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ABSTRACT 

Jahra Binte Mariam: Conductive Nanoparticle Derived 3D Scaffold for Cardiac Tissue Engi-

neering 

Master of Science Thesis  

Tampere University 

Electrical Engineering 

May2020 
 

Millions of people are suffering due to cardiovascular diseases worldwide as there are short-
age of organ donors and highly invasive and costly transplantation process. Scaffolds made of 
natural polymers could tissue engineered for cardiac regeneration due to its tailorable biocompat-
ibility, less myotoxicity and predictably stability in mild reaction condition. The aim of the thesis 
was to develop and characterize two types of hyaluronic acid hydrogels with commercially availed 
graphene oxide and surface modified graphene oxide which could be used as a scaffold for in-
fracted heart and support cardiac regeneration.  

The hyaluronan component was modified with carbodihydrazide (CDH) to form a stable 3D 
scaffold. The commercially available graphene oxide and surface modified graphene oxide were 
addressed as uncoated graphene oxide (UGO) and coated graphene oxide (CGO). Characteri-
zations consist of mechanical, viscoelastic, conductivity and antioxidant analysis, along with sta-
bility, swelling and degradation kinetics. Cell viability were conducted by expert team of biologist 
from Oommen’s group. All the characterizations were done for three types of gels and they are 
gel without nanoparticle (HA-HA gel), gel with commercially available GO (HA-DA-UGO) and gel 
with surface modified GO (HA-DA-CGO).  

From the characterization results, we can say that CDH-modified hyaluronan hydrogels has 
good stability and superior mechanical property. Inducing surface modified nanoparticle, can give 
rise to significantly higher conductivity.   HA-DA-CGO gel was found    most reliable for using in 
cardiac regeneration as its conductivity was the closest one of that cardiomyocytes, was stiffer 
and more compact among all the gels with smaller mesh size,  has good antioxidant  property 
and  smooth degradation profile.  

This work is continuing by our team to come up with a more proven properties like adhesive-
ness and characterization of some more types of similar gels, so that we can find among the all 
types our developed gel which will be the most suitable one for cardiac regeneration as of today. 
Due to time limitation of degree completion, this thesis work was limited by characterizing and 
comparing only three types of gels.  
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1. INTRODUCTION 

With the advancement of the modern civilization, human has become familiar with many 

critical diseases. Previously people used to die without proper diagnosis and medication. 

with the massive changes in diagnostic tools, types of medication have also been 

changed. According to World Health Organization (WHO), one of the major causes of 

death worldwide is cardiovascular diseases (CVD). About 17.7 million people affected 

by cardiovascular diseases which leads to death most of the cases. 31% deaths world-

wide caused by the CVD [1]. Causes of myocardial infarction (MI), acute myocardial in-

farction (AMI), coronary heart diseases (CHD), heart attack and failure are different and 

might be resulted in death. Limited regeneration capacity of cardiomyocytes along with 

these diseases demands the development of cardiac tissue engineering field. Advance 

technologies made diagnoses of risk factors easier but currently available only perma-

nent solution is whole heart transplant. Again, heart transplant is a very complex process 

and depended on organ donors. 

Heart is a 24/7 working organ of the human body and pumps almost 7000 litters of blood 

everyday which is supplied to all the tissues [2]. Cardiac tissue consists of contractile 

cardiac myocytes, smooth muscular tissue, fibroblasts, nerves, blood vessels and extra-

cellular matrix (ECM) [3]. Myocardial cell contains myocytes that closely connected by 

gap junctions. Gap junctions formed by the ionic channels that helps to propagate elec-

trical impulses. These electrical impulses called action potential and are the reason of 

contraction of the cardiac cells [4]. Any small change in this arrangement of the cardiac 

function can impact the all the electrical and mechanical functions of the heart. Cardiac 

tissue engineering could be an alternative solution of heart transplant. Hence, a conduc-

tive scaffold along with the mechanical and biological properties of cardiac tissue is re-

quired which can induce conductivity like native cardiac tissue and help the cardiomyo-

cytes to proliferate.   

For this thesis, three different formulation of hyaluronic acid-based hydrogel was devel-

oped with carbon based nano particle. The aim was to create a scaffold that can able to 

meet the requirements set by the native cardiac tissue, mainly the electromechanical 

properties, conductivity, and biocompatibility. Gel performances are evaluated in com-

parison to these requirements. 

In the first part of the thesis, Theoretical background is discussed which includes back-

ground information about the motives and needs for the materials to be developed. This 
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part also includes review of the current state and challenges of the research in the field 

today. The experimental part of the thesis consists essentially of material synthesizing 

and characterizations, which include mechanical, viscoelastic and stability tests, as well 

as chemical structure analyses and degradation experiments. The different methods are 

explained, and the results presented, explained and discussed based on the criteria pre-

sented in the theoretical part. Additionally, some points of interest regarding the current 

challenges in hydrogel material selection, synthesizing and characterization methods will 

be discussed further in the discussion chapter. 

The study was carried out for the Biomaterials and Tissue Engineering Group in Tampere 

University of Technology. The study was a part of the Cardiac Project of Oommen’s 

group of BioMediTech. 
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2. AIM OF THE THESIS  

The overall objective of this thesis work was to develop a hydrogel with surface modified 

nano particle for defined properties that could provide a suitable platform for cardiac cell 

proliferation and differentiation, while meeting the electromechanical properties required 

for cardiac application. Similar methods and materials have been described in multiple 

publications, but the basis for the polymers and gels prepared in this study is done by 

Our group (O.P. Oommen’s group) at 2013 which showed the preparation of  gels from 

similarly modified hyaluronan components and  in 2017 similar gels prepared for cardiac 

application. The novelty of this work comes from the incorporation of surface modified 

nanoparticle into the hydrazone crosslinked hyaluronic acid (HA) structure to induce con-

ductivity and the wide range of characterization methods used to study them. 

The main goals set for this master’s thesis were: 

1. To develop a hydrazone-crosslinked hyaluronan hydrogel with cardiac function-

ality and suitable properties for cardiac tissue engineering,  

2. To characterize the developed materials, with the emphasis being on their me-

chanical, viscoelastic, conductive and antioxidant properties as well as hydrolytic 

stability and swelling kinetics, and  

3. To evaluate their potential to be used for cardiac regeneration and compare the 

prepared hydrogels to similar materials found in literature. 

The material development involved characterization of the viscoelastic, conductive, me-

chanical, adhesive and antioxidant properties of the hydrogels, also their swelling kinet-

ics, stability, and behaviour under different conditions. The mechanical properties of the 

hydrogels and the viscoelastic behaviour was analysed by rheology. Hydrogel conduc-

tivity were determined using an impedance spectroscopy with customized test protocols. 

Figure 1 illustrates the workflow of the thesis. At First, gel materials were synthesized 

with specific percentage of modification rate and this percentage modification deter-

mined by Ultraviolet-Visible spectroscopy (UV-Vis) analysis and further confirmed by Nu-

clear Magnetic Resonance (NMR) with the help of the experts of this analysis system. 

After that, all the characterization analysis of the hydrogel was done by using different 

analysis system which is described in material and method section and analysis of re-

sults are briefly discussed in results and discussion section. 
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 Thesis workflow.  

 

If a prospective material filled the physicochemical and mechanical requirements appro-

priately, it continued to cell viability testing. The cell culture tests were conducted by the 

biologist team of Oommen’s group at Arvo laboratory, BioMediTech in Tampere, Finland. 

That is why the tests will not be discussed in greater detail within this thesis. However, 

the cell culture tests guided the development and modification of the materials through-

out the process, and often determined which material properties required to improve to 

reduce cytotoxic effect and immunological reactions to be developed further. 
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3. THEORETICAL BACKGROUND  

Cardiovascular disease (CVD) is a major health issue and the leading cause of death 

worldwide. Cardiac problems can lead to cardiovascular disease, MI (myocardial infarc-

tion) and diabetes, as a result damage of native tissue and party loss of functionality of 

the cardiac activity. Recent research shows that it could be beneficial from a therapeutic 

cardiac regeneration approach rather than currently available highly invasive heart trans-

plant. Though, cardiac tissue engineering approaches still has some limitations like 1) 

insufficiency in  vascularization due to supply of oxygen, nutrients, and immune cells and 

waste removal of engineered tissues and 2) weakened regulation of ECM  which can 

lead to damage the structure and can cause functional change in the heart. Therefore, 

promoting both vascularization, angiogenesis and electroconductive matrix re-modelling 

is the key requirements for successful cardiac regeneration. Although after considering 

all the disadvantages of heart transplant, still it is the only solution currently available for 

last stage heart failure due to limitations and dependencies of cardiac tissue engineering.  

Cardiac tissue regeneration is targeting to deliver the cells into the injured area of myo-

cardium. Cell therapeutics is depended on (¡) selecting cell type(s) and (¡¡) the mode of 

delivery. Cell free, scaffold-based systems could be a cost effective and interesting 

method for cardiac tissue engineering. These therapies is dependent on scaffold design 

and for treatment main points are (¡) scaffold material (¡¡) delivery method and success 

of the treatment depends on scaffold property such as (a) helping native cardiac cells to 

migrate and survival (b) helping in graft integration (c) provide immune protection and 

(d) induce angiogenesis and vascularization. The scaffold should have specific mechan-

ical and conductive properties for cardiac regeneration. 
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 Tissue engineering TRIAD (Extracted and simply modified from Material 
Today, 2011).  

