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ABSTRACT 

The reactive oxygen species (ROS) originated from 
endogenous and exogenous sources play a dominant 
role in the initiation and propagation of several dis- 
eases. It is therefore an urgent need to explore sub- 
stances capable of encountering the ROS and resist 
the damage caused by ROS. The present paper deals 
with various aspects of generation and implications of 
ROS in the management of myocardial infarction. 
The use of biosynthetic amphiphilic biodegradable 
hydrogels in the control and management of ROS in 
myocardial infarction was studied using a biosyn- 
thetic hydrogel (PA-PEGDA) comprising poly(pro- 
pylene fumarate)-co-alginate copolymer cross-linked 
with calcium and polyethylene glycol diacrylate 
(PEGDA). The effect of ROS on the cell growth was 
studied using H2O2 as model ROS molecule. The pre- 
sent hydrogel resists the penetration of ROS in the 
cell which was evident from the live/dead assay, in- 
creased intra cellular GSH levels when compared 
with the H2O2 treated positive and curcumin treated 
negative control cells. The Comet assay reveals ge- 
nomic integrity of the cells exposed to the present hy- 
drogel. The hydrogel is a promising injectable mate- 
rial for the management of myocardial infarction and 
ischemia.  
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1. INTRODUCTION 

The active role of various free radicals in the origin and 
propagation of several diseases and aging was already 

revealed before five decades [1-5]. In biological systems 
oxygen free radicals or reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) are significant since 
these can be formed as a result of normal cellular 
metabolism. These free radical species are able to execute 
both destructive and protective functions which depend 
on the concentration of these radicals present in the cells 
[6,7]. Apart from the cellular origin the free radicals, 
especially ROS can also be entered from the exogenous 
sources like cigarette smoke, radiations, environmental 
pollutants and medications. The reaction in the biological 
system that liberates energy is the oxidation of bio- 
molecules that requires oxygen, which is the inevitable 
element to sustain life. So the chances of cellular ROS 
generation are very high when compared with that of RNS. 
Based on this, we are focusing more on the effects of ROS 
in this article. 

Under normal physiological conditions, several types 
of ROS are formed inside the cells at very low con- 
centrations which can be easily detoxified by normal 
cellular mechanisms. If the concentration of ROS is high- 
er, they will escape from the cellular scavenging machin- 
eries and propagate by chain reaction leading to more than 
thousand fold increase in ROS concentration in the cells 
and leading to oxidative stress. In short, the oxidative 
stress is due to the imbalance between the free radical 
formation and their neutralization [8]. Since the ROS are 
highly unstable, the persistence of oxidative stress will 
increase the severity of cellular damage and these des- 
tructive effects will be described in the following sections. 
The common ROS and their half lives were displayed in 
the Table 1 and some of the indigenous and exogenous 
sources of ROS leading to oxidative stress are given in the 
Table 2. 

The endogenous ROS generation occurs by enzymatic 
or non-enzymatic means. The former includes the 
biological processes like respiratory chain, phagocytosis  *Corresponding author. 
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Table 1. Representation and half life of some of the commonly 
ROS found in biological system. 

Free radical Representation Half-life (s)

Superoxide O2•− 10−6 

Hydroxyl radical •OH 10−9 

Hydrogen peroxide H2O2 Stable 

Peroxyl radical RCOO• Seconds 

Organic hydroperoxide RCOOH Stable 

Singlet oxygen 1O2 10−6 

Ozone O3 Seconds 

 
Table 2. Sources of free radicals that cause oxidative stress. 

