long as there is hydrogen 
peroxide to react with these ions. However, iron (II) chloride tetrahydrate powder can get aerially 
and randomly oxidized and cause impurity of Fe (III) ions in the solution and the presence of Fe 
(III) within the gel network could be causing the ion coordination crosslinking in gelatin 
molecules. The ion coordination crosslinking with different ions and hydrogels have been well 
documented, such as alginate hydrogels with Ca (II), Ba (II) or Sr (II) crosslinking [30].  Even 
though ionic coordination via ferric ions have been described earlier in different hydrogel 
systems, such as hyaluronic acid hydrogels [31], [32], PEG/poly(acrylic acid) (PEG/PAA) 
hydrogels [33], or alginate hydrogels [30] with  Fe (III) crosslinking, there is no article reporting 
the Fe (III) coordination in gelatin hydrogels. In order to investigate this phenomenon, ferric ion 
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solution was mixed with 10% MAG solution and the gelling status was checked. Surprisingly, 
starting from 2 mM Fe (III) concentration, the gelling of MAG solution was present in the form 
of gel clumps in the solution, at 37 °C (Table 4) and the gels produced were yellow. This color 
was also observed in the MAG hydrogels crosslinked by Fenton’s reagent (Section 3.2.3). 
Therefore, to our knowledge, this is the first demonstration of the ion coordination crosslinking 
of methacrylated gelatin hydrogels by ferric ions.    

Moreover, the potential cytotoxicity of the components of the Fenton’s reagent was 
analyzed separately by using PrestoBlue Cell Viability assay. For the PEG hydrogel networks, 
the highest concentration of Fe (II) used was 1 mM; therefore, this concentration was tested 
whereas for MAG hydrogels, the highest concentration of Fe (II) used was 20 mM. Even though 
iron is one of the most important cofactors in the enzymatic pathways, higher concentration of 
iron can cause toxicity due to the release of radicals [34]. In both polymer groups, 1 mM 
hydrogen peroxide concentration was enough to initiate a high level of crosslinking; therefore, 
this concentration was tested with cells and after the 15 minutes of exposure, 88.53% of the cells 
remained viable. The reason for testing these components separately was the fact that the 
potential effect of the generated radicals would not be shielded due to the lack of the polymers 
(either PEG or MAG). When these polymers are present, their abundancy would result in getting 
targeted by the radicals, thereby getting crosslinked. Moreover, 15 minutes of exposure time was 
selected considering the fact that the injected hydrogel network is expected to get crosslinked 
within the first 5 minutes for the ease of the application. The excess reagents can also be washed 
away from the application site after the allocated time has passed; therefore, the exposure time 
would not be longer than 15 minutes in a real-life application.  

As in all studies, there were several limitations in the study and these needs to be 
addressed: firstly, due to the time limitations, it was not possible to test collagen-like-peptide 
(CLP)-PEG-methacrylate (CPM) conjugates with Fenton’s reagent for crosslinking. Even though 
the functionalization of the conjugate was performed for the first time in the literature and was 
confirmed with NMR analysis, the requirement for the adjustments of the concentrations of 
Fenton’s reagent components resulted in several different complications, which eventually 
consumed more time than expected. Moreover, the presence of ferric ion coordination 
crosslinking in methacrylated gelatin hydrogels, even though it is a novel finding, caused more 
parameters to be analyzed in MAG hydrogels crosslinked with Fenton’s reagent. Differentiating 
the effect of thermogelling and Fe (III) coordination within MAG hydrogels from the 
crosslinking resulting from the radicals produced by Fenton’s reagent is an absolute requirement 
in order to show the fine-tailoring of the hydrogel network by varying the concentration of Fe (II) 
and hydrogen peroxide. As for another limitation, the thermogelling of MAG at room 
temperature dramatically hindered the in situ gelling kinetics analysis for the polymer. Even 
though the plate temperature was set at 37 °C, the time between mixing the polymer with 
Fenton’s reagent and loading the sample to the plate was enough for the initiation of the 
thermogelling; therefore, the gelling time was not possible to be determined via in situ time 
sweep analysis.    
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5 Conclusion and Future Perspectives  
 
This study provides preliminary results for a ‘bio-orthogonal-like’ mimicking system of 

the enzyme HRP for crosslinking of hydrogels, by taking the treatment of corneal perforations as 
a model application. By using PEG as a synthetic polymer and gelatin as an ECM-derived 
polymer, the demonstration of the crosslinking initiated by Fenton’s reagent was performed. This 
demonstration is important in order to overcome the limitations described for the HRP earlier, as 
a chemical mimicking system would not cause the same immunogenicity, which would be caused 
by an enzyme isolated from a different species. The unmet need for an easily applicable and 
cheap sealant for the treatment of corneal perforations is still present and by exploring the 
conjugates of PEG with CLP, the possibility of providing an alternative treatment in ocular 
applications has been already demonstrated by Samarawickrama et al [22]. By taking this study 
as a basis, employing different strategies for the crosslinking of the hydrogel network would be 
the first step towards the development of a better strategy for the treatment of corneal 
perforations. Therefore, demonstration of the crosslinking in CLP-PEG conjugates by Fenton’s 
reagent would be one of the upcoming experiments after this study. Also, exploring the ferric ion 
coordination in gelatin and methacrylated gelatin hydrogels would be beneficial for future 
applications of such polymers in different tissue engineering or in situ crosslinked hydrogel 
applications. In this sense, this study provides the initial light towards a new method of 
physically crosslinked gelatin hydrogels, including the ocular applications. Injectable hydrogels 
might provide an easy application in the treatment of the ocular perforations due to the easy 
handling of the system; the drop-wise addition of the mixed hydrogel solution to the perforated 
area is predicted to be enough to apply the hydrogel for in situ crosslinking. In conclusion, this 
study is one of the bricks that connect the basic research to the applied research and forms the 
translation between these two fields and it could be an important part of a treatment strategy for 
corneal perforations, which would provide a better eye health and eyesight for thousands of 
people who suffer from this medical condition.  
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