 

Aim of the cardiac tissue engineering to restore the damaged tissue and this process 

involves different techniques of implantation of cells onto myocardium (Figure 3). Differ-

ent cells combined with scaffold/patches or gels and bioactive materials are used in car-

diac regeneration process. Scaffolds will provide support to the cells for guided growth 

and behave like artificial ECM for the cells [5]. 
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 (a) Classical cell therapy in the heart (freely inspired in Strauer BE, Kor-
nowski R, Circulation 2003; 107:929-934). (b) Tissue engineering approaches 

with cell sheets, scaffolds, or injectable materials (freely inspired in Masuda S et 
al, Adv. Drug Del. Revs 2008; 60(2): 277-85). (c) Ventricular restrain device. 

3.1 Cells  

Different types of cells are involved in tissue engineering and regeneration process. Be-

fore implementing any cells in this process, the main considerations are necessity of 

immunosuppression and transmission of illness to the receiver. Autologous cells do not 

require any immunosuppression process, hence receivers will be risk free of illness 

transmission. On the other hand, allogenic cells are available for using anytime but these 

cells required immunosuppression and there is a risk of transmission of illness. There 

are some other drawbacks of the systems like cells needs to be extracted from the source 

and then expanded before integrating in the process. Moreover, autologous cells might 

have limited proliferation and differentiation depending on the source of extraction (e.g. 

aged people or diabetes patients etc.) [6]. 
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Embryonic Stem Cells (ESC) 

ESCs can take from inner mass of embryo in a specific stage called blastocyst. These 

cells can grow indefinitely undifferentiated and can be differentiated into any cell. But 

ESCs cannot differentiate spontaneously into cardiomyocytes, various induction meth-

ods are used to differentiate them into cardiomyocytes or cardiac progenitor cells. Use 

of ESC in clinical trial is limited due to ethical issue and Thera tomes formation [7,8]. 

In ESC research one of the main challenges is to obtain purity and guide the differentia-

tion to a single lineage type [9]. Genetic modification, treating with biological factors and 

various cultural methods are used for overcoming the limitations. Chong et.al 2014 was 

successful to get a good number of cardiomyocytes from ESCs and repaired damaged 

myocardium using them [10]. The most important consideration is ESCs are the pluripo-

tent cells unlike adult stem cell with limited differentiation capability. 

Induced Pluripotent Stem cells (iPSCs) 

Takahashi and Yamanaka invented induced pluripotent cells from somatic cells using 

viral vectors. Since then many studies explained about the differentiation capability of 

induced pluripotent stem cells (iPSCs). These types of cells can be differentiated into 

smooth muscle cell, endothelial cells, and cardiomyocytes [11].  

Martens A. et.al 2012 and Yu SP et.al 2013, used iPSCs in infracted mice heart and 

found differentiated cardiac phenotype [43,44] Due to using genetic factors and signal-

ling molecules for reprogramming, it can replace the core program settings. Hence, here 

raise a question about iPSCs experimental efficiency. Also using viral vectors can induce 

malignancy and oncogenes in host [12]. Rais et. al 2013, demonstrated a way to over-

coming the major barrier of using iPSCs in clinical practice and that is reducing Mbd3 

gene will help all the cells to achieve pluripotency [42].  

Adult stem cells 

These autologous cells can be extracted from various sources (e.g. bone marrow, adi-

pose tissue etc.). Orlic et.al 2001, experimented regeneration of infracted myocardium 

with transplanted bone marrow-derived cells (BMCs) [13]. Though, this study was ques-

tioned by several other studies later [14-17]. Clinical trials have been performed with 

BMCs which shows short term benefits with better survival rate [18,19]. BMCs combined 

with growth factors can increase longevity of the results [20] 

BMCs need to be cultured in vitro whereas Adipose derived stem cells (ASC)does not 

required culturing for increasing quantity. These cells are derived from human fat tissue. 

Clinical trials have been done by PRECISE and APOLLO [21] and RECATABI project 
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[22]. Results showed that ASCs with a peptide gel filling 3D polymer scaffold can provide 

mechanical support to dilated ventricle. 

Cardiac Stem Cells (CSC) 

Cardiac stem cells can be extracted from biopsy and expanded by culturing in vitro [23]. 

Undifferentiated CSC can be converted in smooth muscle cells, endothelial cells, and 

cardiomyocytes [24]. In Cardiac regeneration these cells help to self-renewal of the in-

jured or damaged cardiac area. Animal trials showed positive results for myocardial re-

generation [25]. CADUCEUS clinical trial has performed with autologous cardio sphere-

derived cells (CDCs) and results shows improved cardiac function ability [26]. 

Skeletal Myoblasts (SM) 

Skeletal myoblast was considered to give excepted results for cardiac regeneration. 

These cells can survive better in hypoxic environment than other cells. The most im-

portant advantage of these type of cell is ability to contract thus they can contribute and 

attach with the beating cardiomyocytes. However, due to lack of gap junctional protein 

connexin 43, these cells cannot integrate electromechanically with host cardiomyocytes 

[27]. Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) clinical trials 

results demonstrate that there was a need of defibrillator or pacemaker with cells to avoid 

arrhythmias and MAGIC phase two clinical trials, a cardioverter defibrillator with skeletal 

myoblasts was embedded through a coronary artery by-pass graft surgery [28]. Modifi-

cations using the expression of junction gap protein connexin 43 also considered as an 

alternative solution to avoid myofibers’ arrhythmogenicity. Fernandes et. al 2009 re-

search showed that modification using junction gap protein cannot withstand arrhythmo-

genicity [29]. 

Umbilical Cord Blood Cells (UCBC) 

Umbilical Cord Blood Cells can be found in umbilical cord and using them in research 

does not raise any ethical concern [30]. Though these cells have less immunogenicity, 

according to Hirata et.al 2005, found improved ventricular function ability in animal mod-

els using these types of cells [31]. 

Amniotic Fluid Stem Cells (AFSC) 

AFSC is found and extracted from prenatal stage and can be differentiate in endothelial 

or cardiac cell in vitro. These types of cell do not have risk of tumorigenicity and ethical 

issues [32]. Yeh YC et.al 2010, used these cells in an immunosuppressed rat model and 

found preserved thickness of ventricle wall and better cardiac function ability [33].  
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3.2 Scaffold Material  

3.2.1 Natural Materials  

Fibrin 

Fibrin is one of the natural polymers and has approved by FDA for clinical applications. 

It is widely accepted for cardiac regeneration due to its biocompatibility, non-toxicity, and 

anti-inflammatory properties [34]. Fibrin has arginine-glycine-asparagine (RGD) that can 

initiate cell adhesion [35]. Fibrin can be obtained fibrinogen monomers and the proteo-

lytic enzyme thrombin polymerization [36]. However, fibrin gels show poor mechanical 

properties and possibility to shrink while injected in heart [36]. It can also be the cause 

of intravascular thrombosis [37]. Combination of injectable fibrin and different types of 

cells (e.g. myoblasts, bone marrow cells, autologous endothelial cell etc.) can perform 

better than using only one cell at a time [38-41].  

Chitosan 

Chitosan are polysaccharide found in chitin [45]. It has biocompatibility, antifungal and 

antibacterial properties which makes chitosan more acceptable in tissue engineering 

field. Bioactive molecules are easily incorporated in chitosan-based hydrogels due to its 

high temperature sensitivity [46]. A thermo responsive hybrid hydrogel of chitosan, col-

lagen and QHREDGS (peptide derived from angiopoietin 1) can improve metabolic ac-

tion of cardiomyocytes [46]. Shu et.al 2015, showed CSCI-RoY (chitosan chloride-RoY) 

hydrogel can initiate angiogenesis after MI [47].  This hydrogel can initiate angiogenesis, 

develop cell survival and proliferation, and increase the wall thickness [47]. 

Alginate 

Alginate known as a polysaccharide, can be derived from seaweed and also from bac-

teria [48]. It has a very good biocompatibility. The properties can be adjusted by altering 

concentration or by regulating molecular weight [49]. Alginate injected to infracted heart 

of rats and found enhanced scar thickness and effecting misfunctioning of systolic and 

diastolic cycle [50]. Though, it is highly hydrophilic material and can decrease cell adhe-

sion and proliferation which is a negative side of alginate [51]. It also required purification 

process before using in TE so that impurities of alginate can not cause any side effects 

to humans [52]. Anker et al. 2011, reported clinical trials with alginate hydrogel which 

shows patients with increased mortality rate [53].  

Hyaluronic acid 

Hyaluronic acid (HA) is a naturally found polysaccharide and it is almost found in every 

cell. It helps to carry nutrients in cells, homeostasis, nonimmunogenic, anti-inflammatory 
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and many other positive impacts in cell regeneration and repair process. HA is approved 

by FDA for research and specific human applications and commercially available in 

crosslink able form. HA can initiate and contribute in different biological process accord-

ing to its molecular weight. HA with low molecular weight can promote angiogenesis and 

cell proliferation when degraded [54]. It can also functionalized PEG-Sh4 biological de-

velopment [55]. Shen X et. al 2009, compared different types of HA hydrogel with com-

mercial fibrin, chitosan, elastin hydrogel and found HA hydrogel better than others in 

terms of biocompatibility, immunogenicity, degradation, cytotoxicity, and angiogenesis 

[56]. 