Sources  Chemicals/processes 

Endogeneous
Immune activation, inflammation, mental stress, intense 
exercise, ischemia, cancer, aging 

Pollutants 
Vehicle exhaust, ozone, nitrogen dioxide, cigarette 
smoke, heavy metals, pesticides, industrial exhaust, 
smog 

Drugs 
Doxorubicin, bleomycin, vinblastin, cyclosporin,  
tacrolimus, gentamycin  

Dietaries Smocked meat, used oils, fat, alcohol 

Radiations UV, X-rays, gamma-rays 

 
prostaglandins synthesis and detoxification by cytochro- 
me P450 system [9]. The superoxide is generated by the 
leakage of oxygen through Complexes I and III during the 
mitochondrial electron transport chain for the ATP syn- 
thesis [10]. The higher amount of superoxide causes the 
release of iron from iron containing molecules and the 
released iron then activates the Fenton reaction (Fe2+ + 
H2O2 →Fe3+ + •OH + OH−) or Haber-Weiss (O2•−+ H2O2 
→ O2 + •OH + OH−) reaction leading to the formation of 
highly reactive •OH [11,12]. The simplest peroxyl radical 
hydroperoxyl radical (HOO), is the conjugated base of 
superoxide formed by the protonation of superoxide and 
these HOO. radicals are notorious for initiating lipid pero- 
xidation [13]. H2O2 is mainly produced in the pero- 
xysomes, one of the organelles which utilize the major 
amount of oxygen, due to higher oxygen consumption and 
this H2O2 is then utilized to oxidize other biomolecules. In 
normal physiological conditions, the H2O2 in the peroxi- 
somes were neutralized by catalase enzyme and main- 
tained in minimal level. During abnormalities H2O2 is 
released to cytosol leading to oxidative stress [14]. H2O2 
is also formed from superoxide by dismutation reaction 
by the enzyme superoxode dismutase (SOD) and also by 
D-amino acid oxidases, acetyl coenzyme A oxidase and 
uric acid oxidase [15]. The non enzymatic causes include 
the ionizing radiations can form most of the ROS by the 
photolysis of water in presence of oxygen [16].  

The ROS at lower concentrations possess some phy- 
siological functions. The phagocytic cells utilize ROS 
(and also RNS) to oxidatievely destroy the invading 
foreign molecules or pathogens by a mechanism called 
respiratory burst [17]. ROS were reported to modulate 
some of the cellular activities like gene expression and 
growth regulation by reversible oxidation of nuclear 
factor-kappa B (NF-κB) and activator protein-1 (AP-1). 
The NF-κB mediated T cell proliferation by ROS is 
essential for immune system. Mitogen activated protein 
kinase (MAPK) is a signaling molecule that is activated 
by ROS. The active role of ROS in developmental path- 
ways as a second messenger is also proven. The in- 
volvement of ROS in biosynthesis of thyroid hormones 
and prostaglandins is also very crucial. ROS will also 
cause the apoptosis of transformed and virus infected cells 
through the mediation of tumor necrosis factor (TNF-α) 
[7,18]. RNS is also having some biological functions like 
signaling, smooth muscle metabolism, leukocyte and 
platelet aggregation, neurotransmission, angiogenesis and 
so on [19].  

Most biomolecules are susceptible for the attack by 
ROS that will deface their functions and ultimately lead to 
cell death. The cellular damage induced as a result of oxi- 
dative stress is illustrated in Figure 1. Membrane lipids 
[20-23], Nucleic acids [24,25], proteins [26-28] and su- 
gars [29,30] were also reported to be susceptible for ROS 
attack leading to cellular dysfunctions.  

In order to get rid of the highly toxic effects of the ROS 
and their metabolites the nature itself has developed some 
protective measures which are executed either by direct or 
indirect means from exogenous or endogenous sources. 
The substances capable of encountering the ROS and 
resisting the damage caused by ROS can be collectively 
called antioxidants [31]. These antioxidants can be broad- 
ly divided into enzymatic and non enzymatic antioxidants. 
The major antioxidant enzymes and compounds that 
respond to ROS induced oxidative stress are given in the 
Table 3 and the action of cellular antioxidants is illu- 
strated in Figure 2. The major antioxidant enzymes are 
Superoxide dismutases (SOD) (EC 1.15.1.1) [32,33], 
Catalase (EC 1.11.1.6) [34], Glutathione peroxidase (GPx) 
(EC 1.11.1.19) [35-37] Glutathione reductase (GR) [38] 
etc. Antioxidant biochemicals like Glutathione (GSH) also 
play a crucial role in scavenging the ROS due to its cap- 
ability to readily donate protons to neutralize the ROS 
there by preventing the oxidative stress [39]. GSH is a low 
molecular weight peptide containing three amino acids 
(γ-glutamyl-cysteinyl-glycine). Their cellular concentra- 
tion (0.5 - 10 mM) is several folds greater than plasma 
concentration (2 - 20 μM) [40]. The redox reactions of 
GSH and associated enzymes help the cells to resist much 
of the cellular ROS [41-44]. Many phytochemicals and 
several vitamins also have the antioxidant properties and 
all of these were reported to have the protective and  
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Figure 1. Cellular damage induced by oxidative stress. 
 