HA alone is not enough for supporting cell adhesion and proliferation.  Hyaluronan hy-

drogels crosslinked with thiol-reactive poly (ethylene glycol) diacrylate can achieve the 

expected cell adhesion [57]. 

Collagen 

Collagen is a key components of extra cellular matrix (ECM) of a matured heart and can 

help cardiomyocytes to grow and survive naturally [58]. Commercially available collagen 

alone can improve cardiac function in animals’ models [59]. In swine model, collagen 

along with different types cells delivered through a catheter and explained practicality of 

non-invasive delivery system using collagen [60]. 

Though having positive sides, collagen derived gels are mechanically weak [61]. Sun et 

al 2017, induced carbon nanotubes (CNTs) with collagen matrix and found much higher 

stiffness and good mechanical and electrical property [62].  

ECM-derived materials 

Scaffolds obtained from decellularized tissue can closely mimic the native ECM as it 

already contains the physiological and environmental properties of the local ECM [63]. 

ECM of every tissue has unique properties and materials like proteins and proteoglycans 

of their own. Thus, decellularized matrix is one of the best candidates for myocardial 

repair and regeneration if it is available [63].  

In a murine model, two types of commercially available small intestinal submucosa (SIS) 

derived injectable gels are studied for cardiac repair. Basically, concentration of fibroblast 

factors was different in the gels and higher concentration worked better for cardiac re-

generation [64]. Disadvantage of ECM derived hydrogel is slow gelation and fast degra-

dation [65].  Jefford et al 2015, used genipin as crosslinker with porcine ECM hydrogels 

and degradation study showed genipin made slower degradation compared with the gels 

without crosslinker in vitro [66]. Efraim et al. 2017, studied chitosan functionalized decel-

lularized porcine cardiac ECM having genipin crosslinker and it was tested in a MI rat 
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model. Results showed that after one-month post treatment, this material can improve 

cardiac function significantly [67]. 

Other natural polymers are gelatine, Matrigel, hair keratin, laminin etc. Natural polymers 

naturally have biological property and biocompatible to the host tissue. Though Natural 

polymers have some drawbacks as well. Synthetic polymers are developed to reduce 

these drawbacks of natural polymers and making the scaffold more compatible for tissue 

engineering. 

3.2.2 Synthetic Materials  

Poly (Ethylene Glycol) (PEG) 

PEG is a widely used synthetic polymer due to its biocompatibility [68]. PEG is soluble 

in water or organic solvent, nontoxic, nonimmunogenic and it can be tailored by adding 

functional groups to its backbone [69]. Thus, PEG is a suitable polymer for cardiac re-

generation.  

Due to its bioinert property, it cannot alone provide a microenvironment to the cells to 

survive. It is possible to overcome this limitation by crosslinking PEG hydrogels with nat-

ural polymers or using bioactive molecules in the gels. Wang T et al. 2009, developed 

PEG hydrogel with α-cyclodextrin/MPEG–PCL–MPEG and delivered to erythropoietin 

(EPO) [70]. EPO is a hormone that can protect infracted myocardium, limit cell apoptosis 

and has antioxidant property. This gel was tested of rats and as a result reduced infracted 

size, neovascularization found. 

PEG nanoparticle also delivered intravenously using PEGylated liposomes (142nm in 

size) vehicle. The idea was to carry therapeutic molecules with this vehicle and release 

in a controlled way [71]. it was developed using overexpression of AT1 receptor (angio-

tensin II type1) will bind nanoparticles in the infracted heart but the result was not that 

much satisfactory.  

Polylactic Acid and Polyglycolic Acid (PLA and PGA) 

Polylactic acid (PLA) and Polyglycolic Acid (PGA) used with poly (lactic–co-glycolic acid) 

(PLGA) to tuned into desired characteristics. PLA and PGA both are FDA approved and 

biocompatible. PLA used as a suture and its degraded product lactic acid is non cyto-

toxic. Although degradation of PLA covert the microenvironment little bit acidic [72]. PGA 

is a thermoplastic and non-cytotoxic. However, neither PLA nor PGA can match with the 

elasticity of cardiac tissue. That is why it is combined with other polyester.  
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Cardiomyocytes could be aligned to the direction of nanofibers using fibrous membrane 

of Electro spun PLGA [73]. Porous beads of PLGA seeded with hAFSCs is delivered to 

rat infract model using vehicle or “Cellularized Micro scaffold” and satisfactory cell reten-

tion observed [74]. PLGA could be used with natural polymer laminin to improve biolog-

ical properties [75] or could be combined with carbon nanofibers (CNF) to induce con-

ductivity [76].  

Poly (epsilon-caprolactone) (PCL) 

Poly(epsilon-caprolactone) has low glass transition temperature and acts like a rubber 

or elastic in body temperature [77]. A 3D structure consists up to 5 layers of electro spun 

PCL nanofibrous mats was tested for new-born cardiomyocytes culturing and the layers 

were able to exhibit electrical connection among them and synchronized with the beating 

[78]. 

Normally it is combined with its copolymers, PLA or PGA. A biodegradable porous scaf-

fold of poly-glycol ide-co-caprolactone (PGCL) has used to deliver bone marrow derived 

mononuclear cells (BMMNC) in infracted myocardium model of rat [79]. BNMC was able 

to be transferred from the scaffold and neovascular observed on the implant. 

Poly(N-isopropylacrylamide) (PNIPAAm) 

PNIPAAm is a thermosensitive polymer. It has reversible transition point at 32°C. Its 

solution-to-gelation (sol-to-gel) transition point, made it suitable for biomedical applica-

tion [80, 81]. PNIPAAm based hydrogels can support co-cultures of cells which is ex-

pected for cardiac tissue regeneration [82]. 

Navaei et al. 2016, developed a hydrogel with 3D PNIPAAm-gelatine and co cultured 

neonatal rat ventricular myocytes (NRVMs) and cardiac fibroblasts (CFs) [83]. As a re-

sult, they found due to co culturing cell interaction has been increased and homogeneous 

beating compared to the monoculture. Although PNIPAAm has many advantages for 

cardiac tissue engineering, but its biodegradability is questionable [84]. Though scien-

tists have found many ways to overcome this issue. Fan et al.2017, developed acrylate 

oli-golact ide (AOLA) degradable hydrogel with poly (NIPAAmco-2-hydroxyethyl meth-

acrylate (HEMA) [85]. In this study, they found that incorporating with HEMA in poly 

(NIPAAm) made the hydrogel degraded in a by-product is solution form which is water 

soluble in body temperature.  

The most interesting side of PNIPAAm is, it could be conjugated with carbon nanotubes 

(CNTs) to induce conductivity in the scaffold [86,87]. Li et al.2014, used PNIPAAm in-



19 
 

jectable form with single-walled carbon nanotubes (SWCNTs) and induced brown adi-

pose-derived stem cells (BASCs) in a rat MI model [88]. As a result, increased cell inte-

gration observed.  

Aniline-Based Materials 

Aniline based materials considered as a desired material for cardiac tissue engineering 

as it has electroactive and antioxidant properties [89,90]. Dong et al. 2016, created a 

chitosan-graft-aniline tetramer (CS-AT) and poly (ethylene glycol) (PEG-DA) hydrogel 

[91]. transmission of electrical cues was observed as there was Polyaniline in the poly-

mer backbone. in vitro, after encapsulated in the hydrogel, murine myoblasts as well as 

adipose-derived MSC (ADMSCs) showed viability and proliferation.  

Hybrid Gelatin Methacryloyl (GelMA) Materials 

Hybrid gelatin methacryloyl (GelMA) hydrogels high biocompatibility and controlled bio-

degradability made it perfect match for using in tissue engineering [92,93]. GelMA ob-

tained from conjugation of gelatine with methacrylic anhydride [93]. By varying the 

amount of methacrylic anhydride, hydrogels strength and stiffness can be tailored [93]. 

Li et.al 2015, made GelMA / PEGDMA (PEG di methacrylate) and encapsulated C2C12 

myoblast with various stiffness 12 to 42 kPa [94]. This combination can induce formation 

of muscle myofiber. This crosslinking obtained by exposed to UV light and further used 

for formation of blood vessels [95]. But UV light can harm myocardium [96]. Noshadi et 

al. 2017, worked for overcome this limitation and developed cross linkable GelMA hydro-

gel to expose into visible light [96]. Neonatal rat ventricular myocytes (NRVMs) was cul-

tured on top of this hydrogel and cells found retained cardiac phenotype for minimum 7 

days. 

3.3 Scaffold Characteristics  

Scaffolds for cardiac tissue engineering should be designed like it can integrated with 

the host tissue by providing mechanical support, electrical communication channel and 

biological environment [97]. In mechanical properties the scaffold must decrease the wall 

stress. There should be an electrical stimulation which helps to continuous heart cycles. 

The goal is to mimic the cardiac ECM and help to regenerate the damaged tissue.  

 

The hydrogel should be biocompatible and biodegradable. Stiffness of the hydrogel 

should be like the native cardiac tissue. It should degrade when functional restoring of 

the cardiac tissue started. Another very important parameter is gelation time. Electrical 
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cues should be present in the hydrogel to support electrical function [98]. Antioxidant 

property is required to avoid cellular damage due to Reactive oxygen species (ROS) and 

adhesive property is important to hold the hydrogel with the continuously beating cardi-

omyocytes. Finally, encapsulating proteins, cytokines and growth factors in hydrogel 

may assure the cardio-protective effects.  