 
Figure 2. Cellular antioxidant defense system. 
 
Table 3. The major antioxidant enzymes and compounds in the 
biological system. 

Antioxidant enzymes Endogenous compounds 
Exogenous 
compounds

Superoxide dismutase (SOD) Ascorbic acid Polyphenols

Catalase (CAT) Glutathione (GSH) Caratenoids

Glutathione peroxidase (GPx) Alpha-tocopherol Flavanoids

Glutathione reductase (GR) Uric acid Curcuminoids

  Alkaloids

 
disease preventing effects [45-54]. 

Acute myocardial infarction (AMI) is one of the most 
important health hazards throughout the world. AMI has 
devastating consequences in the early phase, such as 
cardiac rupture, and in the chronic phase, such as chronic 
heart failure, for which the risk is mainly determined by 
infarct size. Larger infarct size induces gross morpholo- 
gical, histological and molecular changes (cardiac re- 
modelling) of cardiomyocytes and ECM of the infarcted 
as well as non infarcted regions which may further leads 
to cardiac arrhythmias, heart failure and mortality [55]. 
After the onset of the infarction an inherent repair pro- 
gram is initiated by the existing cardiac tissue. This in-  

cludes an initial inflammatory phase followed by initiation 
of angiogenesis and fibrotic changes in the myocardium. 
This healing process will take around two months leading 
to scar tissue formation [56]. Inflammatory responses and 
associated cytokine signaling along with free radical gen- 
eration and granulocyte infiltration also lead to fibrotic 
scar formation. The scar tissue formation is a balance 
between the synthesis and degradation of the ECM pro- 
tein collagen. Following an infarction collagen at the site 
starts to degrade by the proteolytic enzymes (matrix me- 
talloproteinases or MMP) like collagenase (MMP-1) and 
gelatinase (MMP-2). The activity of MMPs will persist to 
cause the additional digestion of normal ECM leading to 
further loss of CM which will also result in reperfusion 
injury. The hyperactivity of MMPs is controlled by Tissue 
inhibitors of MMPs (TIMPs). TIMP activity increases to a 
maximum at 1st week and persists for several other weeks 
and results in the accumulation of type I and III fibrillar 
collagens that will ultimately leads to scarring [57]. The 
disturbances in Ca2+ homeostasis are another complica- 
tion that prolongs the disease. 

The involvement of the oxidative stress in MI is clearly 
unveiled. The ROS generated after the reperfusion are 
mainly derived from mitochondria of reperfused myo- 
cardium and also from the inflammatory cells [58]. The 
ROS stimulate the production of inflammatory cytokines 
especially tumour necrosis factor-α (TNF-α), IL-1β, and 
IL-6 which in turn stimulate the production of more ROS 
[59]. The persistence of this will activate the MMPs and 
subsequent scar formation [60]. ROS can also impair the 
cardiac Ca2+ homeostasis and lead to Ca2+ overload and 
also result in extracellular Ca2+ influx due to peroxi- 
dation of the membrane lipids [61,62]. The neutrophills 
form the major source of ROS in the infarct area, still the 
endothelial cells and cardiomyocytes were also capable of 
generating ROS [63]. These ROS can lead either apop- 
totic or necrotic death to the cardiomyocytes and other 
cells of the cardiac tissue. The molecular events take place 
as a result of oxidative stress in the infarcted myocardium 
is displayed in Figure 3. The oxidative stress can mediate 
some signaling pathways in the myocardium which will 
regulate the expression of several genes for cardio pro- 
tection [64-68].  

The conventional medical management of MI include 
drugs like statins, beta-blockers, nitroglycerin and cal- 
cium antagonists, coronary artery bypass grafting (CABG), 
implants like stents etc. Regenerative therapy and tissue 
engineering have emerged from the midst of these chal- 
lenges and offered promising hope to millions of CVD 
patients throughout the sphere [69]. The antioxidant ther- 
apy was also found to be effective for the prevention of 
CVD [70-74]. Tissue engineering of heart forms one of 
the recent strategies for the treatment of the end stage 
cardiac complications. This approach will help to reduce 
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the shortage of organ donors and immune rejection as- 
sociated with the transplants and the implants [75]. The 
cardiac tissue engineering utilizes biodegradable scaffold 
materials either synthetic or biological or biosynthetic and 
the cells that constitute native cardiac tissue to reconstruct 
an in vitro cardiac tissue like construct, which can be 
implanted to repair and replace the lost myocardium [76, 
77]. The various biomaterials used and the challenges for 
the in vitro construction of cardiac tissue were well re- 
viewed by Wolfram-Hubertus Zimmermann et al. [78] 
and Brian Liau et al. [79].  

Of several types of biomaterials used for cardiac tissue 
engineering, hydrogels from both natural and synthetic, 
origin gained much attention due to its inherent similarity 
with the native extra cellular matrix (ECM) (Table 4). 
Moreover the hydrogel biomaterials were proved to offer 
better cell attachment and response, biocompatibility, 
unique solute transport properties and so on which are 
very crucial for the construction of heart tissue in vitro 
[80]. The natural hydrogels were hailed for their biocom- 
patibility and cell affinity but very weak in mechanical 
properties and exhibited uncontrolled degradation profile. 
Mechanical properties are very crucial for the engineering 
of tissues like heart since this organ is under high stress 
 

 
Figure 3. The effect of ROS in MI. 
 
Table 4. Commonly used natural and synthetic hydrogels for 
cardiac tissue engineering applications. 

Natural Synthetic 

Alginate Poly(Hydroxy ethyl methacrylate) 

Collagen Polyethylene glycol 

Matrigel Polyamides 

Fibrin Poly(N-isopropylacrylamide) 

Hyaluronic acid Poly(acrylic acid) 

Gelatin Polymethacrylamide 

due to its pumping function. On the other hand the 
synthetic hydrogels are mechanically robust but their bio- 
compatibility often offers challenge. Biosynthetic hydro- 
gels formed from the combination of both natural and 
synthetic hydrogels can find advantages from both the 
partners [81].  

There are reports showing that the biocompatibility of 
the synthetic hydrogels was improved by combining them 
with natural hydrogels like collagen, fibronectin or fibrin 
[82]. Zhang et al. reported PEGylated fibrin hydrogel 
enhanced the half-life of the encapsulated stromal derived 
factor (SDF) for cardiac tissue engineering applications 
[83]. Better cell adhesion was reported for the PEG-RGD 
hybrid hydrogels when compared with PEG hydrogels 
[84]. Poon et al., showed that the introduction of a MMP 
sensitive peptide to hyaluronic acid hydrogel improved 
the degradation profile [85]. There are several other com- 
binations were also tried for tissue engineering appli- 
cations which were proved to be physiochemically and 
biologically efficient [86]. 

The first process to take place immediately after 
implantation of a biomaterial is the interaction of biolo- 
gical fluid surrounding the implant site with the implanted 
material. This interaction will initiate the molecular 
events for the recruitment of inflammatory cells especi- 
ally macrophages and neutrophills. The activation of ma- 
crophages will cause the increase in ROS concentration at 
the implant site [87]. Apart from angiogenesis the endo- 
thelial cells also mediate inflammation by the secretion of 
cytokines and adhesion molecules for leukocytes. The 
ROS from macrophages and neutrophills will be able to 
damage the endothelial cells and may lead to vascular 
dysfunction. The persistence of these ROS and associated 
oxidative stress in endothelial cells is one of the reasons 
for cardio vascular diseases. But the physiological con- 
centration of ROS is necessary for wound healing by 
endothelial cells [88]. Shivaram et al. reported that the 
ROS level at the implant site is an indication of severe 
inflammation [89]. If the implanted biomaterials them- 
selves have a potential to control the ROS in situ, it will be 
very advantageous for the success of the implants. But no 
such biomaterials with inherent ROS scavenging effects 
were reported elsewhere. Still some biomaterials espe- 
cially hydrogels were explored for their ability to deliver 
antioxidant compounds so as to defend oxidative stress.  