In this section important parameter considerations of hydrogel are discussed.  

3.3.1 Gelation Time  

An ideal injectable hydrogel for cardiac tissue engineering should have a rapid transfor-

mation from liquid solution to gel [99]. In this transformation process biomolecule preser-

vation, hydrogel implantation and cellular engraftment should be considered. The gela-

tion kinetics should be like that the components will be in a form of solution in catheter 

before injecting and after injecting to the targeted area it should rapidly converted to gel 

[100].  

Hydrogels made of natural components exhibits slow gelation time. Slow gelation time 

might cause loss of biomolecules along with the cells as there is a chance of washed 

away semi liquid gels. It can also increase the chances of tissue necrosis by hindering 

natural blood flow [101].  She et al 2016, described a way to reduce gelation time of 

natural materials [102]. He incorporated additional peptide RoY in a natural chitosan 

chloride hydrogel which reduced the gelation time from 17 mins to 8-11 mins. Alterna-

tively, synthetic materials can have low gelation time and can form into gels relatively 

faster. 

3.3.2 Gelation Stimuli  

Numerous ways have been tried to control gelation time for hydrogels. These mecha-

nisms are including crosslinking by light, chemical or ionic concentration, hydrophobic or 

hydrophilic interaction and thermal interaction.  

Thermal Stimuli 

Thermal stimuli are widely used for maintaining gelation time. It is less harmful as for 

encapsulated cells as there is no UV radiation. UV radiation crosslinking might cause 

oxidative damage to DNA [103]. Different methods are used to form thermosensitive hy-

drogel. First one is varying swelling kinetics by changing temperature [104]. When the 

temperature is less than lower critical solution temperature (LCST), the hydrogel uptake 

water and swells. When the temperature is LCST, the swelling ends and form a stable 
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gel [105]. Thermosensitive material also can be used in this purpose as it has hydropho-

bic nature and increasing temperature, the material becomes gel skipping the swelling 

process [106]. The material becomes more hydrophobic with the increase in tempera-

ture. Triblock co-polymers also used for making thermosensitive hydrogel. triblock co-

polymer is made of hydrophilic-hydrophobic-hydrophilic backbone which formed solution 

to gel with the increase in temperature [107]. Park et al. 2010, developed a gel with 

Triblock co-polymer [108]. The main potential of this hydrogel is its sol-to-gel transition 

temperature was like human body temperature and it is used in several tissue engineer-

ing studies later. 

Light-Induced Crosslinking 

Another popular gelation system is photopolymerization which is known as light inducible 

crosslinking. Light can stimulate monomer polymerization. This reaction is caused by 

intense illumination and sol-to-gel transition time is very less. Thus, any liquid polymer 

solution can polymerize fast using UV radiation exposure or other sources of light [109]. 

Although, in most of the cases a photo initiator is required to use light for crosslinker. UV 

crosslinking might cause some adverse effects on sensitive tissues like cardiac tissue. 

Noshadi et al. 2017, worked on overcome this effect and developed gelatine meth acry-

loyl hydrogels using visible light as crosslinker [96]. This hydrogel is more suitable for 

cardiac tissue and has very fast gelation time.  

Michael Addition 

It is another gelation mechanism is done in presence of a catalyst to unsaturated car-

bonyl (α, β) to form a Michael adduct [110]. It is characterized by a reaction within a 

nucleophile (Michael donor) and an activated electrophilic olefin (Michael acceptor). The 

thiol-acrylate reaction is most used thiol Michael reactions is characterized by thiols and 

either acrylates or vinyl sulfones precursors [110]. Chow et. al 2017, develop PEG hy-

drogel by adding PEG dithiol to PEG acrylate and tested in vivo MI model [111].  

Ionic Crosslinking 

Ionic crosslinking is a commonly used process for alginate hydrogels [112]. In this pro-

cess calcium gluconate or calcium chloride solutions calcium is used as a positive ion 

which is replaced by negatively charged sodium ions [113]. Hao et. al 2017, processed 

fullerenol/alginate hydrogels and for inducing gelation calcium gluconate was used [114]. 

This hydrogel was able to reduce reactive oxygen species (ROS) in rat model and pro-

mote angiogenesis.  
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pH stimuli 

It is also possible to reduce gelation time by varying pH. Alimirzaei et al.2017, developed 

pH sensitive chitosan hydrogel and adipose MSCs (hADSCs) was incorporated in this 

gel [115]. To reach its physiological pH, sodium hydroxide (NaOH) (10 N) was added 

and pH set to 6.8 to 6.9. the sol-to-gel transition time of this gel is only few seconds.  

3.3.3 Design of Mechanical Strength  

After MI, cardiomyocytes loss and changing in biomechanical microenvironment both 

resulted in myocardial disfunction. Permanent necrosis is formed due to changes in the 

cell membrane and cardiac tissues structural disorder [116,117]. This process starts with 

an inflammatory response and leukocytes gathered in the infracted area. Then, the in-

fracted area is filled by neutrophils. Finally, macrophages phagocytose dead cardiomy-

ocytes. A dense scar tissue is formed which further contributes to wall dilation and myo-

cardial dysfunction [116,117]. A hydrogel should be designed in a such a way that it could 

provide mechanical support to injured myocardium. If the hydrogel has soft structure, it 

will be easier to inject to the heart. Although, very soft hydrogel is not considered the 

suitable one for cardiac regeneration. Like ECM hydrogel cannot sustain with constant 

beating and activeness of cardiac environment. By varying percent modification of the 

material or varying the polymer concentration. 

Modulating the Polymer Concentration  

Mechanical strength can be varied by using different concentration of polymer which is 

dissolved using aqueous solution. Chow et al. 2017, developed injectable PEG hydrogel. 

He varied the polymer concentration 5, 10, 20, and 30% w/v to get the suitable shear 

modulus for cardiac tissue [111]. The hydrogels with 10% and the 20% w/v concentration 

found having matched with the shear modulus of the cardiac tissue which is normal (6 

kPa) and infarcted (18 kPa) myocardium. Another study, Fan et al. 2017, developed a 

PNIPAAm-co-HEMA-co-AOLA hydrogel with stiffness 35 kPa using higher concentration 

(20% w/v) of PNIPAAm-coHEMA-co-AOLA [85]. This hydrogel is tested in MI rat model 

and was efficient to prevent ECM degradation. 

Varying Monomer Composition 

Another process is to modify mechanical properties of a hydrogel by changing the chem-

ical composition from polymer to monomer. Li et al. 2015, used different monomer com-

positions to gain different stiffness. He changed the mass ration of PEGDMA and kept 

constant mass ratio of GelMA (2:1, 3:1 and 4:1). The stiffness of the fibers obtained from 
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this experiment were 12, 23 and 24 kPa for mass ratios of 2:1, 3:1 and 4:1 respectively 

[94]. 

Using Crosslinking agent 

The third approach to adjust mechanical property for cardiac regeneration is using cross-

linkers. Efraim et al. 2017, developed a soluble decellularized porcine ECM hydrogel with 

small (0.01g) genipin and various amounts of chitosan [67]. Chitosan in presence of gen-

ipin, can contribute to stability and better mechanical strength for collagen gels [118]. 

These gels mechanical strengths were 2 kPa (genipin alone, without chitosan), 13.6 kPa 

(genipin with higher amount of chitosan) and 36.8 kPa (genipin with low amount of chi-

tosan). Gels with only genipin (without chitosan) and gels with genipin and greater 

amount of chitosan supported adherence and cell viability.  

Other Alternatives to Improve Mechanical Strength 

There are some additional ways to improve mechanical strength of individual hydrogels. 

Alimirzaei et al.2017, Used different solutions to improve mechanical strength of chitosan 

hydrogel [115]. He used aqueous acetic acid solution (WH) (with 1% w/w of acetic acid) 

and acetic acid solution (1% w/w) in culture media (MH) to dissolve chitosan. Chitosan 

dissolved in WH has found more stiffer than other and mechanical strength was 19.8 

kPa. In another study Cui et al. 2014, developed CTA-PLGA-PEG-PLGA-CTA with mod-

ified mechanical strength [119]. he used different concentrations of alpha cyclodextrin 

and increased the amount of polymer in the hydrogel. Alpha cyclodextrin normally used 

in PEG based hydrogel with less amount of polymer in solution. This study described, 

mechanical strength increased from 10 to 65 kPa when 5 and 10% w/w solutions (with 

25% (w/w) of Alpha−CD remaining constant) is used for dissolving polymer. 

3.3.4 Electrical Conductivity  

Cardiac tissue has an exceptional electrophysiological behaviour. It involves continuous 

transfer of electrical signal which is essential for CM function [120]. This conductive sys-

tem operated combinedly by sinoatrial node (SAN), internodal connections, the atrioven-

tricular node (AVN), the bundle of His and the Purkinje fibres. The total conductive activ-

ity of the heart depends on specialized CMs. CMs from SAN continuously generating 

action potential (AP) that transferred through atrial myocardium, internodal connections 

and to the AVN. Then it is propagating to bundle of His and Purkinje fibres. Destination 

of this AP is ventricular myocardium. After receiving the AP ventricular myocardium con-

tracts in a synchronize manner. For cellular level, this AP is generated from membrane 

potential of CMs [121]. Due to MI, CMs are damaged and scar tissue is formed. As a 
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result, abnormality is electrical signalling is observed [122]. The design of the scaffold 

should promote conductive property by electromechanical coupling with the myocardium 

without initiating arrhythmias. Most of the materials employed for cardiac regeneration is 

found electrically insulated [123]. Thus, it is required to encapsulate a conductive mate-

rial in the main matrix of the hydrogel. Gold nanoparticle or CNT grab the attention to 

induce conductivity in hydrogels [124]. 