The effect of ROS in the initiation and progression of 
diseases like MI and their management strategies is 
briefly described in the above sections. Even though 
tissue engineering forms a promising and emerging treat- 
ment modality for cardiac complications we are lacking 
sufficient reports regarding the antioxidant effects of 
biomaterials. Cheng et al. used thermosensitive chitosan/ 
gelatin/glycerol phosphate hydrogel for the effective 
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delivery of the natural antioxidant ferulic acid to prevent 
the ROS induced apoptosis in nucleus pulposus for the 
prevention of disc degeneration [90]. Lampe et al. pro- 
posed the antioxidant effect of lactic acid degraded from 
the co-polymer hydrogel composing poly(ethylene glycol) 
(PEG) and poly(lactic acid)-b-PEG-b-poly(lactic acid) 
dimethacrylate prepared for neurological application by 
monitoring the intra cellular GSH level [91]. Antioxidant 
polymers, poly(antioxidant β-amino ester), synthesized 
by incorporating polyphenolic antioxidants quercetin and 
curcumin was reported by Kimberly W. Anderson et al. 
showed better ROS scavenging activity and relieved 
oxidative stress to a greater extent. Qi et al. reported the 
antioxidant effects of the natural sulfated polysaccharide 
ulvan and its derivatives [92]. But more studies are 
needed for its use in biomedical applications at cellular 
and molecular level [93,94]. Chitosan is also reported to 
have antioxidant property which is attributed to its hy- 
droxyl and amino groups that can react with free radicals 
[95]. According to Po-Jung Chien et al., the antioxidant 
activity of chitosan relates inversely with the molecular 
weight [95]. Still to the best of our knowledge no hy- 
drogels with inherent antioxidant activity were reported 
for ROS scavenging effects for tissue engineering ap- 
plications especially to that of heart. 

We synthesized a biosynthetic co-polymer, poly(pro- 
pylene fumarate)-co-alginate (PA), from the natural poly- 
saccharide alginate and synthetic unsaturated polyester 
poly(propylene fumarate). The alginate portion of the PA 
was cross linked with Ca2+ and the double bonds with 
polyethylene glycol diacrylate (PEGDA) to form PA- 
PEGDA hydrogel scaffold. The hydrogels were able to 
scavenge the in vitro generated ROS to a greater extent 
and supported healthy being of the cells even under oxi- 
dative stress signifying their potent application as cardiac 
tissue engineering scaffolds. 

2. MATERIALS AND METHODS 

2.1. Preparation of Poly(propylene Fumarate)- 
Alginate-Polyethylene Glycol Diacrylate 
(PA-PEGDA) Hydrogel Scaffold 

A biosynthetic hydrogel scaffold PA-PEGDA was pre- 
pared using poly(propylene fumarate)-co-alginate (PA) 
and by crosslinking with calcium and polyethylene glycol 
diacrylate (PEGDA). Intially, poly(propylene fumarate) 
was prepared by reacting maleic anhydride and 1,2- 
propylene glycol to form hydroxyl terminated poly pro- 
pylene fumarate (HT-PPF) as reported elsewhere [96]. 
The HT-PPF was then co-polymerized with alginate in the 
ratio 1:2 under acidic conditions at 80˚C to form PPF- 
Alginate co-polymer (PA) which was dissolved in mini- 
mum distilled water. The alginate fraction of the co- 
polymer was cross linked with Ca2+ and the PPF fraction 

with polyethylene glycol diacrylate (PEGDA) to form 
PA-PEGDA hydrogel scaffolds. The sheets of hydrogels 
so formed where washed thoroughly in distilled water, 
freeze dried, sterilized by ethylene oxide and stored 
aseptically for further studies. The structural represen- 
tation of the details of the synthesis is given in Figure 4. 