3.3.5 Extrinsically Conductive Materials  

Extrinsically conductive materials are the materials which becomes conductive due com-

bine with an insulating material. These insulating materials has a conductive filter called 

percolation threshold; the minimum content of filler is required to achieve conductivity 

[125]. Though it might have a long-term effect in human body, these materials are used 

vastly because operated and encapsulated with therapeutic natural polymers (ECM) is 

comparatively easier and ability to produce in a large scale.  

Carbon nanotubes (CNTs) 

CNTs are the graphite sheet with 0.4–2 nm diameter and rolled into cylindrical tubes. Its 

lengths can be range from rolled into cylindrical tubes [126]. Its length could be from 

hundreds of nanometres to micrometres [127]. Depending on the geometry it is divided 

into single-walled CNTs (SWCNTs) and multiwalled CNTs (MWCNTs). CNTs main prop-

erties are tensile strength (11–200GPa) [128], Young’s modulus (0.27–1.34 TPa) [129], 

electrical conductivity (1x104 S/cm2), thermal conductivity (5000W/mK) [130] which 

could be used to modify mechanical and chemical properties of biomaterials. its suitable 

for using in neural, bone, and cardiac tissue engineering. Furthermore, CNTs can induce 

antioxidant property with a free radical scavenger mechanism [131].  

Graphene 

Pristine graphene has very good electrical and conductive property. It is reported as 

thinnest and strongest material till now [132]. A less pure version is graphene oxide (GO) 

but it is better for mass production [133]. GO is non-conductive and a chemical reduction 

process is done to achieve reduced GO [134]. GO was first used as a nanocarrier for 

drug delivery, later researchers found its several applications in biomaterials field [135]. 

GO is now used in bone [136] nerve [137] and cardiac regeneration [138]. Graphene 

shows less cytotoxicity than CNTs and it can also contribute to angiogenesis [139].  

Metallic nanoparticles 

Silver (Ag) and Gold (Au) are most ancient metals used in medicine field. These metals 

are unreactive, insoluble and has antimicrobial property [140]. Nanoparticles are defined 
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by their size and the size ranging from 1 to 100 nm [141]. Nps are manufactured by “top-

down” or “bottom-up” techniques. Most used Nps for nanoscale drug carriers and anti-

cancer treatments are AgNPs, AuNPs, and AgAuNPs [142,143]. The geometry of the 

Nps is an important factor to consider before its use in different fields of biomedical. As 

for AuNPs 50nm diameter with an aspect ratio of 1:1 is successfully absorbed by mam-

malian cells [144]. 

Encapsulation of AgNPs and AuNPs could be used for functionalizing conductive bio-

material with NPs [145,146]. Collagen, hyaluronic acid-hydrogels, and GelMA hydrogels 

with NP showed better results in vivo for soft tissue and bone regeneration [147]. Ab-

sorption of NPs into cell cytoplasm and nuclei [148] the increase in stiffness and electrical 

conductivity [149] and modifications in nanometric topography and roughness [150] 

should considered. A study showed size depended toxicity of AgNPs when it is delivered 

to lungs [151]. AgNPs has strong antimicrobial property but it also might appear more 

cytotoxic in higher concentrations [152]. 

MXenes 

Transition stage of carbides and nitrides metals known as MXenes [153,154]. Barsoum 

et. al 2014 developed MXenes. Transition stage described like Mn+1Xn layered, where 

M is an early transition metal, A is an A group element, and X is C or N; Produced specific 

abstraction of the A-element from layered ternary carbides of Mn+1AXn phases (n=1–3) 

[153-156]. These materials have three stage M2X, M3X2, and M4X3. Titanium carbide 

(Ti3C2Tx, Tx for various surface functionalities such as –OH, –O, and/or –F, and n=1-3) 

is broadly investigated [157,158]. It has great conductivity and capacitive charge storage 

property [159-161]. 

MXenes is used in phototherapy of photothermal therapy (PTT), diagnostic imaging, an-

timicrobial, and biosensing [162-167]. In recent days, MXenes quantum dots are exper-

imented and found it can prevent inflammatory effect through decreasing the human T-

cell-dependent inflammation. Due to this property there is a possibility to encapsulate 

MXenes with hydrogel for tissue engineering [168]. 

3.3.6 Intrinsically Conductive Polymers  

Heeger, MacDiarmid, and Shirakawa got Nobel Prize in Chemistry in 2000 for their ex-

ploring conducting polymer [169]. Intrinsically conductive polymers (ICPs) are conju-

gated polymers and has electrons of unoccupied p orbitals which form a pi system [169]. 

ICPs has low conductivity. Extremal changes have been induced by doping to increase 
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conductivity. Polyaniline (PANI), Polypyrrole (PPy), and polythiophene has biocompati-

bility and similar conductivity which matches with the biological tissue [170,171]. Thus, 

ICPs has been widely use in tissue engineering applications [172]. 

 

Polyaniline 

Aniline has three main oxidation states which can be converted from one to the other: 

leucoemeraldine (pale and reduced), emeraldine either insulator base or conductive salt 

(green and half-oxidized), and pernigraniline (black and oxidized) [173,174]. Due to its 

simple processing method and stability, PANI is mostly processed in emeraldine base 

state with induced conductivity [174], using various oxidative agents [175]. PANI is used 

in biomedical field in 2D and 3D electroactive scaffold [176]. Though there are some 

drawbacks of using PANI in biological application. It is not biodegradable which can in-

troduce chronic inflammation in long-lasting implants [177]. Another one is it might cause 

toxicity at some extend due to use of solvents for producing or using acids for doping 

[175]. To overcome these drawbacks PANI is combined with another biocompatible and 

biodegradable polymer for tissue engineering application [177]. 

Polypyrrole 

Polypyrrole (PPy) has conductive property which can be gained by chemical oxidation 

[178]. Though its conductive property depends on several factors like reaction condition 

and synthesize process. PPy’s conductivity may vary from 0.07 S/cm (179) to 90 S/cm 

(180) by adding poly (ethylene glycol) during polymerization [180]. PPy is a very good 

choice for biological application as it partially exhibits electrical features of metals but 

also matches with the mechanical properties of native biological tissues [181]. However, 

PPy might cause cytotoxicity and limit cell proliferation when high concentrations used 

(30% PPy mixed with polycaprolactone (PCL) and gelatine) [182]. Thus, it is recom-

mended to use PPy in very low concentration in tissue engineering application [183].  

Polythiophene 

PEDOT is the most researched polymer in the poly(thiophene) family. PEDOT has many 

unique features like, it is stable in very high temperature, soluble in water when mixed 

with poly (styrene sulfonate) (PSS) [184]. This PEDOT:PSS is used in microelectronics 

and sensors [185,186], biological scaffold, implants for neurology [187] and optoelec-

tronic applications [188]. PEDOT and PSS both are conductive material. A photo cross-

linked hydrogel which was GelMA based with PEDOT:PSS (concentration 0.3% w/v) 

caused cytotoxicity to C2C12 cells. Over PSS increased the anionic presence in the en-

vironment which might be the cause of this type of cytotoxicity [189]. For further in vivo 
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studies, ejection of this excess of PSS or the use of a different type of PEDOT would be 

mandatory. 

3.3.7 Biological Cues  

Antioxidant Properties 

During MI normal blood flow and pumping cycle of the heart is interrupted. After restoring 

the cardiac functionality, myocardium supplied with oxygen that generate ROSs (reactive 

oxygen species) [190]. Due to metabolism of oxygen, ROSs the molecular ions are 

formed by damaged myocardium and inflammatory reaction of cells. which further leads 

to cell damage [191]. This is an oxidative stress against usual environment of the heart 

and might hinder the therapeutic process of tissue engineering approaches. To limit this 

kind of cell damage, an antioxidant material encapsulation in the hydrogel should be 

considered in the design factors.  

Numerous materials and polymers discovered for their possible antioxidant property and 

can be used in cardiac tissue engineering. Polyaniline is one of this kind of materials 

[192]. Cui et.al 2014, developed an injectable hydrogel with tetra-aniline to Poly (NIPAM) 

and PLG-PEG [119]. Rat myoblasts was cultured in aniline containing polymers and an-

tioxidant activity was estimated by scavenging assay. Results showed the material can 

prevent ROSs. Hao et al. 2017, designed fuller enol/alginate-based hydrogel and tested 

it a MI rat model [51]. This material also suppressed ROSs. 

There is another possibility to encapsulate antioxidative agent in the hydrogel. Chow et 

al. 2015, used erythropoietin (EPO) as antioxidant agent with PEG hydrogel [111]. In 

vitro, cell cultured in this by inducing doxorubicin to create a stress condition and Using 

EPO in small amount significantly increased cell viability.  

Degradation 

Biodegradable material is essential for tissue engineering application, though inert and 

non-degradable is useful for cardiac regeneration [193]. If the hydrogel degrades too 

fast, it will not be an efficient hydrogel for cardiac regeneration. Hydrogel act as protective 

microenvironment for the cells and give support to the injured myocardium. It requires 

some time to engrafted local molecules to become active. Natural materials like collagen, 

fibrin, and decellularized ECM are fast degrading materials. Wassenaar et al. 2016, used 

doxycycline, an MMP inhibitor in porcine ECM [194]. Jeffords et al. 2015, used genipin 

with decellularized ECM matrix to prevent fast degradation [66]. These strategies can be 

adopted to avoid quick degradation of hydrogels.  

Adhesive property 
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Adhesive property is often ignored while considering design factors. Previously hydrogel 

containing dopamine (freeze-dried dopamine-alginate membrane) reported and used for 

surgery purposes [195]. Recently, our team (Oommen’s group) developed a tissue ad-

hesive hydrogel using dopamine for corneal regeneration [196]. Numerous situ studies 

explored tissue adhesive hydrogels using catechol chemistry for drug and cell delivery 

applications [197-199]. Adhesive property of a hydrogel is important for cardiac tissue 

engineering, as cardiomyocytes beating continuously and for providing support to in-

fracted myocardium the hydrogel should stick to surface. 
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4. CONDUCTIVE NANO PARTICLE DERIVED 3D 
SCAFFOLD FOR CARDIAC TISSUE ENGI-
NEERING 

Hydrogels are the network of polymers that can hold a huge amount of water in their 

structure. Depending on the swelling characteristics and crosslinking density in the pol-

ymeric backbone, hydrogels are divided into two groups. They called “permanent” 

(chemically crosslinked) and “reversible” (physically crosslinked) [200]. Hydrogels mate-

rials have similar properties of cells., so that the degraded products do not have any 

adverse effect and easier to replace by healthy tissue. Hydrogels having 3D structure 

lets cells to reassemble and mimic the architecture of native ECM. Due to its gel like 

structure it is easier to design and deliver it to injured area in minimally invasive way.  

While developing a hydrogel for cardiac regeneration, it should have some unique prop-

erties rather than others. The material requirements have chosen based on the basic 

requirements for an implant like biocompatibility and biodegradability and the unique fea-

tures are conductive and adhesiveness.  

In 2013, Oommen et.al, developed a remarkably stable hyaluronic acid hydrogel using 

carbodihydrazide (CDH) [201]. In 2017, Oommen et.al, used this stable hyaluronic acid 

hydrogel for cardiac tissue engineering by inducing conductivity. In this work, MWCNT 

used for inducting conductivity which is functionalized by CDH moiety [202]. Inspired 

from this two unique works, HA was chosen as the first material for this thesis work and 

same process followed for making stable hyaluronic acid hydrogel.  

As a lot of materials and nanoparticles are known for their conductive nature, we have 

decided to use graphene oxide nanoparticle to include conductivity in our newly devel-

oped hydrogel. Reduced graphene oxide (rGO) has already used for neural tissue engi-

neering applications [203,204,205]. GO and rGO is also known for their outstanding me-

chanical and optical properties and thus used in cardiac, cartilage and optical tissue en-

gineering [203, 206, 207]. Recently, it is found that using GO in specific concentration is 

pro-angiogenic [208,209]. GO can promote vascularization and has antioxidant property 

as well. Though there were some challenges to use GO in our work due to its dispersi-

bility. So, before using it in our gel, the surface of the GO was modified which resulted in 

adhesiveness in the gel. This could be another significance of this work as adhesive 

property is essential for cardiac regeneration. 
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4.1 Materials and Methods  

In this experiment four main components are used for synthesized the desired materials 

and they are commercially available in our Laboratory. Hyaluronic acid (MW 130 kDa) 

was bought from LifeCore Biomedical (Chaska, USA). Dopamine hydrochloride, Car-

bodihydrazide (CDH), 3-amino-1,2-propanediol and Graphene Oxide (Powder; 4-10% 

edge oxidized) was from Sigma-Aldrich. 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC) and 1-hydroxybenzotriazole hydrate (HOBt) which are used conju-

gation process also purchased from Sigma-Aldrich. Cells for biology part managed by 

our biologist team. All solvents used in this study were of analytical quality. Spectropho-

tometric analyses were carried out on Shimadzu UV-3600 plus UV-VIS-NIR spectropho-

tometer.    

4.1.1 Synthesis of dopamine modified hyaluronic acid (HA-DA) 

The hyaluronic acid-dopamine (HA-DA) conjugate was prepared using 400 mg of HA (1 

mmol, 1 equivalent) was dissolved in 60 mL of degassed deionized water along with 153 

mg HOBt (1 mmol, 1 equivalent) and 190mg mmol dopamine (1 mmol, 1 equivalent). 

The pH of the solution was set 5.5. Then 48mg EDC (0.25 mmol, 0.25 equivalent) was 

added in 2 batches at 30 min interval. pH between 5 to 6 was maintained for 6 hours by 

adding 0.1N hydrochloric acid and NaOH and allowed to stir overnight. The solution was 

dialyzed with diluted HCl of pH=3.5 and 100mM NaCl (4×2 L, 24 h). After 24 hours again 

dialyzed in same HCl (pH 3.5, 2×2 L, 24 h). Lastly dialyzed with deionized water (2×2 L, 

24 h) and lyophilized.  The final products dopamine conjugation rate was 4% (with re-

spect to the units of HA). This estimation has been done using NMR spectroscopy (1H 

NMR, 300 MHz) considering N acetyl peak of HA at 2.0 ppm as reference.  

4.1.2 Synthesis of HA-CDH 

The synthesis of carbodihydrazide (CDH) on HA (hyaluronic acid) was done by car-

bodiimide coupling chemistry. 408 mg of CDH (1mmol equivalent) was dissolved in 100 

mL of deionized water along with carbodihydrazide (CDH 1mmol) and HOBt (153 mg, 

1mmol). PH of the solution was maintained between 4 and 5 for some hours and 20 mg 

of EDC was added. Stirred overnight. The solution was dialyzed with diluted HCl of 

pH=3.5 and 100mM NaCl (4×2 L, 24 h). After 24 hours again dialyzed in same HCl (pH 

3.5, 2×2 L, 24 h). Lastly dialyzed with deionized water (2×2 L, 24 h) and lyophilized. The 

modification percentage of hydrazide was 10%   determined by TNBS assay. 
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4.1.3 Synthesis of HA-DA-CDH  

The process of making carbodihydrazide (CDH) on dopamine-modified hyaluronic acid 

(HA-DA) was done taking 200 mg of HA-DA (0.5 mmol,1 equivalent) was dissolved in 

120 mL of deionized water. Then, with aqueous HA-DA solution, 34mg CDH (0.375 

mmol,0.75 equivalent) and 76.5 mg HOBt (0.5 mmol,1 equivalent) was added. The pH 

of the solution was kept 4.7. Finally, 20mg EDC·HCl (0.1 mmol, 0.2 equivalent) was 

added and stirred overnight. Then, it was dialyzed and lyophilized as above Modification 

rate of hydrazide in the final product was 4% (with respect to the disaccharide repeat 

units) determined by TNBS assay. 

4.1.4 Synthesis of HA-Aldehyde (HA-Ald) 

400mg of HA (1mmol, 1 equivalent) was dissolved in 100 mL deionized water. 153 mg 

of HOBt; (1 mmol) and 91 mg of 3-amino-1,2-propanediol (1 mmol) were added respec-

tively to the solution. Stirred until it was completely dissolved. pH of the solution was 

adjusted to 6.0 and then 57 mg of EDC (0.3 mmol) was added in 2 batches. Stirred 

overnight. The solution was dialyzed and lyophilized as above. The modification rate of 

aldehyde on HA was found 10% determined by 1H NMR spectroscopy. 

4.1.5 Synthesis of Coated Graphene Oxide (GO) 

To improve water dispersibility and conductivity of commercially available GO, its surface 

was coated with dopa for enhancing hydrophilicity and reducing GO in an alkaline con-

dition and the successful coating of GO was confirmed through DLS data Analysis. 20mg 

of Graphene Oxide (Powder; 4-10% edge oxidized) was dissolved in 20mL deionized 

water and sonicated for 30 min. 35mg of HA-DA was also dissolved in 20mL deionized 

water and mixed with the sonicated GO. This mixture was stirred overnight at 80degree 

Celsius temperature. Then it was lyophilized to get the coated GO.  

4.2 Preparation of Hydrogel  

250 microliters gel was made using 2 components (HA-DA-CDH & HA-Ald) with 2.5 

weight percentage of Coated GO and Commercially available GO. Concentration of the 

gels were kept 16mg/ml and the solvent was 1XPBS. All the analysis studies were done 

with 3 samples of hydrogel. Sample 1 was a simple 2 components gel of HA-CDH and 

HA-Ald in equal volume without any nano particle. Sample 2 was HA-DA-CDH and HA-

Ald gel with 2.5 weight percentage of coated GO and the sample 3 was HA-DA-CDH and 
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HA-Ald gel with 2.5 weight percentage of commercially available GO or stated as un-

coated GO in the descriptions. Before doing any experiments with the gels, 24-hour ge-

lation time has been given.  

Table 1. Composition of gels used for character analysis.  
 