2.2. Physical Characteristics of PA-PEGDA  
Hydrogel Scaffold 

The equilibrium water content (EWC) and swelling 
efficiency of PA-PEGDA hydrogel scaffolds were deter- 
mined by immersing in distilled water. The hydro- 
philicity of the hydrogel was assessed by water contact 
angle determination by Wilhelmy method (KSV sigma 
701 tensiometer). The healthy being of L929 cells in the 
hydrogel was determined by live/dead assay and direct 
contact assay. The details of these experiments were 
described in our previously published article [97]. 

2.3. Cell Culture 

The mouse lung fibroblast cell line, L929 (NCCS, Pune) 
was grown in the medium composed of Dulbecco’s 
Modified Eagle’s Medium with glucose (Invitrogen), 
supplemented with 10% fetal bovine serum (FBS) and the 
antibiotics Pencillin, streptomycin and amphotericin-B at 
37˚C and 5% CO2. The medium was replaced with fresh 
medium once in 3 days and the cells were subcultured 
after attaining around 70% confluence.  

2.4. Induction of Oxidative Stress to the Cell  
Culture 

L929 fibroblast cells were seeded in a 12 well plate and 
grown in DMEM to a subconfluent level. An oxidative 
stress was induced to culture of by the addition of 200 µM 
H2O2 [98]. The protective effects of PA hydrogel scaffolds 
against ROS were determined by placing the hydrogel 
scaffolds of 1cm diameter, prior swelled in culture 
medium on this oxidative stress induced cell layer and 
incubated at 37˚C for 24 h. After the incubation the 
protective effects of the PA-PEGDA hydrogels were 
determined by live dead assay, GSH staining and comet 
assay. A positive control of 50 µM curcumin and two 
negative controls, H2O2 alone (without scaffolds) and 
cells alone (without scaffolds and H2O2), were also treated 
in the same manner. 

2.5. Determination of Apoptosis by Live/Dead  
Assay  

The live dead assay was conducted using of acridine 
orange (100 µg/ml) and ethidium bromide (100 µg/ml) 
cock tail and viewed imme iately under an epifluore-  d    
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Figure 4. Preparation of PA-PEGDA hydrogel scaffolds. 

 
scence microscope (Optika SRL) using blue filter for 
acridine orange and green filter for ethidium bromide as 
per our previously published protocol [97]. Two images 
taken from the same field without changing the settings of 
the microscope and were merged by Photoshop8 CS 
software. 

2.6. Intra Cellular GSH Staining 

The intra cellular GSH level was determined microsco- 
pically by Monochlorobimane (MCIB) after removing the 
scaffolds. The cells were washed with PBS and added 20 
µl monochlorobimane (10 µM in methanol) and in- 
cubated at 37˚C for 30 min and the unreacted dye was 
removed by PBS washing. The cells were then imaged by 
the fluorescent microscope at blue filter without changing 
the settings of the microscope. The images were then 
converted to 8bit gray scale and intensity of the images 
were quantified by the Imagej software and compared 
with that of controls [99] (Table 5). 

OPEN ACCESS 

2.7. Evaluation of DNA Damage by Comet Assay 

Microscope slides were chilled at 4˚C and coated with 
0.75% normal melting point agarose (NMA) & again 
cooled at 4˚C. This layer was removed before use & again 
coated with the same and covered with cover slips. Cell 
suspensions (1 × 104/5 - 10 µl) cultured on PA-PEGDA 
hydrogels extracts were mixed with 10 µl of low melting 
point agarose & pipetted over the first layer of NMA and 
cooled to set. NMA (80 µl) was again used as a final 

protective layer. Then the cells were lysed in cold 
lysingsolution (2.5 M NaCl, 100 mM Na2EDTA, 10 mM 
Tris pH 10 & 1% SDS to which 10% DMSO & 1% Triton 
× 100 were added immediately prior to use for 1 hr. After 
lysis slides were placed in electrophoresis buffer (300 
mM NaOH & Na2EDTA pH 13) for 20 to allow unwind- 
ing of DNA. Electrophoresis was conducted in the same 
buffer by applying an electric current of 0.8 V/cm (300 
mA) for 15 min using an electrophoresis supply. After 
electrophoresis the slides were washed in neutralization 
buffer (0.4 µL Tris, pH 7.5) & stained with 50 µl ethidium 
bromide (20 µg/ml) [100]. Images of the stained DNA 
were taken on the fluorescent microscope attached to a 
camera using green filter. The DNA damage was then 
quantified by using the comet scoring software TriTek 
CometScore Freeware 1.6.1.13 after analyzing around 50 
cells from each sample.  