Gel Sample Gel type Materials 

Sample 1 HA- HA gel HA-CDH+ HA-Ald 

Sample 2 HA-DA gel with CGO HA-DA-CDH + HA-Ald + Coated GO 

Sample 3 HA-DA gel with UGO HA-DA-CDH + HA-Ald + Uncoated GO 

 

4.3 Rheological Studies  

For structure characterization of the hydrogels Rheology was performed using TA instru-

ments’ DHR-II rheometer. For observing mechanical properties both amplitude sweeps, 

and frequency sweeps are observed. For determining Liner viscosity (LVR), frequency 

was kept constant at 1 Hz and amplitude varied till deformation. For observing the fre-

quency sweep, strain (1% of the gel) was kept constant and frequency varied from 0.1 

Hz to 10 Hz. Then, both storage and loss modulus were plotted against the frequency 

(Hz) (Fig. R5 in results & discussion). 

The average mesh size (ξ) was calculated using rubber elastic theory that can determine 

hydrogels elastic character.  

ξ = (G′N/RT)-1/3……………………………. (1) 

 Where, Gʹ = storage modulus of the hydrogel 

N = Avogadro constant (6.023×1023 mol−1) 

R = molar gas constant (8.314 JK−1mol−1)  

T = temperature (298 K) 

Average molecular weight between crosslinks (Mc) were calculated by the following 

equation. 

Mc = cρRT/ Gʹp …………………………. (2) 

Where, c = polymer concentration (1.6% w/v), 

ρ = density of water at 298 K (997 kgm−3),  

R = molar gas constant (8.314 JK−1mol−1), 

T = temperature (298 K) and 

Gʹp = peak value of Gʹ 
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4.4 Swelling and Degradation Analysis  

For observing the swelling and degradation behaviour of the hydrogels, 250 μL hydrogel 

samples were prepared into syringes. The initial weight of the hydrogels measured be-

fore submerging in the solutions. Here we used three buffer solution to observe swelling 

and degradation of the gels and they are acidic buffer or Acetate buffer (PH 4), Basic 

buffer or Sodium bicarbonate buffer (PH 9) and neutral buffer 1XPBS (PH 7.4) and all the 

samples kept in shaking speed of 100 rpm at 37 °C. Recorded time points are 0hr, 3hr, 

24hr and so on. First 7 days data recorded once per day. Then, after 7 days it was con-

tinued till degradation in alternative days. 3 samples of each gels were prepared and 

studied to avoid manual errors. Experiment carried out for 45 days. The swelling ration 

(SR) is calculated from following equation, 

SR = (Wswollen – Winitial/Winitial) x 100% ………………. (3) 

4.5 Thermogravimetric Analysis (TGA) 

The thermal stability of commercially available GO or uncoated GO and coated Go were 

evaluated by TGA thermogravimetric analyser. Nitrogenous environment (nitrogen flow 

rate 50 mL min-1) and 10 °C min-1heating rate was maintained. The results were moni-

tored between 30 and 700 °C. 

4.6 Antioxidant Efficiency Analysis  

Free radical scavenging activity of the HA-DA-CDH, DPPH method was used. It is eval-

uated using the same reaction conditions but with and without polymer [Biomacromole-

cules 2015].  6.25 mg of polymers in 12.5 mL of deionized water (0.5 mg/ml) dissolved 

to obtain aqueous polymer solution and diluted samples of another batch as 0.05 mg/ml 

and equal volume of an ethanol solution containing 1 mg of DPPH radical were added. 

The solution was kept at 25 °C for 30 min, the absorbance of the solution was measured 

at 517 nm using a UV−vis spectrophotometer (Thermo Scientific).  The DPPH scaveng-

ing activity (%) was calculated as:  

{(A0 − A1)/A0} × 100,  

Where, A0 is the absorbance of blank DPPH solution that was used under the same 

reaction conditions in the absence of synthesized polymers, and A1 is the absorbance of 

DPPH solution in the presence of polymer samples. 



34 
 

4.7 Conductivity Analysis  

Conductivity was measured using impedance spectroscopy. The device we used was 

just a potentiostat (Zahner Zennium), that can manage very small voltages and currents. 

we have used two gold plated electrodes so that graphene cannot corrode the elec-

trodes. All the prepared gels for 3 samples, gel height was kept 1mm and diameter was 

kept 1.4mm. We measured the sweeps with current over a frequency range of 150mHz 

– 1MHz (amplitude of AC is 10mV) to be sure that all interesting phenomena are covered 

and then interpret the resistance from the data.  The Equation is the simple relationship 

of resistance with distance and area. Once we get the resistance, it was quite simple to 

calculate impedance in siemens per centimetre.  

R= ρL/A …………………………………. (4) 

Where, ρ= resistivity (which is constant) 

L= Length 

A=Area 

 

  (a-left) Circuit connection; (b-right) Hydrogel with coated GO was made 
on electrode.  

The experiment was repeated 5 times for each sample, so that we can avoid errors and 

get an idea of conductivity range of the samples. 

4.8 Cell Culture and in Vitro Analysis  

Cell studies for research purpose are approved from the Ethics Committee of the Pir-

kanmaa Hospital District (Tampere, Finland). we used 400,000 cells/wells and 200 µL 

gels in 48 well-plate. HL-1 cardiac cells were cultured in 8 samples of gel and observed 

for cell viability and they are HA-HA gel, HA-DA gel, HA-DA gel with 2.5 weight percent 

coated GO (HA-DA-CGO), HA-DA gel with 2.5 weight percent uncoated GO (HA-DA-
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CGO). observations are recorded on three timepoints day 1, 4 and 7. The viability of cells 

on the hydrogels was evaluated based on cell morphology. Light microscope images 

taken with Zeiss Axio Vert A1 (Carl Zeiss AG, Jena, Germany), and compared quantita-

tively using PrestoBlue® reagent. Parallel samples for each condition were observed for 

PrestoBlue® analysis of cell metabolism. 
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5. RESULTS AND DISCUSSION  

In previous works of our team, a new hydrogel formula was developed using HA-alde-

hyde (HA-Ald) and HA-carbodihydrazide (HA-CDH) which has unique stability and swell-

ing kinetics [201]. For this work, similar approaches and characterization processes were 

followed to get stable conductive gels which is described in this section. 

At first, we have done some characterizations for our material. This includes UV-Vis, 

NMR, DLS, TGA, Antioxidant property analysis. For hydrogel characterization, we have 

done rheology, degradation and swelling kinetics and conductivity analysis. 

Dopamine functionalization degree used for gels of this work has been determined by 

both the 1H NMR and UV-Vis spectroscopy experiments. The 1H NMR experiments (δ 

scale, J values are in Hz) were carried out on JEOL ECZR 500 instruments, at a mag-

netic field strength of 11.7 T, operating at 500MHz. Spectra for all HA conjugates were 

recorded in D2O at 293 K. Conjugation of dopamine was confirmed by the presence of 

catechol aromatic-proton peaks at δ ∼ 7 ppm and catechol methylene-proton peaks at δ 

3.1 and 2.8 ppm. The degree of substitution was calculated by integrating the total aro-

matic peak areas with respect to the methyl protons (δ = 1,9) of HA. For UV-Vis spectro-

scopic study, characteristic absorption peak of dopamine at 280 nm was used for the 

calculation. The percentage modifications obtained to be 4% both by NMR and UV-Vis 

study (Figure 5 and Figure 6). The percentage of modification of CDH was 10% (with 

respect to the disaccharide repeat units) optimized through TNBS assay by UV-Vis spec-

troscopy protocol [201]. 

 

 UV/VIS spectroscopy HA-DA-CDH.  
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 1H NMR of HA-DA-CDH.  

 

 1H NMR of HA-Ald.  

Then, we have modified the surface of graphene oxide (described in section 4.1.5) with 

HA-DA to increase dispersibility and conductivity of commercially available graphene ox-

ide. Uniform distribution analysed through DLS analysis provided an average size of 371 

nm (Figure 8a/left). After coating the surface of graphene oxide with HA-DA, the zeta 

potential observed was -33mV (Figure 8b/right). Negative zeta potential suggests the 

successful coating of the particles as hyaluronic acid is highly negatively charged. Due 

to coating on the surface of graphene oxide net charge of the coated particles becomes 

negative. 
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  DLS analysis data for confirmation for surface coating graphene oxide.  

 

Furthermore, we have done TGA analysis with this coated material. This is another way 

to confirm the successful coating. More preciously from this analysis we can estimate 

the percentage of coating in the coated GO. For Figure 7a, two distinctive weight losses 

were observed in the thermogram of uncoated GO. First weight loss is about 7.25 % and 

started at temperature range between 72 and 436℃, this may be due to the moisture of 

our sample. As biopolymers tends to absorb moisture from the environment. The second 

weight loss is observed at temperature range of 436-722 ℃ and its about 88%. The final 

loss is about 5.55 % and observed at temperature range between 722 and 850℃, due to 

degradation of the remaining material into metal oxides as impurities. After coating the 

GO with HA-DA, TGA showed in figure 7b. After coating three distinctive weight losses 

were observed in the thermogram of coated GO. 8% weight loss was found from tem-

perature range 72.8-218℃ and it due to the absorbed moisture from the environment 

and within the materials. Then, 20% weight loss observed at temperature range 218- 

269℃ and 50% weight lost seen in temperature range 259-511℃. These weight losses 

were related to the thermal degradation of dopamine and majority of hyaluronic acid 

backbone moiety of our material. After that, the weight loss between the temperature 

range 511- 648℃ is related to degradation of graphene oxide. Finally, the remaining 

impurity residues degraded or oxidized after 648 ℃. 