2.8. Statistical Analysis 

All experiments consisted of 5 or 6 samples from each 
group. The values are presented as means ± standard 
deviations. Statistical analysis was done with one way 
ANOVA using online calculator, Statistics Calculator 
version-3 beta and the level of significance was set at p < 
0.05 for all calculations.  

3. RESULTS AND DISCUSSION 

The hydrogel scaffold PA-PEGDA was prepared by the 
simultaneous co crosslinking of poly(propylene fumarate) 
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alginate (PA) copolymer with PEGDA and calcium ions. 
The PA-PEGDA hydrogel possess appreciable water 
holding capacity onto its networks which is evident from 
the EWC (61.12 ± 1.79) and swelling (157.48% ± 11.94 
%). The contact angle studies reveal advancing (38.94 ± 
3.99) and receding (40.89 ± 4.69) water contact angle 
which delineates its amphiphilic character. The water 
content and amphiphilicity of this hydrogel promotes 
better viability of cells onto its interstices [97]. The non- 
cytotoxic effects of the fibroblast cells upon contact with 
the hydrogels were confirmed by direct contact assay and 
live/dead assay (Figure 5). 

The inherent ROS scavenging activity of PA-PEGDA 
hydrogel scaffolds were determined by live/dead assay, 
intra cellular GSH staining and by comet assay on 
oxidative stress induced L929 fibroblast cells. Live/dead 
assay was done by using ethidium bromide/acridine orange 
(EtBr/AO) staining (Figure 6). The merged images re- 
vealed that the toxicity was very minimal in the hydrogel 
treated samples when compared with that of curcumin 
treated (negative control) and control cells. The H2O2 
treated controls displayed the apoptotic (orange cells) and 
necrotic cells (red cells) with a few numbers of healthy 
cells and all the cells were morphologically different from 
the normal (Figure 6(B)). The curcumin treatment re- 
covered most of the cells and still some cells entered the 
early apoptotic phase which is shown by the yellow cells 
(Figure 6(C)). But in our hydrogel treated culture most 
cells (Figure 6(D)) were found to be healthy when com- 
pared with that of the control (Figure 6(A)).  
 

 
Figure 5. Direct contact assay (at 20× magnification) showed 
the hydrogels are nontoxic to the L929 cells upon contact with 
them (B) when compared with control cells seeded on polysty- 
rene culture plates (A). Live/dead assay of L929 cells (at 20× 
magnification) using ethidium bromide/acridine orange dis- 
plays green fluorescence indicating non apoptotic nature of 
cells grown on PA-PEGDA hydrogel (D) on comparison with 
control. 

The mean gray value of the cells stained by Mono- 
chlorobimane for intra cellular GSH was determined by 
the imaging software imageJ. GSH staining (Figure 7) 
also showed a considerable decrease in the intensity in the 
cell culture treated with H2O2 showing the cellular uti- 
lization of GSH for the detoxification of ROS as detailed 
in the previous sections. The increased values in curcumin 
treated cells shows the scavenging effects of curcumin as 
reported elsewhere [101,102]. Interestingly the hydrogel 
treated cells displayed the values that are very close to the 
negative control and control cells. This shows the pro- 
tecting effects of the hydrogel. But the exact mechanism 
needed to be studied in detail. Most probably it will be 
acting as a physical barrier to prevent the entry of ROS 
inside the cells. Moreover these ROS can also impart 
some cross links to the hydrogel network which will be 
able to neutralize these ROS.  

The effects of ROS to the genetic material and their 
mechanism of action were also described in the previous 
sections. The DNA damage induced by the ROS was 
determined by single cell electrophoresis (Comet assay) 
(Figure 8). The Comet assay or single cell electrophoresis 
is a sensitive and rapid technique for quantifying and 
analyzing DNA damage in individual cells for the evalua- 
tion of genotoxicity. This assay can be used to detect DNA 
damage caused by double strand breaks, single strand 
breaks, alkali labile sites, oxidative base damage, and 
DNA cross-linking with DNA or protein. The Comet 
assay gain special significance in the field of biomaterials 
research due to the long latent period between exposure to 
genotoxic agent and genetic effect(s) becoming apparent. 
In the present investigation, the time (24 h) elapsed be- 
tween exposures and measuring of the DNA damage is 
adequate for the repair of the possible lesions and enables 
to detect whether or not the chemical is able to produce 
the DNA damage. 

The comets resulting from exposure to test hydrogel 
extract did not differ from that of the Control and negative 
control (curcumin treated cells). The relatively undam- 
aged cell give comets consisting of a compact head with- 
out any prominent tail, indicating double-stranded intact 
DNA as observed with Control, negative control and test 
hydrogel. Comet originating from damaged cells ob- 
served with H2O2 treated sample (positive control) has a 
distinct head with a tail. The percentage of DNA in head 
on H2O2 treated cells showed the deleterious effects as 
shown in the Table 6. All these results can be correlated to 
the protective effects of the hydrogels against the free 
radicals and the ROS mediated complications on the MI 
were well delineated in the above sections. So the rele- 
vance of the PA-PEGDA hydrogels as scaffolds for 
cardiac tissue engineering applications can also be high- 
lighted by their antioxidant effects. But the actual mecha- 
nis  behind these effects remains unexplored. m    
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Table 5. GSH staining of PA-PEGDA hydrogel. 

Sl/No Samples (n = 20) Area (sq.px) (p < 0.0001) Mean gray Value (p < 0.0001) 

1 Control 260.67 ± 36.89 27.42 ± 5.6 

2 H2O2 309.9 ± 30.37 18.47 ± 1.54 

3 Curcumin 312.4 ± 36.7 24.01 ± 1.34 

4 PA-PEGDA 248.5 ± 31.39 27.6 ± 2.0 

 
Table 6. Comet assay of PA-PEGDA hydrogel. 

Sl/No Samples (n = 20) Head Diameter (px) (p < 0.0001) % DNA in Head (p < 0.0001) % DNA in Tail (p < 0.01) Olive Moment (p < 0.0001)

1 Control 21.23 ± 2.94 99.16 ± 0.77 0.84 ± 0.77 0.02 ± 0.03 

2 H2O2 25.05 ± 4.63 65.36 ± 23.96 18.48 ± 32.21 1.41 ± 2.11 

3 Curcumin 27.18 ± 2.3 99.45 ±0.87 0.55 ± 0.87 0.03 ± 0.06 

4 PA-PEGDA 24.78 ± 4.34 99.16 ±0.93 0.84 ± 0.93 0.07 ± 0.09 

 

 
 

Figure 8. Image of nucleus of single cell observed by 
Comet assay. (6A) Control; (6B) H2O2 treated; (6C) Cur- 
cumin treated; and (4D) Hydrogel treated. 

Figure 6. Image of L929 cells observed by live/dead assay. (4A) 
Control; (4B) H2O2 treated, (4C) Curcumin treated; and (4D) 
Hydrogel treated. 

4. CONCLUSION  

 

Even though several treatment methods are available for 
the management of MI, the encounter of ROS at the infarct 
site is still a challenge. Materials and methodologies to 
transform a passive biomaterial hydrogel scaffold into 
active barrier systems that may promote the survival of 
encapsulated cell from ROS and proactively protect en- 
capsulated cells from immune-mediated damage are high- 
ly essential. The present hydrogel is more promising for 
the prevention of deleterious effect of ROS with inherent 
scavenging capability. The PA-PEGDA hydrogel resists 
the ROS penetration in the cell to a greater extent which 
was evident from the live/dead assay, increased intra 
cellular GSH level and genomic integrity. The present hy- 
drogel is a potential candidate for long term cardiac tissue 
engineering applications.  
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