 

 

 TGA analysis of uncoated GO and coated GO.  

 

After that, we have tested antioxidant property of the HA DA CDH as dopamine is known 

to have antioxidant property. As discussed, earlier antioxidant property is important for 

suppressing ROSs (reactive oxygen species). In this process, materials efficiency was 
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detected by scavenging the stable free radical of DPPH. Material was dissolved in water 

as 0,5 mg/ml and 0,05 mg/ml to check which composition gives optimum scavenging 

property. Considering, DPPH wavelength at 524NM, related absorbance for HA-DA-

CDH was 0.329 (0.05 mg/ml). So, DPPH scavenging activity was 11% for 0.05 mg/ml 

solution. Again, for 0.5 mg/ml, DPPH wavelength at 524NM, related absorbance for HA-

DA-CDH was 0.129. So, DPPH scavenging activity 42.23% antioxidant capacity de-

tected of our material which increased its potentiality for cardiac regeneration. 

 

 Antioxidant efficiency by DPPH radical scavenging. 

 

After characterizing our materials, we have made hydrogels with these materials. The 

gels are simple two component gel and main components are HA-DA-CDH and HA-Ald. 

As mentioned earlier in Table 1, 3 types of gels were used for characterization studies. 

Sample 1 was a controlled gel made of HA-DA-CDH and HA-Ald and no nanoparticles 

was introduced in this gel. Sample 2 consists of HA-DA-CDH, HA-Ald and 2.5 weight 

percent of CGO (HA-DA-CGO) and sample 3 was HA-DA-CDH, HA-Ald and 2.5 weight 

percent of commercially available GO (HA-DA-UGO). All the gels concentration was kept 

at 16 mg/ml. All the materials were dissolved in 1XPBS and incubated for 30 mins at 

37℃. Uncoated GO and coated GO were sonicated for 30 mins right before making gels. 

Gels were made on 5 ml syringe and 24 hours gelation time was given before starting 

characterization studies.  

We have done rheology to evaluate viscoelastic property of HA-HA gel, HA-DA-UGO 

and HA-DA-CGO hydrogel by observing gel deformation following amplitude sweep 

method. The gels storage modulus (G′) and loss modulus (G′′) are shown in Table 2. In 

all the cases, storage modulus was higher than loss modulus that suggests that the hy-

drogels had viscoelastic property and were stable. The ratio of storage and loss moduli 

is represented by tan δ, which is less than 1 for all the gels that means all the gels are 
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highly elastic. Furthermore, the average mesh size ξ was calculated from modulus data. 

Average mesh size ξ represents the distance between the entanglement points or prob-

able pore size. Average molecular weight between the crosslink’s Mc was calculated 

using rubber elastic theory which is applicable for highly elastic hydrogels. From the cal-

culated data which represented in Table 2, HA-DA-CGO gel was stiffer and more com-

pact among all the gels with smaller ξ and Mc. 

Table 2. Material properties of Hydrogels.  
 

Gels Gʹ [Pa] Gʺ [Pa] tan δ 
[Gʺ/ 
Gʹ] 

ξ [nm] 𝑴𝑪 [kg/mol] 

HA-HA Gel 773,71±6,50 9,79±1,77 0,0126 20,86 49,47 

HA-DOPA + 
2,5wt% CGO Gel 

1153,79±16,61 5,65±2,86 0,0049 18,29 34,25 

HA-DOPA + 
2,5wt% UGO Gel 

1049,98±14,52 4,66±0,63 0,0044 18,87 37,64 

 

 

 Rheological representation in amplitude sweep.  

 

Hydrogels swelling and degradation profile is evaluated emerging the gels in acidic buffer 

or acetate buffer (PH 4), basic buffer or sodium bicarbonate buffer (PH 9) and neutral 

buffer 1x PBS (PH 7.4). The degradation of the gels in acidic medium was fast. Degra-

dation was most slow in neutral medium as expected. From the results we can see, HA-

HA gels swelling, and degradation were smooth, and gel swelled and degraded slowly 
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(Figure 12). As we coat the graphene oxide with HA-DA to increase the hydrophilicity 

and that means the structure should take up a huge amount of water in the backbone 

without dissolving completely. HA-DA-CGO gel was found with highest swelling ratio and 

smooth degradation. 

 

 Degradation and swelling kinetics of the hydrogels. 

 

The electrical conductivity of the hydrogels was measured by the impedance spectros-

copy. From the analysis we can see that including surface modified graphene oxide in 

HA-HA gel significantly increases conductivity from 0.020 Scm-1 to 0.0323 Scm-1 which 

is closer to cardiac tissue's conductivity at 0.1 Scm-1. That range of conductivity will be 

favourable for inducing cardiomyocytes beating. 
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Table 3. Conductivity Data.  

 

 

 

 

 

 

 

 Conductivity of the Hydrogels.  

 

Finally, cell viability was tested to estimate the optimisation requirements for the material 

development. The aim of the test was to evaluate the gel biocompatibility and sustaina-

bility as a scaffold for cardiac regeneration. Cell viability was analysed through live and 

death cell staining by our expert biologist team. LIVE/DEAD staining with cardiac HL-1 

cell confirms that cells were alive in the hydrogel for more than 7 days. Cell adhesion 

and viability observed better in HA-DA surfaces than HA-HA surface.  The number of live 

cells was more than the number of dead cells throughout the culture period. In vitro HL-

1cell culturing, all the gels observed to have enough properties to support cell growth. 

None of our characterised gels showed cytotoxicity or any other adverse effect on cells. 

This is the key requirement for the biocompatibility test of the hydrogels. Though we were 

not able to extract good quality of images for gels including graphene groups (HA-DA-

UGO and HA-DA-CGO) due to unexpected interference from graphene. In cell viability 

no substantial differences were observed between the gels with coated GO and un-

coated GO.  
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 Representative light microscopy images of the cardiac HL-1 cells 
encapsulated into HA-HA, HA-DA, HA-DA-UGO, HA-DA-CDO hydrogels.   

 

As earlier said cell viability analysis is not briefly discussed in this work. Based on the in 

vitro cell culturing results, HA-HA gel and HA-DA gel both showed potentiality as scaffold 

for cardiac regeneration. For HA-DA-CGO and HA-DA-UGO more tests required for 

longer cell culture period to record the exact data and extract good images avoiding 

graphene interference.  
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6. CONCLUSION AND FUTURE WORK  

In this thesis, two types of hyaluronic acid based hydrazone-crosslinked hydrogels with 

different graphene oxide nanoparticle were developed and properties compared with the 

same hydrogel without nanoparticle. The hydrogel properties were characterized by wide 

range of test methods, and their sustainability as a potential material for cardiac regen-

eration was evaluated.  

The synthesized polymers were structurally characterized through UV-Vis, 1H NMR, 

TNBS assay and DLS analysis. The mechanical and viscoelastic properties of the hy-

drogels were evaluated using rheological analysis. Stability and swelling kinetics were 

recorded by degradation study. Conductivity was measured via impedance spectros-

copy. To consider the hydrogel suitability for cardiac tissue engineering and  to de-

fine the conditions for further material development, cell viability tests were carried out 

by our expert biologist team.   

A three-dimensional gel network was formed through hydrazone crosslinking along with 

aldehyde and hydrazide functionalized with modified hyaluronan. Three hydrogels were 

characterized and studied. They are HA-HA gel, HA-DA gel with commercially available 

GO (HA-DA-UGO) and HA-DA gel with surface modified GO (HA-DA-CGO). After ana-

lysed all the results, we found that the hydrogel with surface modified GO (HA-DA-CGO) 

is more suitable for cardiac regeneration. Gel containing coated GO was found mechan-

ical properties has better stability, stiffer, more compact with smaller mesh size (ξ), con-

trolled swelling in physiological conditions with highest swelling ratio and smooth degra-

dation profile and with closer conductivity (0.0323 Scm-1) to the native cardiomyocytes 

compared to gel with commercially available GO (HA-DA-UGO) and HA-HA gel. Also, 

incorporating coated graphene oxide nanoparticles in the hydrogel, given rise to conduc-

tivity significantly compared to gels without nano particle.  

We have chosen graphene oxide nanoparticle as it can induce angiogenesis, has anti-

oxidant property and less cytotoxic than other metal oxide nanoparticles. Again, for better 

dispersibility and adding adhesiveness, we have coated the surface of graphene oxide 

with HA-DA as dopamine has antioxidant and adhesive property. Based on this study, 

the HA-DA-CGO gels can be concluded to present the sufficient biocompatibility, stabil-

ity, biodegradability, and mechanical properties to be considered as a potential material 

for cardiac regeneration. 
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In future, our team is still evaluating and summarising the properties of these hydrogels. 

Especially adhesive property and cell viability analysis is not included in this work due to 

limitation of time and still work is in progress by the experts. This gel also could be de-

veloped for conductive and adhesive properties in same gel. Graphene can be coupled 

with 3D bioprinting technology to open more opportunities to regenerate or replace dam-

aged organs of human body. Many challenges still need to be solved with proper expla-

nations in this field and many opportunities are available for researchers to develop hy-

drogels with strength and conductivity that are suitable for use in human body. 
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